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Preface

Thermodynamics and statistical physics study the physical properties (mecha-
nical, thermal, magnetic, optical, electrical, etc.) of the macroscopic system.
The tasks and objects of study in thermodynamics and statistical physics are
identical. However, the methods of investigation into macroscopic systems are
different.

Thermodynamics is a phenomenological theory. It studies the properties
of bodies, without going into the mechanism of phenomena, i.e., not taking
into consideration the relation between the internal structure of substance
and phenomena, it generalizes experimental results. As a result of such a gen-
eralization, postulates and laws of thermodynamics made their appearance.
These laws make it possible to find general relations between the different
properties of macroscopic systems and the physical events occurring in them.

Statistical physics is a microscopic theory. On the basis of the knowledge of
the type of particles a system consists of, the nature of their interaction, and
the laws of motion of these particles issuing from the construction of substance,
it explains the properties being observed on experiment, and predicts the new
properties of systems. Using the laws of classical or quantum mechanics, and
also the theory of probability, it establishes qualitatively new statistical appro-
priatenesses of the physical properties of macroscopic systems, substantiates
the laws of thermodynamics, determines the limits of their applicability, gives
the statistical interpretation of thermodynamic parameters, and also works
out methods of calculations of their means. The Gibbs method is based on
statistical physics. This method is the most canonical. Therefore, in this book,
the exposition of the Gibbs method takes an important place.

Results, stemming from phenomenological thermodynamics, bear the gen-
eral character and can be applied to any macroscopic systems; however, the
internal mechanism of physical phenomena and properties, being observed
in the experiments, is not disclosed. In other words, thermodynamics only
describes the phenomena and establishes the relation between them, but does
not answer the question why it happens just so.
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Statistical physics relates the properties of bodies to their internal con-
struction, creates the microscopic theory of physical phenomena, and answers
the question why it happens just so. The disadvantage of this method resides
in the fact that results, obtained here, bear a particular character and are
right only in frames of the considered model of the structure of substance.

Thermodynamics and statistical physics study not only equilibrium sys-
tems, but also systems in which specified currents and flows (the electric
current, flow of energy and substance) exist. In this case, the theory is called
thermodynamics of non-equilibrium systems or kinetics. Kinetics originates
from the Boltzmann equation (1872) and has continued developing up to the
present time.

The development of phenomenological thermodynamics started in the first
half of the nineteenth century.

The first law of thermodynamics was discovered by the German phys-
iologist Julius Robert von Mayer (1842) and the English physicist James
Prescott Joule (1843). They showed the equivalence of heat and mechanical
work. The first law of thermodynamics is a law of conservation of energy for
closed processes. In 1847, the German physicist and physiologist Hermann von
Helmholtz generalized this law for any non-closed thermodynamic processes.

The second law of thermodynamics was discovered independently by
both the German physicist Rudolf Clausius (1850) and the English physi-
cist William Thomson (Lord Kelvin). They introduced in the theory a new
function of state — entropy, in the statistical sense, and discovered the law of
imncreasing entropy.

The third law of thermodynamics was discovered in 1906 by the German
physicist—chemist Walther Nernst. According to this law, entropy of all sys-
tems independently of external parameters tends to the identical value (zero)
as temperature approaches the absolute zero.

Note that the first law of thermodynamics is a law about energy, and the
second and the third ones are about entropy.

The founders of thermodynamics are J.R. von Mayer, J.P. Joule, H. von
Helmholtz, R. Clausius, W. Kelvin, and W. Nernst.

Statistical physics received its development only in the last quarter of the
nineteenth century. The founders of classical statistical physics are R. Clau-
sius, J.C. Maxwell, L. Boltzmann, and J.W. Gibbs. The height of development
of classical statistical physics is the method of Josiah Willard Gibbs (1902).

The application of classical statistics to many problems provided results,
though not coinciding with the experimental facts of that time. Black radiation
(thermodynamics of a photon gas), heat capacity of metals, Pauli paramag-
netism, etc. can serve as examples. These difficulties of classical statistics
were circumvented only after the rise of quantum mechanics (L. de Broglie,
W. Heisenberg, E. Schrédinger, and P. Dirac) and quantum statistics, created
on its basis (E. Fermi, P. Dirac, S.N. Bose, A. Einstein) during 1924-1926.

The method of thermodynamic functions and potentials, and also the
Gibbs statistical method or the methods of free energy, being the key-note
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of the book, occupy an important place. It is shown that of all the thermo-
dynamic functions, the most important are the function of free energy and
grand thermodynamic potential, which are determined from the Gibbs canon-
ical distribution. It is expalined that the basic postulate of statistical physics
— the microcanonical distribution of isolated systems — is based on the statisti-
cal theory of the macroscopic properties of a system, from which all canonical
distribution stems.

Understanding free energy and grand thermodynamic potential, it is easy
to determine entropy, thermal and caloric equations of state, and also all
thermodynamic coefficients, measured by testing. To do this in the case of
classical systems, it is sufficient to know the Hamilton function — energy as
a function of coordinates and impulses of particles of the system, forming
it, and for quantum systems, it is the energy spectrum, i.a., the dependence
of energy on quantum numbers. It is also an essence of the Gibbs method,
which is applied to ideal and non-ideal gases, and also to a crystalline solid.
The exposition of the Fermi-Dirac and Bose—Einstein quantum statistics and
its application to different quantum gases occupy a large place. It is shown
how the difficulties of classical statistics, associated with its application to an
electron gas in metals, are circumvented. The statistics of the electron gases
are considered in detail in this book.

A separate chapter is devoted to the statistical theory of thermodynamic
properties of an electron gas in a quantizing magnetic field. Note that the
investigation of properties of an electron gas in extremal conditions, in par-
ticular, at ultra-low temperatures and in strong quantizing magnetic fields, is
one of the actual tasks of contemporary physics.

In the last chapter, on the basis of the Boltzmann kinetic equation, the
electron gas in metals and semiconductors is considered in a nonequilibrium
state. Nonequilibrium processes are associated with charge carrier motion in
a crystal under external disturbances such as the electric field and the tem-
perature gradient in the magnetic field. They include electric conductivity,
thermoelectric, galvanomagnetic, and thermomagnetic effects.

Baku, Bahram M. Askerov
November 2009 Sophia R. Figarova
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1

Basic Concepts of Thermodynamics
and Statistical Physics

Summary. The basic concepts and postulates of thermodynamics and statisti-
cal physics are expounded in this chapter. Different ways of description of the
state of macroscopic systems, consisting of a very large number of particles such
as atoms, molecules, ions, electrons, photons, phonons, etc., are adduced. Such
concepts as the distribution function over microstates, statistical weight of the pre-
assigned macroscopic state of a system, absolute temperature, and pressure are also
introduced.

1.1 Macroscopic Description of State of Systems:
Postulates of Thermodynamics

As noted in the Foreword, thermodynamics and statistical physics study phys-
ical properties of macroscopic systems with a large number of degrees of
freedom. The lifetime of these systems ought to be sufficiently long to con-
duct experiments on them. A usual gas, consisting of atoms or molecules,
photon gas, plasma, liquid, crystal, and so on, can serve as an example of
such systems. A small but macroscopic part of the considered system is called
a subsystem.

Macroscopic systems can interact between themselves or with the sur-
rounding medium by the following channels:

1. An interaction when the considered system performs work on other sys-
tems, or vice versa, is called mechanical interaction (AA # 0). In this
case, the volume of the system changes.

2. An interaction in which the energy of the system changes only at the
expense of heat transfer (without performing work) is called thermal
interaction (AQ # 0).

3. An interaction leading to exchange of particles between systems or between
the system and the surrounding medium is called material interaction

(AN % 0).
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Depending on which of the above-indicated channels is open or closed, different
types of macroscopic systems exist in nature.

A system is called isolated if energy and material exchange with the sur-
rounding medium is absent (AA = 0, AQ =0, AN = 0). For such systems
all channels of interaction are closed.

If a system is surrounded by a heat-insulated shell, the system is called an
adiabatically isolated system (AQ = 0).

If a system does not exchange particles with the surrounding medium
(AN = 0), such a system is called closed, and, on the other hand, if exchange
of particles (AN # 0) takes place, the system is called open.

If the considered system is a small but macroscopic part of a large system,
physical processes occurring in it will hardly influence the thermodynamic
state of the large system. In this case, the large system is called a thermostat,
and the system interacting with it is a system in the thermostat.

The thermodynamic state of each system at pre-assigned external condi-
tions can be described by a restricted number of physical quantities which can
be measured on test. Such quantities are called thermodynamic parameters.
The number of particles in a system N, its volume V', pressure P, absolute
temperature T, dielectric & and magnetic M polarization vectors, electric
€ and magnetic H field strengths are examples of thermodynamic param-
eters. These parameters characterize the system itself and also the external
conditions in which it is found.

Parameters that are determined by coordinates of external bodies inter-
acting with a system are called external parameters: volume, the electric and
the magnetic field strength, etc. Parameters that, apart from coordinates of
external bodies, depend also on coordinates and impulses of particles enter-
ing into the system are called internal parameters: pressure, temperature, the
internal energy, dielectric and magnetic polarizations.

Internal parameters can be intensive or extensive. Parameters not depend-
ing on the number of particles in a system are called intensive: pressure,
temperature, etc. Parameters that are proportional to the number of particles
or the amount of substance are called extensive or additive: entropy, energy
and other thermodynamic potentials.

The state of a system determined by the totality of the above-enumerated,
measured-on-test thermodynamic parameters is called a macroscopic state of
the system:

Macroscopic state = (N, V, P, T, &, M, €&, H,...).

It is evident that these macroscopic parameters determine the averaged state
of a system, in that the details and the nature of the complex motion of
particles composing the system are disregarded. Such a description of a system
bears the phenomenological, i.e. the descriptive, character.

If thermodynamic parameters determining the state of a system do not
depend on time, such a state is called stationary. Moreover, if stationary flows
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and currents are absent in a system, such a state is called a thermodynamic
equilibrium. This state is the simplest macroscopic state of a system. It is to
be noted that even in this state, inside the system particles perform complex
chaotic motion; however, this motion is not of interest in thermodynamics.

After introducing the primary basic thermodynamic concepts, we pass on
to the exposition of two postulates comprising the basis of thermodynamics.
These postulates were established from generalizations of experimental data.

The first postulate of thermodynamics states that each isolated system
has only one intrinsic state, that of thermodynamic equilibrium. If a system
is not in the equilibrium state, it tends toward its equilibrium state over a
period of time, and once it has achieved that state, can mever come out of it
spontaneously without an external force being exerted on it.

Also called the general principle of thermodynamics, this postulate defines
the thermodynamic equilibrium state. This principle is demonstrated by an
example of the macroscopic parameter L (Fig. 1.1). The time 7 during which
the parameter L(t) passes to the equilibrium state Ly is called the relazation
time. The quantity 7 depends on the nature of interaction and intensity of
the motion of the particles composing the system.

The first postulate of thermodynamics determines the limit of applicabil-
ity of the laws of thermodynamics. Indeed, inasmuch as each system consists
of chaotically moving particles, the parameter L(t) can deviate from its mean
value, i.e. a fluctuation occurs. These deviations are schematically shown in
Fig. 1.1. Thermodynamics disregards these fluctuations and takes only the
mean values measured on test into consideration. Therefore the laws of ther-
modynamics are applicable only to systems in which deviations from the mean
values are much smaller than the mean values themselves. But this is possible
only in systems with a sufficiently large number of particles.

If a system consists of a small number of particles, the relative fluctuation
can be large and the system itself can move away from the equilibrium state.
In this case, the concept of “the equilibrium state” loses its sense, and the
first postulate of thermodynamics is violated. It can be demonstrated by a
simple example. Let us assume that a gas contained in a rectangular vessel
contains N particles. Mentally divide the vessel into two equal parts. In the
equilibrium state, in each half N/2 molecules ought to be found. If N = 4,

L)

!
|
1
l
T t

Fig. 1.1. The fluctuation of the thermodynamical parameter
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often the following picture can be observed: in the first part there are three
molecules, and in the second there is one molecule; or, in the first part there
are four molecules, and the second part is empty. Such a situation means that
the system itself is not in the equilibrium state, in which N/2 = 2 molecules
should be present in each part of the vessel.

Thus, from the first postulate the following conclusion can be made: Laws
of thermodynamics are not applicable to systems consisting of a small number
of particles.

The second postulate of thermodynamics states that if two systems A and
B are separately found in thermodynamic equilibrium with the third system C,
A and B are also found in thermodynamic equilibrium between themselves, i.e.

A~C

BNC}:>A~B. (1.1)

This postulate is also called the zeroth law of thermodynamics and, as we will
see below, defines the concept of absolute temperature.

The second postulate determines the upper boundary of applicability of
the laws of thermodynamics. As seen from this postulate, when bringing into
thermal contact subsystems A, B, C, or while disconnecting them, the state
of equilibrium is not violated, i.e. the energy of interaction of the subsystems
is negligibly small and the energy of the whole system is an additive quantity®

E=)"E,, (1.2)

where F, is the energy of the subsystem a.

Thus, the laws of thermodynamics are applicable only to systems for which
the condition of additivity of energy (1.2) is fulfilled. Naturally, the condition
of additivity is not fulfilled for large systems, individual parts of which interact
through a gravitational field.2 Therefore, the laws of thermodynamics are not
applicable to very large, complex systems, e.g. to the universe as a whole.

From the second postulate, besides the principle of additivity of energy, the
second, not less important, conclusion stems. Indeed, from this postulate it fol-
lows that if A, B, C are subsystems of a large system in the equilibrium state,
their state, besides the external parameters, ought to be characterized also by
the general internal parameter. This internal intensive parameter is called
temperature and is identical in all parts of the large system, which is in the
thermodynamic equilibrium state. Temperature is determined by the intensity
of the thermal motion of the particles in the system. Thus, according to the
second postulate, the thermodynamic equilibrium state of a system is deter-
mined by the totality of external parameters and temperature. Consequently,

! Equality (1.2) supposes that the energy of interaction between subsystems is
negligible small compared with the internal energy of a subsystem.

2 In this case, the gravitational energy of interaction between parts cannot be
neglected.
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according to the second postulate, each internal parameter is a function of
external parameters and temperature. This conclusion relates any internal
parameter A; to temperature T and external parameters aq,as, ..., ay:

A; = Ai(ar,ag,...,an;T);i=1,2,.. K, (1.3)

where k is the number of internal parameters. This equation, written in the
symbolic form, is called the equation of state. The number of such equations,
naturally, equals the number of internal parameters k.

If in the capacity of an internal parameter we accept the internal energy
of a system A; = F, (1.3) can be presented in the form:

E = E(ay,az2,...,an;T). (1.4)

This equation is called the caloric equation of the state of a system.
If in the capacity of an internal parameter we accept pressure A; = P,
from (1.3) we get the thermal equation of state:

P = P(ai,as,...,a,;T). (1.5)

Thus, from the set of equations (1.3) it is seen that the thermodynamic
state of a system is single-valuedly determined by (n+ 1) independent number
of parameters. Therefore, the number (n + 1) is called the thermodynamic
degree of freedom of a system. Depending on the complexity of a system, n
takes on values n =1,2,3,....

In the simplest case of closed systems,? if in the capacity of an independent
external parameter volume V is accepted, the internal parameter pressure P
and internal energy F, conforming to (1.3), can be expressed as follows:

P=P(V;T); E=E(V;T). (1.6)

The explicit form of these equations for ideal gases is experimentally deter-
mined and theoretically substantiated by statistical methods:

P = gkoT; E= ;ko TN, (17)
where N is the number of particles of an ideal gas, and kg is the Boltzmann
constant.

If from (1.4) we determine temperature and substitute it into (1.3),
all internal parameters can be expressed by E and external parameters
a1,0as2,...,0,. Thus, the second postulate of thermodynamics can be also
expressed as follows: All internal parameters of a system found in thermo-
dynamic equilibrium are functions of external parameters and energy:

AizAi(al,ag,...,an;E). (18)

3 A gas consisting of the pre-assigned number of neutral atoms or molecules can be
considered as an example.
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Systems satisfying this condition are called ergodic. Consequently, thermody-
namics is applicable only to ergodic systems.

For an ideal gas, using (1.7), the equation of type (1.8) takes the following
explicit form:

P= 3T (1.9)

Finally, note once more that the first postulate of thermodynamics defines the
concept of thermodynamic equilibrium and the second one defines the concept
of absolute temperature.

1.2 Mechanical Description of Systems:
Microscopic State: Phase Space: Quantum States

It is known that any macroscopic system consists of a colossal but finite
number of particles, and also that each particle can have a complex inter-
nal structure. Here the structure of a particles does not interest us, and we
will regard that the considered system as consisting of N number of chaoti-
cally moving material points interacting among themselves. Thus, the number
of degrees of freedom of the considered system is 3N. Note that under normal
conditions 1cm? of air contains 3 x 10'? molecules. The linear dimension of
each molecule is 1078 cm. In order to have a notion of the number of parti-
cles and their dimensions, we quote a known example by Kelvin, according
to which the number of HoO molecules in a glass of water is 100 times the
number of glasses of water available in all oceans and seas of the world.

Naturally, it is impossible to describe in detail the state of such a macro-
scopic system with a small number of thermodynamic parameters, since these
parameters disregard the internal structure of the system. For the complete
description of a system, it is necessary to know which particles it consists
of, what nature of their interaction is and by which equations their motion
is described, i.e. whether the motion of particles obeys classical or quantum
mechanical laws. In conformity with this, in nature two types of systems exist:
classical and quantum systems. We consider these cases separately.

Classical systems. The motion of particles forming such systems obeys
the laws of classical mechanics, and the state of each of them is determined
by three generalized coordinates ¢;(t) and by three corresponding generalized
impulses p;(t),* where i takes on the value i = 1, 2, 3. Consequently, the general
state of a classical system consisting of N particles at the instant of time ¢ is
determined by 6N quantities:

microstate = (Q7p) = (QIa q2,---,43N; P1,D2,- - - ap3N)' (110)
4 In classical statistical physics the motion of particles is characterized not by veloc-

ity, but by impulse, as the Liouville theorem (Sect. 1.3) is just not in the space
of coordinates and velocity (g, ¢), but in the phase space (g, p).
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The state of a system being determined by 3N generalized coordinates and 3NV
generalized impulses is called the microscopic state or, briefly, the microstate
of the classical system. The quantities g;(t) and p;(t), i.e. the microstates of
the system, are found from a solution of the system of Hamilton canonical
equations:

. 0 0

G; = 8pi,pz— 8(]1’2_172’3"”’32\]’ (1.11)
where 3N is the number of degrees of freedom of the system, the points over
¢; and p; mean the time derivative and 7 is the Hamilton function of the
system. For conservative systems, 5 coincides with the total energy E(q, p)
of the system:

3N o

%EE(%P):Z§%+U(Q1aQ2w~;QBN)a (112)
i=1

where m is the mass of a particle and U(q) is the potential energy of interaction
of particles; it is supposed that an external field is absent.

To describe a microstate of classical systems, it is convenient to introduce
the concept of phase space or the I'-space. Each system has its intrinsic phase
space. For instance, the phase space of a classical system consisting of N
particles represents an abstract 6 N-dimensional space. The position of each
“point” in this space is determined by 3N generalized coordinates g; and 3N
generalized impulses p;, i.e. by 6N quantities.

Thus, a microstate of a classical system consisting of N particles has a
corresponding “point” — a phase point — in the 6 N-dimensional phase space.

Henceforth, for an elementary volume of the phase space dI' we will use
the following symbolic notation:

3N
dr' = dgdp = [ [ dg; dp;. (1.13)

i=1

Hence it is seen that the dimensionality of an element of “volume” of the phase
space of a classical system consisting of N particles is (action)3V.

The phase space can be subdivided into two subspaces: coordinates and
impulses. Then, for an element of volume of the phase space one can write
dI' = dI'y - dTp.

For some systems (e.g. an ideal gas) instead of the I'-space, we may intro-
duce the concept of the u-space. The p-space is a six-dimensional space, each
point of which is determined by a coordinate and an impulse of one particle
(%, Y, 2, Dz, Py, Pz)- It is evident that in the p-space a microstate of an ideal
gas consisting of N particles is described by a multitude of N points.

Coordinates ¢;(t) and impulses p;(t) of particles forming a system contin-
ually change in conformity with equations of motion (1.11); therefore, the
microstate of the system changes with time. As a result, the position of
phase points changes, describing a specified “curve” in the 6 N-dimensional
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phase space. This curve is called the phase trajectory.” The equation of the
phase trajectory, in principle, can be found from the solution of the sys-
tem of equations (1.11). These solutions can be written symbolically in the
following form:

qi = qz‘(t; 401,402, - - -, 403N 5 P01, P02 - - - 7p03N) (1 14)
bi = pz'(t; qo1, 402, - - -, 403N 5 P01, P02, - - - 7p03N)7 '

where qo; and pg; are initial coordinates and impulses, respectively, of a
particle.

Note that the phase trajectory can be closed, but it cannot intersect or
touch itself. This result follows from the principle of determinism of classical
mechanics, i.e. the single-valuedness of the solution (1.14) of the equation of
motion (1.11).°

The phase trajectory of even simple systems cannot be described graphi-
cally. It is sufficient to remember that the phase space of a system consisting
of one particle is six-dimensional. The phase trajectory can be graphically
described only for one particle moving in a one-dimensional space. In this case,
the phase space is two-dimensional. In Fig. 1.2, the phase trajectory of a freely
moving particle with a mass m and a pre-assigned energy p?/2m = gy = const
in “a one-dimensional box” with dimensions —L/2 < ¢ < L/2 is presented.

As seen from Fig. 1.3, the phase trajectory of a linear harmonic oscilla-
tor with a pre-assigned energy p?/2m + mw?q?/2 = ey = const represents

N 2m£0

-L/2

——e

L1

—A ’2}7!80

Fig. 1.2. The phase trajectory of the one-dimensional free moving

2me;

S

Fig. 1.3. The phase trajectory of a linear harmonic oscillator

5 This curve should not be confused with the trajectory of a particle’s motion in
the usual three-dimensional space.

5 Indeed, if the phase trajectory would intersect itself, the intersection point could
be accepted as an initial one, and the further change in the state of the system
would not be single-valued.
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an ellipse with semi-axes /2c9/mw? and \/2meg, where w is the circular
frequency of the linear harmonic oscillator with a mass m.

Quantum systems. For quantum systems, i.e. systems in which the motion
of particles is described by equations of quantum mechanics, concepts of the
phase space, phase point and phase trajectory have no sense. Indeed, according
to the Heisenberg uncertainty principle, the coordinate ¢ and impulse p of a
particle cannot be single-valuedly determined simultaneously. Principal errors
Agq and Ap are related by the following relationship:

h2
Za

(Ag)? - (Ap)? = (1.15)
where
h=h/2r =1.05x 10~*" ergs,

h being the Planck constant.
The state of a system in non-relativistic quantum mechanics is described
by the stationary Schrédinger equation

AV, = E,U,,. (1.16)

Here ¥,, and FE,, are an eigenfunction and eigenvalue of energy, respectively.
The Hamilton operator . entering into (1.16) can be obtained from expres-
sion (1.12) by replacing p; = p; = —ih%. If in place of the generalized
coordinate ¢; we take the Cartesian coordinate r; = 7(x;, y;, 2;), the Hamilton
operator A takes the following form:

N
. h2
%:Z<_%V?> +U(T1,T2,...,TN)7 (117)
i=1

where V? is the Laplace operator. In (1.16) n is the totality of quantum
numbers, determining one quantum state of the system. The wave func-
tion of the system W, depends on the coordinates of all particles, i.e.
v, = \Ijn(rlv T2,... TN)‘

Thus, the microscopic state of a quantum system is determined by the
totality of all quantum numbers describing one quantum state ¥,,. One value
of the energy of the system E,, can correspond to each microstate n, or several
microstates can correspond to one value of energy, i.e. it is possible to have
quantum degeneracy.

For real systems, we cannot exactly solve the Schrodinger equation (1.16)
and determine the microstate of a system. Here, we consider the simplest ideal
systems, allowing an exact solution.

Ideal gas in a rectangular box. Assume that in a rectangular box with
dimensions L, Ly, L., N non-interacting particles with a mass m are found.
It is known that the total energy of an ideal gas is the sum of the energies of
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the individual particles:
N
E, =) én, (1.18)
i=1

where

2
o (k3 + k3, + k%) (1.19)

is the quantum mechanical energy of the i th particle;

T T T
kig = — | Niz, kiy =+ )Ny, Fkiz=1|+—)ns 1.2
(Lac)n Y (Ly>ny <L2>n (1.20)

are components of the wave vector, where

671»7’, =

TNz s Mgy, Mgz = 1,2,3,... (1.21)

are quantum numbers of the ith particle, taking on any positive integer value;
and n = (Mg, N1y, N12; N2z, N2y; N2z} - - - s Nz, ; Ny, Nz) 1S the totality of
quantum numbers determining the state of a system.

If we substitute the value of the wave vector (1.20) into (1.19), the energy
of the ith particle €, can be expressed by the quantum numbers

w2h? [ n? nfy n?
= — Z o — 2. 1.22
T om \12 T T I (122)

As can be seen, the energy of the ith particle of an ideal gas is determined
by three quantum numbers 1,4, 14y, 14, (the spin of a particle is disregarded).
From quantum mechanics, it is known that in such a case each totality of
quantum numbers has only one corresponding wave function, i.e. one quantum
state, and the degeneracy is absent.

If the energy of a particle (1.22) is taken into account in (1.18), it can be
said that one microstate of an ideal gas in the box is determined by assigning
3N quantum numbers, i.e. for the considered system

microscopic state =

. . (1.23)
= (nlxynlyynlza N2x, N2y, N2z5 « -3 anvnNyynNz)-

System consisting of harmonic oscillators. Assume that the considered system
consists of N non-interacting linear harmonic oscillators with frequency w.
Owing to the absence of the interaction between oscillators, expression (1.18)
for the energy of the system remains in force; only in the given case, energy
of the ith particle of an oscillator has the form

£, = (nz + 1/2) hw, (1.24)

where n; = 0,1,2,... are quantum numbers of an oscillator. Each value n;
has one corresponding wave function, i.e. one quantum state.
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Thus, one microstate of an ideal gas consisting of N linear harmonic
oscillators is determined by the totality of N quantum numbers:

microstate = (n1,n2,...,nN). (1.25)

System consisting of rotators. Consider a system consisting of N non-
interacting rotators formed by rigidly bound atoms of masses m’ and m”
at a distance r from each other (a diatomic molecule). Assume that the rota-
tors rotate around the axis passing through the fixed centres of the masses.
Inasmuch as the rotators do not interact, the total energy of the system can be
determined from expression (1.18); however, in the given case, the quantum
mechanical energy of each rotator is pre-assigned by the expression

h2
i = Eli(li +1), (1.26)
where I; = 0,1,2,... is the azimuthal quantum number, I = mr? is the

moment of inertia of a rotator (a molecule), and m = m/m” /(m’ +m”) is the
reduced mass.

Note that the wave function of a rotator, apart from the azimuthal quan-
tum number /;, depends also on the magnetic quantum number m;, which
takes on integer values in the limits

Hence it follows that each quantum state of a rotator is determined by two
quantum numbers (I; and m;). Inasmuch as the energy of a rotator does
not depend on the quantum number m;, its energy levels are (2l; + 1)-fold
degenerate.

Thus, one microstate of a system consisting of N rotators is determined
by the totality of 2IN quantum numbers:

microstate = (I3, my; la,ma;...; In,my). (1.28)

From the examples given above, it is seen that the total of quantum numbers
determining one microstate of a system equals the number of degrees of free-
dom. In fact, if we consider an ideal gas consisting of N diatomic molecules
and take into account that each molecule has three translational, one vibra-
tional and two rotational degrees of freedom, then the system as a whole has
6N degrees of freedom. From (1.23), (1.25) and (1.28), it is seen that for the
considered system the total of quantum numbers determining one microstate
also equals 6NV.

Quasi-classical approzimation. It is known that at specified conditions (the
quasi-classical approximation) the quantum mechanical description of a sys-
tem can be replaced with its classical counterpart, i.e. in some particular cases,
quantum systems behave as classical ones. Consider the conditions of quasi-
classicity. The quasi-classical approximation is applicable when the difference
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of energies of two adjacent quantum levels is much less than the energy of the
particles:
[e(n+1) —e(n)] < e(n). (1.29)

For the case (1.22), this inequality takes the form (2n + 1) < n?, i.e. the
quasi-classical approximation is applicable for very large (n > 1) quantum
numbers.

Condition of quasi-classicity (1.29) obviously can be expressed as follows:
if the mean energy of the thermal motion of particles e(n) = koT is much more
than the discreteness of the energy spectrum, the motion can be regarded as
classical. For free particles in a box with volume V = L3, i.e. for case (1.22),
the condition of quasi-classicity (1.29) can be written down in the form

w2h?
e < koT, (1.30)

where T is the absolute temperature.
Condition of quasi-classicity (1.30) can also be presented as

L> )\ (1.31)

where A\ = h/p is the de Broglie wavelength of a particle, and p = /2mkoT is
the mean impulse.

Thus, the free motion of particles is classical when the linear dimensions
of the space L in which the motion occurs are much more than the de Broglie
wavelength of a particle.

Consider the question of the number of microstates of a system. For quan-
tum systems, the number of microstates in the pre-assigned range of energy
equals the number of quantum states. In the quantum case, the number of
microstates accounting for the specified range of energy is finite because of
the property of discreteness.

For classical systems, one phase point corresponds to each microstate and
therefore, formally, the “infinite” number of microstates corresponds to any
element of the phase space. If, from the point of view of quantum mechanics,
it is taken into account that the least “volume” of the phase space h = 27h
(Fig. 1.4) corresponds to one state of a particle with one degree of freedom,

gl

Fig. 1.4. The “volume” of the quantum state of a particle with one degree of freedom
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then the “volume” (27h)3N corresponds to a microstate of a system with 3N
degrees of freedom in the phase space.

Thus, the number of quantum states corresponding to “an element of
volume” dI" = dgdp equals

3N
ar I1 dgi dp;

AC = oW = l?éﬂh)w : (1.32)

Note that we will use the relation (1.32) between “an element of volume”
of the phase space and the number of quantum states of a system for the
single-valued determination of entropy of a system in the quasi-classical case
(Sect. 1.6).

1.3 Statistical Description of Classical Systems:
Distribution Function: Liouville Theorem

As noted in Sect. 1.2, to determine a microstate of a classical system consisting
of N particles it is necessary to know 6 N parameters. To do this, it is required
to solve a system of 6N equations (1.11). Even if the explicit form of the
Hamilton function (1.12) and initial conditions are known, it is very difficult
or practically impossible to solve the system (1.11) owing to the huge number
of particles. Moreover, knowing the coordinates and impulses of all particles
gives no complete information about properties of the system as a whole.
It is associated with the fact that in the behaviour of macrosystems quali-
tatively new statistical appropriateness arises. Such appropriateness bears a
probabilistic character and is distinct from mechanical laws. Hence it follows
that states of macrosystems should be described by statistical methods. In
these methods, the idea is not the exact determination of the microstates of
a system but their determination with a certain probability.

Assume that the considered system is a small but macroscopic part of a
large system — the thermostat. A microstate of a system interacting with the
thermostat chaotically changes over a course of time, and we cannot exactly
determine the coordinates (g, p) of these states in the phase space. Then the
question can be posed in the following form: What is the probability that
microstates of a system may be found in a small element of volume (dg dp) of
the phase space? To determine this probability, mentally trace the change in
the microstates of a system in the course of a long time interval T. Assume
that over the course of a short time range d¢ a microstate of the system is
found in the element of volume (dg dp) taken near the point (g, p). If the time
of observation is regarded as very long, the quantity

lim (%) —aw (1.33)
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can be taken as the probability of the microstate of the system being found
in the element of volume (dgdp).
It is evident that the probability dW depends on around which point

((Lp) = (qlv q2,.--,43N;P1,P2y - - - 7p3N) the element of volume (dq dp) =
3N

I] dg: dp; is taken, and, naturally, the quantity dIW ought to be directly

=1
proportional to this element of volume (dgdp):

dW = p(g, p)dg dp. (1.34)

The coefficient of proportionality p(g,p) is the probability of the microstate
found in the unit volume of the phase space taken near the point (¢q,p) and
is called the distribution function. From the geometrical point of view, p(q, p)
is the density of phase points corresponding to the microstate of the system
near the point (g,p) of the phase space, i.e. it characterizes the distribution
of microstates of the system in the phase state.

Knowing the distribution function, we can calculate the mean statisti-
cal value of any quantity L(q,p), depending on coordinates and impulses of
particles of the system:

L,= /L(qyp)p(q,p)dqdp (1.35)

Notice that in reality the state of a system is determined by macroscopic
quantities measured experimentally. Knowing the internal structure of the
system, the mean value of the measured quantities with respect to time can
be immediately calculated:

L; = lim —/L(q(t),p(t))dt. (1.36)

To do this, besides the explicit form of the dependence of the quantity L on ¢
and p, it is necessary to know the dependences of the coordinates and impulses
of a particle on time, i.e. functions ¢ = ¢(t) and p = p(¢). And this means a
solution of system of equations (1.11). Inasmuch as this system is unsolvable,
the immediate calculation of L; by (1.36) is not possible. In order to overcome
this difficulty, we assume that the mean value with respect to time (1.36) can
be replaced with the statistical mean (1.35):

Li=1L,. (1.37)

This supposition is called the ergodic hypothesis, and systems satisfying con-
dition (1.37) are called ergodic systems. Henceforth, we will consider only
ergodic systems and omit the statistical index p, i.e. fp =1T.

An advantage of calculation of the statistical mean value (1.35) lies in the
fact that in this case it is sufficient to know dependences of the quantity L
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on ¢q and p, i.e. it is not necessary to know the time dependences of ¢ and p.
The explicit form of the function L(q,p) for different systems can be found
in classical mechanics. In the particular case, L can be the Hamilton function
H = E(q,p). However, as seen from (1.35), in order to find L, besides L(q, p)
it is necessary to know the distribution function p(g,p). Finding the explicit
form of this function is the basic task of statistical physics. It is necessary
to find such a distribution function in order that the mean statistical value,
calculated with its aid, would coincide with the mean value with respect to
time, i.e. condition (1.37) would be satisfied.

Properties of the distribution function. In order to find the explicit form
of the distribution function, note its following properties.

1. The distribution function ought to satisty the normalization condition. It
is evident that if we integrate the expression (1.34) over all the phase
space, we get the normalization condition

/p(qyp)dqdp =1, (1.38)

which means that the event of a microstate of a system being found at
some point or other of the phase space is real.

2. To define the second property of the distribution function, we introduce
the concept of a statistically independent subsystem. Assume that the con-
sidered system consists of two macroscopic subsystems. It is evident that in
the process of interaction of these subsystems, basically particles that are
found on the boundary, the number of which is much smaller than the total
number of particles in the subsystems, participate. Therefore, in a time
range which is less than the relaxation time, these subsystems can be con-
sidered as self-dependent, i.e. the change in the state of one subsystem in
the given time interval does not influence the state of the other subsystem.
Subsystems satisfying this condition are statistically independent.

Elements of volume of the phase space of the considered subsystems are
denoted by dg®MWdp® and dg¢®dp®, respectively. Then probabilities of
microstates of the subsystems being found in these elements of volume have
the form

dw® = pydgMdp®: AW @ = p, dgPdp®?. (1.39)

It is evident that the distribution function p; depends on coordinates and
impulses of particles of the first subsystem, and ps depends on coordinates
and impulses of particles of the second subsystem.

Mathematically, the statistical independence means that the probability
dW = pdqdp of the microstate of the system consisting of two subsystems
found in the element of volume dgdp = dgWdpMdg@dp®? ought to equal
the product of the probability of the microstate of the first subsystem found
in the element of volume dg(Ydp(*) and the probability of the microstate of
the second subsystem found in the element of volume dg¢(?dp®, i.e. dW =
dW® . dW @ In the explicit form
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pdgdp = pldq(l)dp(l) . pgdq(z)dp(z)7 (1.40)

or
p=p1-pa (1.41)

In the general case of a large system consisting of ng number of subsystems,
equality (1.41) takes the form

no
Pzpl'PQ'---'l)no:Hpa- (1.42)
a=1

Thus, the distribution function of a large system is the product of the dis-
tribution functions of the statistically independent subsystems forming the
large system. The converse is also true: if the distribution function of the
whole system can be presented in the form of the product of the distribu-
tion functions of individual subsystems, these subsystems are statistically
independent.

If we take the logarithm of the equality (1.42), we can obtain the second
important property of the distribution function:

no
In p= Zln Pa- (1.43)
a=1

This means that the logarithm of the distribution function of a large system
equals the sum of the logarithms of the distribution functions of the individual
subsystems; in other words, the logarithm of the distribution function of the
system is an additive quantity.

3. Liouville theorem. The third property of the distribution function stems
from this theorem, according to which the distribution function is con-
stant along the phase trajectory, i.e. p(q,p) = const. This is one of the
definitions of the Liouville theorem. To prove this theorem, mentally keep
a watch over microstates of the given subsystem for an extended time and
subdivide the time of observation into very small identical ranges. Imag-
ine that phase points Aj, Az, As, ..., A, correspond to microstates of the
subsystem at instants of time t1, ¢, ts, ..., t, in the phase space.

Now assume that each phase point Ai, Ao, As,..., A, corresponds to a
microstate of one of the subsystems at the instant of time ¢. It is evident
that the multitude of subsystems mentally formed in this way is a multitude
of states of identical subsystems (with identical Hamilton function) and is
called the Gibbs statistical ensemble. The number of subsystems n entering
into this ensemble ought to be very large.

A microstate of the statistical ensemble, i.e. positions of phase points
A1, As, ..., A, in the course of time changes and at the instant of time ¢/,
is described by the multitude of the phase points A}, AS, ..., Al :

(Al,AQ,...,An)té( /1, /27---;Afn)t’- (144)
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If An phase points occupy an element of the phase volume AT, by definition
of the distribution function it can be written as

An = p(q,p,t)AT. (1.45)

For the pre-assigned ensemble, phase points do not disappear or arise. There-
fore, the distribution function p(g,p,t) in the phase space ought to satisfy
the continuity equation. In order to write the continuity equation in the
6 N-dimensional phase space, first remember its form in the usual three-
dimensional space:

p
E—Fdlv( pv) = 0. (1.46)

Here p(z,y, z,t) and v(z,y, z,t) are the density and velocity of the flow of
points at the instant of time ¢, respectively. Equation (1.46) actually is the
law of conservation of substance and can be written down in the form

dp .

E—!—vgradp—&—pdlvvzo. (1.47)
If we take into account that the sum of the first two terms is a total derivative
of the function p with respect to time, (1.47) takes the form:

dp

T + pdive =0. (1.48)

Then, by analogy with (1.48), for the continuity equation in the 6N-
dimensional phase space we have:

dp(q,p,t)

G teDivV =0, (1.49)

where V is the vector of “velocity” in the 6/ N-dimensional phase space with
components g1, ¢2, . - ., G3N; P1, D2, - - -, Pan; dp/dt is the velocity of the change
in the density of phase points around the point (g, p); and DivV is the symbol
of divergence in the 6/ N-dimensional phase space:

Div V = Z(ggl apf). (1.50)

Opi

Taking into account the Hamilton canonical (1.11), we get:
3§N: (aqi . api> B 3§N: ( PAH P AH ) 0 (1.51)
= \dq; " 0p;) = \0qdp; il ' '

Thus, for the 6/ N-dimensional phase space

DivV =0. (1.52)
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From (1.49) and (1.52), it is seen that a total derivative of the distribution
function equals zero:

dp(q,p,t)
dt

i.e. p is constant along the phase trajectory:

=0, (1.53)

p(q,p,t) = const. (1.54)

When proving this property of the distribution function, we have used equa-
tion of motion (1.11) describing the phase trajectory. Therefore, in conformity
with Liouville theorem (1.54), the third property of the distribution function
can be formulated as follows: The distribution function along the phase tra-
jectory does not depend on time, i.e. it is an integral of the motion. Note that
p(gq,p,t) along the phase trajectory remains constant though coordinates ¢(t)
and impulses p(t) strongly depend on time, and their changes are described
by a solution of (1.11).

Besides the above, one more equivalent definition of the Liouville theorem
can be given; it follows from expression (1.45) and condition (1.54): an element
of volume AT of the phase space occupied by phase points for the pre-assigned
part (An = const) of the ensemble does not depend on time, i.e. AI' = const.

Thus, another definition of the Liouville theorem can be formulated thus:
The phase volume occupied by phase points corresponding to microstates of
the statistical ensemble is conserved, i.e.

AT = AT, (1.55)

where AT' and AI” are elements of volume of the phase space occupied by
phase points of the ensemble at the instants of time ¢ and #, respectively.

Consider the general conclusions stemming from the indicated properties
of the distribution function. As it is seen from (1.35), to calculate the mean
statistical value of the physical quantities it is necessary to know two functions.
The explicit form of L(q,p) is found in classical mechanics. The distribution
function p(g,p) is determined in statistical physics. It is clear that for both
L(q,p) and p(q,p) the universal form for all systems cannot be found. How-
ever, using the above-indicated properties of the distribution function, we can
determine the general form applicable for any system.

According to the third property stemming from the Liouville theorem
(1.54), the distribution function p(g,p) along the trajectory is constant,
though its arguments ¢ and p substantially depend on time. This means that
the distribution function p can depend on coordinates ¢ and impulses p only
in terms of mechanical invariants I(q, p) — integrals of the motion:

p(g;p) = p(I(q,p))- (1.56)

From classical mechanics, it is known that systems have seven additive inte-
grals of motion: the total internal energy of a system FE(q,p); components
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of the impulse P, P,, P,; and components of the moment of the impulse
M, M,, M, of the system as a whole. Note that the frame of reference can be
so connected with the body (the system) that in the given frame of reference
P and M would be equal to zero. Then, in this frame of reference the only
mechanical invariant — the total internal energy E(q,p) — remains, and as a
result dependence (1.56) can be written down in the form

p(q,p) = p(E(g,p))- (1.57)

Such a dependence of the distribution function p(q, p) indicates the exclusively
important role of the internal energy E(q,p) in statistical physics.

Thus, we get the most general and fundamental property of the distri-
bution function: The distribution function p(q,p) depends only on the total
internal energy of a system E(q,p).

And what is the explicit form of this dependence? To this question, a
universal answer for any system does not exist. We consider a concrete system.

Assume that the considered system consists of several subsystems. Then,
taking into account the condition of additivity of energy (1.2) and Inp (1.43),
we see that the logarithm of the distribution function of any a-subsystem can
depend on its energy F, as follows:

In po = Ao + BEa(q, p). (1.58)

The constants A, and § here are found from some specified conditions. It is
evident that the coefficient # ought not to depend on the number of the sub-
system and is identical for all subsystems. Only in this case, for all the system
In p(g, p) and, consequently, the distribution function p(g, p) itself satisfies the
condition (1.57): i.e. p(q,p) depends only on the total internal energy of the
system: F =) F,.

«
It should be noted that just the distribution function of a system found in
the thermostat, i.e. the Gibbs canonical distribution (see Chap. 4), has such
a general appearance (1.58): or

pa = exp(Aa + BEa(q,p))- (1.59)

1.4 Microcanonical Distribution:
Basic Postulate of Statistical Physics

The microcanonical distribution is concerned with completely isolated sys-
tems. Owing to the absence of any interaction with the surrounding medium
(AA =0, A® =0, AN = 0), its energy remains fixed as Ey = const, i.e. in
whatever microstate the system is found, its total internal energy is

E(q,p) = Eo. (1.60)
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Microstates satisfying this condition are called possible states. In the abstract
phase space, (1.60) is an equation of a specified “hypersurface”. Energy of all
microstates corresponding to phase points on this surface is identical, and
Ey = const. Therefore this hypersurface is called the isoenergetic surface. It
is evident that the system cannot be found in microstates to which phase
points outside this surface E(q,p) # Ey correspond. These states are called
impossible states.

The explicit form of the distribution function for completely isolated clas-
sical systems that are found in the thermodynamic equilibrium is determined
on the basis of the postulate of statistical physics.

The basic postulate of statistical physics is as follows: If a completely iso-
lated system is found in the thermodynamic equilibrium state, the probability
of it being found in any possible microstate is identical, i.e. preference can be
given to none of the possible states.

Mathematically, this postulate can be expressed in the form

C =const, at FE(q,p) = Ey,
p(a;p) = (@.p) = Eo (1.61)
07 at E(qvp) 7& EO’
For the distribution function, expression (1.61) has the appearance
pla,p) = CS(E(q,p) — Eo). (1.62)

This distribution function is called the microcanonical distribution. The con-
stant C is determined from the normalization condition of the distribution
function (1.38):

/p(q,p)dq dp = 0/5(E(q,p) — Ep)dgdp = 1. (1.63)

Recall that the d-function entering into expression (1.62) has the following
properties:

1. /(5(9& —a)dx =1,
2. /f(x)é(a: ~ a)dz = f(a), (1.64)

3. / F@)dlp(a))de = |¢J:’((mxss))|’

where x5 are roots of the equation ¢(xs) = 0, and a is an arbitrary constant.
In order to use the second property of the d-function (1.64), in (1.63) pass
from the integral over dgdp = dI' to the integral over dE. Then we get

0/5(E(q,p) —Eo)dqdp=0/5(E(q,p) —Eo)j—ng: 1.
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plg, p)

0 Ey E(q, p)

Fig. 1.5. The microcanonical distribution for isolated classical systems

Here
1 1
©= (dT/dE)p=p,  Q(Eo) (1.65)

is the normalizing constant.

Hence, it is seen that the quantity Q(Ey) = (d'/dF)g—p, represents
the “volume” of the phase space found between two hypersurfaces, differing
from one another by one energetic unit and taken around the isoenergetic
hypersurface E(q,p) = Ejp.

As a result, the distribution function for isolated classical systems — the
microcanonical distribution — takes the form

ola,p) = ﬁw(q,p) By, (1.66)

The microcanonical distribution is schematically depicted in Fig. 1.5.

Note that (1.66) is a mathematical expression of the basic postulate of
statistical physics. The justification of this postulate is corroborated by the
coincidence of the results obtained by use of (1.66) with the experimental
results.

For isolated systems, with the aid of the microcanonical distribution the
mean value of any physical quantity depending on energy L(q,p) = L(E(q,p))
can be computed:

— 1
L= [ L(E(q, 5(E(q,p) — Eo)dgqdp. 1.67
| B0 s Blap) — Eodad (167
If with the aid of the replacement
dr
dgdp=d dEd (1.68)

we pass from the integral over dI" to the integral over dE and take into account
(1.65), for the mean value we get

L = L(Ey). (1.69)

In the particular case when L(FE(q,p)) = E(q,p), for the mean value of energy
of the system we have

E(q,p) = Eo. (1.70)
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1.5 Statistical Description of Quantum Systems:
Statistical Matrix: Liouville Equation

Imagine that the motion of particles of the considered macroscopic system
bears quantum character. Inasmuch as the number of particles in the system
is very large, the purely quantum mechanical description of the system as
well as for classical systems is practically impossible. In fact, for the quantum
mechanical description of a system it is necessary to solve (1.16) and find
the wave function V¥,,, depending on 3N number of variables — coordinates
of all particles. Furthermore, the wave function ¥,, can be used to find the
quantum mechanical mean value L of the physical quantity L. The practical
impossibility of working with this problem is evident.

Another principal difficulty is associated with the fact that a system cannot
be found in the purely stationary quantum state, inasmuch as its energy spec-
trum is continuous. In nature, a completely isolated system does not exist.
Each system to some extent interacts with the surrounding medium and
the energy of this interaction is more of the difference between energy lev-
els. Therefore, the macroscopic system being found in the stationary state is
impossible. For this reason, the macroscopic system is found not in the purely
quantum state but in “the mixed” state. According to quantum mechanics,
in “a mixed” state the system is described not by the stationary wave func-
tion, but by the density matriz. In statistical physics, it is called the statistical
matric.

Impossibility of the stationary state of a macroscopic system also follows
from the uncertainty principle for energy. Indeed, the difference of energies
of two adjacent levels AE = (E, 11 — E,,) ought to be much more than the
uncertainty of energy: .

0F ~ A (1.71)
To fulfill this condition, the time of measurement At ought to be infinitely
large. In reality, however, At is finite. Therefore, in the range of the uncertainty
of energy 0 F, several energy levels can be found and, consequently, it cannot
be asserted that the system is found in some specified stationary state.

Thus, inasmuch as the quantum mechanical description of the system is
impossible, the problem needs to be solved by statistical methods. To do this,
we proceed as follows. Separate one subsystem, which is a small part of a large
system. Suppose that the subsystem does not interact with the surroundings.
Then, we can speak about “the stationary state” of the subsystem. The wave
function of the subsystem in these stationary states is denoted by ¥, (q).
Here, g are coordinates of all particles of the system, and n is the totality
of quantum numbers determining its stationary state. Let the energy of this
stationary state be F,,.

Assume that at a certain instant of time the state of the subsystem is
described by the wave function W(t), which can be expanded into a series
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with respect to orthonormalized wave functions v, (q):
U(t) =Y Cutbn(q), (1.72)

where the coefficient C;, depends on time

Cy ~ exp (—IE”t> 7 (1.73)

h

and satisfies the normalization condition

Sic)? =1 (1.74)

The mean value of a physical quantity L corresponding to the operator L is
defined as follows:

L= /\y*mdq. (1.75)

If we use the expansion (1.72), for L we get

L=Y CiCunLym, (1.76)
nm
where
Lom = [ 0@ L (@) (1.77)
is the matrix element of the physical quantity L corresponding to the
operator L.

If we introduce the notation
CrCr = Wi, (1.78)

we get the formula to calculate the mean value:

L= WunLom. (1.79)

mn

The totality of quantities W,,,, is called the statistical matriz. If we denote
the statistical operator corresponding to this matrix by W, expression (1.79)

takes the form _ o
L=> (WL)un. (1.80)

n

Diagonal elements of the statistical matrix W,,,, = W,, show the probability of
the system being found in the stationary state n. Therefore W, in the quan-
tum statistics corresponds to the distribution function p(g,p) in the classical
statistics:

p(q,p) = W, (1.81)
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and the normalization condition (1.38) has the appearance
> W, =1. (1.82)

Recall that for a classical system the distribution function p(g,p) determines
the probability of the system that is found in a microstate corresponding to the
phase point (¢;p). And in quantum systems, W,, means the probability of the
system that is found in a microstate with energy F,,, which is determined by
the totality of quantum numbers n.

For classical systems, the distribution function p(g, p) possesses the prop-
erty stemming from the Liouville theorem: the distribution function is an
integral of the motion and therefore depends only on mechanical invariants
(1.56). In quantum systems, for the statistical matrix W, a theorem anal-
ogous to the Liouville theorem can be proved. To do this, using (1.73) write
down the derivative of the statistical matrix with respect to time. Then we get
d, .. i

(CiCm) = 1

57 (Cn (En — E)CCh, (1.83)

or, if we use notations (1.78),

) i
= Won = 3 (Bn = B Wi (1.84)

The right-hand side of this equation can be presented in the form

k

Here %, is the matrix element of the Hamilton operator . In the energetic
representation, %, is a diagonal matrix:

If we take this into account, the entry of (1.85) becomes clear.
As a result, (1.84) takes the form

0 7
7V =,

Z (WankHlen, — e Wien,). (1.87)
k

Equation (1.87) can be also written down in the matrix form, i.e. for the

operator of the density matrix W,

Ow_1t

o #Wﬁ—%W} (1.88)

This equation, as well as (1.87), is called the Liouville equation.
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As seen from the Liouville equation, to fulfill the stationary condition
oW /Ot = 0, the operator W ought to commutate with the Hamilton operator
A of the system: R R

WH — AW =0. (1.89)
Physical quantities corresponding to the operator that commutates with the
Hamilton operator are conservation quantities. Therefore, according to (1.89),
it can be asserted that the statistical matriz is an integral of the motion.

In quantum statistics, this conclusion is an analogue of the Liouville
theorem (1.54) in classical statistics.

From the energetic presentation of the statistical matrix, one more of its
property follows. Indeed, as seen from the Liouville equation (1.84), to fulfill
the stationary condition (OW,,, /0t = 0) the following ought to take place:

(En = Ep)Wnn = 0. (1.90)

And to fulfill this condition, the matrix element W,,,, ought to be diagonal:
Winn = Wadmn. (1.91)

With regard to (1.91), the formula for the mean value (1.79) takes the form

L= ZWan. (1.92)

As can be seen, to calculate the mean value of any physical quantity L it is suf-
ficient to know the distribution function W,, and only the diagonal elements
of the matrix L,,. For the considered system, L, is found from quantum
mechanics. And the finding of the explicit form of the distribution function
W, is the task of statistical physics. Naturally, a universal expression for W,
applicable to any system does not exist. However, as is known, in quantum
statistics the Liouville theorem is fulfilled, too, i.e. W,, is a conservation quan-
tity. And this means that the dependence W,, on the totality of the quantum
numbers n is expressed by conservation quantities, namely, by E,,:

This property is an analogue of the property of the distribution function (1.61)
in classical statistics.

The explicit form of the function W (E,) is different for different physi-
cal systems. Assume that the considered system with energy F = F,, consists
of statistically independent subsystems. If we denote the energy of the
a-subsystem by FE,, , the energy of the complete system is

E,=Y B, (1.94)

lad

where n, is the totality of quantum numbers determining the state of the
a-subsystem, and n is the totality of quantum numbers determining the state
of the whole system, i.e. n = ny,no,...ng.
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Inasmuch as the subsystems are statistically independent, the distribution
function W,, ought to possess the property analogous to the property of p(q, p)
in classical statistics (1.43):

In W, =Y InW,,, (1.95)

i.e. in the quantum case the logarithm of the distribution function is an addi-
tive quantity, too. Then, the logarithm of the distribution function can be
presented in the form

In W(E,,) = Aq + BE, (1.96)

a?

where E, is energy of the a-subsystem; A, is a constant, which is found from
the normalization condition and depends on the number of the subsystem; and
the coefficient 3 ought not to depend on the number of the subsystem, since
only in this case conditions (1.95) and (1.94) are fulfilled at the same time.

Notice that the canonical distribution for systems in the thermostat has
the same appearance as (1.96).

Consider the microcanonical distribution for isolated quantum systems
with the pre-assigned energy E = Ey = const. As noted above, the energy
spectrum of macroscopic systems is continuous. Denote by dG the number of
quantum states in an infinitely small range of energy dF taken around the
given value of energy F.

If it is supposed that the system consists of several subsystems, then

dG =[] dGa, (1.97)

where dG,, is the number of quantum states in an infinitely small range of
energy dF, taken close to the given value of energy FE, of the subsystem with
number a.

Notice that (1.97) corresponds to the relationship

dr =[] dr. (1.98)

for the classical case, which means that an element of volume of the phase
space of the whole system equals the product of elements of volumes of the
phase space of individual subsystems.

For an isolated system, quantum states dG falling in the range of energy
dFE can be considered as possible states. According to the basic postulate of
statistical physics, the probability of the system found in any microstate is
identical, i.e. preference can be given to none of them. On the other hand,
the probability dW of the system found in any of the states dG ought to be
proportional to the number dG. Then it can be written as

dW = const 6(E — Ejp) H dG,. (1.99)
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Equation (1.99) is called the microcanonical distribution for quantum systems.
Here the §(E — Ey) function shows the isolatedness of the system, and

E=) E, (1.100)

is the total energy of the system.

1.6 Entropy and Statistical Weight

We introduce one of the basic concepts of thermodynamics and statistical
physics — entropy of a system. Entropy, as well as energy, is a function of
state, i.e. it determines the microscopic state of a system.

At first, consider the concept of the statistical weight of a system, which
is closely associated with entropy. To do this, suppose that the considered
quantum system is found in the thermodynamic equilibrium state. Subdivide
this system into a multitude of subsystems. Let n be the totality of quantum
numbers determining a microstate of any subsystem with energy FE,, and
W, = W(E,) be the probability of the system found in the given microstate.
Pass from the distribution over microstates W (E,) to the distribution over
energy w(E). It is known that the energy spectrum of a macroscopic system
is almost continuous, and therefore a multitude of energy levels corresponding
to the quantum states accounts for a sufficiently small range of energies. In
order to find the probability w(E)dE of the system found in the state with
energy in the range of £ and E + dF taken close to E, it is necessary to
multiply the function W(E) by the number of quantum states (microstates)
accounting for the range of energy dF.

If we take into account that the number of these microstates is

_ dG(E)
T TdE

dG(E) dE = ¢(E)dE, (1.101)

the distribution function over energies takes the form

w(E) = g(E)W(E). (1.102)
Here dG(E
g(E) = d(E ) (1.103)

is the function of the density of quantum states, i.e. the number of quantum
states accounting for a unit range of energy taken close to F, and G(FE) is the
total number of all the quantum states with energy less than E.

Even without knowing the explicit form of the distribution function w(E),
it can be asserted that a subsystem in thermodynamic equilibrium ought to
be found most of the time in states close to the mean value of energy F.
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Fig. 1.6. The distribution function over energy

Therefore, the distribution function w(E) over energy ought to have a sharp
maximum at E = E (Fig. 1.6).
According to the normalization condition

/w(E)dE =1 (1.104)

This geometrically means that the area under the curve w(E) ought to be
equal unity.

If the curve depicted in Fig. 1.6 is approximately replaced by a rectangle
with the height w(E) and width AFE, condition (1.104) can be presented in
the form

w(E)AFE =1, (1.105)

where AF is called the width of the distribution curve over energy.
Taking into account the distribution function (1.102) in (1.105), we get

W(E)AG = 1. (1.106)

Here, .
AG =g(E)AE (1.107)

is the number of microstates accounting for the range of energies AFE of the
subsystem and is called the statistical weight of a macrostate of the system
with energy E = E.

The statistical weight AG shows the number of microstates corresponding
to one pre-assigned macrostate of the system. Therefore, AG characterizes
the degree of the internal chaoticity of the system.

The statistical weight of a closed system, in conformity with (1.97), can be
presented as the product of statistical weights of the individual subsystems:

AG =[] AG., (1.108)

where AG,, = AG(E,,) is the statistical weight of the a-subsystem.

In statistical physics, apart from the statistical weight, a more convenient
function, also characterizing the degree of chaoticity of a system, is accepted.
This function is defined as a logarithm of the statistical weight:
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S =koIn AG (1.109)

and is called the entropy of a system. Here kg is the Boltzmann constant. As
is seen, entropy cannot be negative, i.e. S > 0, since the statistical weight
AG > 1. Note that entropy of a system, as also the energy, in conformity
with (1.108) and (1.109), possesses the property of additivity, i.e.

S=> S (1.110)

Here, S, = ko In AG,, is entropy of the a-subsystem.

Thus, it can be asserted that entropy is a function of the state of a macro-
scopic system and characterizes the degree of its internal chaoticity; entropy
has only a statistical sense; entropy cannot be spoken of separately for a given
particle.

If we take into account (1.106) in (1.109), entropy can be expressed by the

distribution function .
S =—koIn W(E). (1.111)

Inasmuch as, according to (1.96), the logarithm of the distribution func-
tion is a linear function of energy, InW(FE) can be replaced with the mean

InW(E), i.e.
In W(E) =1In W(E). (1.112)

Then, the expression of entropy (1.111) takes the form

S=—ko Y Wy InW,. (1.113)

We now consider classical systems in the quasi-classical approximation. In this
case, using the normalization condition for classical systems consisting of N
particles,

/p(qm)df =1, (1.114)

3N
where dI" = dg dp = ] d¢; dp; is an element of volume of the phase space,

1
and therefore we can pass from the distribution over microstates p(q, p) to the
distribution over energies p(E). To do this, rewrite the condition (1.114) in
the form

/p(E(q,p))g—ng =1, (1.115)
[ B ) EE =1, (1.116)
Here,
—3Nd_F

go(E) = (2h) (1.117)

dE
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is the function of the density of states of quasi-classical systems.
As is seen from (1.116),

p(E) = (21h)*™ p(E(q.p))g90(E) (1.118)

is the distribution function over energy. Then condition (1.116) takes the form

/p(E)dE -1 (1.119)

Taking into account that p(F) takes on a maximum value at £ = E, (1.119)
can be roughly presented as

p(E)AE = 1. (1.120)

Here AFE is the width of the distribution curve (Fig. 1.6). If substitute (1.118)
into (1.120), we get
(2h)*N BTG P)AG = 1, (L121)

where
AG = go(E)AE (1.122)

is the number of microstates accounting for the range of energy AF taken
close to energy E = FE in the quasi-classical case, i.e. the statistical weight
of the macrostate with energy £ = E. Then entropy can be presented in
the form

S = ko In AG = ko In go(E)AE. (1.123)
If the value of go(F) from (1.117) is taken into account, for the quasi-classical
case entropy can be presented as
AqAp

S:ko IHW

(1.124)

In the quasi-classical case, entropy can be also expressed by the distribution
function over microstates. To do this, take into account (1.121) and (1.123).
Then we get

§ = —ko n[(2nh)* p(E(q p)))- (1.125)

On the basis of property (1.58) of the distribution function, we can replace

In p(E(q,p)) = In p(E(g, p))- (1.126)

As a result, for entropy we get

S = —ko / p(g,p) In [(27h)*" p(q, p)] dg dp. (1.127)

From additivity of entropy (1.110), one more its property stems. If we divide
the width of the distribution function AE (Fig. 1.6) by the number of
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energy levels AG in this range, we get the distance between adjacent energy

levels: AE
D(E) = 35 = AE e SE)/ko, (1.128)

From the property of additivity, it follows that the more the amount of sub-
stance (the number of particles N) in a system, the more is the entropy
of the system S(F) and the denser the energy levels. Thus, with increasing
amount of substance in a system, the distance between adjacent energy levels
exponentially decreases.

In conclusion, once more recall the basic properties of entropy:

1. Entropy is a function of state and characterizes the degree of its internal
chaoticity. The more the entropy, the more is the chaoticity, and vice versa;
the less the entropy, the more is the ordering of the system.

2. Entropy has only a statistical sense; it cannot be spoken of for a separate
particle.

3. Entropy cannot be negative, i.e. S > 0.

4. Entropy is an additive quantity, i.e. S =) S5,.

5. Entropy characterizes the density of leve?s in the energy spectrum of a
system. The more the entropy, the denser are the energy levels.

6. Entropy of a system in the thermodynamic equilibrium state takes on a
maximum value. This property follows from the law of increasing entropy,
which is further discussed in Sect. 1.7 below.

1.7 Law of Increasing Entropy:
Reversible and Irreversible Processes

In Sect. 1.6, we introduced the concept of entropy of an isolated system found
in thermodynamic equilibrium. The question arises whether entropy can be
spoken of for a system that is not in thermodynamic equilibrium. A positive
answer to this question can be given, i.e. the concept of entropy for thermody-
namic non-equilibrium systems can also be introduced. To substantiate this,
imagine that the considered closed system is not found in the thermodynamic
equilibrium state, and its relaxation time is 7. If we study the system in the
time range At < 7, it is evident that the system is in the non-equilibrium state
(Fig. 1.7a) and, naturally, we cannot speak of a specified value of entropy of
the system. However, if we subdivide the considered system into small sub-
systems, the relaxation time 7,7 of each of them (assume with number «) will
be less than the time of observation At, i.e. 7, < At (Fig. 1.7b). As can be
seen from the figure, for a very small time 7, the subsystem passes onto its
local equilibrium state (the quantity L, tends to its local equilibrium value
Low)- And it can be said that for all the time of observation At, the subsystem

7 With a decrease in dimensions of the subsystem its relaxation time decreases.
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Fig. 1.7. The relaxation of the thermodynamical parameter: (a) - for system; (b) -
for subsystem

is found in this local equilibrium state. Consequently, the concept of entropy
So = S(E4) can be introduced for each subsystem found in the local equi-
librium state. Inasmuch as entropy is an additive quantity, we can speak of
the instantaneous value of entropy of a large non-equilibrium system, having
defined it as S(t) = > So(Fa)-

According to the Oﬁrst postulate of thermodynamics, in the course of time
an isolated non-equilibrium system ought to pass into the equilibrium state.
The question arises as to how entropy of the system S(¢) changes as a result
of this process.

In order to answer this question, use the microcanonical distribution func-
tion (1.99) for isolated systems with energy Ey and pass from the distribution
over microstates to the distribution over energy. Then, (1.99) takes the form

dG,

dW = const 0(E — Ey) EToN

dE,. (1.129)

If we replace the derivative dG,/dE, in this distribution by the ratio
AG,/AE, and make use of the expression of entropy of the a-subsystem,
stemming from definition (1.109)

[ Ea
AG, = exp (M> , (1.130)
ko
we get
AW = const §(E — Eq) e5/ko dBq (1.131)
- AE,’

where S = Y So(F,) is entropy of the isolated system. Inasmuch as the

range of energy AF,, very weakly depends on energy compared with the factor
e5/%0 it can be regarded as constant and the distribution function over energy
(1.131) takes the form

dW = const §(E — Eg)e /™ [ ] dE.. (1.132)
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The obtained distribution function (1.132) is the probability of the subsystems
found in states with energies Fq, Fs, ..., E,, ... in the ranges of energy F; +
dEy,Ey + dEs, ..., Ey + dE,, ..., respectively. Here the §(E — Ep) function
provides the isolatedness of the system, i.e. E = E, = Ey = const.

«
As seen from (1.132), the distribution function over energies of an isolated

system having the above-indicated physical sense very strongly and expo-
nentially depends on entropy of the system, i.e. S = S(Eq, Ea, ..., Eq,...).
Therefore, the greater the probability of the considered macrostate of the sys-
tem, the higher is the entropy of this state. It is known that the probability of
an isolated system found in thermodynamic equilibrium state is maximum. In
this state, energy of subsystems ought to be equal to its mean value, E, = E,,.
Thus, entropy of an isolated system in thermodynamic equilibrium state has
the maximum value:

S(E1,Ea,...,Eq,...) = Smax- (1.133)

Conclusion: If an isolated system at a certain instant of time is not found
in thermodynamic equilibrium state, in the course of time internal processes
proceed in such a direction, as a result of which the system comes to its equilib-
rium state and at that entropy of the system increases, reaching its mazximum
value. This assertion is called the Law of Increasing Entropy or the Second
Law of Thermodynamics. The law in such a form was formulated by Clausius
in 1865, and statistically substantiated by Boltzmann in 1870.

Note that on a system such a process can be performed at which each
macroscopic state will be in thermodynamic equilibrium and entropy does
not change. Taking into account this case also, the law of increasing entropy
in the general form can be formulated as follows: Entropy of an isolated system
never decreases; it either increases or, in the particular case, remains constant.

In conformity with this, processes proceeding in all macroscopic systems
can be subdivided into two groups (Fig. 1.8):

dS/dt > 0 — irreversible process

dS/dt = 0 — reversible process. (1.134)

S(7)
0S/0t>0

S - _

max

Trreversible
process

S = const

Reversible
process

0 t

Fig. 1.8. The time dependence of entropy for irreversible and reversible processes
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Irreversible processes cannot proceed in the reverse direction, inasmuch as
in that case the entropy decreases, but this contradicts the law of increasing
entropy. In nature, we frequently come across irreversible processes. Diffu-
sion, thermal conductivity, expansion of a gas, etc. can serve as examples of
irreversible processes.

A reversible process can proceed in direct and reverse directions. In this
case, a system passes through identical equilibrium macroscopic states, since
in this case entropy in both the directions does not change. In nature, it can
be said that reversible processes do not exist, and they can be created only
approximately by artificial methods. Compression or expansion of a gas found
under a piston in a cylinder is one example of the simple adiabatic process.

An adiabatic process is a reversible process. Processes proceeding suffi-
ciently slowly in adiabatically isolated (AQ = 0) systems are called adiabatic.
We can show that in such processes entropy does not change: dS/dt = 0, i.e.
the process is reversible. To do this, consider the simplest case: a gas under a
piston in an adiabatically isolated cylinder (Fig. 1.9).

As the external parameter, take the volume of the gas under the piston,
which for the given cylinder is determined by the height [. By changing this
height, we can increase or decrease the volume of the gas. Inasmuch as the
change in entropy with time is related to the change in volume, we can write

ds dS di

dt — dldt’
Suppose that the piston moves sufficiently slowly; then the change in entropy
with time can be expanded into a series in powers of [ = dl/d¢:

(1.135)

ds dl dr\?

The constants Ag and A; in this series ought to be equal to zero. The constant
Ag equals zero because at [ = 0 the state of the system does not change
and entropy remains constant, i.e. dS /dt = 0; A; equals zero because when
changing the sign of [ (the motion of the piston down and up), d.S/d¢ changes
its sign, which contradicts the law of increasing entropy (d.S/dt > 0). Thus,

>0 Tll /<0
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Fig. 1.9. An adiabatic process
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ds di\?
o = (E) . (1.137)

If we take into account (1.135), we get

ds dl
U —Agdt. (1.138)
Hence it is seen that as the velocity of the piston tends to zero (l — 0),
the change in entropy of the system with respect to the external parameter [
tends to zero: dS/dl = 0, i.e. when the change in volume of the adiabatically
isolated gas is slow, the processes of expansion or compression are adiabatically
reversible.

Thus, we have seen that the processes of expansion or compression are
reversible (dS/dl = 0) if the piston moves with a very small velocity. Then
the following question arises: In reference to which velocity ought the velocity
of the piston be small? In order to answer this question, take a look at the
process of compression or expansion of the gas. If the piston moves down
(I < 0), immediately under the piston the instantaneous density of the gas
increases. The velocity of motion of the piston ought to be such that at any
instance of time, i.e. at any position of the piston, the density of the gas
everywhere would be identical, i.e. the gas would be found in thermodynamic
equilibrium. An analogous situation arises also during the upward motion
of the piston (I > 0): as the piston moves up, the gas ought to fill up the
vacuum forming under the piston, in order that the density would be identical
everywhere and equilibrium would be attained. It is apparent that during the
motion of the piston the process of regaining uniform distribution of particles
of the gas occurs with the speed of sound. Therefore, in order that the process
would be adiabatic, the velocity of the motion of the piston ought to be less
than the speed of propagation of sound vy in the gas:

dl
— . 1.1
‘dt < Vg ( 39)

If we take into account that the speed of sound in most gases is on the order of
350m/s, the piston can be moved with a sufficiently large velocity, satisfying
condition (1.139), and the adiabaticity of the process is not violated.

1.8 Absolute Temperature and Pressure:
Basic Thermodynamic Relationship

In Sect. 1.7 we became acquainted with three thermodynamic quantities: vol-
ume V| internal energy E(q,p) and entropy S(FE). Of these, volume is an
external parameter, and energy and entropy are internal ones. Energy has
both a mechanical and a statistical sense, and entropy has only a statistical
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Fig. 1.10. The thermal equilibrium of two subsystems

sense. The change in one of these quantities induces a change in the oth-
ers. Derivatives of these quantities are also thermodynamic parameters: for
instance, absolute temperature and pressure. We consider them separately.

Absolute temperature. Assume that an isolated system with energy Ey =
const in thermodynamic equilibrium consists of two subsystems with energy,
entropy and volume E7,S7,V; and Es, Ss, Va, respectively (Fig. 1.10). As a
consequence of the additivity of energy and entropy, we have

E=F; + FEs, (1.140)

and
S =51(Vi, Eq) + S2(Va, Es). (1.141)

Assume that the boundary of division of the two subsystems ab (Fig. 1.10) is
immovable; therefore, volumes V3 and V2 do not change but energies of the
systems F; and F5 and also entropies S; and S can change.

Taking into account F, = E— E7, notice that entropy of an isolated system
depends only on one independent variable Ey, i.e. S = S(F;). According to
the law of increasing entropy, in thermodynamic equilibrium entropy of an
isolated system ought to be maximum. For this, it is necessary to fulfill the

condition iy e iy OF
e e
5 = (6E1>V1 + (6E2)V2 5 =0 (1.142)
Since OF2/0E, = —1, from (1.142) we get®
051 (08,
(8_&) = <8E2)V2 . (1.143)

If an isolated system in thermodynamic equilibrium is subdivided into n arbi-
trary subsystems, the condition of thermodynamic equilibrium (1.143) in the
general form can be presented as

8 Here and everywhere a quantity, indicated at the foot of the bracket when taking
the derivate, is regarded as constant.
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051 055 S,
Oo1\  _ (992 _ . _ . 1.144
<8E1)V1 <8E2)V2 (aE’ﬂ)Vn ( )

Hence it is seen that if an isolated system is found in thermodynamic equi-
librium, there exists the quantity (05/0F),,, which is identical in any part of
the system. The reciprocal value of this quantity is denoted by T

(g_?)v =T (1.145)

and is called the absolute temperature or, in brief, temperature. Then condition
of thermodynamic equilibrium or maximum entropy (1.144) takes the form

Ty=Ty=-=T,=T. (1.146)

If we take into account the definition of entropy (1.109), according to (1.145)
temperature is measured in degrees.

If entropy is defined not by the expression (1.109) but as S = In AG,
temperature (1.145) ought to be measured in energetic units. Hence, it is
seen that the Boltzmann constant ko relates energy to temperature. For
instance, lerg = kg - 1 deg. From experiment it has been determined that
ko = 1.38 x 10~ erg/deg. Thus, the Boltzmann constant ko is the number of
ergs corresponding to one degree.

Note some properties of the absolute temperature:

1. In a system which is in thermodynamic equilibrium, the temperature at all
points is identical (1.146).

2. As with entropy, temperature has only a statistical sense, and we cannot
speak of the temperature of one isolated particle but we can speak of its
energy.

3. Temperature is an internal intensive parameter. This property stems from
the fact that we can subdivide the system into n arbitrary subsystems, but
the definition of the absolute temperature (1.146) remains invariable since
this definition does not depend upon the number n.

4. The absolute temperature of a steady macroscopic system is positive.? If,
on the contrary, T' < 0, the state of the system is non-steady and, breaking
into individual parts, it is destroyed. In order to prove this, subdivide the
system into a multitude of subsystems. Let the a-subsystem have the total
energy Fo,, mass M,, impulse P, and entropy S,. If it is taken into
account that entropy of the subsystem depends on the internal energy,
entropy of the large system takes the form

P2
S = So | Eopa — =2
za: o O 9 Ma
Artificially, a system with negative absolute temperature can be created, but such

a metastable state is non-steady and as a result of the minor external intervention
the system, having come out of this state, passes into the normal state.

) = Sa(Ea), (1.147)

©
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where FE, is the internal energy of the subsystem. If it is supposed that

T < 0, then (0S/0F),, < 0. According to the law of increasing entropy, for

an increase in S it is necessary to have a decrease in the internal energy F,.

It is possible in that case that, within the limits of the law of conservation

of an impulse > P, =0, impulses of the subsystems grow, and thereby
[e%

the subsystems macroscopically move in different directions, i.e. the state
of the system is non-steady. Thus, temperature cannot be negative.

The attainment of identical temperature in a system determines the direc-
tion of the flow of energy in it: energy from the high-temperature region
passes into the low-temperature one. In order to show this, assume that the
considered isolated system consists of two parts with temperatures 77 and
T, (Fig. 1.10). The system, being in the non-equilibrium thermodynamic
state, in the course of time ought to pass into the thermodynamic equilib-
rium and in both the parts the temperature ought to equalize. During this
passage, as consequence of increasing entropy, we have

dS (95 dFE; 0855 dFEs
B_(29) L (52) o

Inasmuch as in isolated systems E = const, on the strength of (1.140) we
can write

dFEs dE,

—_ = ——. 1.149

dt dt ( )
Then, taking into account the definition of the absolute temperature
(1.145), condition of irreversibility of the passage process (1.148) takes

the form

1 1\ dE;
— — — | — > 0. 1.150
(T1 T2> & (1.150)
Hence it is seen that if Ty > T5, then dE;/dt < 0, and if T1 < T, then

dE,/dt > 0.

Thus, in the process of the passage of the system from the non-

equilibrium state into the equilibrium one, energy is transferred from the
high-temperature part into the low-temperature one.
The value of the absolute temperature of a system determines the degree
of the change in entropy (chaoticity) with the change in its energy AFE.
Indeed, according to (1.145), the change in entropy can be presented
as AS = AE/T. Hence it is seen that at the pre-assigned change in
energy, entropy at low temperatures changes more than that at high
temperatures.'?

Pressure. To define this thermodynamic parameter, we make use of the known
formula

_0E(p,q, )

F= or

(1.151)

10 With an increase in energy, the volume of the system ought to remain constant.
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Fig. 1.11. A fragment of the surface of the system

from classical mechanics. Here E(p, ¢, r) is the internal energy (the Hamilton
function) of the system; p and ¢ are generalized impulses and coordinates of
particles of the system; r is the radius vector of an element of the surface Ao
of the system; and F' is the force acting on this element of the surface.

In Fig. 1.11, a fragment of the surface of the system is shown. In the course
of time, r(t) changes, and thereby Ao and volume of the system change.
Assume that this process is adiabatic. Then 7(¢) plays the role of an external
parameter. It is clear that the change in 7(¢) induces the change in energy
E(q,p,r). From classical mechanics it is known that the total derivation of
energy (the Hamilton function) of a system can be replaced with the partial
derivative

dE(g.p,7) _ 9E(a,p, 1) (1.152)
dt ot

Owing to the fact that the change in energy with respect to time is due to
the change in 7(t), we can write

J0E(q,p,r) O0E(q,p,r)dr

ot or  dt’

(1.153)

Denote the mean value of the energy of the system by E = E(q,p, ) and take
its time derivative. By interchanging the position of the operation of averaging
and the time derivative, we get

dE _ dE(¢,p,r) _ O0E(g,p,r) _ 0E(¢,p,r)dr

dt dt ot or  dt’

(1.154)

On the other hand, the mean energy F is a function of volume V' and entropy
S. If the process of the change in volume is regarded as adiabatic (S = const),
(1.154) can be presented in the form

dFE OF dr
- = (ELg. (1.155)

Comparing (1.154) and (1.155), we get

OE(q,p,7) (OF
o =\or ). (1.156)
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By substituting this expression into (1.151), for the mean value of the force
acting on the element of the surface Ao we get

— oF oE\ dV
F=—(—) =—-(=—] —. 1.1
<8r>s (8V)S dr (1.157)
Taking into account that dV = Aodr, for pressure P = F /Ao we have
oF
P=—-—] . 1.1
(5v), _—

Definitions of the absolute temperature (1.145) and pressure (1.158) can be
combined as follows:
dE =TdS — PdV. (1.159)

This relationship is called the basic thermodynamic relationship, since ther-
modynamics as a whole is based on this.
Note some properties of pressure:

1. Pressure has both a mechanical and statistical sense. The statistical sense
of pressure resides in the fact that it is defined as the derivative of the
mean value of energy with respect to volume (1.158).

2. Pressure is an internal intensive parameter.

3. In a system in thermodynamic equilibrium, pressure at each point is iden-
tical. In order to show this, imagine that an isolated system is divided into
two parts (Fig. 1.10), the boundary of division ab being movable; i.e. vol-
umes V7 and V5 can change but the total volume of the system V = Vi + 15,
does not change (V' = const). In order that entropy S = S1(V1) + S2(Va)
of a system in thermodynamic equilibrium be maximum, it is necessary to
fulfill the condition

oS (05 052 oV
(%), =G, (5, 7 —_—
Taking into account that 9V,/0V; = —1, we get
051 055
it === . 1.161
(5, = (52). ey

According to the basic thermodynamic relationship (1.159), (05/0V), =
P/T. Then the condition for thermodynamic equilibrium (1.161) takes the
form P, /Ty = P»/T>. Since in equilibrium T = T5, necessarily Py = P,. If
we divide the system into n subsystems, the condition of the equilibrium
takes the form

Pi=Py=--- =P, =P (1.162)

Recall that expression (1.146) is the condition of thermal equilibrium, and
(1.162) is that of mechanical equilibrium. But also note that the mechanical
equilibrium in the system is attained faster than the thermal one, inasmuch
as the creation of the thermal equilibrium is related to the very slow process
of thermal conductivity.
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4. In the equilibrium state pressure is positive. From the relationship
(05/0V) = P/T, it follows that if P > 0, then (05/0V) > 0. In this
case, at an increase in entropy the system ought to expand, but other bodies
surrounding it hinder this. On the contrary, if P < 0, then (05/0V), < 0.
Hence it follows that at an increase in entropy the system ought to be
spontaneously compressed, converting it into a point, which is impossible.

Notice that in nature metastable states of the system with negative pressure
are possible. The breaking away from the walls of the vessels of some liquids
can serve as an example of this.



2

Law of Thermodynamics: Thermodynamic
Functions

Summary. Usually, when we speak of the laws of thermodynamics, we have in
mind its three laws. In fact, there are four laws of thermodynamics. One of them
is the zeroth law. This law is expressed in the form of the second postulate (see
Sect. 1.1) and is a law about temperature.

In this chapter, the three basic laws of thermodynamics are expounded. The
first law is about internal energy and its conservation; the second and third laws
are about entropy and its change. The method of thermodynamic functions and the
finding of general thermodynamic relationships based on them comprise the basic
content of the chapter.

2.1 First Law of Thermodynamics:
Work and Amount of Heat: Heat Capacity

Once more note that the first law of thermodynamics is about internal energy,
which is a function of the state of a macroscopic system and its conservation.
It is known that any macroscopic system can interact with its surrounding
systems, i.e. with the surrounding medium, by three channels: mechanical
(AA #0), thermal (AQ # 0) and material (AN # 0) (see Sect. 1.1).

To begin with, consider closed systems (/N = const, AN =0).} In this case,
only two types of interactions, i.e. mechanical and thermal, are possible.

Mechanical interaction. Work. Consider an adiabatically isolated (AQ =0)
closed system. For such systems, only mechanical interaction is possible. In
such an interaction, two cases are possible: a system at the expense of internal
energy performs work and increases its volume (AV > 0); and a system with
external forces exerting on it decrease its volume (AV < 0).

When a system performs work, its internal energy decreases, therefore
the elementary work being performed is regarded as negative (dA < 0), and
similarly, the elementary work being performed by external forces on a system
is regarded as positive (dA > 0).

! Thermodynamics of open systems (AN # 0) will be considered in Sect. 3.1.
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Fig. 2.1. A gas in a cylindrical vessel under a piston
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Fig. 2.2. An adiabatically isolated system with boundaries of an arbitrary shape

To compute the elementary work, for simplicity assume that the considered
system represents a gas in a cylindrical vessel under a piston (Fig. 2.1).

If we pressurise the gas to P, and assume the cross-sectional area of the
piston is o, the gas acts on the piston with a force Po, which is directed
upwards. This force moves the piston up by a magnitude d/ and performs the
elementary work Podl= PdV. According to our condition, the elementary
work being performed by the system ought to be negative. Therefore, the
elementary work can be written down in the form?

dA = —Pav, (2.1)

Where, in the given case, dV > 0.

It can be shown that the expression for work (2.1) is just for macroscopic
systems of any form. To do this, consider an adiabatically isolated system with
boundaries of an arbitrary shape (Fig. 2.2). Assume that under the influence of
pressure P the system increases its volume from V; to V5. To calculate the work
being performed in this process, subdivide boundaries of the system into small
portions and denote the area of an arbitrarily taken portion by do;. Then, on
the element of the surface do;, the force Pdo; acts. If under the action of this

2 If under action of external forces the volume of the gas decreases (dV < 0), then
dA > 0. Thus, (1.1) is the general expression for the elementary work.
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Fig. 2.3. The work being performed by the gas in the process of expansion

force the element of the surface do; is moved by the magnitude dr;, the most
elementary work being performed equals dA; = — Pdo; dr; = — P dV;, where
dV; =do; dr;. If we add up over all the surface of the system, the elementary
work being performed by the gas in the process of expansion from Vi to Vo
can be written down in the form

dA=> "dA;=-PY dV;=-PdV, (2.2)

which coincides with (2.1). The same expression for the elementary work is
obtained in the case of action of external forces, leading to a decrease in
volume from V, to V1(V; < V2), too.

Inasmuch as the internal energy of an adiabatically isolated closed sys-
tem changes only at the expense of the work being performed, the law of
conservation of energy in this case has the appearance

dE =dA = —Pav. (2.3)

If the system, expanding from the state with energy E7 and volume V7, passes
into the state with energy Fo and volume Vs, the law of conservation (2.3)
can be written down in the integral form

Va
Ey, —E,=— | P(V)dV. (2.4)
/

It is evident that the work being performed and, consequently, the change in
energy (2.4) of the system in the process of expansion numerically equal the
cross-hatched area under the curve P=P(V) on the P — V plane (Fig. 2.3).

Thermal interaction. Amount of heat. Consider a system in a thermostat
with immovable boundaries. If temperatures of the thermostat and system
are different, the exchange of a certain amount of heat d@) occurs between
them. We arrange to regard the amount of heat that is transferred from the
system into the thermostat as negative (dQ < 0), and the amount of heat
that is transferred from the thermostat into the system as positive (d@Q > 0).
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Recall that at the mechanical interaction the external parameter of the sys-
tem (volume V') changes, and at the thermal interaction its internal parameter
(temperature T') changes. The process of the heat exchange between the sys-
tem and thermostat occurs as a result of thermal conductivity. This is a very
complex molecular-kinetic process: particles of the system and thermostat that
are found close to the boundary of the system with the thermostat interact
(collide) and exchange energy, and this process of collision (the exchange of
energy) propagates inside the system (the thermostat). As a result, a certain
amount of heat dQ transfers from the system to the thermostat or, vice versa,
depending on where the temperature is higher. Inasmuch as the amount of
heat d@ received as a result of the exchange changes the internal energy by
dF, the law of conservation can be presented in the form

dE = dQ. (2.5)

However, equality (2.5) can be written only in the case where the amount of
heat is equivalent to the mechanical energy (work) and is measured in identical
units. The equivalence of heat and mechanical energy was determined for the
first time by the German physiologist Julius Robert von Mayer in 1842, and
in 1843 the English physicist James Prescott Joule determined the coefficient
of equivalence, which is

lcal = 4.184J = 4.184 x 107 erg. (2.6)

By the discovery of equivalence of the amount of heat and work, von Mayer
and Joule laid down the basis of the First Law of Thermodynamics. The
mathematical expression of this law was proposed by the German physicist
and physiologist Hermann Ludwig Ferdinand von Helmholtz in 1847. Thus,
three outstanding scientists: i.e. von Mayer, Joule and von Helmholtz, are
regarded as the discoverers of the First Law of Thermodynamics.

Assume that a closed system, thanks to mechanical and thermal interac-
tions, passes from the initial state 1 into the final state 2. Comprehensively
having studied processes of such a type, and as a result of the generalisation
of numerous experimental data for closed systems (/N =const), the First Law
of Thermodynamics can be formulated as follows: As a closed system passes
from the initial state 1 with energy E1 into the final state 2 with energy FEs,
the change in energy (E2 — E1) equals the sum of the amount of heat received
as a result of the exchange and the work being carried out; this sum depends
only on these states and does not depend on the mode of passage of the system
from the initial state into the final state (Fig. 2.4).

Hence it follows that the internal energy is a function of state. Thus, it
can be written as

/QdQ+/2dA: B> — Ej. (2.7)
1 1

From the first law, the following conclusion is drawn: for closed systems
there exists such a function of state (the internal energy F), single-valuedly
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Fig. 2.4. The illustration of the First Law of Thermodynamics
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Fig. 2.5. The work being performed at the circular process

characterizing the state of the system, that its change is a total differential:

2

/dE = B, — . (2.8)
1

Note that (2.7) is the integral form of the First Law of Thermodynamics,
i.e. the law of conservation of energy for closed systems. By combining (2.7)
and (2.8), the differential form of the First Law of Thermodynamics can be
presented in the form

dA +dQ@ = dE, (2.9)

i.e. the change in energy of a closed system at the elementary process equals
the sum of the elementary work being carried out and the amount of heat
received as a result of the exchange.

Note a certain subtlety. Though in (2.9) dA and d@ separately are not
total differentials, their sum dA + d@, i.e. the change in energy dF, is a total
differential. This means that E is a function of state, but A and Q are not. We
can say what the internal energy E in the given state of the system is, but we
do not know which part of this energy is mechanical and which part is thermal.
We can only say which part in the change in internal energy in passing from
one state to another accounts for the share of the mechanical work, and which
one for the share of the change in thermal energy (see Sect. 1.9).

There exists one more definition of the First Law of Thermodynamics. If
a system participating in the circular process returns to the starting state, its
internal energy does not change (Fig. 2.5).
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Then, according to (2.7), for the work being carried out we get

j{dA = - ?{dQ (2.10)

]{p(V)dV = ]{dQ- (2.11)

The work being performed numerically equals the cross-hatched area of the
circular process (Fig. 2.5), and the sign of work depends on the direction of
the process.

From First Law of Thermodynamics for circular process (2.10), it follows
that during the process the system receiving a certain amount of heat and
converting it into equivalent work returns to its starting state.

Thus, in the circular process the system performs work only at the expense
of the thermal energy. If dQ =0, from (2.10) it follows that

or

f{dA =0, (2.12)

i.e. without spending thermal energy, work cannot be performed.

For many years, attempts were made to create a machine to carry out
work without expenditure of thermal energy. Such a machine would be called
the perpetual engine (perpetuum mobile) of the first kind. From the above,
the First Law of Thermodynamics can also be formulated as follows: It is
impossible to create a perpetual engine (perpeiuum mobile) of the first kind.

Heat capacity. Among thermodynamic coefficients, the heat capacity occu-
pies a special place. Here we will give only its definition and find the general
expression on the basis of the First Law of Thermodynamics.

The heat capacity numerically equals the amount of heat necessary to
increase the temperature of the substance (the system) by one degree. The
specific (molar) heat capacity numerically equals the amount of heat necessary
to increase the temperature of 1g (1mole) of substance by 1°.

In practice, the heat capacity is measured under two conditions: at con-
stant volume (V =const), which is the isochoric heat capacity Cy; and at
constant pressure (P =const) which is the isobaric heat capacity Cp.

Using the differential form of the First Law of Thermodynamics (2.9), the
amount of heat received by the system can be written as

dQ = dE — dA. (2.13)

If V, T are taken as independent parameters determining the state of the
system, then £ = E(V,T). Then the change in energy is

oF OF
E=— —_— T. 2.14
d (aV>TdV+ (aT)Vd (2.14)
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If we substitute (2.14) and expression for work (2.1) into (2.13), we get

oF oF
== T — P . 2.1
w@=(57),m+ |(57), + 7] 219
Hence, for the isochoric heat capacity Cy we have
e _ (OE
or=(%),~ (52), 210

At constant pressure P, according to the equation of state V =V (P, T), vol-
ume V depends only on temperature 7" and therefore the change in volume
is dV = (0V/OT) p dT. Then, according to (2.15), in the condition P = const,
the expression for the amount of heat takes the form

OFE OF ov
0= () ari[(2) o] (2) e
Hence, for the isobaric heat capacity Cp = (0Q/0T') p we can write
OF ov
R [

Here, the term (O0E/0V); (0V/OT)p determines the change in energy of
the system for a change in temperature by one degree at constant pressure
(P =const), and the term P (0V/OT)p corresponds to the amount of heat
spent on performing work to increase the volume for a change in temperature
by one degree at P = const. If energy of the system does not depend on volume,
i.e. (OE/OV), =0 (an ideal gas), the difference Cp — Cy = =P (0V /0T is
determined by the amount of heat spent on performing work.

From (2.16) and (2.18), it follows that to calculate the isochoric heat capac-
ity it is sufficient to know the caloric equation of the state of the system, i.e.
the dependence of the energy E= E(T,V), and to calculate the isobaric heat
capacity it is necessary to know also the thermal equation of the state of the
system P=P(T,V).

We now show that the difference of heat capacities Cp — Cy is determined
only by the thermal equation of the state of the system P=P(V,T). The
basic thermodynamic relationship dE=TdS — PdV (see Sect. 1.8) can be

presented in the form
ok oS
<W>T =T (W>T—P. (2.19)

In Sect. 2.3 [see (2.62)], we will show that (95/0V), = (0P/0T),,. By
substituting this expression into (2.19), we get

@)orr), e
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With regard to (2.18) and (2.20), Cp — Cy finally takes the form

oP\ [0V
Qr%k—T<ﬁJV(ﬁ»P. (2.21)

As seen from (2.21), in order to calculate the difference Cp — Cy it is sufficient
to know the explicit form of the thermal equation of the state of the system
P=P(V,T). In particular, for an ideal gas, using the equation PV = RT,
from (2.21) the von Mayer equation follows:?

Cp—Cy =R, (2.22)

where R= Nako=28.31 x 107 erg/(K mol) =8.31 J /(K mol) = 1.92 cal /(K mol)
is the universal gas constant, ko =1.38 x 10~ ¢ erg/K is the Boltzmann con-
stant and Nx =6.026 x 1023 mol ™! is the Avogadro number.

As can be seen, for ideal gases Cp > Cy. This is explained by the fact
that at P =const, a certain part of the thermal energy being supplied is
expended on performing work in the expansion of the gas. And in the case
of V = const, owing to the absence of expansion, the thermal energy is spent
only on increasing the internal energy and, consequently, the temperature of
the system. Note that inequality Cp > Cy holds true not only for ideal gases
but also for any macroscopic systems (see Sect. 2.4).

2.2 Second Law of Thermodynamics: Carnot Cycle

In the general form, the formulation of the Second Law of Thermodynamics —
the law of increasing entropy — was given in Sect. 1.7. Still earlier, in Sect. 1.6
the definition of the statistical sense of entropy was given. Inasmuch as entropy
of a system is determined by the number of microstates corresponding to the
pre-assigned macrostate, or in other words, is determined as the logarithm of
the statistical weight of the pre-assigned macrostate, it characterises the state
of a system and is a function of state.

We introduce the definition of the Second Law of Thermodynamics as
proposed by Clausius in 1865: Possible internal processes of an isolated sys-
tem not in thermodynamic equilibrium ought to proceed in the direction of
the increase in entropy; when reaching the thermodynamic equilibrium, these
processes cease and entropy takes on a mazximum value (Fig. 1.8).

This is the statistically substantiated general form of the Second Law of
Thermodynamics. However, it should be noted that the second law, as also the
first one, is an experimental law based on generalisation of test data. At the
beginning of the nineteenth century, with the aim of increasing the efficiency
of heat machines, processes of heat transfer into the mechanical work and

3 Just on the basis of this equation, in 1842 von Mayer determined the mechanical
equivalent of heat.
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vice versa were intensively studied. It was established that the processes of
transfer of the amount of heat — work (the mechanical energy) and work
— the amount of heat are not symmetric. It was experimentally proved that
all mechanical energy (work) can be converted into an equivalent amount of
heat, but it is impossible to completely convert all heat into an equivalent
effective work:

AA=AQ; AQ>AA. (2.23)

Hence, it follows that it is impossible to create a heat machine that converts
all heat into mechanical energy (work) with the efficiency equal to unity, i.e.
it is impossible to create a perpetual engine of the second kind.

At the same time, it became known that heat spontaneously (without
performing work) cannot transfer from a cold body to a hot one. As a result of
a generalisation of such experimental conclusions, two different but equivalent
formulations of the Second Law of Thermodynamics arose:

Clausius postulate (1850). It is impossible to have a process the only final
result of which is the transfer of heat from a low-temperature body to a
high-temperature one.

Kelvin postulate (1852). It is impossible to have a circular process the only
final result of which is the conversion into work of all heat received from the
system with a pre-assigned temperature.

Indeed, from the Kelvin postulate it follows that it is impossible to create
a machine, working on the basis of a circular cycle, in which heat received
from the only source completely converts into work.

Hence, it is seen that it is impossible to create a machine (the perpetual
engine of the second kind) with the efficiency

AA

=30 (2.24)

equal to unity; here, AQ is the amount of the expended heat, and AA is
the performed work. The question arises whether it is impossible to create a
machine with n =1, and whether it is only possible to create a machine with
the maximum efficiency n=mnm.x < 1. It was established that the machine
with the maximum efficiency ought to work in a reversible circular cycle.
Such a reversible circular cycle was proposed for the first time in 1824 by the
French engineer Sadi Carnot.

The Carnot cycle represents a reversible circular process consisting of two
isothermal and two adiabatic processes. At first, a working body is brought
into contact with a heater with temperature 75 and allowed to isothermally
expand (Fig. 2.6a). Thus, the system receives an amount of heat AQs from
the heater. Thereupon, the system parts from the heater and adiabatically
expands (Fig. 2.6b). Thereafter, the working body is brought into contact
with the cooler with temperature 77 and, being isothermally compressed,
gives up the amount of heat AQ; to the cooler (Fig. 2.6c). Then, the system
parts from the cooler (Fig. 2.6d) and, being adiabatically compressed, returns
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Fig. 2.6. The scheme of the Carnot Cycle
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Fig. 2.7. The Carnot Cycle on (T, S) plane

P 1

T, = const
2
S, = const

S, = const

IS

T, = const

0 vV

Fig. 2.8. The Carnot Cycle on (P, V) plane

to the starting position (Fig. 2.6e). As a result, the working body performs a
reversible circular process.

Processes comprising the whole Carnot cycle are graphically shown on
(T,S) and (P, V) planes in Figs. 2.7 and 2.8, respectively. In these figures,
processes 1 — 2 and 3 — 4 are isothermal, and 2 — 3 and 4 — 1 are
adiabatic.

Inasmuch as in the course of one Carnot cycle work AA = |AQ2| — |AQ1]
is performed, the efficiency of the heat machine, working on the basis of this
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cycle, equals
_1AQs] - |AQy)
RN
And we now prove the known theorem, characteristic for the Carnot cycle.
To do this, using the formula for work (2.1), write down the First Law of
Thermodynamics (2.9) in the form

(2.25)

dE =dQ — PdV. (2.26)

Once more, introduce the basic thermodynamic relationship (1.159), combin-
ing the First and Second Laws of Thermodynamics:

dE =TdS — PaV. (2.27)

From a comparison of the two latter expressions, the relation between the
amount of heat and the change in entropy, i.e. the Clausius equality, can
be found:

dQ =TdS. (2.28)

This equality is true only for reversible processes and relates the first two
laws of thermodynamics. Hence, it is seen that when transferring the amount
of heat d@ to the system with temperature T, its entropy increases by the
magnitude

dQ

T
Inasmuch as entropy is a function of state, for a reversible circular process

]{dszfgzo (2.30)

Hence, it follows that though d@ is not a total differential, dQ /T is a total
differential.

If in the system an irreversible process is possible, the growth of entropy
is associated not only with the delivered amount of heat d@, but also at the
expense of irreversibility of possible processes. In this case*

ds > % (2.31)

s = (2.29)

This inequality is called the Clausius inequality.

We return once more to the Carnot cycle. Applying expression (2.28) to
isothermal processes 1 — 2 and 3 — 4, for the amount of heat received by
the system from the heater, we can write down |AQq| =T%|ASs|, and for the
amount of heat given up to the cooler, we have |[AQ;| =T |AS;|. Since the
Carnot cycle is a circular reversible cycle, i.e. the working body returns to

4 For instance, in the system, along with receiving heat, there occur irreversible
processes of diffusion or heat transfer.
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the starting state, the change in its entropy AS = AS; + AS; =0. Therefore
|ASs| = |AS;|. Taking this into account in definition (2.25), the efficiency of
the Carnot cycle takes the form

T

B (2.32)

Ui

Hence stems the known Carnot theorem: The efficiency of the Carnot machine
does not depend on the nature of a working body and is determined only by
temperature of a heater and a cooler. It is seen that n=1 is possible only in
the case when the temperature of a cooler T3 =0. But in Sect. 2.6, we see
from the Third Law of Thermodynamics that production of the absolute zero
of temperature is impossible. Consequently, it is impossible to construct a
machine with =1, in principle.

While for the First Law of Thermodynamics — the law about energy —
there exists only one formulation, for the Second Law of Thermodynamics,
i.e. the law about entropy, there exist several equivalent definitions. Further
we will show that each of these definitions stems from the other, or, if one of
them is wrong, the others are also wrong.

1. Note that the Clausius postulate follows from the law of increasing
entropy. Indeed, in Sect. 1.8 we showed that energy (the amount of
heat) can spontaneously transfer only from a high-temperature body to a
low-temperature body; otherwise, entropy would decrease.

2. We prove that the Clausius and Kelvin postulates are equivalent. To do
this, it is sufficient to show that if one of the postulates is wrong, the other
is violated, too.

At first assume that the Clausius postulate is wrong. This means that a spec-
ified amount of heat 1 can spontaneously transfer from the system B; with
temperature Ty to the system By with temperature To > Ty (Fig. 2.9).

Use the system Bs in the capacity of a heater in the Carnot cycle. The
working body takes away from Bs the same amount of heat — @)1, a part of
which the Carnot machine converts into work Q1 — Q2 = A, transferring at
the same time the amount of heat Q2 < ()1 to the system Bj. As a result,

By

T,> T,

\Q1
01 §>':> 01-0,=4
n 0,

Fig. 2.9. The illustration of the equivalency of the Clausius and Kelvin hypotheses
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Fig. 2.10. The illustration of the equivalency of the Kelvin and Clausius hypotheses

Fig. 2.11. A hypothetical circular process

the state of system Bs does not change, and the system B; loses the amount
of heat Q1 — Q2 = A, i.e. at the expense of heat received from the system Bs,
work Q1 — Q2 = A is performed. Thus, a process takes place, the only result
of which is the performance of work A at the expense of heat solely of the
system Bj. It is evident that this conclusion contradicts the Kelvin postulate.

We now show that if the Kelvin postulate is wrong, the Clausius postulate
is wrong, too. Assume that the Kelvin postulate is wrong, i.e. the amount of
heat AQ received from the system with temperature 77 can be completely
converted into work: AQ = AA (Fig. 2.10). All the work received AA by some
means (for instance, by friction) can be completely converted into heat and
transferred to a system, including the system Bs, with temperature To >
Ti. Hence it follows that it is possible to have a process, the only result
of which is the transfer of heat from the low-temperature body B; to the
high-temperature body Bs, which contradicts the Clausius postulate.

From the Second Law of Thermodynamics, there follows one more impor-
tant result: entropy is a single-valued function of the state of the system, and,
consequently, different adiabats cannot intersect. To prove this conclusion,
assume the reverse, i.e entropy is not a single-valued function of state and
different adiabats can intersect. If this is right, we can create a circular pro-
cess, shown in Fig. 2.11. This circular process consists of three processes.
In the process of the isothermal expansion 1-2 of the system, a certain
amount of heat AQ received from the thermostat is completely converted
into equivalent work.

Thereupon, as a result of two adiabatic processes 2—-3 and 3-1, the system
returns to the starting state. Such a circular process is possible if adiabats
S1 and Sy intersect in state 3. Hence, it follows that two different values
of entropy S7 and Sy correspond to the same state 3. Thus, as a result of
such a hypothetical process, the amount of heat received from the thermostat
completely gets converted into work, and this means there is a possibility
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of creating the perpetual engine of the second kind, which contradicts the
Second Law of Thermodynamics. Consequently, our supposition is wrong, i.e.
different adiabats cannot intersect, and entropy is a single-valued function
of state.

So, the Second Law of Thermodynamics — a law about entropy — in the
general form can be formulated as follows: Entropy is a single-valued function
of the state of a system; as a result of irreversible processes proceeding in an
isolated non-equilibrium system, entropy of the system increases and reaches
a maximum in the equilibrium state.

Note that this definition is the most general formulation of the Second
Law of Thermodynamics, since it follows the Clausius postulate. On the other
hand, the Kelvin postulate is equivalent to the Clausius postulate, from which
the impossibility of creating the perpetual engine of the second kind stems.

2.3 Thermodynamic Functions of Closed Systems:
Method of Thermodynamic Potentials

The basic task of thermodynamics and statistical physics is the finding of
physical quantities characterizing a macroscopic state of a system and deter-
mination of the relation between them (e.g. the equation of state). In thermo-
dynamics this task is solved through experimental methods and in statistical
physics through analytical methods. However, the determination of quantities
possessing a physical sense is not always possible directly from experiments
or theoretical computations. Therefore, auxiliary, so-called thermodynamic
functions are introduced. These functions are also called thermodynamic
potentials. Knowing their explicit form, thermodynamic parameters and gen-
eral relationships between them can be determined. Such a method is called
the method of thermodynamic potentials.

Here we will consider closed systems (N = const). Chapter 3 is devoted to
open systems, i.e. systems with a variable number of particles (N # const).

From the preceding chapter (Sects. 1.3 and 1.5), it is known that to
determine the mean value of a physical quantity L for classical systems it
is necessary to calculate the integral

L= / L(g,p)p(q,p)dqdp, (2.33)
and for quantum systems to do the sum

L= Z Wi Ln. (2.34)

To solve this problem from classical mechanics, it is necessary to know the
explicit form of the function L(g, p) as well as the distribution function p(g, p),
and from quantum mechanics it is essential to know the diagonal matrix
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elements L, and diagonal elements of the statistical matrix W,, = W,,,. Inas-
much as for any physical parameter it is not possible to find the explicit form
of L(q,p) and L,,, it is not possible to immediately calculate L. Therefore,
we are enforced to use the method of thermodynamic potentials.

For closed systems, there exist four thermodynamic functions — potentials.
We introduce them below.

1. Internal energy. Recall that the expression for the change in the internal
energy of a system according to the First Law of Thermodynamics has
the appearance

dE =dQ + dA. (2.35)

With regard to the Second Law
d@Q =TdS, (2.36)

formula (2.35) acquires the form
dE =TdS — PdV, (2.37)

where dA= — PdV.
Hence it follows that

dE =dQ — PdV. (2.38)
As can be seen, for isochoric (V = const) processes

dE = dQ (2.39)

i.e. in isochoric processes the change in the internal energy of a system equals
the amount of heat received by the system as a result of the exchange. Since
the internal energy is a function of state, i.e. dE is a total differential, from

(2.36) it follows that
OF OF
T = (-85 )V, P=- <—6V>S. (2.40)

From (2.36), it is seen that V and S are independent variables for the function
of the internal energy:

E = E(V,S). (2.41)

Knowing the explicit form of this function, on the basis of (2.40) we can
calculate the temperature and pressure. If from definition (2.40) we take the
derivative of T" with respect to V' and of P with respect to S, we get

2 2
8_T :—8E; @ :—8E. (2.42)
av ), 9Sov'\ds ), ~ ovos
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Hence follows the first thermodynamic relationship

@ e

Inasmuch as relationship (2.43) is obtained independently of the explicit form
of the function E(V,S5), it bears the general character and relates two prop-
erties of the system — the change in temperature at the adiabatic expansion
to the change in pressure at the isochoric receiving of heat.

From (2.39) follows the definition of the isochoric heat capacity:

Cy = (%)V. (2.44)

The internal energy as a function of variables S and V can be called the
thermodynamic potential.

2. Enthalpy or heat function. As is seen from (2.39), in isochoric (V = const)
processes the amount of heat supplied to the system equals the increase in
the internal energy. It asks, if the process occurs isobarically (P = const),
to the change in which function does the amount of heat delivered to the
system be equal. To elucidate this question, write down relationship (2.38)
at P =const in the form

d(E+ PV) = dQ (2.45)

and introduce the notation
W =FE+PV. (2.46)
From relationship (2.45), it follows that for isobaric processes
dW = dQ. (2.47)

The function W is called enthalpy or the heat function®. of the system. Thus,
in isobaric processes the heat delivered equals the increase in enthalpy. If on
the right-hand side of thermodynamic relationship (2.37) we take into account
the identity PdV + V dP =d(PV), for the change in enthalpy we get

AW =TdS + V dP. (2.48)

Hence it follows that entropy S and pressure P are independent variables for
enthalpy:
W =W(S,P). (2.49)

Knowing the explicit form of the function W (S, P), on the basis of (2.48) the
temperature and volume of the system can be determined:

5 This function is also called the heat content.
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o (20) v () o0

In definitions (2.50) of T', we take the derivative with respect to pressure and
for V' with respect to entropy. Then we get

arN\ _ W [V _ PW (2.51)
OP)gs  0PIS’ \0S ), 0SOP '

Hence follows the second thermodynamic relationship:

(), (),

which relates two properties of the system — the change in temperature T' to
the change in pressure in adiabatic processes, and the change in volume V at
the delivery of a certain amount of heat in isobaric processes.

From (2.47) stems the definition of the isobaric heat capacity:

cr- (). st

Consequently, in isobaric processes the heat capacity is determined by the
change in enthalpy of the system. In this case (P = const), W plays the role
of the internal energy.

3. Free energy or von Helmholtz potential. The above-indicated thermody-
namic functions — the internal energy and enthalpy — are inconvenient
from the practical point of view, since one of their arguments — entropy —
is not measurable by experiment. Therefore, it is necessary to introduce
a characteristic function of the system, independent parameters of which
are P,T,V. One of such functions is the free energy.

On the basis of (2.35) and (2.36), the basic thermodynamic relationship can
be presented in the form
dE =TdS + dA. (2.54)

For isothermal processes (T' = const), (2.54) takes the form

d(E -TS)=dA. (2.55)
Denote
F=FE-TS, (2.56)
then we get
dF = dA. (2.57)

The function F' is called the free energy or the von Helmholtz potential. From
(2.57) it follows that in isothermal processes (T =const) the work being
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performed equals the change in the free energy, i.e. the free energy is a part of
the internal energy, which can be converted into work. Then TS can be called
the bound energy. In order to find a differential of the free energy on the right-
hand side of (2.37), we take into account the identity d(7'S)=TdS + SdT.
Then we get

dF = —-PdV — SdT. (2.58)

It is seen that V and T are independent variables of the free energy F":
F=FWV,T). (2.59)

Knowing the explicit form of this function with the aid of the expres-
sion, stemming from (2.58) the pressure and entropy of the system can be

computed:
OF OF

In (2.60), the first expression represents the thermal equation of state in the
general form P=P(V,T).

In definitions (2.60), taking the derivative of P with respect to 7" and of
S with respect to V', we get

op\ _ Ok (05 _ O°F (2.61)
or),  oTov’' \ov ),  ovoT’ '

Hence stems the third thermodynamic relationship

(35),- ),

relating two properties of the system. In (2.62), the left-hand side represents
the change in pressure at an isochoric change in temperature, and the right-
hand side the change in entropy at an isothermal change in volume.

4. Gibbs thermodynamic potential. Among the above-considered thermody-
namic functions, the function in which the pressure P and temperature T'
are independents is absent. In order to find such a function, in (2.58) take
into account the identity PdV + V dP=d(PV). Then we get

d(F + PV) = —SdT + V dP. (2.63)

Denoting
O=F+PV=E-TS+PV=W-=-TE5, (2.64)

we get
d® = —SdT + V dP. (2.65)
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The function of which T" and P are independent variables,
o =9(T,P) (2.66)

is called the Gibbs thermodynamic potential.
Knowing the explicit form of this function, entropy and volume can be

found: 00 .

In definitions (2.67), the second expression represents the thermal equation of
state in the general form: V=V (P, T). If we take in (2.67) the derivative of
S with respect to P and of V' with respect to T', we get:

as\ e oV _ 9%0 (2.68)
oP ),  OPOT’ \oT ), OTOP '

Hence stems the fourth thermodynamic relationship:

5@,

It should be noticed that the above-introduced thermodynamic relationships
(2.43), (2.52), (2.62) and (2.69) are obtained independently of the explicit
form of thermodynamic functions and therefore bear the general thermo-
dynamic character. These relationships, and also definitions (2.40), (2.50),
(2.60) and (2.67), constitute the basis of the Gibbs method of thermodynamic
potentials.

In conclusion, we note that the free energy F' and the Gibbs free potential
® among thermodynamic functions occupy a special place for two reasons.

1. The internal energy and enthalpy are expressed by these potentials. From
the relationship £ = F+ TS and (2.60), it follows that the internal energy
is expressed by the free energy F"

B OF\ . [( 9 F
E_F—T<8—T>V_—T <8TT>V' (2.70)

This equation bears the name the Gibbs—von Helmholtz equation.
From the relationship W =® + TS and definition (2.67), it follows that
enthalpy is expressed by the Gibbs potential ®:

od o0 ®
—p_T( = =_T%( == . 2.71
W (aT)P (aTT)P 211)

2. To elucidate the second reason for the importance of the free energy F'
and the Gibbs free potential ®, rewrite relationship (2.37) for irreversible

processes:

dF dv ds
E + PE < TE. (2.72)
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If a process proceeds at constant volume (V' =const) and constant tempera-
ture (T = const), from (2.72) it follows that

F
i(E —TS) < 0; dr <0. (2.73)
dt dt )y

Consequently, irreversible processes at constant T and V' ought to proceed in
the direction of the decrease in the free energy of the system. Thus, in the
equilibrium state the free energy ought to take on the minimum value:

(F)T,V = Flin. (274)

If a process proceeds at constant pressure (P =const) and temperature
(T = const), from (2.72) we get

d d®
—(E+PV =T Dl — . 2.
dt( + PV —-TS) <0; (dt>PT<O (2.75)

Consequently, irreversible processes at constant P and T ought to proceed in
the direction of the decrease in the Gibbs potential. In the equilibrium state,
the Gibbs potential ought to take on the minimum value:

((I))T’p = Onin. (276)

At the end of this section, we once more recall in the compact form the
thermodynamic functions and thermodynamic relationships:
Internal energy
dE=TdS — PdV.

Enthalpy
dW =TdS+ VdP.

Free energy
F=FE-TS; dF =-PdV —SdT. (2.77)

Gibbs thermodynamic potential
O=W-TS; db=-5SdT+VdP.

Hence, four thermodynamic relationships follow:
OTN _ _ (9PN (9T _(OV
ov)e 98 )y \oP /)y \9S),’
OPY _(ds\ . (ov) _ (os
or), \ov), \or), \oP);

(2.78)
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2.4 Thermodynamic Coefficients
and General Relationships Between Them

Thermodynamic coefficients are quantities that determine how changes in
some parameters effect changes in other parameters that characterize the
macroscopic state of a system and that can be measured on test.

The most important thermodynamic coefficient is the heat capacity of a
system.

The heat capacity numerically equals the amount of heat (energy) neces-
sary to raise the temperature of a system by one degree. From the definition
of the heat capacity (2.16) and from the definition of heat (2.28), it follows
that the heat capacity is a measure of the change in entropy of a system when
its temperature changes by one degree.

The heat capacity can be determined at two conditions: at constant volume
(isochoric) and at constant pressure (isobaric). Then, according to (2.28), we
get for the isochoric heat capacity

Cy =T(05/0T),, , (2.79)
and for the isobaric heat capacity
Cp=T(05/0T)p. (2.80)

We also introduce definitions of the other thermodynamic coefficients:
Isobaric coefficient of thermal expansion is

ap=1/V(0V/OT)p; (2.81)

The coefficient characterizing the relative change in temperature at an adia-
batic expansion or compression is

as =—1/T(0T/0V)g; (2.82)
The isochoric thermal coefficient of pressure is
By =1/P (9P/OT), ; (2.83)

The coefficient characterizing the relative change in temperature of a system
at an adiabatic change in pressure is

Bs = 1/T (9T/OP); (2.84)
The coefficient of isothermal compression is

yr = —1/V (8V JOP); (2.85)
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The coefficient of adiabatic compression is
vs = —1/V (0V /OP)g . (2.86)
The reverse coefficients of compression
' =Br = -V (0P/0V), and vg' = Bs = —V (OP/dV)y,

are respectively called the isothermal and the adiabatic bulk modulus or the
statistical modulus.

The physical meaning of the above-indicated coefficients is clear from their
definitions. Each of them can be measured by experiments and characterises
a specified property of the system.

Thermodynamic coefficients, as well as macroscopic parameters, can be
calculated on the basis of Gibbs thermodynamic potentials. According to rela-
tionships (2.60) and (2.67), heat capacities Cy and Cp are expressed by the
free energy and Gibbs potential as follows:

Cy = =T (9*F/0T?),,; Cp=—T(0°®/0T?),. (2.87)
The isobaric coefficient of thermal expansion is, according to (2.68) and (2.81)
ap =1/V (8°®/0TOP); (2.88)
The isochoric thermal coefficient of pressure is, according to (2.61) and (2.83)
By =1/P (0°F/0TOV) . (2.89)

The coefficient of isothermal compression is, according (2.67) and (2.85)
yr = —1/V (8*°®/0P?),.. (2.90)

If the explicit forms of functions F'=F(V,T) and ® = ®(P,T) are known, we
can calculate the above-introduced thermodynamic coefficients and compare
the obtained results with experimental facts. The finding of the explicit form of
functions F = F(V,T) and ® =®(P,T) is the task of statistical physics. Later
(see Chaps. 5-7) we will find the explicit forms of these functions for differ-
ent systems. Here, we will determine general relationships between different
thermodynamic coefficients independently of the explicit forms of functions F'
and .

To do this, we introduce every possible derivative of thermodynamic quan-
tities that determine different thermodynamic coefficients. It is known that
the state of any macroscopic system is determined by the four thermody-
namic parameters S,V,P,T. We isolate, in turn, one of them and, having
the three others constant, write every possible derivative of thermodynamic
parameters.
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Note that a derivative in each line is obtained from the preceding one by
clockwise rotation.

The above-presented tableau contains 12 partial derivatives of thermo-
dynamic parameters. Only eight of them, according to relationships (2.79)-
(2.86), determine thermodynamic coefficients that possess a physical sense
and can be measured by experiment. The remaining four partial deriva-
tives (enclosed in the dashed frame), according to thermodynamic relation-
ship (2.78), are related to one of the eight above-indicated thermodynamic
coefficients.

In order to find the general relationships between thermodynamic coef-
ficients (2.79)—(2.86), i.e. between partial derivatives (2.91)—(2.94), we make
use of the method of the Jacobian.

Having multiplied derivatives of each line (2.91)—(2.94) and using proper-
ties of the Jacobian (see Appendix D), we get the following four thermody-
namic relationships:

(), (0, (), e
&), (0, (@), e
&), 6 @), e
&), 6. ), e

Taking into account properties of the Jacobian (see Appendix D), the ther-
modynamic relationships (2.43), (2.52), (2.62) and (2.69) can be presented in
the form
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or\ (0P aT,S) AV.S)

<W>S a (ﬁ)v Tovs) awv) o 29
or\  (ov a(T,S) 8(P.S)
oP\ (08 o(P,V) (T, V)

as\ [0V aT.S) O(PT)
(8_P>T - (8_T>P “apT apv) - (2102

The above-indicated equalities derive from the fact that each thermodynamic
function is a function of state, i.e. the change in each of them is a total
differential.

Having made use of the property of the Jacobian (see Appendix D), each
of the conditions (2.99)—(2.102) can be presented in the general form

(T, 5)
(P, V)
Thus, (2.103) is the general condition of the fact that all thermodynamic

functions are functions of state.
Taking into account relationships (2.99)—(2.102) in (2.95)—(2.98), we get

=1. (2.103)

&), (D, (- e
(), (B, e
(), 6, (), e

(%)S . (Z_Ds . (g_g)s _. (2.107)

Each of the derivates entering into these equations determines one of the eight
thermodynamic coefficients being measured. Therefore, taking into account
definitions (2.79)—(2.86), from (2.104) to (2.107) the general relationships
between thermodynamic coefficients can be found:

ap

=P 2.108

Bvr ( )

Crls _y, (2.100)
ap

Cvas _ p (2.110)
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Bs

Ass

=V (2.111)

From (2.108) and (2.110) and also from (2.109) and (2.111) we get general
relationships containing only thermodynamic coefficients:

ap ap

- =1 /=1 2.112
Cvryras Cpysas ( )
Using the relationships (2.108)—(2.112), one isobaric ap and three adiabatic
as, Bs,vs coefficients can be expressed by the remaining Gy, yr, Cy and Cp.

As a result, we get
ap = PByrr; fs=V oo = VPBVWT; (2.113)

Cp Cp

Bv.  _Cv
CV’ s CP’YT-

ag =P (2.114)

In order to find the relation between isobaric and isochoric heat capacities,
we make use of the property of the Jacobian (Appendix D):

B oS\  ,0(S,P) _0(S,P)o(T,V) _ ov\ 0(S,P)
Cp=T <8T>P =Torp ~tarwvax.e ~ ' \op), o v)
(2.115)
If in (2.115) we take into account the definition of the Jacobian (see
Appendix D)
AP (35) (0 (95) (7Y
oT,V) oT ), \oV ) . ov ) \oT /),
and use (2.101), we get
oV opP\? o
CP - CV =-T (a_P>T (8_T>V =TVP ’)/Tﬁv. (2117)

Having rewritten relationship (2.104) in the form

(%)T (%)V - (%)Pv (2.118)

and substituted it into (2.117), we get

ov oP
Cp—Cy _T(B_T)P (8_T>V =TV Papfy. (2.119)

Rewrite relationship (2.104) in the form

), G), e
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Take into account (2.117), and for the difference Cp — Cy we get one more

expression
op V\? TV
Cp—Cy=-T[—-= — ) = £, 2.121
e (aV>T<aT)p o )

Note that expressions (2.117), (2.119) and (2.121) for the difference Cp — Cy,
naturally, are equivalent.
In conclusion, we briefly analyse the obtained general results.

1. According to the thermodynamic inequality (0V /OP), < 0 (see Sect. 2.5),
from (2.117) it follows that Cp > Cy. This result is explained by the fact
that at isobaric conditions (P =const) with the raise of temperature by
one degree volume ought to increase in order that the pressure remains
constant. The amount of heat being received is expended on the raising
of the temperature and also on performing work to increase volume.

2. From the inequality Cy < Cp, according to (2.114), it follows that
vs < 4T, i.e. at adiabatic conditions (S = const) a system is compressed
with more difficulty than at isothermal (7'=const) conditions, since in
adiabatic compression the system is heated and, naturally, is compressed
with more difficulty.

Then the inequality for the adiabatic and the isothermal bulk modulus
can be written as
Cp
Bs = —Br; Bs > Br. (2.122)
Cv

3. The relationships (2.108)—(2.112) between thermodynamic coefficients do
not depend on the explicit form of thermodynamic functions and therefore
bear the general character. Knowing one or several of them, the rest can
be found.

4. From (2.113) and (2.114), it is seen that coefficients ag and (g, charac-
terizing the change in temperature at adiabatic conditions, are inversely
proportional to heat capacities Cy and Cp, which is physically clear.

5. Finally, note the most important obtained result. From relationships
(2.113), (2.114) and (2.117), it follows that knowing Cy and the thermal
equation of state P=P(V,T), all thermodynamic coefficients of a closed
system can be calculated, because in order to find coefficients By, yr and
the difference C'p — Cy, it is sufficient to know the thermal equation of
state P=P(V,T).

In order to calculate the isochoric heat capacity Cy = (0E/9T),,, it is neces-
sary to know the caloric equation of state £ = E(V,T). And the dependence
of the internal energy on temperature E = E(T, V) is determined by the struc-
ture as well as by the nature of the motion and interaction of particles forming
the system. For this reason, the heat capacity Cy occupies a special place
among all thermodynamic coefficients.

Thus, we come to the most important conclusion: In order to calculate
all thermodynamic coefficients measured on test, it is sufficient to know only
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the explicit form of thermal and caloric equations of states P=P(T,V) and
E=E(T,V), respectively.

In order to find these equations, as it follows from (2.54) and (2.68), it is
necessary to know the explicit form of only the function of the free energy

F=F(V,T)
OF OF
P——<50T,E—F—T<EJV. (2.123)

General conclusion: In order to construct the theoretical thermodynamics of
a closed system, i.e. to find thermal and caloric equations of state, and also
to calculate all thermodynamic coefficients, it is sufficient to know only one
function — the free energy F=F(V,T).

Finding the explicit form of this function is the basic task of statistical
physics. This question in statistical physics is solved on the basis of the Gibbs
method (see Sect. 4.3).

2.5 Thermodynamic Inequalities:
Stability of Equilibrium State of Homogeneous Systems

The condition of homogeneous closed macroscopic systems found in thermo-
dynamic equilibrium was considered in Sect. 1.8 on the basis of the law
of increasing entropy. From the necessary condition of maximum entropy
S = Smax, it follows that temperature and pressure ought to be identical at
all points of the system: T'= const, P = const.

The question arises as to what conditions thermodynamic parameters and
their derivatives ought to satisfy in order that the equilibrium state be steady,
i.e. so that continually arising small fluctuations cannot bring the system out
of the equilibrium state. In order to answer the posed question, we make use
of the condition of the minimum of the Gibbs potential ® (T, P) = ®pnin (see
Sect. 2.3) in the equilibrium state.

According to the property of the thermodynamic potential, in the steady
state at pre-assigned values of independent variables T' and P, the Gibbs
potential ® (T = const, P = const) in reference to other variables ought to be
minimum.

Consider a system in a thermostat. Let temperature and pressure of
the thermostat be Ty and FPy. Inasmuch as the system is found in equi-
librium with the thermostat, its temperature and pressure ought to be the
same: T'=Ty, P= Py. As the other variables of the system we take entropy
S and volume V, and, naturally, its energy depends on these variables:
E=E(V,S). Then, the Gibbs thermodynamic potential can be written down
in the following form:

® = E(V,8) + BV — TpS. (2.124)
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As can be seen, ® depends on variables V and S at constant temperature
and pressure: ®p, 1, = ®(V, S). Consider the condition of the minimum of a
function ® = ®(V, S) of two variables.

The condition of the extremum of the function ® is obtained by equating
the first partial derivative with respect to variables V and S to zero:

0 oE
(2) (%) -7 229

0P OF
<W>s = <W>S + Py =0. (2.126)

If we take into account that (0E/9S)y =T and (0E/0V)g = —P, from (2.125)
and (2.126) we get the known condition of the equilibrium: T'="T, and P = P.

In order that an extremum of a function of two variables would be the
minimum, it is necessary that its second partial derivative with respect to any
of the variables (for instance, S)

o O’E
(W)V = (W)V > 0, (2127)

and also the determinant, composed of second derivatives
0*F O*FE
95% ), 0oVoS
0’FE 0’E
050V vz )
would be positive.

Inequalities (2.127) and (2.128) are sufficient conditions of a minimum of
the Gibbs thermodynamic potential .
We rewrite condition (2.127) in the form

(2.128)

0’FE 0 (OFE oT T
-2 (ZZ = (= =—>0. 2.129
(55), = a5 (55), = (5s), = & > (3128)
Inasmuch as T' > 0, we get the first thermodynamic inequality
Cy >0, (2.130)

determining stability of the equilibrium state of a system. Since Cp > Cy
from (2.130), it follows that Cp > 0.

Now the second condition of the minimum of the function ® (2.128) can
be presented in the following form:

9 (9B 0 (9B or or
as\as), v \as), 25), \av),

— > 0.

9 (9E 0 (9F B or or
as\ov ), v \av ), 25), \av )

(2.131)
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Having rewritten determinant (2.131) in the form of the Jacobian, for condi-
tion (2.128) we get
o(T, P)
a(S, V)
With regard to properties of the Jacobian (see Appendix D), inequality (2.132)
takes the form

o(T,P) O(T,P)d(T,V) (6_P> T
av ). Cy

<0. (2.132)

<0. (2.133)

o(s,v) o, V) o(s, V)

Since Cy > 0, from (2.133) follows the second thermodynamic inequality

(g—‘lj)T <0. (2.134)

Conditions (2.130) and (2.134) determining the stability of the equilibrium
state of homogeneous closed systems are called thermodynamic inequalities.

We show that as conditions (2.130) and (2.134) are fulfilled, the equilibrium
state of a homogeneous system is steady, i.e. the natural fluctuations arising
in the course of time fade, and as conditions inverse to (2.130) and (2.134) are
fulfilled, natural fluctuations that arise are strengthened, bringing the system
out of the equilibrium state.

Consider each of the inequalities separately.

1. If the condition of stability (2.130) is fulfilled, the fluctuations arising fade
and the system remains in the state of equilibrium. Separate a small region
in a homogeneous system. If as a result of the fluctuation, energy grows
by the magnitude AFE, inasmuch as Cy > 0, the local temperature of this
region also grows by the magnitude AT. As a result, energy from the “hot”
region transfers into the cold surroundings, the fluctuation fades and the
system remains in the equilibrium state. On the contrary, if as a result
of the fluctuation in the small region, energy decreases by the magnitude
AEFE, inasmuch as Cy > 0, the local temperature also decreases by the
magnitude AT, and energy from the surroundings transfers into the “cold”
small region and the temperature over the entire system equalises. As a
result, the equilibrium is regained.

On the contrary, if Cy < 0, at a fluctuation in energy AE > 0, the local
temperature in the small region would decrease by the magnitude AT < 0.
As a result, energy from the surroundings transfers into this “cold” region and
the fluctuation in energy strengthens. Thus, small fluctuations bring the sys-
tem out of equilibrium. In the case of a decrease in energy, at the expense of
the fluctuation AFE < 0, temperature grows by AT > 0, since it is supposed
that Cy < 0. Then energy from the considered high-temperature region trans-
fers into the surrounding region and, thereby, fluctuations in the side of the
decrease in energy strengthen, and the temperature rises. Thus, an unsteady
state arises.
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Fig. 2.12. The van der Waals isotherm for a temperature below the critical
temperature

2. From the second condition of stability (2.134), it follows that at the
isothermal and the adiabatic compression of a homogeneous system [see
(2.114)] found in the steady state, its pressure ought to increase and,
conversely, at expansion of the system, the pressure ought to decrease.

With the example of the van der Waals gas, we show that this condition
actually provides stability of the thermodynamic state in reference to small
fluctuations. In Fig. 2.12 the van der Waals isotherm for a temperature below
the critical temperature is shown. Here, the solid curve ajasasag is the real
isotherm, the portion agas corresponds to the gas, asa; is the liquid phase,
and the horizontal straight line asas is the two-phase state (liquid + gas) of
the system.

The portions of the isotherm asa; and asag describe the homogeneous
state, and condition (2.134) is fulfilled. If in a small portion of these homo-
geneous states (liquid or gas), as a result of weak fluctuations, the den-
sity increases (volume decreases), the local pressure grows, inasmuch as
(0P/0V)r < 0, and the volume increases, and thereby the fluctuation in the
density fades. On the contrary, if the local density decreases (volume increase),
pressure in a small region drops, and therefore the surroundings compress the
considered small region (volume decreases). Thereby, the fluctuation in the
density fades, and the system conserves its stability.

In the portions asas and asay of the theoretical van der Waals isotherm,
condition (2.134) is fulfilled, but states corresponding to these portions are
metastable and as a result of a minor external coercion the homogeneity is
violated, and the points a3 and a4 turn out to be in the horizontal portion of
the isotherm—isobar asas and the system becomes two-phased (liquid + gas).

In the portion agas of the isotherm (Fig. 2.12), condition (2.134) is violated
and the inverse inequality (OP/0V)r > 0 takes place. Therefore, states corre-
sponding to this portion are unsteady. If such states even arise, as a result of
strengthening of fluctuations these states instantaneously disappear and the
system passes into the two-phase state (liquid + gas), and the homogeneity is
violated. Indeed, if in states of the system corresponding to the portion azaq,
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the substance is compressed as a result of fluctuations in the local region (the
local specific volume decreases), pressure ought to also decrease inasmuch as
(OP/0V)r > 0. Then, the external pressure compresses this region till the
appearance of a drop of liquid, i.e. till the system does not pass into the
two-phase state (liquid + gas). On the contrary, if in states of the system cor-
responding to the same portion asay4 the density decreases as a result of the
fluctuations (the local specific volume increases), pressure in the local region
also increases inasmuch as (OP/9V)r > 0 and the expansion continues as long
as the system does not pass into the normal state, in order that the condition
(0P /0V ) < 0 be fulfilled.

Thus, states of a homogeneous system satisfying the condition (9P/
OV)r > 0 are always absolutely unsteady in reference to small fluctuations in
the density or decay into two phases.

Note some general conclusions following from thermodynamic inequalities.

From the thermodynamic inequality Cp > Cy > 0, and also different
definitions of the heat capacity

OF ow 08
o= (57), o= (57), o1 (30),,

it follows that the internal energy E at V =const, enthalpy W at P = const,
and also entropy at constant V or P are monotonic functions of temperature.

From the second thermodynamic inequality (2.134) [with regard to rela-
tionships (2.85), (2.86) and (2.114)], it follows that in homogeneous systems at
both isothermal and adiabatic processes volume V =V (P) is a monotonically
decreasing function of pressure, and, conversely, pressure P is a monotonically
decreasing function of volume. The portions ajas (liquid) and asag (vapour)
of the van der Waals isotherm, shown in Fig. 2.12, can serve as examples.

In conclusion, consider the relation of the first thermodynamic inequality
Cy > 0 to the known Le Chatelier—Brown principle.

The Le Chatelier—Brown principle holds: If external factors coerce a system
that is in the equilibrium state, tending to bring it out of this state, there arise
processes in the system tending to decrease this coercion, i.e. the system, using
all its possibilities, endeavors to conserve its equilibrium state. This principle
was formulated in 1884 by Le Chatelier and substantiated in 1887 by Brown.

Using a simple example, we show that the inequality Cy > 0 corresponds
to the Le Chatelier—Brown principle. Suppose that the relatively small system
1 is found in equilibrium with the thermostat 2 with temperature T’ (Fig. 2.13).
Assume that the amount of heat AQ (the coercion) communicates to the
system 1 externally. Inasmuch as Cy > 0, the temperature of the system 1
increases by the magnitude AT and the equilibrium with the thermostat is
violated. In order to decrease this coercion, a certain amount of heat AQ’
transfers from the system 1 into the thermostat 2. Therefore, the increase in
AT weakens.

)
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40

Fig. 2.13. The illustration of the Le Chatelier-Brown principle in the case of the
immediate external coercion
‘l/ N

T—> T+ AT

Fig. 2.14. The illustration of the Le Chatelier-Brown principle in the case of the
indirect external coercion

In some cases, a system weakens an external coercion not immediately,
but indirectly. We show that the inequality Cp > Cy corresponds to this
case. Imagine that in a cylinder under a piston there is a gas (Fig. 2.14). It
is assumed that the piston is movable and its equilibrium position is deter-
mined by the external pressure P and pressure of the gas. We supply to the
system externally an amount of heat AQ. As a result of this coercion, entropy
and temperature of the system increase by magnitudes AS=AQ/T and AT,
respectively.

The inequality Cp > Cy can be rewritten in the form (AS/AT), >
(AS/AT),,, and we take into account that the increase in entropy in both
the cases is identical, i.e. AS=AQ/T. Then we get

(AT)y > (AT)p. (2.135)

Thus, when supplying the amount of heat AQ), the increase in temperature
in the case of P = const is small, i.e. the gas expanding (the position of the
piston is shown by the dashed line) is heated a little, and thereby weakens the
external coercion (the increase in temperature as a result of AQ), because a
certain part of the heat being supplied is expended on performing work in the
expansion of the gas.

2.6 Third Law of Thermodynamics: Nernst Principle

Thermodynamics as a phenomenological theory is based on four laws, stem-
ming from generalisation of experimental facts.
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The zeroth law is a law about temperature and the equilibrium,;

The first law is a law about the internal energy and its conservation;

The second law is a law about entropy and its increase;

The third law does not introduce a new concept in the theory but is a law
about the behaviour of entropy of a system at low temperatures.

In thermodynamics, in solving some questions a large meaning is given to
the behaviour of entropy at low temperatures, especially at the temperature
of absolute zero. For instance, to determine some chemical constants it is
necessary to know the value of entropy at absolute zero S(0).

From the thermodynamic inequality Cp > Cy > 0, it follows that
(08/0T)y, p =Cv,p/T > 0. Thus, in all cases entropy is a monotonic func-
tion of temperature: as temperature tends to absolute zero, entropy decreases.
The question arises as to what is the value of entropy at temperature abso-
lute zero: S(0) =7 The answer to this question is given by the third law of
thermodynamics — the Nernst principle.

Having generalised numerous experimental data, the German chemist—
physicist Nernst in 1906 formulated the following principle: As temperature
tends to absolute zero, entropy of a system, independently of values of exter-
nal parameters determining its state, tends to a certain constant value. For
definiteness, this constant is regarded as equal to zero.

In order to write the mathematical expression of this principle, denote by
x; a multitude of external parameters characterizing the ith state of a system
(volume, pressure, a magnetic field, and so on), and by S(z;,T) entropy of
the ith state of the system. According to the Nernst principle

S(x1,0) = S(z2,0) = ... = S(zp,0) = const = 0, (2.136)

where x1,xs2,...,2, are values of external parameters in different states
1,2,...,n.

From (2.136), it follows that the differences of entropies of two arbitrary
states as T' — 0 ought also to tend to zero:

Jim AS = lim [S(2;, T) — S(ax, T)] = 0, (2.137)

i.e. from the mathematical form of the Nernst principle it follows that at
absolute zero at different values of external parameters, entropy of states of
the system and also the difference of entropies ought to equal zero. This result
is schematically depicted in Fig. 2.15.

Note that in classical physics it is not possible to substantiate the Nernst
principle. This principle in some way can be substantiated only in quantum
mechanics, taking into account the discreteness of energy levels. To do this,
subdivide the considered system into small but macroscopic parts (subsys-
tems). If we take into account the discreteness of the energy spectrum, each
subsystem at T'=0 is found at its lowest energy level (quantum state). Thus,
the statistical weight of each subsystem is AG,, = 1. This means that only one
microstate corresponds to the macroscopic state of the subsystem at T =0.
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Fig. 2.15. The temperature dependence of the entropy at different values of external
parameters

Then the statistical weight of the system as a whole with regard to (1.108)
ought to be equal to unity:

AG =]]AGs =1. (2.138)
Taking into account the definition of entropy (1.109), we get

lim S = ko Jim [m [TAG| = ko Jim [ln 1] =0, (2.139)

i.e. the Nernst principle.
Note some conclusions following from the Nernst principle.

1. Heat capacities (Cy and Cp) of all systems at the absolute zero are equal
to zero:

%1310 Cy(T) = 0; %Lmo Cp(T) =0. (2.140)

This result can be obtained in two ways:

— Firstly, from the definition of the heat capacity in the general form:
r C
Sy.p(T L/ “P v M) (2.141)
0

According to the Nernst principle, the numerical value of the lower boundary
of integral (2.141) ought to be equal to zero, and to do this it is necessary to
fulfil the equality Cy, p(0)=0;

— Secondly, in a particular case assume that entropy depends on temper-
ature T as follows:

S(P,V,T) = A(P,V)T", (2.142)
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where A(P, V) is any function of volume and pressure, and n > 0 is a positive
real number. Then according to the definition of the heat capacity

Cvp=T (§> = nA(P,V)T" ~T", (2.143)
: T ) p

i.e. as T'— 0 heat capacities tend to zero by the same law as entropy.

2. AsT — 0, the difference C'p — Cy tends to zero faster than heat capacities
themselves. Indeed, taking into account relationships (2.101) and (2.102)
in (2.119) and using (2.142), we get

e (95 (P8 _ (94 (94Y pare
Cr-Cv= T(@V>T(6P>T‘ (57) (35) ™ @1an

From (2.143) and (2.144) it follows that

Cp—Cy 1 [0A 0A
- - == )l ol 2.14
Cv,p nA <8V> <8P) ( 5)

As can be seen, the difference (Cp — Cy) tends to zero faster than Cy,p.

3. AsT — 0, coefficients of thermal expansion avp and the thermal coefficient
of pressure By also tend to zero. Indeed, using definitions (2.81) and (2.83),
relationship (2.78), and mathematical form of the Nernst principle (2.137),
we get

. 1 . ov 1 . oS
Jm op = 3 limy (8_T)P =y (aTo)T =0, (2.146)
. 1 . oS
i (57), = pim (57), =0 eam

Here when using principle (2.137), it was taken into account that in our case
=V and x=P.

4. The isotherm and adiabat corresponding to the temperature of absolute
zero coincide. Indeed, inasmuch as at the absolute zero y=Cp/Cy =1,
the equation of the adiabat PV = const coincides with the equation of
the isotherm PV = const.

5. It is not possible to produce the absolute zero of temperature; we can only
asymptotically approach it.

Note that this conclusion is one of the definitions of the Third Law of
Thermodynamics, i.e. it is equivalent to it.

The impossibility of producing the absolute zero of temperature can be
substantiated in different ways:

(a) It is known that cooling of the system occurs as a result of repetition of
two consecutive processes: adiabatic expansion (temperature drops) and
isothermal compression (entropy decreases).According to the Third Law



78 2 Law of Thermodynamics: Thermodynamic Functions

of Thermodynamics, as T' — 0, entropy does not depend on compression
(on the external pressure) and the isotherm coincides with the adiabat;
therefore it is impossible to produce the state with S =0 as a result of the
finite number of the above-indicated processes. Then it turns out that the
state with T'=0 cannot be produced either, since according to the third
law, the state with T'=0 and the state with S =0 are the same.

(b) According to the Nernst principle, as T — 0, heat capacities Cp and Cy
also tend to zero. Therefore, close to temperature T'= 0, any fluctuation in
energy raises temperature, and thus it is impossible to produce the state
with T'=0.

(c¢) Imagine the reverse, i.e. assume that it is possible to produce a system with
T =0. Use this system as a cooler in the Carnot cycle. Let the temperature
of a heater be T1 # 0, and that of the cooler be 75 =0. In this imaginary
reversible circular cycle, the working body in the first isothermal process
1 — 2 (see Fig. 2.7) receives from the heater the amount of heat AQ; and
entropy increases by the magnitude

AQ:

A1 = S (2.148)

Inasmuch as processes 2 — 3 and 4 — 1 are adiabatic, ASs3 = AS,; =0. The
second isothermal compression 3 — 4 proceeds at T, =0 and, according to the
third law, ought to be isoenthropic, i.e. adiabatic, such that ASs4 =0. Then
the total change in entropy in the circular Carnot cycle equals

AQ
T

AS = ASlg + ASQB + A534 + AS41 = (2149)

It is known that in the circular process entropy ought not to change, i.e.
AS = %dS =0. (2.150)

Inconformity of (2.149) and (2.150) (since AQ; # 0) shows that our supposi-
tion is wrong, i.e. it is impossible to produce a system with the temperature
of absolute zero.

In conclusion, note that if the dependence of the heat capacity over a wide
temperature range is known, then, taking into account the Nernst principle
(S(0)=0), the absolute value of entropy and other thermodynamic functions
can be calculated.

For instance, the dependence of entropy on temperature at pre-assigned
volume and pressure has the appearance

T

T/

Sy.p(T) = /CV%,()dT’. (2.151)
0
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For other thermodynamic functions we have:
Internal energy

T
E(T) =E(O)+/Cv(T’)dT’, (2.152)
0
Enthalpy
T
W(T) = W)+ [ Corar (2.153)
0
Free energy
T
Fr)=50) + [evrar -1 [ LD ey
0 0
Thermodynamic potential
i f Cp(T’
(1) = W(0) +/Cp(T’)dT'—T/%dT’, (2.155)
0 0

where E(0) and W (0) are energy and enthalpy of the system at T'=0.
From the above formulae, once more the importance of the heat capacity
of a system is seen.

2.7 Thermodynamic Relationships for Dielectrics
and Magnetics

Up to now we considered closed systems, macroscopic states of which are
determined by such parameters as P, V, T, S, and we have found their thermo-
dynamic relationships and thermodynamic functions (see Sect. 2.3). However,
there exist such systems in which a macroscopic state is also determined
by other specific parameters besides the indicated parameters. Dielectrics
and magnetics can serve as examples of such systems. At first we consider
dielectrics.

A dielectric is a material medium consisting of bound charges but mot
conducting an electrical current. Dielectrics can be non-polar, polar and fer-
roelectric. Their macroscopic state apart from 5,7,V and P is determined
by two other parameters: an electric field £ as an external parameter, and
the polarisation vector & as an internal parameter. We elucidate the way in
which these new parameters enter into thermodynamic relationships.
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According to the First Law of Thermodynamics, the total change in the
internal energy has the appearance

dE = dQ + dA, (2.156)

where dA is work being performed. In usual cases, dA= — PdV. For
dielectrics, it is necessary also to take into account work being performed
by an external electric field. Here we will not consider the ferroelectric state
of dielectrics.

Polar and non-polar dielectrics can be considered as neutral systems con-
sisting of bound electric charges. In such systems, electric charges, grouping
themselves, form a neutral atom or molecule. Depending on the symme-
try of distribution of the charges, atoms and molecules may or may not
possess an intrinsic electric dipole moment. Dielectrics consisting of atoms
and molecules and possessing an intrinsic electric dipole moment are called
polar dielectrics, and dielectrics consisting of atoms and molecules and not
possessing an intrinsic electric dipole moment are called non-polar dielectrics.

An external electric field displaces bound charges and, thereby, performs
a certain work. We calculate this work. On each bound charge e;, the electric
field € acts with the force e;E. Inasmuch as under action of this force the
charge is displaced by the displacement vector dr;, work being performed at
that is e;dr; €. If it is added up over all charges of the system in unit volume,
work being performed by the electric field is

dA' =) edr; =€) edr; = €42, (2.157)

where d%? = Y e;dr; is the electric dipole moment arising as a result of dis-

2
placement of electric charges, i.e. the polarisation vector of the medium.
Comparing work performed by the electric field with work in the usual case
dA= — PdV, notice the correspondence —P — £ and V — Z.

1. Internal energy. If in (2.156) we take into account that dQ=7TdS, and
also the expression for work being performed by the electric field (2.157),
for the change in the internal energy we get

dE =TdS — PAV + £d42. (2.158)

The latter item presents as £€dP =d(EF) — P dE. Then (2.177) takes
the form
dE' =TdS — PdV — ZdE. (2.159)

Here
E=E—-E2 (2.160)

is the internal energy of a dielectric in an external electric field.
If V =const and € = const, from (2.159) it follows that dE' =T dS=dQ.
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2. Enthalpy. In the energy expression (2.159), we carry out the replacement
PdV =d(PV) — V dP. Then we get

AW’ =TdS +VdP — 2 dE. (2.161)

Here
W =E' +PV=E+PV—-PE=W - PE (2.162)

is enthalpy of a dielectric in an electric field.

If P =const and € = const, from (2.161) it follows that AW’ =dQ =TdS.
3. Free energy. By replacing TdS=d(TS) — SdT in the expression for the

internal energy (2.159), we get

dF' = —SdT — PdV — 2 d€ (2.163)

Here
FF=FE —-TS=FE—-XP£—-TS=F— 2& (2.164)

is the free energy of a dielectric in an electric field.
4. Gibbs potential. In the expression of the free energy (2.163), by replacing
PdV =d(PV) — VdP, we get

d®’ = -SdT +VdP — ZdE. (2.165)
Here
O =F +PV=E—-TS+PV - PE=0—PE (2.166)

is the Gibbs potential of a dielectric in an external electric field.

From the above relationships, it is seen that, when placing a dielectric in
an electric field, all thermodynamic functions change by the quantity of the
potential energy (—PE):

E—-E=W -W=F -F=9%—-&=—%€. (2.167)

It is also seen that the polarisation vector can be computed with the aid of
any thermodynamic function

P OF' B ow’ B OF’ B 09’

(e ) (), G (e,
(2.168)

Knowing the explicit form of the Gibbs thermodynamic potential & = &’

(T, P,E),S,V and & can be found. For instance, from (2.165) it follows that

0P’ o0’
V‘(8P>T,g’ gj“(f)e)m‘ (2169
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oV 0P
(%)RT =" (aTo)s,T' (2.170)

The derivative (9V/0E)p - entering into this expression characterises the
change in volume of a dielectric under the action of an electric field, i.e. the
electrostriction phenomenon; and the derivative (097/9P)¢ 1 is a coefficient
characterizing the change in the electric polarisation under the action of pres-
sure, i.e. the piezoelectric effect. From (2.170), it is seen that both effects are
associated with each other.

Magnetics come in diamagnetic, paramagnetic and ferromagnetic states.
For dia- and paramagnetics, by analogy with dielectrics, thermodynamic
relationships can be written. To do this, it is sufficient to replace in corre-
sponding functions the electric field strength with the magnetic field strength,
and the electric polarisation vector with the magnetic polarisation vector:
H — &, — M. As a result, for magnetics the following relationships can
be written:

Hence we get

dE' =TdS — PdV — M dH,
AW’ =TdS +VdP - M dH,
dF' = —SdT — PdV — M dH ,
A%’ = —SdT +VdP — MdH .

Here F'=E - MH, W =W — MH, F'=F — MH, ® =® — MH are
the thermodynamic functions of a magnetic material in an external magnetic
field. Knowing the explicit form of the thermodynamic functions, and using
the relationships (2.171), the different parameters can be determined. For
instance, if the Gibbs potential & =&'(T, P, H) is known, V and M can be

(2.171)

calculated: 50’ 50’
v (58),, 2 (), 217
Hence we get
oV oM
(), = (5% ), 217

Here (0V /OH) p  characterises the change in volume of a magnetic under the
action of a magnetic field, i.e. the magnetostriction effect, and (OM /OP).
characterises the change in the magnetisation vector under the action of
pressure, i.e. the piezomagnetic effect.

In conclusion, note that the magnetisation vector can be found with the
aid of any thermodynamic function:

M__(&E’) __<8W’> __(8F’> __(6@’)
OH /s OH /)5 p OH )y r OH ) pp

(2.174)
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Fig. 2.16. The distribution of magnetic dipoles in a paramagnetic

2.8 Magnetocaloric Effect:
Production of Ultra-Low Temperatures

To produce ultra-low temperatures (below 1K) Debye in 1926 proposed to
use the magnetocaloric effect. The essence of the magnetocaloric effect resides
in the following: a solid paramagnetic salt with temperature T'=T} isother-
mically is magnetised to the finite value H (Fig. 2.16), the transition 1 — 2).
Thereupon, it is adiabatically (AS =0) demagnetised (the transition 2 — 3).
During this transition, the temperature of the system (the paramagnetic salt)
drops, i.e. T5 < Tj. By repeating these processes many times, the tempera-
ture can be sufficiently lowered. Thus, the essence of the magnetocaloric effect
resides in the fact that at the adiabatic demagnetisation of a paramagnetic
its temperature drops.

The effect, i.e. the lowering of temperature, can be explained as follows: in
the absence of an external magnetic field, in consequence of the chaotic dis-
tribution of magnetic dipoles in a paramagnetic, the mean magnetic moment
of the system as a whole equals zero (Fig. 2.16, the state 1). As a result
of the isothermal magnetisation, magnetic dipoles are ordered (the state 2).
Thereupon, the system is adiabatically isolated and demagnetised, the order
is violated and the chaoticity is retained (the state 3). At the transition 2 — 3,
to destroy the ordering it is necessary to perform work. Since the process pro-
ceeds in adiabatic conditions, this work is performed at the expense of the
internal energy of the system and, thus, the temperature drops.

The above-described processes on the S, T plane are schematically depicted
in Fig. 2.17. Here temperature dependences of entropy in a magnetic field
S(H) and in its absence S(0) are presented. When constructing the depen-
dence, the inequality Cy >0, the Nernst principle and the fact that in a
magnetic field in a paramagnetic there exists the ordering of dipole moments
and therefore S(H) < S(0) were taken into account.

Assume that an external magnetic field is absent and the considered system
(the paramagnetic salt) is found in the state with temperature 77 and entropy
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SA
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Fig. 2.17. The temperature dependence of the entropy of a paramagnetic at
different values of magnetic field

S(Ty1,0) (Fig. 2.17, state 1). Isothermally magnetise the system to the value
H # 0 (the transition 1 — 2). During this time, its entropy decreases by
the magnitude AS=S(T1H) — S(T10). We calculate this change in entropy.
Inasmuch as T7 =const, S is a function only of H. Therefore

2

Jas= [ (25) an .75
T

1 0
or
H
oS
AS = S(Ty, H) — S(Ty,0) = [ (== dH. (2.176)
0H )
0
We use the thermodynamic relationship for magnetics from (2.171)
dF" =-8dT — PdV — M dH. (2.177)
Hence we have
F’ F
s——(%2) . om—_(%E) (2.178)
T )y u OH ) 1
. 95 oM
— =| = . 2.179
(w), = (5), (217
Taking into account (2.179) in (2.176), we get
R oM
S(Ty, H) = S(Ty,0) +/ =) am. (2.180)
oT ) 4
0

Using the Curie law for the magnetisation of paramagnetics

=S

2.181
=y (2.181)
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in (2.180), we get ,
CH

S(Th, H) = S(11,0) — 77
1

(2.182)
where C' is the Curie constant. As seen from (2.182), as a result of the rise
of ordering in the magnetic field, the entropy of the system decreases by the
magnitude CH? / 2Ty.

And we now calculate the change in temperature as a result of the adiabatic
demagnetisation (the transition 2 — 3). This change is characterised by the
quantity (0T /0H)s. Use the thermodynamic relationship from (2.171),

dE' =TdS - PdV — M dH. (2.183)
Hence we have OF OF
T = ;. M =-— (2.184)
oS V.H OH SV
and, consequently,
oT oM
— ] === . 2.1
(o), =~ (55), (2159)

Taking into account the property of the Jacobian (see Appendix B), transform
the right-hand side of equality (2.185):

o\ _ (oMY _ o0uH)
OH )¢ oS ), O(S,H)
_ _OWM,H)o(T,H) (oM or
-~ O(T,H) 9(S,H) or ), \0S )y
If we take into account the definition (05/90T)y =Cy /T and (2.181), we get

oT T (OM C H
=) — = (== =—_—_ (2.187)
0H J ¢ Cg\9dTl ), CugT
where C'y is the heat capacity of the paramagnetic in a constant magnetic
field. It is known that at low temperatures Cy = AT> (A is the constant, not

depending on temperature) and, therefore, applying (2.187) to the transition
2 — 3, for the change in temperature we get

(2.186)

CH
(AT)s = — 75 (AH)s (2.188)

or C H
Ty=Ti— - 7 [AHs. (2.189)

As is seen, at low temperatures (7' < 1K) the change in temperature is ~T~%;
therefore it is sufficiently big. Note that using this method, i.e. many times
repeating the indicated processes, temperature can be lowered to 1073 K.
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Note that at lower temperatures magnetic dipole moments associated with
the spin of an electron strongly interact, and therefore magnetic dipoles
are spontaneously ordered and an external magnetic field does not influ-
ence this ordering. In this case, the Curie law (2.181) does not hold, and
the magnetisation M does not depend on temperature. Therefore, instead of
(2.182) and (2.187), we obtain AS =S(T, H) —S(T,0) =0 and, consequently,
(0T /0H)g =0.

To produce temperatures close to absolute zero, nuclear paramagnetics are
used as a working body. Inasmuch as the interaction between nuclear magnetic
moments is weaker than the interaction between electron magnetic moments,
the spontaneous ordering of nuclear magnetic moments does not occur. The
ordering of nuclear magnetic moments is governed by an external magnetic
field. The magnetocaloric effect associated with the nuclear paramagnetism
makes it possible to lower the temperature to 1076 K.

In conclusion, note the following. From the above discussion it follows that
by the multiple repetition of processes of the isothermal magnetisation and
adiabatic demagnetisation it is possible to produce absolute zero of tempera-
ture. However, it is impossible because, according to the Nernst principle, at
absolute zero entropy does not depend on external parameters (in the given
case on H) and dependences [S(H,T)=S(0,T)] and S(H,T) close to absolute
zero coincide. It is clear that the adiabatic process in this case coincides with
the isothermal one and loses its sense; therefore the system cannot change its
state to the side of low temperatures.

2.9 Thermodynamics of Systems with Variable Number
of Particles: Chemical Potential

Up to now we were considering closed systems with an invariable number
of particles (N =const). The state of such systems is determined by four
parameters: entropy .S, volume V', temperature T" and pressure P. Of them,
S and V are additive parameters, and P and T are intensive ones.

However, in nature, systems with a variable number of particles, i.e. open
systems, exist, too. Thermodynamics and statistical physics thoroughly study
such systems also. The following may be considered as examples of open sys-
tems: liquid with saturated vapour over it, solid and liquid phases that are in
contact; components in chemical reactions; photon gas in equilibrium with a
wall of the closed volume; systems of quasi-particles (when the temperature of
a crystal changes, the number of phonons changes); electrons in the conduction
band and holes in the valence band in semiconductors, i.e. an electron—hole gas
(when the temperature of a semiconductor changes, the number of conduction
electrons and free holes changes), etc.

The thermodynamic state of such systems, apart from the four above-
indicated parameters, is determined also by the number of particles N. Thus,
for open systems NN is not a parameter, but a variable. We consider open
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systems and the dependence of thermodynamic functions on the number of
particles N.

Note that the four thermodynamic functions (E, W, F and ®) known to
us possess one common property: they are all additive, i.e. as many times the
number of particles in a system changes, so does the value of these quantities.
Indeed, the internal energy E' is an additive quantity according to the second
postulate of thermodynamics, and other functions: enthalpy W =F + PV,
the free energy FF'=FE — TS and Gibbs potential ® =W — TS, are additive
inasmuch as they are expressed by additive quantities £, V and S.

The property of additivity of these functions gives the possibility to draw
conclusions about their dependence on the number of particles N: all ther-
modynamic functions are a uniform function of the first order of N. Issuing
from this, in the general form these dependences can be presented as follows:

The internal energy can be a function of entropy S, volume V and the
number of particles N:

S Vv
E=N —, = |; 2.1
@1(N7N>a ( 90)

Enthalpy can be a function of entropy S, pressure P and the number of
particles N:

S
W = N, (N,P> : (2.191)

The free energy can be a function of volume V', temperature 7' and the number
of particles N:

N

The Gibbs potential can be a function of temperature T', pressure P and the
number of particles NV:

F = Ng; (K,T) : (2.192)

& = Npy(P,T). (2.193)

It is clear that by virtue of additivity of S and V, functions 1, @2, @3 do
not depend on N and all thermodynamic functions are proportional to the
number of particles.

Inasmuch as thermodynamic functions themselves are proportional to the
number of particles IV, it is evident that their differentials change proportion-
ally to dN. Then to the differentials in Sect. 2.3 (2.77), it is necessary to add
the item pud N, proportional to dN. Thus, the differentials of thermodynamic
functions can be written as

dE =TdS — PdV + pdN, (2.194)
AW =T dS +V dP + pdN, (2.195)
dF = —SdT — PdV + pudN, (2.196)
d® = —SdT 4+ V dP + pdN, (2.197)
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where the coefficient of proportionality u is called the chemical potential. The
chemical potential can be determined by differentiating any thermodynamic
function with respect to N:

oOF ow OF o0d
2 (azv)S,v (aN)s,p (azv)T,v <8N>p,T (2.198)

However, we need to take into account that in different cases p will be a
function of different parameters. For instance, from (2.193) it follows that

o0d
j= (8—N) =), (2.199)

i.e. in this case p=u(P,T)=p4(P,T) is a function only of T"and P and does
not depend on the number of particles.
From (2.193) and (2.199), we get

® = pN. (2.200)

Hence follows the physical sense of the chemical potential: u=®/N, i.e. the
chemical potential can be defined as the Gibbs potential, accounting for one
particle. From another definition of the chemical potential

OF
on = (8_N> v 5 (2201)

follows one more physical sense: the chemical potential equals the free energy
(the performed work) necessary to change the number of particles in a system
by unity.

Chemical potential is an intensive quantity, inasmuch as it does not depend
on the number of particles. Having substituted the expression of the Gibbs
potential (2.200) into (2.197), for a differential of the chemical potential we get

S v
dp = —5dT + SdP. (2.202)

On denoting the intrinsic volume by v=V/N and the intrinsic entropy by
s=S/N, we get
dp = —sdT +vdP. (2.203)

We introduce one more thermodynamic function. To do this, in (2.196) carry
out the replacement udN =d(uN) — N dp. Then we have

d(F — uN)=-SdT — PdV — Ndu. (2.204)
If we accept the notation

Q=F—-uN=F—&=—PV, (2.205)
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from (2.204), for the new thermodynamic function we get
dQ?=-5SdT — PdV — Ndu. (2.206)

As can be seen, T,V and p are independent variables of the function, called
the grand thermodynamic potential or S-potential: @ =Q(T,V, n).

We have introduced two new functions p and €2. Thus, the total number
of thermodynamic functions becomes six (E, W, F, ®, u, Q).

If a system is found in an external magnetic field H, the change in its free
energy, according to (2.171) and (2.196), has the appearance

dF' =-SdT — PdV — M dH + pdN. (2.207)
Carrying out the replacement pdN =d(uN) — N dpy, from (2.207) we have
dQY = —SdT — PdV — Ndu— M dH. (2.208)

Here
Q':F’—,uN:F—MH—(b:Q—MH (2.209)

is the grand thermodynamic potential of an open system found in an external
magnetic field, and =F — uN=F — ® is the thermodynamic potential
at H=0.
As is seen, T, V, u and H are independent variables of Q' : Q'(T,V, u, H).
Knowing the explicit form of this function, we can determine the number
of particles, pressure, entropy and the magnetisation vector:

N=— (09 /o) .., i P = — (09 /oV)

T,V,H’ T, H’
S = (o9 /oT) (2.210)

VouH M = — (6% /0H) VT

Using a total differential of thermodynamic functions, i.e. expressions (2.194)—
(2.197), the thermodynamic relationships for open systems can be found. For
instance, from (2.194) we have

T = (BE/BS)V’N; P=- (E)E/E)V)S’N; w= (BE/BN)&V. (2.211)
Hence

(0T)0V)g x = —(0P/0S)y i (OT/ON) gy = (Op/0S) y v 3

(0P/ON) gy = — (0p/0V)g v - (2.212)

The above relationships can be presented also in the form of the Jacobian:

or,s)y  owpv) oT,S) B
V.5~ aEV) or A 1; N = const, (2.213)
orT,S) ow,N) 0,58

_ = —1: = 3 2.214
aN.5) oSN T agLN)  n Vo Tcomt o (2214)
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aPV)  AuN) dPV)
d(N, V) 9(V,N) or L N) 1; S = const. (2.215)

In a like manner, using differentials of other functions (2.195)—(2.197), other
cases can also be considered. It can be shown that at P =const (2.214) is
obtained, and at T'= const (2.215) is obtained, i.e. the case of P = const coin-
cides with the case of V = const, and the case of T'= const coincides with the
case of S = const.

2.10 Conditions of Equilibrium of Open Systems

It is known that the condition of equilibrium of systems in contact with each
other is determined from the condition of maximum of entropy of the complete
system. Inasmuch as for closed systems (N = const) entropy depends only on
energy and volume S=S(F,V), from the condition S =Sy (Sect. 1.8) it
follows that two closed systems are found in equilibrium when their tem-
peratures and pressures are identical: Ty =T5=T and Py = P, = P. These
conditions provide thermal and mechanical equilibrium.

In open (N # const) systems, a new variable — the number of particles N —
appears. Thus, in this case entropy depends on three variables S=S(E,V, N).
We find the condition of maximum of entropy relative to V.

Assume that two open systems with the number of particles N7 and Ns are
in contact and form an isolated common system. The boundary ab dividing
them (Fig. 2.18) transmits particles, i.e. N; and N can change; however,
their sum

Ny + Ny = N = const (2.216)

remains constant.
In order that at pre-assigned volumes Vi, V5 and energies FEi, Fo of
subsystems, entropy of the complete system

S = Sl(Nl) + SQ(NQ) (2.217)

Fig. 2.18. The equilibrium of two open systems
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would be maximum (S = Spax), it is necessary to fulfil the condition

9S  9S,  0Sy ON,
— = 0. 2.21
aN, ~ oN, " aN,on, (2.218)

If from (2.216), we take into account that ON2/ON1 = — 1, we get

051 ) ( 052 )
- = == . 2.219
<8N1 Vl,El 8N2 VQ,EQ ( )

From the basic thermodynamic relationship (2.194)

1 P N
= —=dE + =dV — =dN 2.22
ds Td + TdV Td , (2.220)

oS o
(8_N> it (2.221)

we have

On substituting this expression into (2.219), and taking into account that in
equilibrium 77 =T = T, from the condition of maximality of entropy we get
the condition of equilibrium of open systems

w1 = p2 = poor u(P,T) = const. (2.222)

Hence it follows that if open systems are found in equilibrium, their chemical
potentials ought to be identical. Note that for open systems the chemical
potential resembles the level of liquid in connected vessels. Thus, in the
general case the following conditions

Ty, =T =... =T, =T, thermal equilibrium, (2.223)
P, =P, =... =P, = P; mechanical equilibrium, (2.224)
1 = p2 = ... = g, = p; material equilibrium, (2.225)

are conditions of thermodynamic equilibrium of n number of contacting sub-
systems. If a system is found in an external field, the pressure depends on
coordinates P = P(z,y, z). In this case, condition (2.222) takes the form

u[P(z,y,2),T)] = const. (2.226)

If we denote the potential energy of one particle in an external field by
u(zx,y, z), the chemical potential equals

w=po(P,T)~+ u(z,y,z) = const, (2.227)

where po(P,T) is the chemical potential in the absence of an external field.
Consider the particular case of the atmospheric air in the gravitational
field of the Earth, and assume that it is an ideal gas consisting of particles of
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the mass m. Then condition (2.227) can be presented in the following form:
= po(P(z),T) + mgz = const, (2.228)

where ¢ is the acceleration due to gravity, and z is the distance from the
surface of the Earth. Regarding temperature as constant and differentiating
(2.228) with respect to z, we get

) == =0. 2.229
( opP )T dz +mg ( )
If we take into account that (Opo/OP), = v, (2.229) takes the form
dpP
v— 4+ mg = 0. (2.230)

dz

From the equation of the state of an ideal gas, we have

Vo kT
- =2 2.231
V= iz (2.231)
Then (2.230) can be rewritten as
dP mg
— = ——7dz. 2.232
Iz konZ (2.232)

After integrating, we get the known barometric formula

mgz

P = Pye” *oT | (2.233)

where P is pressure of air on the surface of the Earth. Hence it follows that for
an air layer to be found in equilibrium in the gravitational field, the pressure
(the density) of air ought to exponentially depend on the height.
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Canonical Distribution: Gibbs Method

Summary. It is known that the basic task of statistical physics is calculating the
mean value of thermodynamic parameters, determining the macroscopic state of a
system, the relation (the equation of state) between them, and also thermodynamic
coefficients, measured on test. However, inasmuch as the immediate determination
of these parameters is impossible, auxiliary functions — thermodynamic potentials —
are introduced in theory. If these functions are known, we can find the equation of
a state and compute thermodynamic coefficients (see Chap. 2). Thus, the problem
is reduced to finding the explicit form of thermodynamic functions, especially free
energy (the Helmholtz potential).

The present chapter is devoted to the Gibbs method, which is applied to find
the function of free energy, on the basis of which the canonical distribution lies. On
the basis of the microcanonical distribution, canonical distributions for closed and
open systems in a thermostat are found and also the essence of the Gibbs method
is expounded.

3.1 Gibbs Canonical Distribution for Closed Systems

It is known that to solve the basic task of statistical physics, i.e. to find the
mean value of thermodynamic quantities for classical systems it is necessary
to calculate the integral

L= /L(qm)p(q,p)dq dp, (3.1)
and for quantum systems to calculate the sum (see Sect. 1.3).

L= LynWh,. (3.2)

Quantities L(q,p) and L,, are known from classical and quantum mechan-
ics, respectively. The distribution function p(q,p) and density matrix W, are
found from statistical physics. The explicit form of these functions depends
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on conditions in which the system is found. For instance, for completely iso-
lated systems p and W, are pre-assigned by expressions (1.66) and (1.99),
respectively, i.e. the microcanonical distribution, obtained on the basis of the
postulate of statistical physics.

It should be noted that a completely isolated system is an ideal case. In
reality, however, there are conditions in which the system interacts with its
surroundings, i.e. it is found in contact with the medium surrounding it (the
thermostat). On the basis of properties, adduced in Sects. 1.4 and 1.5, the
explicit form of the distribution function of a system in the thermostat can
be presented in the form

In p(q,p) = Ao + BE(q,p) (3.3)

for classical systems and in the form
In W(E,) = Ay + BE, (3.4)
for quantum systems. These expressions can also be presented as

p(q; p) = exp[Ao + BE(q, p)] (3.5)

and
W, = W(E,) = exp(4y + BE,), (3.6)

respectively.

To determine the explicit form and the physical sense of the constants Ag
and [, entering into the expressions (3.5) and (3.6), use the basic postulate
of statistical physics, i.e. the microcanonical distribution. Assume that the
considered system with the thermostat forms a completely isolated system
(Fig. 3.1).

thermostat
E.S,T

system
ES,T

Fig. 3.1. The closed system in the thermostat



3.1 Gibbs Canonical Distribution for Closed Systems 95

Separately consider classical and quantum systems.

Quantum systems. Assume that the considered system with the thermostat
represents a quantum system. Let energy and entropy of the thermostat be E’
and S’, and energy and entropy of the system be E and S. At first consider
closed (N = const) quantum systems. Inasmuch as the system is found in
thermodynamic equilibrium with the thermostat, their temperatures 7' ought
to be identical.

Inasmuch as it is supposed that the system is small compared with the
thermostat, energy can be written as

E'+ E=Ey=const; E < F', (3.7)

where Ey = const is the pre-assigned energy of the total isolated system.
Having microcanonical distribution (1.99) applied to this isolated quantum
system, we get

dW = const §(E' + E — Ey)dG' dG, (3.8)

where dG’ and dG are the statistical weights of the macroscopic states of the
thermostat and system with energies E' and E, respectively.

The following problem is stated: What is the probability that the system
is in a concrete microstate with energy E = E, at any microstate of the
thermostat? To find this probability it is necessary in (3.8), having accepted
E = FE,, and dG = 1, to integrate over microstates of the system, i.e. over
dG’. Then we get

W, = const/é(E’ + E, — Ep)dG'. (3.9)

In order to integrate with the aid of the J-function, pass from the integration
over dG’ to the integration over energy dE’. To do this present dG’ in the
form

_da’
2
and replace the derivative dG’/dE’ by the ratio AG'/AE’

e

dE’ (3.10)

dG' = (AG'/AE')dE'. (3.11)

If the expression AG! = 5 (E)/ko ig used, stemming from the definition of
entropy (1.109), (3.9) takes the form

oS (E') ko , ,

Integrating with the aid of the d-function over dE’, we get

oS (B') ko
Wn = const W (3 12&)

E'=Ey—E,,.
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Inasmuch as E,, < Ey, the range of energies AFE’, entering into expression of
the distribution function sought (3.12a), can be regarded as almost constant:
AFE' |g=g,—E, =~ AFE'|g—g, = const. Then the distribution function takes
the form:

W,, = const exp [S"(Eo — Ey)/ko) - (3.13)

If, according to (3.7), one takes into account that E, < E’ < Ey, the function
S'(Eog — E,,) can be expanded into a series in powers of E,,. Then entropy of
the thermostat in the linear approximation takes the form

05’
! _ ~ g/ _ -
S'(Ey — En) = S'(Ey) — E, (8E’> o (3.14)
=150
According to the definition of temperature (1.145), we have
05’ 1
-~ = — 1
<8E1> Bp ) (3 5)

where T is the absolute temperature of the thermostat (and also the temper-
ature of the system). If you substitute the expression of entropy (3.14) into
(3.13) and all constants, including also S (Eo)/ko — const, denoted by a new
constant A, finally for the distribution function we get the following canonical

expression
W, = A.e En/koT (3.16)

where A is the normalizing constant, not depending upon FE,, determined
from the normalization condition

> W, =1. (3.17)

Having substituted (3.16) into (3.17), for the normalizing constant we get

Al = Ze*En/’“OT. (3.18)

Taking into account (3.18) in (3.16), for the distribution function we have

o—En/koT
Having logarithmized both sides of expression (3.19), we get
In W, = —In» e Fn/koT _ Ln (3.20)
- koT

If we compare expressions of the distribution function (3.19) and (3.20) with
expressions (3.4) and (3.6), we find constants Ay and 3
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1
— § —En/koT _ —
A()——h’l - e / =1In A,/B——kO—T (321)

Expression (3.16) or in the explicit form (3.19) is called the Gibbs canonical
distribution function for closed quantum systems found in the thermostat.
As is seen from (3.19), the distribution function over microstates of
quantum systems is determined only by the energy spectrum of the system F,,.
Having substituted expression for the distribution function (3.19) into
(3.2), we find the mean statistical value of the physical quantity

Z Lnne_En/kOT
= n
L= —Z BT (3.22)

n

Hence it is seen that in order to calculate the mean statistical value of the
quantity f/, characterizing quantum systems, it is sufficient to know only diag-
onal matrix elements L., of the operator L and the energy spectrum F,,. Both
quantities L,, and F, ought to be known from quantum mechanics.

Classical systems. In order to find the expression of canonical distribution
for such systems, it is sufficient in expression (3.16) for quantum systems to
carry out the replacement

Wi = p(¢,p); En = E(q,p); A= Aa. (3.23)

As a result, we get the expression of the Gibbs distribution function over
microstates for closed classical systems in the thermostat

p(q,p) = Acr - e Flar)/koT (3.24)

However, it should be noted that the constant A, entering here, is found
from the normalization condition

/p(q,p)dqdp = Au /G_E(q’p)/konqdp =1 (3.25)
Hence we get the expression for the constant A
Ayt = / e~ Flar)/koTdq dp, (3.25a)

and the explicit form of the distribution function

e~ E(g:p)/koT

p(q,p) = f e~ E@@p)/koTdqdp’

(3.26)

Canonical distribution over microstates for classical systems (3.24) was intro-
duced in 1901 by the well-known American physicist Gibbs.

Having substituted (3.26) into (3.1), the mean statistical value for any
physical quantities L(q, p) of classical systems can be found:
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[ L(g,p)e"Plar)/FoTdq dp

L= e rarnmTagdp

(3.27)

As is seen from (3.27), in order to calculate L, it is necessary to know L(q, p)
and energy of the microstate E(q,p). Note that both functions L(g,p) and
E(q,p) ought to be known from classical mechanics.

At the end of the section, note similarity and distinction between canon-
ical and microcanonical distributions. The microcanonical distribution is the
mathematical expression of the postulate of statistical physics about the
identical probability of all microstates for completely isolated systems. The
canonical distribution is obtained from the microcanonical one and is just for
systems in the thermostat.

As is seen from Sects. 1.4 and 1.5, the microcanonical distribution function
depends on energy in the form of the J-function. Therefore the distribution
function both over microstates and energies has a maximum at £ = Fj
(Fig. 1.5).

In the case of the canonical distribution, the distribution function over
microstates depends on energy exponentially [see (3.16) and (3.24)].

To determine the distribution over energies w(E) for a system in the ther-
mostat it is necessary to multiply the distribution function over microstates
W,, by the function of the density of quantum states g(F)

w(E) = an(E)' (328)

Inasmuch as the function of the density of states g(E) ~ E" (where r > 0)
is an increasing function of energy E, and W, is an exponentially decreasing
function, their product w(E) has a maximum (Fig. 3.2). It is evident that the
function w(E) takes on a maximum value at £ = FE, where E is the mean
value of energy of the system in the thermostat.

Thus, distribution functions over energies both for isolated systems (the
microcanonical distribution) and systems in the thermostat (the canonical
distribution) have a maximum (Figs. 1.5 and 3.2). However, in the case of the
microcanonical distribution the width of the distribution curve is infinitely
small (only one value E = Ej corresponds to energy), and in the case of
the canonical distribution the width of the distribution curve has a finite

w(E)

Fig. 3.2. The distribution over energies
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value. The width of the distribution, presented in the form of a rectangle
(see Fig. 1.6), is on the order of the fluctuation in energy of a system in the
thermostat. Inasmuch as fluctuations in energy for macroscopic systems are
insignificant, the canonical distribution can be applied also to isolated systems
with a specified accuracy.

Note that known Maxwell and Boltzmann distributions as a particular case
stem from Gibbs canonical distribution (3.24) for classical systems, i.e. the
Gibbs canonical distribution is a generalized form of Maxwell and Boltzmann
distributions.

3.2 Free Energy: Statistical Sum
and Statistical Integral

The explicit form of normalizing factors A and A.j, entering into the Gibbs
distribution for quantum (3.16) and classical systems (3.24), is given by
expressions (3.18) and (3.25a), respectively. In the given section, consider
what physical sense these normalizing factors possess, i.e. through which
known physical quantities they are expressed. To do this use the Boltzmann
relationship relating entropy of the system to distribution function.

In the case of quantum systems, entropy S and the mean value of the
distribution function are related by relationship (1.113), i.e.

S = —koIn W,. (3.29)

Having substituted the expression of the distribution function (3.16) into
(3.29), we get

S=—-koIn A+ ? (3.30)
If the mean value of energy is denoted by E,, = E, (3.30) takes the form
kol'n A=FE—-TS. (3.31)
Knowing that £ — TS = F', for the normalizing factor we have
A = ef'/koT (3.32)

If expression (3.32) is taken into account in (3.16), the Gibbs canonical
distribution for quantum systems takes the entirely specified form

F—FEp

W, =e For . (3.33)

This form of the canonical distribution and the normalization condition (3.17)
make it possible to calculate free energy:

F=—kT Z, (3.34)
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where
Z =" e bnikol (3.35)

is called the statistical sum.
In the case of classical systems, the relation between entropy and distri-
bution function is given by expression (1.125)

S = —koln [(zﬁh)wm)} . (3.36)

If we take into account the expression of the distribution function (3.24) in
(3.36), we get

S = —koln [(2rh)*N Aq] + M. (3.37)

Introducing the notation F(g,p) = E in expression (3.37), we can rewrite it
in the form
koT In [2nh)*NAq] = E—~TS =F. (3.38)

Hence for the normalizing factor we get
Ay = (2mh) 3N F /Ko (3.39)

Substitute this expression into (3.24). Then the distribution function for
classical systems takes the form

F—-E(q,p)
T

pla,p) = (2mh)*Ne FoT (3.40)

Using normalization condition (3.25), for the function of free energy we get

F = —k()T In ch, (341)
where dr
7= | e~ B(@p)/keT _ "~ 3.42
el / ¢ (2rh)3N (342)
3N
is called the statistical integral; dI' = [] dp;dg; is an element of volume in
i=1

the phase space.

The prime above the integral sign shows that the integration in the phase
space is carried out only over phase points dHrresponding to nonequivalent
physical microstates. In fact, when intercommutating two particles of a system
with N number of identical particles, new phase points obtained are equivalent
to preceding ones, i.e. both phase points correspond to the same physical
microstate. It is evident that the number of such equivalent points equals V!
Therefore, in order to obtain the true expression of the statistical integral Z,
it is needed to take away the prime above the integral sign and conduct the
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integration over all phase points, and thereupon divide the obtained expression
by N
Thus, the final expression for the statistical integral takes the form

1 —E(q,p)/koT dr
Zd: ﬁ/e (4:p) /Ko W (343)

Note that the consideration of N! in formula (3.43) provides additivity of
entropy and other thermodynamic quantities of the system. In particular,
the true expression of statistical integral (3.43) circumvents the known Gibbs
paradoz (see Sect. 4.2).

In conclusion, consider one more substantiation of the Gibbs distribution
and show that from it known thermodynamic relationships for the free energy
can be obtained.

To do this use the normalization condition for the Gibbs distribution
function (3.34):

F—Ep
W= emr =1. (3.44)
n n

Naturally, energy of the system E,, ought to depend on external parameters.
Assume that there is in all one external parameter and this parameter is
volume: E,, = E,(V). Then the left-hand side of equality (3.44) is a function
of temperature T and volume V. Knowing this, differentiate up both sides of
(3.44). As a result, we get

zn:ko_T [d o 7 dT} =0. (3.45)

Rewrite it in the following form

dFZW —dVZW En dT(F ZWE) (3.46)

If we take into account that on the left-hand side of this inequality > W,, = 1,
n

and on the right-hand side

OF
ZWEH_EZW” V_8V —-P,F—E=-TS, (3.47)

(3.46) takes the form of the known thermodynamic inequality
dF = —-PdV — SdT. (3.48)

This conclusion shows that the Gibbs canonical distribution satisfies all basic
principles and laws of thermodynamics and statistical physics.
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3.3 Gibbs Method and Basic Objects of its Application

In Sect. 2.4 we came to the conclusion that if the explicit form of free energy
F is known, we can find the equation of the state of the system, calculate its
entropy and all thermodynamic coefficients:

thermal equation of state and entropy, respectively,

caloric equation
EzF—T(Z—?)V; (3.50)
heat capacity
CV:T<2—§>V, Cp:T<g—§>P; (3.51)

coeflicients of thermal expansion, thermal coefficients of pressure and isother-
mal coeflicients of compression, respectively,

1 oV 1 /oP 1 [foV
ap—v(a—T>P, /BV_F(ﬁ_T)V’ ’YT——V<8—P>T~ (3.52)

In order to find the explicit form of the function of free energy, as seen in
expressions (3.34) and (3.41), for quantum systems it is necessary to know
the statistical sum (3.35), and for classical systems, the statistical integral
(3.43). And to calculate the statistical sum and statistical integral the explicit
form of the energy spectrum FE,, or the Hamilton function E(g,p) needs to be
known. Thus, the solution of the problem is reduced to finding E,, or E(q,p).
These problems are solved in quantum and classical mechanics, conformably.

This chain of calculations in statistical physics composes the essence of
the Gibbs method: in order to find pressure P, entropy S and mean energy
FE, it is necessary to know free energy F', and to do this it is necessary to
compute the statistical sum Z or the statistical integral Z;, for which it is
necessary to know the explicit form of functions E,, or E(q,p). Thus, the
complete solution of the statistical problem for concrete systems is reduced
to finding FE,, or E(q,p).

The essence of the Gibbs method, being on the top of statistical physics,
can be schematically presented in the form:

(E(%p)) = (ZZM> = F = (P,E,SCy,Cp,...). (3.53)

Thus, the chain of calculations, beginning with E,, or E(q, p), is accomplished.
It should be noted that the basis of this method composes the postulate of sta-
tistical physics, i.e. the microcanonical distribution, inasmuch as the canonical
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distribution, composing the basis of the Gibbs method, also stems from the
microcanonical distribution. Consequently, the microcanonical distribution is
the basis of all statistical physics.

As is seen from the chain of calculations (3.53), first of all, it is necessary
to know the energy spectrum F,, or Hamilton function E(g, p). Unfortunately,
in the general case, for any system the explicit form of these functions is not
known. Therefore, the Gibbs method can be applied only to particular cases.

Energy of interaction between two arbitrary particles in the system is
denoted by wui, and mean kinetic energy of the particle as . Introduce the
dimensionless parameter

= 4k (3.54)

€

Depending on the value of the parameter 7 all systems surrounding us can be
divided into four groups:

1. Ideal gases: n =0, i.e uj =0,

2. Real gases: n < 1, i.e. uj, < €,

3. Liquids: n = 1, i.e. uj ~ &,

4. Crystalline solids: n > 1, i.e. ujy > &.

In subsequent chapters we comprehensively consider three of these groups: an
ideal gas, real gases and crystalline solids. In the case of an ideal gas, inasmuch
as interaction between particles is completely absent (u;i; = 0), for energy we
can write the exact expression and analytically bring the chain of calculations
(3.53) to the end. In the case of real gases (n < 1) and crystalline solids
(n7! < 1), a small parameter exists. Therefore, we can expand energy in a
series and bring calculations (3.53) to the end.

In the case of liquid, rough methods are not applicable owing to the absence
of a small parameter, since n = 1. Generally, the analytical statistical theory
of liquids is very complex. Therefore, only semi-empirical or phenomenological
theories are possible.

3.4 Grand Canonical Distribution for Open Systems

Before passing to the application of the Gibbs method to concrete systems,
consider the canonical distribution in the general form, i.e. generalize it for
open systems. The thermodynamics of such systems is expounded in Sect. 9.9.

Assume that the considered system with energy Ep, the number of par-
ticles N, entropy S, temperature 7" and the chemical potential p is a small
part of a very large system — the thermostat (Fig. 3.3). Let the corresponding
parameters of the thermostat be Ef, N, 5", T", 1.

Also assume that the volume of the system does not change (V = const);
however, at the boundary of division of the system the thermostat transmits
particles (AN # 0) and heat (AQ # 0). Therefore, in the thermodynamic
equilibrium 7' = 7" and p = u'. Thus, the considered system is a small, but
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thermostat
Eno N, S, T\ i

Fig. 3.3. The open system in the thermostat

macroscopic system with a variable number of particles in thermodynamic
equilibrium with the thermostat:

Enx < Ey/,, N<N', S(En,N)<S'(Ey,N). (3.55)

Inasmuch as the system + the thermostat, as a whole, represent a completely
isolated system, it can be written as:

N+ N'= Ny =const, Ey+ Ey, = Ey = const. (3.56)

Consider separately quantum and classical systems.

Quantum systems. Inasmuch as in the system the number of particles N
changes, energy of microstates ought to depend not only on the totality of the
quantum numbers n, but also on N. Let FE, 5 be energy of a microstate of the
system with the number of particles IV that are found in the quantum state,
determined by the totality of quantum numbers n.

It is necessary to find the answer to the question: What is the probability
that the system is found in a concrete microstate with energy E,n and the
number of particles N, in order that the thermostat can be found in any of its
microstates.

Denote the probability sought by W, . In order to find this probability,
take into account that the complex system (the system + the thermostat) is
completely isolated and apply to it microcanonical distribution (3.8).

Having generalized microcanonical distribution (3.8) for the considered
case, we get

dW = const 5(E§V’ + En — Eo)(sNurN’NodGlN/dGN, (357)

where the J-function and the J-symbol show isolatedness of the complex
system.
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In order to answer the question posed above, it is necessary to accept
Exy = E,y and dGx = 1, and thereupon integrate (3.57) over dG'y, and
add up with respect to N’. Repeating the reasoning, adduced in Sect. 3.1, the
probability sought can be presented in the form analogous to (3.13):

1
W,nN = const exp [k—OS'(EO — E,n, Ny — N)] ) (3.58)
Inasmuch as the system is significantly less than the thermostat, i.e. condition
(3.55) takes place, entropy of the thermostat S’ can be expanded with respect
to E,n and N. If we restrict ourselves to the linear approximation, we get

oS’ oS’
! J— J— P ! J— — J— —
S(Eo E.n,No—N) _S(EO,NO) ( E’) ’ E,.N ( N’) | N. (3.59)

Thermodynamic relationship for systems with a variable number of particles
(2.194) can be presented in the form

s = %dE + gdv - %dN. (3.60)
Hence we get 55 55
(58),, -7 (), F oy
Taking into account these relationships in (3.59), we get
S'(Eo — Enn,No — N) = 8'(Eg, No) — E;:N + % (3.62)

From expressions (3.58) and (3.62) we get the probability sought
Wiy = AeN=Enn)/koT (3.63)

This expression is called the grand canonical distribution for open systems.
In order to find the constant A, entering into (3.63), use the expression of
entropy (1.113), presented in the form

S = —koln Wy,n. (3.64)
Then from (3.63) and (3.64) we have

=—koln A— — . .
S o In T + T (3.65)
Having denoted mean values by N = N and E,y = E, we get
kT m A=E—-TS—uN=F—uN=F —®=Q. (3.66)

Hence we have
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A= YRT, (3.67)
As a result, the grand canonical distribution (3.63) finally takes the form

QtuN-EnN

Wpon =€ kT | (3.68)

The grand thermodynamic potential € is found from the normalization
condition
S Wan =1 (3.69)
N n

Having substituted the expression of the distribution function (3.68) into
(3.69), we get

Q= —koT In | Y etN/koT N "= Bnn/hol | (3.70)
N n

With the aid of (3.70) we can find the dependence of the grand thermodynamic
potential on T, p and V, i.e. the explicit form of the function Q = Q(T, u, V)
for a concrete system. Thus, using the relationship 2 = — PV, pressure can
be determined as a function of temperature, chemical potential and volume:

P=-Q/V =P(T,puV). (3.71)

Solving (3.71) simultaneously with the equation N=N(T,u, V)= — (0Q2/
Op)r,v, obtained in (2.206), and eliminating u, we find the equation of the
state of the system f(T,V,P,N) =0

Now adduce the generalized form of the canonical distribution for multi-
component systems. To do this the expression of the thermodynamic potential
® = N is present in the general form

0P
o = ZNZQ_N@' ZZﬂz‘Nz‘, (3.72)

where N; and p; are the number of particles and chemical potential of the ith
component, respectively. Then in (3.68), having carried out the replacement

® =uN — Z,UziNi; Eon — EnnN,.., (3.73)

we get the generalized form of the canonical distribution for a multicomponent
system
Q+ > wilNi — Ennyns...

WnN1N2-.- = €xp . koT . (374)

Classical systems. Assume that there is a classical system with a number
of particles N. The probability that a microstate of this system falls in an
element of volume
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3N
dry = dg™dp™ = T dg; dp;, (3.75)
=1

taken near the point (¢,p) = (¢1,¢2,---,43N,P1, P2, - --,P3N) s
dWn(g,p) = pn(g,p)dl'n, (3.76)

where pn (g, p) is the probability of a microstate of the system found in a unit
volume of the phase space near the point (g, p), i.e. the distribution function.
This function, like expression (3.63), can be presented in the form

uwN—En(g,p)

pn(q,p) = Ace RT . (3.77)

The constant A.; can be found, using the relationship between entropy and
the mean value of the distribution function (1.125) and expression (3.77). As
a result, we get

koT In[(2rh)*N Ay =E—-TS—puN=F - ® =Q, (3.78)

where E = En(q,p) and N = N are mean values of energy and the number
of particles of the system, respectively. From (3.78) it follows that

Aq = (2mh) 73N YT (3.79)

Having substituted this expression into (3.77), we get the final expression for
the distribution function of classical open systems

Q+uN—-—En(q,p)

px(g,p) = (2mh) 3N TR (3.80)

In the considered case for open systems, the normalization condition has the
appearance

Z/pN(q,p)dFN =1. (3.81)
N

Using (3.81) and (3.80), the general expression of the grand thermodynamic
potential can be written down as!

Q= —koT In

1 dI' v
Z N/koT —EnN(g,p)/koT
eu /0 !/e N(qp)/ 0 W . (3.82)
N

In conclusion, note the distinctions between three fundamental distributions:
microcanonical, canonical and grand canonical.

1. Microcanonical distribution (1.99) or (3.57) is just for completely isolated
systems. In this case, we do not take into account the fluctuation in either
energy or the number of particles (see Fig. 1.5).

! Here the appearance of the factor N! is based on reasoning when passing from
the expression for statistical integral (2.14) to the expression (2.15).
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2. Gibbs canonical distribution (3.16) is just for closed systems in the ther-
mostat. In this case, the fluctuation in energy is taken into account (see
Fig. 3.2), but the fluctuation in the number of particles is not, i.e. the mean
number of particles N coincides with their real value. This distribution
with reference to the number of particles can be called “the microcanonical
distribution”.

3. Gibbs grand canonical distribution (3.63) or (3.68) is just for open sys-
tems in the thermostat. In this case, the fluctuation both in energy and
the number of particles is taken into account. This distribution with ref-
erence to energy and the number of particles can be called “the canonical
distribution”.

In particular, if we disregard the fluctuation in the number of particles, i.e.
we suppose that the mean value of the number of particles N and the real N
coincide, we get Q + uN = Q + uN = Q + & = F. Consequently, the grand
canonical distribution (3.68) passes into the canonical distribution (3.33).



4

Ideal Gas

Summary. This chapter is devoted to the application of the Gibbs method to
an ideal gas. On the basis of this method, free energy and entropy are calculated,
and thermal and caloric equations of a state are found. The exposition of classical
and quantum theories of the heat capacity of an ideal gas occupies a large place.
A mixture of ideal gases and the Gibbs paradox are considered. Thermodynamic
properties of an ideal gas consisting of polar molecules in an external electric field
as well as an ideal gas consisting of magnetic dipoles (a paramagnetic in the gaseous
phase) in an external magnetic field are also considered. At the end of the chapter
a simple example of the thermodynamic state of a system with negative absolute
temperature is discussed.

4.1 Free Energy, Entropy and Equation
of the State of an Ideal Gas

Apply the Gibbs method to an ideal gas of volume V, consisting of a N
number of identical particles (molecules). In the given section, we disregard
the internal structure of a molecule and present it as a material point with the
mass m. In an ideal gas, inasmuch as interaction between molecules is absent,
internal energy can be presented in the form:

Vo
— 4.1
=> 50k + 0}, +ph). (4.1)

i=1
In order to find the free energy of an ideal gas, it is necessary to calculate the
statistical integral. To do this, substitute the expression of energy (4.1) into
(3.43). Then we get

N

1
{ / o~ Lpyp2) [2mboT 4o dg dg.dpadpydp. | (4.2)

Zog= ——
T NI(27h)3N
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Take into account that
/dedesz =V (4.3)

Moreover, according to Appendix A, integrals, entering into (4.2), are easily
calculated

oo o0
/ efpi/kaOpow = 2/efpi/2mk0pow = (2rmkoT) /2. (4.4)
—oo 0

Note that integrals over dp,, dp. also equal (4.4). Then with regard to (4.3)
and (4.4) the statistical integral (4.2) takes the form

1

Zog=—
< N1(2rh)3N

N
|:V(27ka‘oT)3/2:| . (4.5)
Logarithmizing this expression and taking into account that for large NV the

logarithm N! can be presented in the form

N N
lnN!:1n1+ln2+-~-+lnNzZlanﬁ/lnxdm:Nln(N/e) (4.6)
1

r=1

for In Z) we get

InZyg=NIn (4.7)

eV (mkoT 8/2
N \ 27h2 ’

As a result, the free energy of an ideal gas F' = —koT In Z. takes the form

F=—kNT In

eV (mk0T>3/2 48)

N \ 27n2

Using the expression of free energy (4.8) and relationship P = — (0F /0V )+ v,
we get the known thermal equation of the state of an ideal gas, i.e. the
Mendeleev—Clapeyron equation

koNT

P == (4.9)

With regard to the expression of free energy (4.8) and the definition S =
— (0F/0T )V7 N entropy of an ideal gas can be expressed by 7" and V:

S(T, V) = gk‘oN + k‘oN In (410)

i mkoT 3/2
N \ 27h? '
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Expression of entropy (4.10) can be rewritten in the form

S(T,V) = koN In (%) + gkoN In T + BN, (4.11)

where B is the constant for a specified gas, equal to

3 mko
B= -k |l+In{— |-
oo |1+ (572
Then from (4.11) for the isochoric heat capacity of an ideal gas Cy =
T (05/0T),, we get the known expression

Cy = gkoN. (4.12)

If this expression is taken into account in (4.11), entropy takes the form
Ve
S(T,V)=koN In N +Cy In T+ BN. (4.13)

Use the equation of the state of an ideal gas V = ko TN /P in (4.13). Then
entropy can be presented as a function of T" and P:

S(T, P) = (koN + Cy)In T — koN In P + BoN. (4.14)

Here By = B + ko(1 + In ko). Taking into account the expression (4.14) and
the definition Cp =T (05/0T) p, for the isobaric heat capacity we get

Cp=Cy +kN=Cy +R. (4.15)

For the considered model of an ideal gas it is not difficult to determine the
caloric equation of a state, i.e. the expression of energy. To do this, take into
account (4.8) and (4.10) in the expression £ = F' + T'S. As a result, we get

E = gkONT. (4.16)

As is seen, energy of an ideal gas does not depend on volume and is determined
only by temperature. Note that having taken the derivative with respect to
temperature in (4.16), we get the expression of the isochoric heat capacity
(4.12).

If we use the equation of state (4.9), expressions of entropy (4.13) and
isobaric heat capacity (4.15), we get equations of the isotherm (T = const)
and adiabat (S = const) of an ideal gas:

if T'= const, then PV = const
and (4.17)
if S = const, then PV"” = const,
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where v = Cp/Cy is the ratio of heat capacities. Inasmuch as v > 1, from
(4.17) it follows that the slope of the curve of the adiabat is more like the
slope of curve of the isotherm.

Using the equation of state (4.9) and the equation of the adiabat (4.17),
known relationships between T and V', as well as T and P, can be found.

TV'~! = const; T7P'™7 = const. (4.18)

Note that the latter relationship in the case of an adiabatic process (S = const)
can also be obtained from expression (4.14).

4.2 Mixture of Ideal Gases: Gibbs Paradox

Dwell upon one important question of the classical statistics more comprehen-
sively. This question is associated with correction of the statistical integral,
i.e. with the presence of the factor 1/N! in expression (3.43).

An example of an ideal gas shows that without consideration of the given
factor, it is the violated additivity of entropy and free energy which leads
to the Gibbs paradox. Indeed, if the factor 1/N! in the expression of the
statistical integral (4.2) is disregarded, for free energy instead of (4.8) and for
entropy instead of (4.13) we get the following expression, conformably,

mk‘oT 3/2
F=—kgNT In |V ( s ) , (4.19)
S(T,V)=kyN InV +Cy In T + BN. (4.20)

From these expressions it is seen that neither free energy nor entropy satisfies
the condition of additivity. For instance, at pre-assigned conditions (identical
temperatures) as the number of particles N increases two times, F' and S
increase more than two times, i.e. inasmuch as N increases, the heat capacity
and volume also increase two times.

The application of expression for entropy (4.20), obtained without consid-
eration of 1/N!, to a mixture of ideal gases leads to the appearance of the
Gibbs paradox. In order to show this, assume that a vessel with an ideal gas
is divided by a partition ab into two parts with volumes V7 and V5. In each
part, different ideal gases (with different heat capacities) with a number of
molecules N1 and Ns, respectively, are found. Temperature and pressure of
the gases in both parts are identical (Fig. 4.1).

Entropy of the complete system, consisting of two parts divided by the
partition, with regard to expression (4.20) can be presented as:

! In quantum statistics this problem is solved on the basis of the indistinguishability
principle: a wave function of an ideal gas, consisting of identical particles, ought
to be either symmetric or antisymmetric (see Chap. 7)
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a

Vi V>

N, N,

T, P T, P
b

Fig. 4.1. The illustration for the Gibbs Paradox

So =51+ 852 =kgN1 In Vi + kgNo In Vo

4.21
+(CV1 +CV2)ln T + B1 N1 + BaNs. ( )

If the partition ab is taken away, as a result of diffusion of gases a mixture
of gases forms. The system with the number of molecules (N7 + N2) is found
in a state of equilibrium with the identical density over the entire volume
(V1 4+ V2). In this final state, entropy of the system can also be presented on
the basis of (4.20) in the form

S = ko(Nl + NQ) 11’1(V1 + ‘/2) + (Cvl + CVQ) In T + B1N1 + BaNo. (422)

The change in entropy as a result of taking away the partition is

AS =5 — Sy = koN; In (V1 ; V2> + ko In (@) . (423)

1 2

It is seen that as a result of the diffusion of gases the system passes into a new
state with the larger entropy: AS > 0, i.e. diffusion of different gases is an
irreversible process, and so it ought to be. However, from (4.23) it is seen that
in the expression of AS no parameter characterizing the distinction of gases
enters. Thus it follows that if between two parts of the system with identical
gases the partition is taken away, then, according to formula (4.23), entropy
increases by a magnitude AS as a result of self-diffusion. This alogical result
is precisely the Gibbs paradox.

The paradox consists of the fact that as identical gases are mixed the
macroscopic state of the system does not change and therefore entropy ought
not to change. However, entropy, calculated on the basis of formula (4.20),
changes. In the particular case, if V1 = Vo =V and N; = Ny = N, according
to (4.23), the change in entropy, independent of the kind of gas, is a constant
quantity, equal to

AS =2R In 2, (4.24)

where R = kg N is the universal gas constant.

Now show that if to a mixture of ideal gases, the expression for entropy
(4.13) obtained with consideration of 1/N! is applied, the above-indicated
Gibbs paradox disappears, i.e. as different gases are mixed entropy increases,
and as identical gases are mized entropy does not change.

Indeed, inasmuch as on the right and left parts of the system, presented in
Fig. 4.1, different gases are found, entropy of the original state of the system
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on the basis of formula (4.13) has the appearance:

eV; eV-
So = So1 + Soz = koNy In (Nl) + koNy In (N2>

1 2 (4.25)

+(CV1 + CV2) hl T + BlNl + BQ]VQ7

and after mixing (taking away the partition), entropy of the system in the
final state ought to equal

S =S+ 5= kN In K(Vl;—v"‘)eﬂ
1

i+ Vs
+ koN3 In |:<(1]—}\—[—2)6>:| + (Cv, + Cv,)In T + B1 N1 + BaNo,
1
(4.26)
and the change in entropy is
AS = 8§ =Sy = koNy |In (222 Jpp 1o
Ny Ny
Vi+ V; v (4.27)
Ny|ln [ +—=2—-In-2
ho 2[n< N Nzﬂ

Inasmuch as each of the expressions entering into (4.27) is positive, then
AS > 0. (4.28)

Assume that on both sides of the partition an identical ideal gas is found
(Fig. 4.1). In the presence of the partition, entropy on the basis of formula
(4.13) has the appearance:

S(l) = koINy h’li\/vﬁ + koNo lni\fﬁ + (Cvl + CVQ) In T + B(Nl + NQ). (429)
1 2

After taking away the partition the system occupies volume (V7 + Va) with
the number of molecules (N1 + N3). Therefore the expression of entropy in
this final state, according to (4.13), takes the form

e(Vi + 132)

S = ko(N1 + No)1
0(1 2)nN1+N2

+ (Cv, + Cv,) In T + B(Ny 4+ N3).  (4.30)

As a result, the change in entropy is

Vi+Vy %1

A </ < —ln —
AS' =S — S = ko, [1 Non b NJ
v (4.31)

Vi+Vo V 2
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Inasmuch as in the presence and in the absence of the partition, pressure and
temperature are identical, from the equation of state (4.9) follows the identity:

VitVe Vi W

L I 4.32
Ny + No Ny No ( )

Taking into account (4.32) in (4.31) we see that entropy does not change:
AS' =0. (4.33)

Thus, in classical statistics, consideration of the factor 1/N! leads to the cor-
rect calculation of the statistical integral and the circumventment of the Gibbs
paradox.

4.3 Law About Equal Distribution of Energy
Over Degrees of Freedom: Classical Theory
of Heat Capacity of an Ideal Gas

The essence of this law consists in the fact that if the motion of particles
of an ideal gas is described by equations of classical mechanics, mean values
of energy, accounting for each degree of freedom of a classical particle, are
identical and the value of this energy is determined by temperature. Note
that this result for the simplest case was obtained in Sect. 4.1, in which an
atomar ideal gas was considered and for the mean energy of each particle the
expression E/N = 3koT' /2 was obtained [see (4.16)]. In this case, inasmuch as
the degree of freedom of a particle (an atom) equals 3, energy corresponding
to each degree of freedom equals E/3N = koT'/2.

Here we will consider the more general case. Let N molecules occupy
volume V; therewith each molecule consists of a n > 2 number of atoms.
Assume that the translational and the rotational motion of a molecule and
also vibrational motions of atoms in reference to each other inside a molecule
are classical. Apply the Gibbs method to this ideal gas and find free energy,
entropy, mean energy and equation of the state of the system.

Having substituted the expression of the total internal energy of a classical
ideal gas

N
E(g,p) =Y i(g,p) (4.34)
i=1
into the expression of the statistical integral (4.74), we get:
N
27h —3Nn
Zuy = szj' Ues(q,p>/konq1dq2mdqgmdpldm.,,dpgn . (4.35)

here €(q, p) is the energy of an arbitrary molecule, n is the number of atoms
in a molecule, 3n is the number of degrees of freedom of one molecule,
q1,92,---,q3, are generalized coordinates, determining the position of the
molecule, and p1,ps, ..., ps, are generalized impulses.
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It is known that the total energy is a quadratic function of coordinates
and impulses
e(q,p) = aikpipk + birdiqr, (4.36)

where a;; and b;; are intrinsic tensors of the molecule with constant compo-
nents. Then (4.35) takes the form

(27Th)_3Nn

Ly = N1

l:/ e~ (@ikPiPE+bikiqr) /Ko T dg1dgs . .. dgzndpidps . . . dPBn]A{

(4.37)

The position of a molecule as a whole can be determined by 3n coordinates,

knowing the Cartesian coordinates of each atom. However, for convenience,

coordinates determining the position of a molecule can be chosen as follows:
coordinates of the centre of masses of a molecule

q1,92,93 = %, Y, 2,

and angles of rotation of a molecule around three mutual-perpendicular axes,
passing through centres of masses

44,45, 96 = P1, P2, P3-

The remaining (3n — 6) coordinates characterize the vibrational motion of
atoms in reference to each other inside the molecule.

Note that the above is true only for molecules with the number of atoms
n > 2 and when all atoms are not found in one straight line (the non-
linear configuration of a molecule). For two-atom (n = 2) and multi-atom
(n > 2) molecules, in which atoms are positioned in one straight line (the
linear molecule), the number of rotational degrees of freedom equals not 3,
but 2; therefore, for the indicated case, the number of vibrational degrees of
freedom equals (3n — 5).

Consider a gas consisting of multi-atom (n > 2) non-linear molecules. It
is clear that in the absence of an external field, energy of such molecules
(g, p) does not depend on coordinates determining translational (z,y, z) and
rotational (1,2, p3) motions. Therefore, the integral with respect to six
coordinates in (4.37) gives the volume of the gas

/dqldquqg = /dx dydz =7V, (4.38)
and the constant angle (27)3
/ dgs, dgs, dgs = / dgr, des, dps = (2m)°. (4.39)

Taking into account (4.38) and (4.39) in (4.35), we get
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7= (27h) 3N

NT
N
x | (2m)3V [ e~ampipetbicdiar/koT dg-dgs ... dgs, dpidps . . . dpan
—_——
3n—6
(4.40)

Pass to new variables ¢, and pj:

g = VkoTq;; pi = koTp; (4.41)

and denote all quantities, not depending on temperature and volume, by A =
const. Then the statistical integral acquires the very simple shape

Za = A(VTY?)N. (4.42)
Here for multi-atom (n > 2) non-liner molecules
¢ =6n—6. (4.43)

In the case of two-atom (n = 2) and multi-atom (n > 2) linear molecules for
the statistical integral Z; the same expression as (4.42) is obtained only in
this case

{=6n—>5. (4.44)
Taking into account the expression of the statistical integral (4.42) in the
relationship F' = —koT In Z,, for the free energy we get

¢
F=—kTInA~kNTInV—kNT5T. (4.45)

Hence, the equation of the state of an ideal gas P = — (0F'/0V') can be found:

koNT
P= 4.4
AL (4.46)
entropy S = — (0F/0T),,
4 L
SzkolnA—FkoN In V—‘r§k‘oN 1DT+§]€0N, (447)
and the total energy = F + TS
4
E= §k0NT. (4.48)

Hence, two conclusions can be drawn: firstly, from (4.46) it is seen that the
pressure of an ideal gas (the thermal equation of state) does not depend on
the degree of complexity and structure of molecules ¢ and is determined only
by the number of molecules; secondly, from (4.48) it follows that the mean
energy of an ideal gas (the caloric equation) does not depend on volume and
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is determined by temperature 7" and complexity of the structure of molecules,
i.e. the parameter /.
Expression for the mean energy (4.48) can be presented in the form

E koT
NiT 3 (4.49)
Hence the law about the equal distribution of energy of an ideal gas over
degrees of freedom follows: If all kinds of motion (translational, rotational
and vibrational) of molecules forming an ideal gas are classical, for each value
of the number ¢, associated with degrees of freedom of a molecule, the identical
energy, equal to koT/2, accounts.

Now elucidate the relation of the number ¢ determined by the expressions
(4.43) and (4.44) to the number of degrees of freedom. The number ¢ can be
presented in the form

{=0y + 0, + 20, (4.50)

where ¢, ¢, and ¢, are numbers of degrees of freedom of translational,
rotational and vibrational motions, respectively.

For a one-atom gas (n=1): 6, =40, =0; £ =4, =3

For a two-atom (n = 2) molecule from (4.44) it follows that ¢ = 7. This
number between degrees of freedom is distributed as follows:

lo=3:0,=20,=1. (4.51)

For multi-atom (n > 2) linear molecules, according to (4.44), ¢ = 6n — 5. For
such molecules degrees of freedom equal:

b=3;6,=20,=3n—5. (4.52)

For multi-atom (n > 2) non-linear molecules from (4.43) it follows that ¢ =
6n — 6. In this case
by =3;4,=3;4,=3n—6. (4.53)

In conclusion, note the following. Why is the vibrational degree of freedom
doubled, in contradistinction to translational and rotational motions, in the
number £ in expression (4.50)7 This is associated with the fact that in the
absence of an external field, the coordinate does not enter into the expression
of energy of translational and rotational motions, but both the impulse and
the coordinate enter into the expression of energy of the vibrational motion.
In other words, energy of the vibrational motion is the sum of kinetic and
potential energies.

4.3.1 Classical Theory of Heat Capacity of an Ideal Gas

The expression obtained above for energy of a classical ideal gas (4.48) makes
it possible to easily calculate the isochoric heat capacity Cy = (0E/9T),,:
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¢ ¢
Cv = 5hN = SR, (4.54)

Hence it is seen that according to classical theory, the heat capacity of an ideal
gas does not depend on temperature and is determined only by the degree of
complexity and structure (¢) of a molecule.

1. For an atomar gas (n =1) { =¢; = 3 and Cy = 3R/2.
2. For a two-atom (n = 2) and a multi-atom (n > 2) ideal gas, consisting of
linear molecules, the heat capacity is determined by the expression

_6n-—5

Cv R;n>2. (4.55)

3. For a multi-atom (n > 2) ideal gas, consisting of non-linear molecules, the
heat capacity equals
6n —6

Cy = —5 Ryn>2. (4.56)
In the particular case, according to (4.55), the heat capacity of an ideal two-
atom gas equals Cy = TR/2. However, the test shows that the heat capacity
of a two-atom ideal gas remains constant (7p), only in the region of room
temperatures, and the value of Cy equals not 7R/2, but 5R/2. For instance,
at room temperature for hydrogen Hs, oxygen Oy and nitrogen Ny values of
the heat capacity Cy /R equal 2.45, 2.51 and 2.51, respectively. However, with
the growth of temperature, beginning from the room, the heat capacity Cy
increases, and with the lowering of temperature, it lowers. In Fig. 4.2, values
of the heat capacity Cy /R, obtained on the basis of classical theory, are
indicated and the behaviour of the heat capacity depending on temperature
is schematically depicted. From the figure the nonconformity of experimental
data and classical theory is seen. Note that only quantum theory circumvents
this nonconformity (see Sect. 4.4).

Cy/R A
Classical theory
712
Experiment
52 p————= -_—
N F——————————————-
: . S
0 Ty T

Fig. 4.2. The temperature dependence of the heat capacity Cv /R for a two-atom
ideal gas
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In conclusion, according to classical theory, determine the ratio of heat
capacities. It is known that the difference of heat capacities Cp — Cy is
determined by the thermal equation of the state of an ideal gas P = P(V,T).
Inasmuch as the equation of a state does not depend on the degree of complex-
ity of molecules forming a gas, and is determined only by their concentration,
for a gas consisting of molecules of any complexity we get Cp — Cy = R. Tak-
ing this into account, and also relationships (4.55) and (4.56), for the ratio
Cp/Cy we get the following values:

1. For an atomar gas (n = 1)

Cp R 5
=== =2 4.
O + v 3 (4.57)

2. For a two-atom (n = 2) and a multi-atom (n > 2) ideal gas, consisting of
linear molecules
Cp R 2 6n—3

CV +CV +6n—5 672,—5’

n>2. (4.58)

3. For a multi-atom (n > 2) ideal gas, consisting of non-linear molecules

&_1+£_1+ 2 _3n—2‘
Cy Cy 6n—6 3n—3’

n > 2. (4.59)

As is seen from relationships (4.58) and (4.59), with the growth in the number
of atoms in a molecule, the ratio Cp/Cy tends to unity lim (Cp/Cy) = 1,
n—oo

whereas the difference Cp — Cy = R does not depend on the number of atoms
n in a molecule. This is associated with the fact that the difference Cp — Cy/
is determined only by the equation of state. And the equation of the state
(4.46) does not depend on the degree of complexity of molecules.

4.4 Quantum Theory of Heat Capacity of an Ideal Gas:
Quantization of Rotational and Vibrational Motions

In Sect. 4.3 we noted the qualitative distinction between the experiment and
classical theory in the temperature dependence of the heat capacity of a two-
atom ideal gas (Fig. 4.2). The basic cause of this distinction resides in the
supposition that all kinds of motion of molecules (translational, rotational
and vibrational) which do not correspond to reality are classical.

Here we will consider the more general case, supposing that all motions
of molecules are quantum, i.e. the energy spectrum, corresponding to these
motions, is quantized. However we will show that at finite temperatures the
translational motion is not quantized, i.e. this motion can be considered as a
classical one. At the same time, consideration of the quantization of two other
motions (rotational and vibrational ones) is very important in the theory of
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heat capacity. The quantum theory, taking into account this quantization,
successfully circumvents the distinction indicated above.

Assume that an ideal gas, consisting of N number of two-atom molecules,
occupies volume V. The total energy of an ideal gas has the appearance

N
Ep =Y ¢, (4.60)
=1

where 52 is energy of the ith molecule, k is the totality of quantum numbers,
determining the state of one molecule, n’ is the totality of all quantum num-
bers, determining one microstate of an ideal gas as a whole. Inasmuch as we
suppose that all kinds of motions are independent of each other, the energy
of one arbitrary ith molecule can be written as:

€ =g +er +ev, (4.61)

where €¢,€,,¢, is energy of the translational, rotational and vibrational
motions, respectively. It is supposed that energy of all kinds of the motion
is quantized and is determined by different corresponding quantum numbers.
Their explicit form will be given slightly later. And for now the statistical sum
present in the general form

N
1
Z =" e Fulkol = i (Z e—fk/’“OT> : (4.62)
n/

k

where the factor 1/N!, entering into this expression, takes into account the
fact that at the transposition of two molecules the state of a gas as a whole
does not change, i.e. it is regarded that molecules are identical (see Sects. 3.2
and 4.1).

If we take into account the expression of energy of a molecule (4.61) in
(4.62), we get

1 N
Z = NI (zt - 20 - 2v) ", (4.63)

where

ao=y e =/l (4.64)
Zr = Zefsr/kOT, (4.65)
2y = Z e=ev/koT (4.66)

are minor statistical sums, corresponding to different motions of one arbitrary
molecule.

Note that in these expressions the summation is conducted with respect to
quantum numbers, corresponding to translational, rotational and vibrational
motions.
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If we take into account In N! = N In(N/e) in (4.63), the free energy of an
ideal gas F' = —koT In Z takes the form

e
F=—k TN {ln (NZt) +1n z +1n zv} . (4.67)
Then for entropy of the gas from the expression S = — (0F/0T),, and (4.67)

we get
S = koN [ln (%zt) +In 2 +1n zv}

9 (4.68)
+ koNTa—T [In z; +In 2z, + In 2] .
The mean energy of the gas E = F 4+ TS is
E= kONTQ% [In z; +1n 2z, + In zy] (4.69)
or
E=F +E, +E,. (4.70)
Here
E, = kONTzaiT In z, (4.71)
E, = kONTzaiT In z, (4.72)
B, = koNTzaiT In z,. (4.73)

The isochoric heat capacity of an ideal gas, conformable to the expression of
energy (4.69), consists of three items:

Cy =C}, + Oy + Cy. (4.70a)

It is seen that all problems of the quantum theory of the heat capacity are
reduced to calculations of minor statistical sums z, z;, 2y of one molecule.
Calculate these sums for each kind of motions separately.

4.4.1 Translational Motion

Assume that in a cube with dimensions of sides L and volume V = L3 N
number of molecules is found. When considering the translational motion
of molecules, the complexity and construction of a molecule do not matter,
inasmuch as it is supposed to behaves as a material point with the reduced
mass at the centre of masses of the molecule. According to quantum mechanics,
energy of a material point (a particle) with the mass m, translationally moving
in volume V = L3, is pre-assigned by the expression

m2h2

€t
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here n; =1,2,3,... are quantum numbers.
In order to calculate the explicit form of the minor statistical sum,
characterizing the translational motion, substitute (4.74) into (4.64):

__ x2n? 2,2, 2
L) e

ninang

Introduce the concept of the characteristic temperature for the translational
motion

252
T, = % (4.76)
and write down sum (4.75) in the form
o 3
z = <Z e”2T°/T> . (4.77)
n=1

Inasmuch as at arbitrary values of temperature sum (4.77) cannot be presented
in the analytical form, consider two limiting cases.

Low temperatures: T < Ty. In this case in sum (4.77) it can be restricted
to the first two terms. Then

2= e 3T/T (14 33T T < T4, (4.78)

Using this expression in (4.71), we get the mean energy of the translational
motion

E, = Ey+3Eye /T, T <« T, (4.79)
where 2p2
3

is the zero energy of an ideal gas, when all molecules are found in the
fundamental quantum state (n; = ny =ng = 1).

If (4.79) is used, the heat capacity of a gas, associated with the transla-
tional motion, at low temperatures has the appearance

T 2
CY = 2TkgN (%) e STUT T < Ty (4.81)

It is seen that as T — 0 the translational part of the heat capacity tends
to zero.

High temperatures: T > T;. In the region of temperatures, satisfying this
condition, the discreteness of the translational motion can be neglected and
it can be regarded as a classical one. If we use notion (4.76), the condition of
classicity of the motion can be presented as

w2 h2

QTTL—LQ < koT or A < L, (482)



124 4 Ideal Gas

where A = h / V2mkyT is the de Broglie wavelength of a molecule. It is evident
that (4.82) is the condition that in the energy spectrum of the translational
motion the difference of energies of two adjacent levels is far less than that of
the thermal energy ko7'. Simultaneously, the condition of classicity (4.82) can
be formulated as follows: the motion is classical if the de Broglie wavelength
of a molecule (a particle) is far less than the dimensions of the space in which
the motion occurs.
Note that the condition of classicity (4.82) can also be presented in the
form
muL > h or Sy > h, (4.83)

i.e. the action of the given motion Sy = muvL ought to be much more than the
Planck constant h. When obtaining the condition of classicity (4.83) we sup-
posed that koT a~ muv?. Therefore, (4.82) and (4.83) are equivalent conditions
of classicity of the translational motion.

The sum entering into the expression of the statistical sum (4.77) can be
presented in the form

Y e /T =N e /T (4.84)
n=1

n=0

Inasmuch as in the region of high temperatures (T >> T}) two adjacent terms
are little distinct from each other, to calculate this sum the Euler summation
formula can be used:

S () = [ fondn+ 3 170) + F(00)] + 35 (00) = F/(O) =+ (485)
0

n=0

Here it is supposed that the function f(n) is integratable in the range of (0, c0)

and all its derivatives at_lower and upper limits take on finite values.

—n’Ty /T

In our case f(n) =e . Taking this into account and also

oo

T
/e_"th/Tdn 3 7TTt (4.86)
0

n (4.84), sum (4.83) can be presented in the form

ey s

Having substituted (4.86) into (4.77), for the statistical sum we get

1 (aT 3/2 L, T, 1/2
=3\ T 7T

oo

Z —n’T /T _

. T>T,. (4.88)
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Fig. 4.3. The temperature dependence of the translational part of the heat capacity

Taking into account this expression, and also (4.71), for the mean energy of
the translational motion in the region of high temperatures we get

T, 1/2
1 —t
“(w)

and the heat capacity, corresponding to this motion, equals

1/2
4(5)

2 \nT
Second items in the square bracket in (4.89) and (4.90) are quantum correc-
tions to the mean energy, associated with the quantization of the translational
motion and the heat capacity. As is seen, this correction insignificantly
increases the classical value of the heat capacity C}, = 3R/2. The schematic
dependence CY,(T) in all temperature regions with regard to expressions (4.81)
and (4.90) is presented in Fig. 4.3, from which it is seen that there is a small
maximum.

At ultra-high temperatures (T — oo) from (4.88) to (4.90) stems purely
classical results

3

3

Cy = ko N i T>T. (4.90)

3/2 3/2
o= 2 (TENTT Y (mReT T (4.91)
8 Tt hS 2
E, = gkoNT, (4.92)
C = gkoN. (4.93)

4.4.2 Rotational Motion

Consider an ideal gas consisting of N number of two-atom molecules; there-
with atoms with masses m; and msq are found at a constant distance r from
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each other. From the point of view of the rotational motion each molecule can
be considered as a rotator.

According to quantum mechanics, energy of a rotator has the appearance

h2
& = ﬁl(l +1), (4.94)
wherel = 0,1, 2,...1is the rotational quantum number, I = mr? is the moment
of inertia of a molecule, m = mymg/(m1 + mg) is the reduced mass of a
molecule.

To find the mean value of energy of a system, corresponding to the rota-
tional motion, according to expression (4.72), it is required to calculate the
statistical sum (4.65). It is known that energy levels (4.94) of the rotational
motion are (2]+1)-fold degenerate. Taking this into account, substitute (4.94)
into (4.65). Then for the statistical sum, corresponding to the rotation, we get

0 2
=Y (24 e ot 0D, (4.95)
=0

If we introduce the concept of the characteristic temperature for the rotational
motion

h2
(4.95) takes the form
= (24 D FUEHD, (4.97)
1=0

Inasmuch as at arbitrary values of temperature the sum (4.97) cannot be
presented in the analytical form, consider two limiting case.
Low temperatures: T < Ty. In this case, inasmuch as with the lowering of
temperature terms of the sum (4.97) fast decrease, it can be restricted to the
first two terms

z 1+ 37 20/T (4.98)

Taking this into account in (4.72), for the mean energy we get
B, = 6koNTe 2T/, (4.99)
and for the heat capacity
1= 12kN (L) e 2T T < T (4.100)

Hence it is seen that with the lowering of temperature the heat capacity
exponentially drops and tends to zero.

High temperatures: T > T;. In the region of temperatures, satisfying this
condition, the discreteness of the energy spectrum of a rotator (4.94) can be
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neglected and the motion can be regarded as a classical one. If notation (4.96)
is used, the condition of classicity of the rotational motion 7' > T} can be

presented as
2

TST k> A<r S>h (4.101)
2mr?
where A = h/\/kaoT is the de Broglie wavelength, S, = muvr is the action
of the rotational motion, v is the linear velocity of rotation.
In order to compute the sum (4.97) for the considered case, use the Euler
formula (4.84) and take into account that

o0 o0 T
/(21 +1)e~ T = /e—%xdx == (4.102)
0 0 '
Then we get
T 1T, 1 (T.\?
2y = T +§T+E T ;o T'>T,. (4.103)

Having substituted (4.103) into (4.72), for the mean energy of the rotational
motion we get

E.=koNT |1 ! . i 7 T>T, (4.104)
' 0 12\ T ' " '
and for the heat capacity
Cr = koN |1 1 = i 7 T>T, (4.105)
0 12\ 1 ’ " '

The temperature dependence of the rotational heat capacity, according to
expressions (4.100) and (4.105), is schematically shown in Fig. 4.4. As is seen
from the figure, the function C§,(7') in the region T, has a small maximum. On
the basis of numerical computations it can be shown that the temperature at
which C3,(T') takes on a maximum value equals Tryax = 0.87}, and the value
of the heat capacity at this temperature Cf, (Tmax) = 1.1koN.

Second items in the square bracket in (4.104) and (4.105) are quantum
corrections to the mean energy and heat capacity, associated with the quanti-
zation of the rotational motion. As is seen from (4.104) and (4.105), the sign
of the correction is positive.

In the limiting case (T — oo) from expressions (4.104) and (4.105) for
energy and heat capacity purely classical results follow: E. = kg NT and C§, =
koN.
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T, T

Fig. 4.4. The temperature dependence of the rotational part of the heat capacity

4.4.3 Vibrational Motion

In two-atom molecules atoms perform small intermolecular vibrational
motions in reference to each other. Therefore a molecule can be considered as
a linear harmonic oscillator. According to quantum mechanics, energy of such
an oscillator has the appearance

1
ey = hw (n + 5) , (4.106)

where w = /x/m is the circular frequency of vibrations, x is the coefficient
of elasticity, m is the reduced mass of a molecule, and n = 0,1,2,... is the
oscillatory quantum number.

Consequently, a two-atom ideal gas can be considered as a gas consisting
of N number of non-interacting harmonic oscillators with the frequency w.
Calculate the mean energy and heat capacity of such a gas. To do this substi-
tute (4.106) into (4.66) and add up with respect to the quantum number n.
As a result, for the vibrational statistical sum we get

o—hw/2koT

Zy (4.1064)

o]

T 1 e hw/kT 2koT

Having substituted (4.106a) into (4.73) for the mean energy of the vibrational
motion of molecules of a gas we get
Nhw Nhw

By = 5 T ohe/kT ]

= Ne(w,T). (4.107)

Hence for the mean energy of one oscillator e(w,T) = E,/N we have

hw hw

€(w7T) = 7 + —ehw/koT 1

(4.108)

Here €9 = fw/2 is energy of the oscillator as T' = 0, i.e. the zero energy. At
temperatures satisfying the condition of classicity koT > hw, from (4.108)
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e(w,T) A

T

Fig. 4.5. The temperature dependence of the energy of a linear harmonic oscillator

stems the known classical result for energy of an oscillator e(T) =~ koT
(Fig. 4.5).

Note that the presence of zero energy of an oscillator and the fact that
energy of a harmonic oscillator depends on the frequency are purely quan-
tum effects. Using expression (4.107), for the heat capacity CY, = (OE, /9T),
associated with the vibrational motion, we get

hw \ 2 ehw/koT
Cy=kN|—] ———. 4.109
v (k0T> (ehw/koT — 1)2 ( )

If we introduce the concept of the characteristic temperature of the vibrational
motion

hw
T, = —, (4.110)
ko
expression for heat capacity (4.109) takes the form
Ty 2 eTv/T
CV =kN|—= )] ——. 4.111
v (T) (eTv/T —1)? (1)

This expression of heat capacity applies for any value of temperature. On this
basis consider the limiting cases.

Low temperatures: T < T. If in this case in the denominator of (4.111)
we neglect unity compared with exp (7, /T) > 1, (4.111) takes the form

T.\?
v~ ko N <?) T T« T, (4.112)

i.e. the heat capacity exponentially depends on temperature and as T — 0
tends to zero.

High temperatures: T > T,. In the region of temperatures and frequencies,
satisfying this condition, the vibrational motion is classical. This condition,
according to (4.110), can be presented in the form

hw < koT, (4.113)
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i.e. the discreteness (the difference between two adjacent levels) of the energy
spectrum of an oscillator ought to be of much less energy than that of the
thermal motion.

If we write down the classical law of motion of an oscillator in the form
Y = Ymax coswt and accept that § = v and mv? ~ kT, the condition of
quasi-classicity (4.113) acquires the following equivalent shape:

h
— Lyor AKy; h<muvuyor S, > h, (4.114)
mu

where S, = muy is the action of the vibrational motion and A = h/mw is the
de Broglie wavelength.

In order to consider the region of high temperatures, introduce the notation
x =Ty /T and rewrite the expression of heat capacity (4.111) in the form

Oy = koNo(x), (4.115)

where

p(x) = (exx_ 1>2e“” = [%T (4.116)

Inasmuch as in the region of high temperatures * < 1, sh(z/2) can be
expanded into a series, restricting it to the first two terms:

T T 1 /2\3
[ —(—). 411
shy =515 \3 (4.117)

If we substitute (4.117) into (4.116), the function ¢(z) takes the form
p(@) = (1+2%/24) 72 = (1 —22/12) ;2 < 1. (4.118)

As aresult from (4.115) and (4.118) in the limiting case of high temperatures
x=T,/T < 1 for heat capacity we get

y 1 (T.\°
oo i 4 (%)

Here CY, = koN is the classical result, and —koN /12 (T, /T)? is the correction
to heat capacity, associated with the quantization of the vibrational motion.
As is seen, this correction, in contradistinction to the correction of the rotata-
tional heat capacity, is negative. Therefore C},(T') has no maximum. The
temperature dependence of CY,(T') is schematically presented in Fig. 4.6.

Note the following. At the beginning of the section we supposed that all
motions of a molecule are independent. Therefore the total energy of molecules
can be presented in the form (4.74). However, the supposition in reference to
rotational and vibrational motions is true only in the case when the vibrational
motion is harmonic. In the case of anharmonic vibrations the mean distance
between atoms changes, which leads to the change in the moment of inertia
I = mr?, and, thereby, parameters of the rotational motion changes, i.e. the
anharmonic vibration can influence the rotational motion.

. T>T,. (4.119)
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Fig. 4.6. The temperature dependence of the vibrational part of the heat capacity

4.4.4 Total Heat Capacity

Up to now we considered different forms of the motion of two-atom molecules
separately and analysed temperature dependences of heat capacities in dif-
ferent temperature ranges. Now consider temperature dependences of a two-
atom ideal gas in the wide temperature region. To do this remember that
while expounding the quantum theory of heat capacity for each kind of
motion (translational, rotational, vibrational) the notion of the characteristic
temperature (T, Ty, T) was introduced. Evaluate these temperatures.

If we accept that the reduced mass of a molecule is m = 10724 g, and linear
dimensions of the vessel L = 0.1 cm, according to (4.76), for T} we get

m2hH2

T =—"
C T 29mko L2

~10712K. (4.120)

If we accept that the distance between atoms is r = 1078 cm, according to
(4.96), for T, we have
h2

T=—
2mkor?

~ 50K. (4.121)
If we accept that the cyclic frequency is equal to w ~ 10*s~! (the infrared
region), according to (4.110), for T\, we get
T, = "o 10k (4.122)
ko
Apart from those indicated, there are two characteristic temperatures: temper-
ature of condensation T,nq and temperature of dissociation of molecules Ty.

Note that the quantum theory of the heat capacity expounded here is
applicable only in the region of temperatures Tyong < T < Tyq.

Characteristic temperatures for three two-atom gases are adduced in
Table 4.1. In this table the value of T; is absent, inasmuch as, according
to (4.120), its value almost equals zero.

From the above-adduced values of theoretical evaluations, and also from
Table 4.1 it follows that above the condensation temperature in the gaseous
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Table 4.1. Characteristic temperatures for three two-atom gases

H2 02 N2
Teona (K) 20 90.2 77.5
T: (K) 85.4 2.1 2.9
T. (K) 6.1 x 10° 2.2 x 10° 3.3 x 10°
Ta (K) 5.2 x 10* 5.9 x 10* 8.5 x 10*
Cy/koN
712
L~
52 Zas
312 i

T, T, T

Fig. 4.7. The temperature dependence of the total heat capacity for a two-atom
ideal gas

phase the translational motion of two-atom molecules is always classical and
the corresponding isochoric heat capacity C¥, = 3kqN /2.

When approaching the temperature of a gas T}, the rotational motion of
molecules gets excited and, thereby, the heat capacity grows. In the region
T > T; the rotational motion becomes classical and the total heat capacity,
corresponding to translational and rotational motions in this region, equals
5koN /2. At the further raise of temperature, i.e. in the region T, < T < T},
the vibrational motion also gets excited, which leads to the growth of Cy . In
the region of temperatures Tq > T > T, the vibrational motion also becomes
classical and the total heat capacity, being determined by all types of motions,
theoretically ought to reach the limiting value Cy = C},+C}, +CY, = ThkoN /2.
As is seen from (4.122), the characteristic temperature T, is of rather high
magnitude; therefore in practice the limiting value is not reachable. Inasmuch
as the characteristic temperature of the translational motion T} is triflingly
small, in the gaseous phase (Ti < 7T;) the value 3kyN/2 is not reachable,
either. In Fig. 4.7 the temperature dependence of the total heat capacity is
schematically presented. If we compare this dependence with experimental
results, adduced in Fig. 4.2, it can be noticed that the experimental result
coincides with the theoretical one in the region of temperatures (7, — AT) <
T < (Ty — AT), where AT is a certain finite range of temperatures. From this
comparison it follows that in the indicated region of temperatures translational
and rotational motions are classical, and the vibrational motion only just
begins to get excited.

So, we come to the following physical conclusions: the theory of the heat
capacity of a two-atom gas in the general case ought to be quantum one; the
translational motion of molecules is always classical; the rotational motion in
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the region T < T} bears the quantum character, and in the region T >> T, it
is classical; the vibrational motion in the region T < Ty is quantum, and in
the region T >> T, it bears the classical character.

Thus, theoretically and experimentally studying temperature dependences
of the heat capacity in the wide temperature range, the nature of the motion
(classical or quantum) of molecules, forming a gas, can be determined. It is
possible since the heat capacity of a system (in our case, a gas) is very sensitive
to the internal structure of particles (molecules). The superiority of the heat
capacity over other thermodynamic parameters resides just in this.

4.5 Ideal Gas Consisting of Polar Molecules
in an External Electric Field

Earlier when considering an ideal gas it was supposed that particles (molecules)
forming it possess only mass (the reduced mass). We also supposed that these
particles possess neither an electric charge nor electric dipole moment. There-
fore, when such a gas is in a thermodynamic state, an external electric field
does not act on it.

Molecules depending on the distribution of an electric charge in them are
divided into polar and non-polar groups. In polar molecules centres of positive
and negative charges do not coincide, and therefore even in the absence of
an external electric field such molecules possess the intrinsic electric dipole
moment p,. If we place such a molecule in an electric field, as a result of
the change in the distance between centres of charges a supplementary dipole
moment can arise, i.e. p, can change. However, inasmuch as in weak electric
fields this change is much less of the intrinsic dipole moment p,, it can be
said that the intrinsic moment p, remains constant.

In non-polar molecules, centres of negative and positive charges coincide,
and the molecule does not possess the electric dipole moment. The dipole
moment in such molecules can arise only in an external electric field, since an
electric field divides centres of negative and positive charges of the molecule.

In the given section we will consider the thermodynamic properties of an
ideal gas consisting of polar molecules. It is supposed that the gas is rar-
efied and therefore the dipole—dipole interaction can be neglected. At first, we
calculate the coefficient of the orientational polarization.

4.5.1 Orientational Polarization

Assume that an ideal gas of volume V, consisting of a N number of polar
molecules with the intrinsic dipole moment py, is found in an external uniform
electric field €. It is known that the potential energy of a dipole p, in an
external electric field has the appearance

U=—=(po€) = —po€ cos b, (4.123)
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where 0 is the angle between the dipole moment p, and the electric field €.

Inasmuch as in the absence of an external electric field molecules in the
volume occupied are distributed chaotically, on average the polarization is
absent in the gas.

Under action of an external electric field dipoles attempt to line up along
the field owing to the condition of the minimality of the potential energy U.
As a result of this, the gas as a whole is polarized, i.e. the dipole moment,
accounting for the unit volume — the polarization vector — becomes distinct
from zero.

We now investigate the thermodynamic properties of a polarized ideal gas.
In particular, we calculate the mean value of the polarization vector

Py = Zpom (4.124)

where the summation is conducted over all polar molecules found in the unit
volume.

To do this it is necessary to know the free energy of the gas in the elec-
tric field and on the strength of (2.163) to calculate the mean value of the
polarization vector by the formula

1 (OF
Po= -5 (a—g)w. (4.125)

For definiteness consider two-atom polar molecules. Inasmuch as the polariza-
tion of a gas occurs at the expense of the rotation of molecules in an electric
field, we can restrict ourselves to the finding of the free energy associated
with the rotation of molecules: F' = F;. The presence of the translational and
vibrational motion of a molecule does not exercise influence on the dipole
moment pg.

In the expression of the free energy (4.67) we separate the part associated
only with the rotation and assume that the rotational motion is classical.
Then we get

F, = —koTN In z, (4.126)

where z, is the statistical integral associated with the rotation of one molecule.
Using the polar coordinate system, the statistical integral can be presented in
the form

3 dp df dp, dpg
- er(0,9)/koT 4P 40 APy APg 4.12
? / ¢ (2h)? (4.127)
Here
(0 ¢):i p2-|- pi, — po€ cos 0 (4.128)
ne 21 \ 7% 7 sinZp 0 ‘

is the Hamilton function of a molecule in the polar coordinate system in
an electric field, I = mr? is the moment of inertia of a molecule, m =
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myms/(my + ms) is the reduced mass of a molecule, my and my are masses
of atoms forming a molecule.

If we substitute the expression of energy (4.128) into (4.127) and take into
account the integration boundaries, we get

1 2m ™ o) 00
=5 [de [d0 [ dpy [ dpe
0 0 —o0

@rh)? .
9 (4.129)
X exp 1 p2—|—p—¢ +a cos 6
21 kT 9" sin20 ’
where c
Po
=— 4.1
a ToT (4.130)

is the dimensionless parameter.
To integrate over dpy and dp, use Appendix A. Then we get

oo

/ e—pﬁ/Qlkonpg = (2nIkoT)'/? (4.131)

and -
/ e e/ CIRoT sin*0) gy, - (97 TkoT) /% sin 6. (4.132)

—00

If we substitute (4.131) and (4.132) into (4.129), the statistical integral takes

the form
U

o TkoT /eacosesinadg. (4.133)

h2
0

If we introduce the notation x = cos 8, for z, finally we get
21koT sha
Zr = —
R a
Note that in the absence of an electric field (€ = 0 or a = 0) for the case of
ultra-high temperatures (T — co) expression (4.134) passes into (4.103).

Having substituted the expression of the statistical integral (4.134) into
(4.126), for the free energy we get the following expression

F, = —koTN [m (Sh—“) +In (ﬂhﬁﬂ . (4.135)
a

Taking into account (4.135) in (4.125), the polarization vector takes the form

(4.134)

1 (OF, B N 9
P, = T (88 )Ty = kOTV%(ln sha —1n a) (4.136)
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or

(4.137)

Py — koTn (cha ) da

ha 0E
If we take into account that da/0E = po/koT, for the value of the polarization
vector we get

Py = pon L(a), (4.138)
where L

L(a) = ctha — - (4.139)

is the Langevin function, and n = N /V is the concentration of polar molecules.
In the case of weak electric fields and high temperatures (a = po€/koT <
1), the hyperbolic cotangent can be expanded into a series

1 a a
tha = -+ - — — 4.140
ctha = —|— 3715 +- ( )
Then in the linear approximation
a  po€
La)=—-= . 4.141
(0) =3 =37 (4.141)
Taking into account (4.141) in (4.123), for the value of the polarization vector
we get
2
Py
= E =na& 4.142
<@O 3k‘0T nac, ( )

where a = p%/BkOT is the coefficient of polarisability of a molecule.
The electric induction D in this case has the appearance

4mnpd
D=EC+4nPy = (1 E=x& 4.143
vy = (14 G0 ) € = (4,143
where )
4mnpg
=14+ —= 4.144
= ST (4.144)

is the dielectric constant of a gas.
In another limiting case, when a = po€/3keT > 1, inasmuch as
lim ctha — 1, then lim L(a) — 1. Thus, in strong electric fields and at low

a— 00 a— 00

temperatures the polarization is saturated and &2 = np,, which corresponds
to the orientation of all dipoles along the field.

The schematic plot of the Langevin function, constructed on the basis of
considered limiting cases, is presented in Fig. 4.8.

In the case of weak electric fields (a < 1) from (4.142) it is seen that the
polarization is inversely proportional to temperature: &, ~ 1/T. Therefore,
investigating the temperature dependence of the polarization, on the basis
of (4.142) the intrinsic dipole moment py can be calculated. The majority
of molecules possess the intrinsic dipole moment of the order py ~ 107! of
electrostatic units = 1D.



4.5 Ideal Gas Consisting of Polar Molecules in an External Electric Field 137

La) A

10 fp—m—————,e e e == —_

0.5

~d

I L =
T T >

0 5 10 a

Fig. 4.8. The schematic plot of the Langevin function

4.5.2 Entropy: Electrocaloric Effect

It is known that in an ideal gas a molecule can participate in three kinds of
motion: translational, rotational and vibrational. In Sect. 4.4 we showed that
to excite the vibrational motion very high temperatures (T' = T5,) are required.
Here we consider the region of temperatures T' < T5. In this region, molecules
perform only translational and rotational motions. Then in the expression of
free energy (4.67) it is sufficient to keep two terms

F = —kNT {m (%Zt) +ln z} . (4.145)

Let us assume that translational and rotational motions are classical, i.e.
restrict ourselves to the region of temperature 7, < T < Ty. In this case, the
expression of the statistical integral (4.91) and (4.134) can be used, taking
account the polarization. Then free energy (4.145) takes the form

3/2
F = —kNT |In (%) <m§OT>
" ] (4.146)
CkoNT [In (22T g (SR ]
h? a /|
In the considered case entropy of a gas S = — (9F/9T)y, o equals
ha\]
S(€) = S(0) — koN [aL(a) ~In (%) , (4.147)

where S is entropy of a gas in the absence of an electric field:

3/2
S(0) = gk0N+koN [ln <—€V ) (mk0T> 2koT

+koN In (T) . (4.148)

N3 27

It can be shown that the function
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sha
o(a) =al(a) —In —, (4.149)
a
entering into the expression of entropy (4.147) is positive, i.e. as a result of
the polarization entropy decreases, which is associated with the rise of the
order at the expense of the orientation of dipoles along the field and, thereby,
with the decrease in chaoticity.

At small values of the field ¢ < 1, L(a) = a/3, sha =a+ “6—3. Then

2 2
p(a) = % = % (Z’—;) (4.150)
and )
S(€) = S(0) — ékoN (%) . (4.151)

Hence it follows that in ideal polar gases we can observe the electrocaloric
effect, analogous to the magnetocaloric one, and use it to lower the tempera-
ture of the gas. In order to obviously present this, in Fig. 4.9 the temperature
dependence of entropy in the absence (£ = 0) and presence (£ # 0) of an
electric field is adduced.

Assume that an ideal gas is found in state 1. Switch on an electric field,
and translate the gas from this state into state 2. At that, the gas is polarized
and entropy decreases. Further adiabatically translate the gas from state 2
into state 3. At that, temperature drops from T; to Ts. By repeating these
processes many times, the temperature of the gas can be significantly lowered.

4.5.3 Mean Value of Energy: Caloric Equation of State

From the expression of free energy (4.146) and from the definition of pressure
P = —(0F/0V), it is seen that the thermal equation of the state of a polar
ideal gas does not depend on the degree of polarization of the gas and has the
usual appearance of an ideal gas P = kgNT/V.

3 E#£0

|
|
1, :
|

0 T, T, T

Fig. 4.9. The temperature dependence of entropy in the absence and presence of
an electric field
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In contradistinction to the thermal equation, the caloric equation of the
state of a gas (the mean value of energy) sharply depends on the degree of
polarization and an electric field. Indeed, taking into account expressions of
the free energy (4.146) and entropy (4.147) in £ = F + TS, for the mean
value of energy (the caloric equation) of a two-atom gas we get

o gkoNT — Npo€L(a), (4.152)

where L(a) is the Langevin function [see (4.139)].

The first item in this expression is the mean energy of classical translational
and rotational motions, and the second item is the mean value of the potential
energy of N number of polar molecules in an external electric field £.

Inasmuch as in weak electric fields (a < 1) the Langevin function L(a) =
a/3 = pog/?)koT, then

E= §k0NT - —kONT (Z(’g) . (4.153)
0

In strong electric fields (@ > 1), inasmuch as ctha = 1 and the Langevin
function L(a) = (1 — 1/a), the mean energy has the appearance

E = §k0NT — Npo€|1-— kT | (4.154)
2 o€

4.5.4 Heat Capacity: Determination
of Electric Dipole Moment of Molecule

The heat capacity of a polar ideal gas can be calculated by substituting the
expression of entropy of a gas (4.147) into Cy = T (05/0T),, or the expression
of the mean energy of a gas (4.152) into Cy = (OE/JT),,. In both cases,
naturally, identical results are obtained:

5 0L(a) Oa
CV = ikON Npog a 8_T

(4.155)

Finally we get
5
Cy = §/€0N + k()NA(a), (4156)

where

Aa) =1+ a® — (actha)? = —(i)2 (4.157)

is the dimensionless function.
For weak electric fields (a < 1) it can be restricted to the first two terms
of the series in an expansion of the hyperbolic cotangent (4.140):

Ala) = <. (4.158)
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Fig. 4.10. The schematic plot of the A(a) - functions (see (4.157))

In strong electric fields (a > 1), inasmuch as cth a = 1, from (4.158) it follows
that A(a) = 1. Thus, like the function L(a), the function A(a) changes in the
range (0-1), with the disparity that at small values of the argument A(a) ~ a>
(compare Figs. 4.8 and 4.10).

Inasmuch as the function A(a) is always positive A(a) > 0, from (4.156)
it follows that the heat capacity in the presence of an electric field is always
larger: Cy(€) > Cy(0).

This conclusion can be explained as follows. In an electric field dipole
moments of molecules line up along the field, i.e. the gas is polarized. As tem-
perature rises dipoles are disordered and, thereby, entropy grows, inasmuch as
entropy is a monotonic function of temperature (05/0T) > 0. To effect disor-
der supplementary energy is required, as a result of which the heat capacity
increases.

In the considered temperature region (7, < T' < Ty) translational and
rotational motions are classical, and in the absence of an electric field (€ =
0) the heat capacity of a gas Cy(0) = 5/2koN. Taking this into account,
expression (4.156) can be presented in the form

Cv (&) - Cv(0)

2
o~ 5, (4.159)

Thus, in the region T, <« T < 7Ty, measuring the heat capacity in the
absence of an electric field Cy (0) and in its presence Cy (€), the left-hand
side of equation (4.159) can be experimentally determined. This experimen-
tally determined value is denoted by v = [Cy (€) — Cv(0)]/Cy(0). Knowing -,
it can be found that the root a = ag of the transcendental equation

1+a%— (actha)? = g% (4.160)
with the aid of which the electric dipole moment of a molecule can be

immediately determined

koT
Po = ~gao. (4.161)

Note that the above expressions adduced for energy (4.152) and heat capacity
(4.156) are only for two-atom polar gases.
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As for multi-atom (n > 2) non-linear molecules, the rotational degree of
freedom equals 3, and the heat capacity of such an ideal gas is calculated by
the formula

CV = 3]€0N + k()NA(a), (4162)

where Cy (0) = 3koN = 3R is the heat capacity of a gas in the absence of an
electric field (@ = 0). Then instead of (4.160) it can be written as

1+ a? — (actha)? = 3. (4.163)

Thus, to determine the dipole moment of a multi-atom molecule (n > 2) in
(4.161) roots need to be used (4.163), but not in (4.160).

4.6 Paramagnetic Ideal Gas in External Magnetic Field

4.6.1 Classical Case

The statement of the problem in the present section is analogous to the preced-
ing one. It is supposed that an ideal gas of volume V', consisting of N number
of particles (molecules) with the intrinsic magnetic dipole moment g, is found
in an external uniform magnetic field H. It is known that the potential energy
of a dipole p in an external magnetic field has the appearance

U=—(uH)=—uH cos 6, (4.164)

where 6 is the angle between the magnetic dipole moment g and the magnetic
field H.

Inasmuch as in the absence of an external magnetic field, magnetic dipoles
in the volume occupied are distributed chaotically, as a whole, the gas is not
magnetized, i.e. the magnetization vector M = 0.

Under action of the field, dipoles line up along the field owing to the
condition of minimality of the potential energy. As a result of this, the gas
as a whole is magnetized, i.e. the dipole moment accounting for the unit of
volume — the magnetization vector — becomes distinct from zero M # 0.

Let us investigate the thermodynamic properties of such a magnetized
state of an ideal gas. In particular, let us calculate the mean value of the
magnetization vector

M=> p, (4.165)

where the summation is conducted over all magnetic dipoles found in the unit
of volume.

It is evident that the magnetization vector is directed along the external
magnetic field, and its numerical value equals

M = npu cos 6, (4.166)
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where n is the concentration of magnetic dipoles, and p cos @ is the mean value
of the projection of an arbitrary dipole in the direction of the magnetic field.

The statistically mean value of the magnetization vector in a paramagnetic
ideal gas was computed by the French physicist Paul Langevin for the first
time in 1905. It is supposed that all molecules have an identical magnetic
dipole moment, and to calculate M, according to (4.166), it is sufficient to
calculate the mean value cos 6. In 1905, when quantum mechanics as a science
did not exist, it was supposed that in a magnetic field dipoles can be found
at any angle 0, i.e. cosf in the range 0—-1 can take on any value. Using the
expression of potential energy (4.164), Paul Langevin calculated cosf on the
strength of the Boltzmann distribution and, thereby, found the mean value
of the magnetization vector. At first, let us consider the classical method
proposed by Langevin.

In the absence of a magnetic field magnetic dipoles are positioned chaot-
ically, i.e. the probability of finding a magnetic dipole in any direction is
identical.

In the presence of an external magnetic field H every possible direction
of a magnetic dipole is non-equally probable. In this case, the distribution is
determined by the Boltzmann distribution function, corresponding to (4.164).
It is evident that the probability of the fact that the direction of the magnetic
dipole is found in an element of the solid angle dQ2 = sin §dfdy ought to
be proportional to d€2. As a result, the probability of the magnetic dipole p
found in the element of the solid angle d€2 is

W (6)ds2, (4.167)

where
_u® BH g
W(0) =Ae ®oT = AehoT (4.168)

is the probability of formation of an angle § between the magnetic dipole and
a magnetic field. The normalizing constant A is determined from the condition

27 s
/W(a)dn = A/d¢/eb cosfgin 9dh = 1. (4.169)
0 0

Hence it can be easily found that

where o
W
b=—. 4.171
roT ( )

As aresult, for the mean value of the projection of the magnetic dipole moment
p on the direction of a magnetic field H we have
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T

p cos 0 = /u cos 6 W (0)d2 = %} /cos 6 e < ¥sin 0 d. (4.172)
0

Introducing the notation cosf = x, we get

™

/cos 6eb s fsin §do = %

|
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Then from the two latter expressions we finally get
wcos 0 = pL(b), (4.174)

where 1
L(b) = cthb — 5 (4.175)

is the Langevin function.
From (4.166) and (4.174) the statistical mean value of the magnetization
vector can be found:
M = nuL(b). (4.176)

The limiting value and its dependence on the argument are schematically
presented in Fig. 4.8 (see Sect. 4.5). If we take into account that in a weak
magnetic field at high temperatures b = pH /koT < 1 and L(b) ~ b/3, for the
mean value of the magnetization vector we get from (4.176)

1 H
M = —nub= i

3 T (4.177)

This dependence (M ~ H/T) of the mean value of the magnetization on a
magnetic field and temperature corresponds to the Curie experimental law,
established in 1895.

Note that the mean value of the magnetization vector (4.176) can be
obtained also with the aid of the Gibbs method (analogous calculations are
adduced in Sect. 4.5), calculating F', and using the relationship

1 (OF
=1 (8_H> . (4.178)

4.6.2 Quantum Case

Up to now we reasoned classically, supposing that the magnetic moment of a
molecule in an external magnetic field can form any angle with the magnetic
field; in other words, we regarded that the projection of the magnetic dipole
moment in the direction of the magnetic field can take on any value. How-
ever, after the rise of quantum mechanics it became known that the magnetic
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moment of a molecule (the moment formed at the expense of spin and orbital
motions) cannot form any angle; therefore the projection of the magnetic
moment in the direction of the field takes on only discrete values.

For simplicity, assume that magnetic moments of molecules forming a gas
correspond to the intrinsic moment (the spin) of electrons: sh, where i =
h/2m, h is the Planck constant, and s is an integer or semi-integer number.
Along the magnetic field H the possible number of projections of moments
shis (2s + 1), i.e. projections along the magnetic field can take on values jh,
where j takes on values —s(—s+1),...,(s—1),s.

From quantum mechanics it is also known that energy corresponds to the
magnetic moment of a molecule placed in a magnetic field H.

e = —2jupH, (4.179)

where up = eh/2mc = 0.927 x 1072° erg/G is the Borh magneton.

Consequently, the energy spectrum of a molecule having the spin sh
consists of (2s + 1) levels.

In order to determine the magnetization of a gas, with regard to discrete-
ness of the energy spectrum (4.179), use the Gibbs method. To do this it is
necessary to calculate the free energy F entering into (4.178) on the basis of
the spectrum (4.179).

The free energy of an ideal gas consisting of N molecules has the appear-

ance
F=—kTN In z, (4.180)

where z is the statistical integral or statistical sum of one molecule which can
be presented in the form
z=20-2H, (4.181)

where zq is the statistical integral of a molecule in the absence of a magnetic
field, zy is the statistical sum associated with the discreteness of spectrum
(4.179) in a magnetic field. The computation of zg is adduced in Sect. 4.4.
Therefore it is sufficient to calculate zp, i.e. the statistical sum:

S S
= 3 s/ = § einnH/koT (4.182)

Jj=—s j=—s
If we take into account (4.181) in (4.180), we get
F =Fy+ Fy, (4.183)

where Fj is the free energy in the absence of a magnetic field (H = 0), Fpy is
the free energy, being determining by the statistical sum zpy and depending
on a magnetic field:

FH = —koTN In ZH- (4184)
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Magnetization

Having substituted (4.183) and (4.184) into the definition of magnetization
(4.178) and having taken into account that Fy does not depend on a magnetic
field, for the magnetization we get

0
M =nkoT | =1 4.185
ot (g en) e
where n = N/V is the concentration of molecules of a gas.

To calculate the statistical sum (4.182) introduce the notation

uH
= . 4.1
a ToT (4.186)

Then sum (4.182) can be presented in the open form:

s
2y = Z eQaj _ e—2as +e—2a(s—1) +e—2a(s—2) 4.
j=—s

+672a+1+62a+e+4a+...+62as:672115 |:1+62a+e4a+._.

+62a(371) + eQas + eQa(erl) +62a(s+2) NI e4as:| ] (4187)

To calculate the sum of the geometric progression, entering into (4.187) and
consisting of (2s + 1) terms, make use of the formula

n
-1
Zalq =g (1+g+P+ g "—1)=a1qq_1 (4.188)
From comparison (4.188) with (4.187) it is seen that
ap =e 2% g =e?n=2s+1. (4.189)
Then we get
2a(2s+1) _
R e 1 sh [(2s+ 1)a]. (4.190)

e2a _ 1] sha

If we take into account (4.184) and (4.186), the magnetic part of the free
energy takes the form:

sh (2 + 1)a] sh (25 + 1) (us H) /Ko T]
Fg=—-k/IN1 —:—kTNl
i 0 . { sha 0 . sh (usH /koT)
(4.191)
Taking into account (4.190) in (4.185), for the magnetization of a gas we get

M =n(2s+ 1)upBs(H), (4.192)
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where

By(H) = cth [(25 1) ’:jﬂ - (251+ Feth (’gg) (4.193)

is the generalized Brillouin function, which is the quantum analogue of the
Langevin function.

Show that in the quasi-classical case function (4.193) passes into (4.175),
and magnetization (4.192), conformably, into (4.176). Indeed, in the quasi-
classical approximation, s — oo, i — 0 and ug — 0 are the conditions of
continuity of the energy spectrum. If we introduce the notation (2s + 1) ug —
u and take into account that cth (ugH /koT) = koT /upH, the Brillouin func-
tion (4.193) passes into the Langevin function (4.175) and expressions (4.192)
and (4.176) coincide.

In the other limiting case (s = 1/2), the expression (4.193) can be
presented in the form

/LBH 1 /LBH
By, (H)=cth |2 — —cth . 4.194
o) = can (25220) = Joan (2270 (1194)
If we use the known trigonometric formula cth2x = (1 -+ cthzx)/Qcth x,

(4.194) takes the form

1 H
By (H) = 5th (%) , (4.195)

and the magnetization equals

psH
= . 4.1
M = nugth ( hoT ) (4.196)

In the region of high temperatures and weak magnetic fields, when the condi-
tion pupH /koT < 1 is fulfilled, the Brillouin function (4.193) takes the form

_ 4s(s+1) upH
By(H) = 325 1) koT (4.197)

and magnetization (4.192) equals

4s(s+1)nu3 H H
M=——-7" ~—. 4.198
3 kol T ( )

At s = 1/2 magnetization has the appearance

2
nugH
M = 4.199
koT ~ ( )

which coincides with the result obtained from (4.196) for the considered case.
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The dependence of magnetization on a magnetic field and temperature in
the form (4.198) or (4.199) was experimentally corroborated by the French
physicist Pierre Curie in 1895 and bears the name the Curie law.

In the region of low temperatures and strong magnetic fields, when the
condition up H /koT > 1 is fulfilled, Brillouin function (4.193) does not depend
on a magnetic field, and takes the form

2s

B(H) = 7=

(4.200)

In this case, as is seen from (4.192), magnetization is saturated to the value
M = 2snug. (4.201)

The plot of the Brillouin function (4.193) in a wide region of the parameter
a = upH /koT for different values of s is adduced in Fig. 4.11.

In conclusion, note that using the expression of the magnetic part of the
free energy (4.191), mean energy, entropy and heat capacity of a paramagnetic
gas in a magnetic field can also be calculated.

Entropy, Mean Energy and Heat Capacity

Using the expression for the total free energy (4.183), with regard to (4.191)
for entropy of a paramagnetic gas S = — (0F/9T)y, y, we get:

S(H) = S(0) — koNy(H), (4.202)

where S(0) = — (0Fy/0T),, ;; is entropy of a paramagnetic gas in the absence
of a magnetic field, and the function ¢(H) equals

_ sh(2s+ 1)a
w(H) = (284 1)aBs(H,T) — In [(23 n l)sha} ) (4.203)
By (H)
10 s =252
s =52
0.8

0.6

0.4t

0.2

0 1 2 3 4 a

Fig. 4.11. The plot of the Brillouin function
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It can be shown that the function ¢(H), entering into the expression of entropy
(4.202), is positive; therefore, at the expense of magnetization, entropy of a
gas in a magnetic field decreases, since dipoles in a magnetic field orientising
themselves create a certain order and the chaoticity decreases.

At small values of the magnetic field and at high temperatures, when
a < 1, using (4.197) and expanding the hyperbolic sine, for entropy we get

As(s+1) [ psH\’
H) = — koN . 4.204
(1) = 50) ~ ko S (420 (1.204)
In particular, at s = 1/2
H 2
S(H) = S(0) — koN (“B ) . (4.205)
koT

The decrease in entropy in the magnetic field leads to the rise of the mag-
netocaloric effect, which is used to produce ultra-low temperatures (see
Sect. 2.8).

Using the expression of free energy (4.191) and entropy (4.202), for the
mean energy of a paramagnetic gas in a magnetic field we get:

E(H) = By — (25 + 1)Nug HBo(H), (4.206)

where F(0) is energy of the gas in the absence of a magnetic field.
In the case of weak magnetic fields (¢ < 1), according to (4.197),
expression (4.206) takes the form

4 1 H\?
E(H)=Ey— %N%T (AI?Z)T ) . (4.207)

In the region of low temperatures and strong magnetic fields, when the condi-
tion pupH /koT > 1 is fulfilled, according to (4.200) and (4.206), the magnetic
part of energy does not depend on temperature

E(H) — Eo = —2sNpugH, (4.208)

If we use the expression of mean energy (4.206), for heat capacity of a gas in
a magnetic field we get:

0 0
Cy (H) = Cv(0) — (25 + 1) NupH — By (H,T)] o=, (4.209)
Oa or
where Cy (0) is heat capacity in the absence of a magnetic field. If the explicit
form of the Brillouin function (4.193) is taken into account, the expression for
heat capacity (4.209) takes the form

Cy (H) = Cy(0) + koN A(a), (4.210)
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a \2 (25 + 1) sha 1°
A =(— l1—-|—— 4.211
(a) (sha) { Lh [(28+1)a]} } (4:211)
is the dimensionless function.

It can be shown that the function A(a) is positive. In particular, at weak
magnetic fields (a < 1), expanding the hyperbolic sine, we get

where

4s(s+1) o2

Ala) = 3

(4.212)

Then in this approximation heat capacity of a paramagnetic ideal gas has the
appearance

2
Cy(H) = Oy (0) + 26D (“BH) . (4.213)
3 koT
Hence it is seen that the magnetic part of heat capacity of an ideal param-
agnetic gas in a weak magnetic field (e < 1) quadratically grows: Cy (H) >
Cv(0).

This result is explained by the fact that magnetic dipoles are oriented
along the magnetic field and as temperature rises this orientation is partially
destroyed. A supplementary energy is expended for the process of destruction
of the order and, thereby, heat capacity grows.

In the other limiting case of strong magnetic fields and low temperatures
(a> 1), as is seen from (4.210), the function A(a) tends to zero.

Plots of the function A(a) in a wide region of the parameter a = ug H /koT
for different values of s are adduced in Fig. 4.12. It is seen that this function,
determining the magnetic part of heat capacity, has a maximum threat with
the growth of s and the maximum displacement is towards the small values
of the parameter a, i.e. towards the weak magnetic fields.

A:Ea())'i Aa)
' 0.2
s = 25/2

osk 0.15
0.1
0.6 S:5/2 0.05

0.4 “

0.2 s =32
s =1/2
1 1 1 >
0 1 2 3 4 a

Fig. 4.12. Plots of the function A(a) in a wide region of the parameter a for different
values of s (see (4.211))
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Thus, the magnetic part of heat capacity of a paramagnetic gas with the
growth of the magnetic field (at the pre-assigned value of temperature) grows
quadratically first and, passing through the maximum, in very strong magnetic
fields tends to zero.

The non-monotonic dependence of the magnetic part of heat capacity is a
purely quantum effect and is easily explained by the quantization of energy
of the magnetic dipole in a magnetic field [see (4.179)].

4.7 Systems with Negative Absolute Temperature

We introduced the concept of absolute temperature in Sect. 1.8 of the first
chapter [see (1.145)]. There it was shown that in the thermodynamically
steady state the absolute temperature ought not to be negative (Sect. 1.8,
point 4).

This result for systems called “normal systems” follows also from expres-
sions of the statistical integral or statistical sum composing the basis of the
Gibbs method. “Normal systems” are systems in which energy of the particles
forming them is restricted from below but not from above, i.e energy can take
on infinitely large values:

Emin < € < 00. (4.214)

In the classical case, energy of all three types of motion (translational, rota-
tional and vibrational) of particles forming a system equals zero: emyin, = 0.
In the quantum case, conformable to expressions (4.74), (4.94) and (4.106),
energy takes on the following values:
232
TR hw
Ernin = o2 Emin = U5 Emin = & (4.215)

In both cases, energy is not restricted from above (¢ — 00).

Indeed, for “normal systems”, satisfying condition (4.214), in order that
the statistical integral

Zo = / e~ Blapn)/koTqq qp (4.216)

and the statistical sum
Z =" e bnikol (4.217)

n

at large values of energy do not diverge, temperature ought to be only positive
(T > 0).

However, systems exist in which energy of particles corresponding to some
degrees of freedom changes in the finite range, i.e. energy is restricted both
from above and from below:

Emin S € S €max- (4218)
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Such systems are called “anomalous systems”. For such systems the statistical
integral (4.216) and the statistical sum (4.217) at any value (—oo < T < +00)
of temperature take on finite values. Consequently, the state of a system with
negative absolute temperature (7' < 0) is possible.

Consider a simplest system satisfying condition (4.218). Assume that the
considered system, consisting of N number of molecules with the magnetic
dipole moment g, is placed in an external uniform magnetic field H. It is
supposed that the interaction between molecules (simultaneously, between
dipoles) is rather weak.

In the classical case, as is seen from (4.214), energy of a magnetic dipole
(a molecule) p depending on the angle 6, formed between the dipole and the
magnetic field H, continuously changes from —uH to +uH

—pH <e<uH. (4.219)

In the quantum case, as is seen from (4.179), energy of a magnetic dipole (a
molecule) depending on the value of s

—2supH < e < 2sugH (4.220)

takes on (2s 4 1) number of discrete values. Consequently, the magnetic part
of energy of the considered system is restricted both from below e, =
—2supNH = —NpH and from above ey = +2supNH = NuH.

Consider the thermodynamic properties of a system, the energy spectrum
of which is restricted by condition (4.220). To do this, at first find the free
energy. The expression of the free energy associated with the magnetic field is
determined by formula (4.184) with regard to (4.190). Having combined these
expressions, for free energy we get

B (2s 4+ 1)uH wH
Fy =—koT'N {ln sh [ ol In sh W) [ (4.221)

where the notation p = pp is introduced.
For simplicity, consider only two-level systems, i.e. systems with s = 1/2
(Fig. 4.13). In this case, the expression of the free energy takes the simple form

H
Fy = —koTN In |2ch | 25 )] (4.222)
koT
where the known formula sh2x = 2shz - chx is used. On the strength of

(4.222) with S = — (0Fy /0T), mean energy E = Fy + TS and heat capacity
Cy = —(0E/OT),,, entropy can be calculated as

wH pH  uH
=koN |In 2 — | = —th— 4.22
S = ko [n ch <k0T> koTthkoT} , (4.223)
uH
E=—-uHNth—r: 4.224
1 T (4.224)
pH kT 1?
=koN | ————— 4.22
Cv =ko [ch (,uH/koT)} (4.225)
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Ny Emax = +UH
________ e=0
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Fig. 4.13. The splitting of the energy levels in a magnetic field
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Fig. 4.14. The temperature dependence of the two-level system energy

Before analyzing the expressions of entropy and mean energy, consider the
distribution of N number of particles over levels shown in Fig. 4.13.

For the number of particles N7 and N, at the lower and upper levels,
respectively, it can be written

Ny = N e—cmin/koT — N guH/koT
Ny = N e €max/koT — N g—wH/koT (4226)
Hence, for N1/Ny we get Ni/No = e21H/koT " Tf we solve this equation in
conjunction with the condition Ny + Ny = N, we get

N eiH /koT N e—#H/koT

Y Ny = 4.227
2chpH [T~ 2chpH [koT (4.227)

Ny

Inasmuch as the energy spectrum of a system is restricted from below and
above according to (4.220), parameters characterizing the system (E, S, Cy, Ny
and Ns) take on finite values in all the temperature ranges —oco < T' < +00.

For the sake of clarity, we graphically present the temperature dependence
of indicated parameters.

In Fig. 4.14 temperature dependence of energy is presented (4.224), from
which it is seen that the minimum energy (—uHN) corresponds to temperature
T — 40, and the maximum energy (+upHN) corresponds to temperature
T — —0. Hence, it follows that higher values of energy correspond to the
negative region of temperature (Fig. 4.15).

From the energy point of view, limiting states corresponding to tempera-
tures T' = 400 and T' = —oo are equivalent. In both cases, the mean energy of
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Fig. 4.15. Comparison of energy and temperature scales of two-level system
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Fig. 4.16. The distribution of particles on levels depending on energy and
temperature

the system E = 0, inasmuch as in this case half of the particles N /2 are found
at the level —pH and the other half N/2 at the level +pH. In Fig. 4.16 the
distribution of particles depending on energy and temperature is presented.
As is seen in the negative temperature region the number of particles Ny at
the upper level is larger than the number of particles N; at the lower level,
i.e. inversion occurs in the distribution.

In order to pass from the positive region of temperature into the negative
one, it is necessary not to decrease energy, but, on the contrary, to increase it,
in order that temperature increases T'— +o0o. Limiting states of temperature
400 and —oo correspond to equivalent states, and T' — 40 and T — —0,
from the energy point of view, correspond to extreme limiting states. In other
words, inasmuch as the absolute zero (T' — +0) is impossible to produce (the
Nernst theorem), it is also impossible to immediately pass into the state with
T — —0. Thus, in order to produce the state with 7" — —0, it is necessary to
pass through the state with ' — toc0 (Fig. 4.17).

As is seen from this figure, it is impossible to approach the point 7' = 0
either from the right or from the left (the point 7' = 0 is the special point);
as energy rises, beginning from the state —oo, which is equavalent to +oo, it
can approach T — —0.

We now analyse the dependence of entropy of the system on temperature
and energy. A plot of the dependence, constructed on the basis of expression
(4.223), is presented in Fig. 4.18. Inasmuch as energy rises from —uHN to 0,
entropy S also grows and (0S/0F) = 1/T > 0, and as energy rises from 0 to
+uHN, entropy S decreases and (0S/0FE) = 1/T < 0.
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Fig. 4.17. The temperature dependence of the two-level system energy
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Fig. 4.18. The entropy dependence on the energy and temperature

Note that in the state T — +0 entropy equals zero, inasmuch as in the
system there exists order: as T'— +0 all magnetic dipoles are directed along
the magnetic field, and as T — —0 they all are directed against the field
(see Fig. 4.16). As T — £oo half of the dipoles are directed along the field
and the other half are against the field (Fig. 4.16), i.e. the system is com-
pletely disordered (chaotic) and entropy takes on values S = Spax = koN In 2
(Fig. 4.18).

An analysis of the expression of heat capacity (4.225) shows that at
wH koT = +0 (T' — +oo) the heat capacity Cy equals zero. Outside this
point Cy exponentially grows, and passing through the maximum, finally
decreases. From the condition of maximum heat capacity Cy

pH N (pE G (R
o (12 — (Y (222 (s

it can be found that

wH uH
B2 oo Ty =+ .
kol 0= T ok

(4.229)

Calculations show that the heat capacity at the point of the maximum takes
on the value
Cy(Ty) = 0.44 kgN. (4.230)

In conclusion, note that the states corresponding to the negative absolute
temperature are not steady. If subsystems of this system interact between
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themselves, the system fast passes into the equilibrium state (T' > 0).
Therefore, states with 7" < 0 are not long-lasting. In order to produce a state
with negative absolute temperature, it is nedeed to act as follows. Assume
that all magnetic moments of the system are directed along the magnetic
field. This corresponds to the state with T" = 40. The direction of the mag-
netic field can be instantly changed to the opposite direction so that magnetic
moments would have no time to change their direction. Till magnetic dipole
moments that are relaxing do not pass into the steady state with 7" > 0, the
system in the course of a very small time interval is found in a state with
negative absolute temperature.

This process, i.e. “the inversion” of the distribution of moments, is used
when creating lasers. This state of “inversion” is frequently realized optically.



5

Non-Ideals Gases

Summary. This chapter is devoted to the application of the Gibbs method to non-
ideal — real — molecular gases. At first, the equation of the state of rarefied gases,
molecules of which interact weakly among themselves, is derived in the general
form. Thereupon, thermodynamics of a non-ideal gas of the van der Waals type
is considered. In concluding the chapter, plasma — a neutral gas in which Coulomb
interaction exists between particles — is considered. In this case, the method of Debye
screening is used.

5.1 Equation of State of Rarefied Real Gases

Consider a gas of volume V consisting of N number of molecules. Assume
that the motion of molecules of the gas obeys the laws of classical mechanics,
and their concentration N /V is sufficiently small (a rarefied gas) so that the
energy of the interaction u,; between two molecules is much less than the
mean kinetic energy of the molecules &:

Uik /€ < 1. (5.1)

By applying the Gibbs method in approximation (5.1), we find the equation of
the state of such a gas. The essence of the Gibbs method is given in Chap. 3.
According to this method, the equation of the state of a system (a gas) can
be found by knowing the explicit form of the free energy:

() 52

The free energy is related to the statistical integral Z by the relationship

F=—kT Z (5.3)
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Therefore, it is necessary to calculate the statistical integral

1 - (dgdp)
A E(q,p)/koT 22— L) 4
N!/ (2mh)3N”’ (54)

where E(g, p) is the total internal energy of the system, and (dgdp) is an
element of volume in the phase space. In the classical case, the total energy
can be presented as the sum of kinetic and potential energies:

N
1
Z% pwc +p12y +p12z)+U(r17r27---arN)7 (55)
=1
where m is the reduced mass of a molecule, U(ry, 72,...,ry) is the potential

energy of interaction of molecules of a gas as a whole, and p; and r; are the
impulse and radius vectors of the centre of mass of the ith molecule. Here and
henceforth, the generalized coordinates of a molecule are denoted by 7. It is
assumed that an external field is absent.
On substituting (5.5) into (5.4), we get
,_ 1 / ~ater 2 GRARATE) o b g
= W € (dp) / e (dr),
(5.6)
where it is taken that (dp) = dp,dp, ...dpy and (dr) = dridry ... dry.
We introduce the concept of the configurational integral

1 U(T’l,’l"g,...,’l"N)
N = T /exp {— "ol } dridrs,...,dry, (5.7)

which is determined by energy of interaction between molecules U(ry, 72,. . .,
ry) depending on the configuration of particles of a gas, i.e. on the radius
vector 7; of each molecule.

Then, the statistical integral (5.6) can be presented in the form

Z = Zi - Zn. (5.8)

where Ziq is the statistical integral of an ideal gas (see Sect. 4.1). In the absence
of interaction between molecules, when U =0, then Zy =1 and Z = Zy,.
If we insert (5.8) in (5.3), for the free energy we get

F = Fid — koT In ZN, (59)

where Fiqg= — koT'In Ziq is the free energy of an ideal gas. From (5.2) and
(5.9), we get the equation of state of a non-ideal gas:

0
P=Puy+thT (- 2Zy) , 1
ko (av“ N)T (5.10)
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where

Pa=-— (aFid> — NkoT (5.11)
ov ) \%

is the known equation of state of an ideal gas.

Thus, the problem of finding the explicit form of the equation of state of
a real gas is reduced to the calculation of the configurational integral Zy. As
is seen from (5.7), to calculate the configurational integral it is necessary to
know the explicit form of the energy of interaction U. However, it is known
that a universal form of the function U applicable to all systems does not exist.
The explicit form of the function U depends on the nature of interaction of
particles forming the system. Therefore, in order to calculate Zy it is necessary
to make supplementary assumptions about the function U(ry, 72, ..., Tn), i.€.
about the interaction between particles.

Assume that the total energy of interaction U can be presented as the sum
of energies u;; of the pair-wise interactions of molecules:

1,N
U=> u. (5.12)

i<k

On the basis of this assumption, Zx can be presented in the form

1 —%ENUHC/]CQT
In = W/e i<k dry,drs, ..., dry (5.13)

or

N = %/drl/drge*"”/kOT‘/drge*(“13+“23)/’“0T

(5.14)
”./d,r.Ne*(UlN‘f’UzN‘f"”‘f’uN—l,N)/kOT.

If the integral corresponding to an arbitrary kth molecule is denoted by

Ji = /drk exp BCIL R A e , (5.15)
koT
we get
N
IN =5 117+ (5.16)
k=1

Thus, in order to calculate Zy it is necessary to find the integral Ji. To do
this, we introduce the supplementary function

Vit = e vik/koT 1 (5.17)
which characterises the interaction between particles, too. Indeed, if u; =0,
then v;; =0, and if uy # 0, then ~y; # 0. The integral Ji can be expressed

by the function ~;; as follows:
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Ji Z/df‘k(l—‘y—’ylk)(l—‘r’ygk)...(l—k’yk_l,k). (5.18)

On multiplication of the brackets, we get

1,k—1

Jp = /drk 1+ Z%k + Z Yikvik + - |- (5.19)

i#£l

The first integral corresponds to an ideal gas (v; =0) and is equal to the

volume of a gas:
JN = drk =V = @ (5.20)

In this case, in the sphere of action of a molecule other molecules are
absent. By inserting (5.20) in (5.16), we get Zy =1.
The second integral in (5.19), i.e

k—1
7 = / (Z %k> dry = (5.21)
i=1

corresponds to the case when an arbitrary kth molecule interacts with only
one molecule, i.e. in the sphere of action of the kth molecule only one molecule
is found.

The third integral in (5.19), i.e

1,k—1

J]gg) =/ Z Yik Yik drk = (5.22)

il

corresponds to a state in which an arbitrary molecule k£ simultaneously inter-
acts with only two molecules, i.e. in the sphere of action of the kth molecule
two molecules are found.

Subsequent integrals correspond to states in which three, four and more
molecules are found in the sphere of action of an arbitrary kth molecule at
the same time.

Here we consider a rarefied real gas and assume that the concentration
of the gas is so small that in the sphere of action of each molecule only one
molecule is found. Then, we can restrict (5.19) to only the first two terms:

k—1
Ji = / <1 + Z%k> dry, (5.23)

=1

because, according to the assumptions, if v, # 0, then ~y;, = 0.
In order to continue the calculations, i.e. to calculate the integral (5.23),
it is necessary to introduce a supplementary assumption of the function -,
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i.e. the potential of interaction u;;. Assume that the potential u;; does not
depend on the position of a molecule in the space r; and r; separately and is
determined only by the distance between them, i.e. a spherically symmetric
interaction takes place:

wir, = Uik ([T — 74]) = wir(r), (5.24)

and, correspondingly, vir = Vi (7).

In (5.23), we can change over to the spherical coordinate system and inte-
grate over the angles. As a result, in the expression (5.23) we keep the integral
which depends only on the distance between two arbitrary molecules (indices
i and k are omitted)

Jp =V =2(k-1)B(T), (5.25)
where )
B(T) = —5/7(7“)47rr2dr (5.26)

is a function that depends only on temperature; the factor (—1/2) is intro-
duced for convenience. The value of B(T) is determined by the explicit form
of the function ~y(r) and, consequently, by the dependence of the function u(r)
on the distance between the molecules:

y(r) = e~ wM/kT _q (5.27)

Not considering the explicit form of the function u(r), substitute (5.25) into
(5.16). Then we get

N N
ZN:V—1NH[V—2(k—1 H[1—2 @} (5.28)
k=1 k=1
Hence N
0 Zy =3I |12k - 1)2T)
In Zy ;1 [1 2(k—1)=; } (5.29)

In the case of an ideal gas, v(r) =0, and therefore B(T)=0 and In Zy =0.
Because the gas is rarefied, the function B(T) is a sufficiently small quantity
and therefore it can be taken that

NB(T)

1. 5.30
7 < (5.30)

Then, in (5.29) the following approximation can be used:

B(T) B(T)
In|l—-2k—-1)—|~=-2(k—1)—=. 5.31
n [ (k= 1)= } (k=1)=; (5.31)
As a result, (5.29) takes the form
N

In Zy = —2B‘§T) (k—1)= —QB‘ﬁT) [N(N; D _ N} (5.32)

k=1
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or, for very large NV

In Zy = —N(N — 1)@ ~ NP (5.33)

On substituting (5.33) in (5.9), for the free energy of a real rarefied gas we

get the simple expression

B(T)
v

By substituting (5.34) into (5.2) or (5.33) into (5.10), we get the expression

for pressure of a real gas, i.e. the thermal equation of state:

F = Fq + koTN? (5.34)

N N\?
P = kT3 + kT <7> B(T). (5.35)

If we present (5.35) in the form

P =kT , (5.36)

Yoy (X'

we notice that pressure of a gas is obtained as an expansion of the function
in powers of the concentration of a gas N /V.

The first item corresponds to an ideal gas, and the second item cor-
responds to the case in which in the sphere of action of a molecule only
one molecule is found. If in (5.19) we keep the terms corresponding to the
fact that in the sphere of action of each molecule two, three and more
molecules are found, intuitively the following infinite series can be written for

pressure:
% + B(T) (g)z +O(T) (g)g T

Here, the first term corresponds to an ideal gas, and the second and third
terms describe the case in which in the sphere of action of each molecule one
or two molecules, respectively, are found. Coefficients B(T') and C(T) entering
into the equation of state and characterizing the interaction of molecules are
called second and third virial coefficients, respectively.

Thus, if we calculate all virial coefficients, we can find the equation of state
of a real gas in the form of a series in powers of the concentration N/V.

Here and in subsequent sections, we restrict ourselves only to the sec-
ond virial coefficient in the equation of state (5.37), i.e. we make use of the
approximate expressions (5.34) and (5.36).

P =koT (5.37)
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In the given approximation, the entropy of a real gas, the caloric equation
of state and the heat capacity can be expressed by the second virial coefficient
B(T):

B(T) N2 (9B
Q. _ 27\ 2=
S = S~ koN> == — kT <8T> , (5.38)
N? (0B
B = B~ kT’ (6T>, (5.39)
: N? /0B N? /0°B
_ id =Y 2" [+
Cv = Cf — 2k T <8T> kT <8T2>, (5.40)

where Siq is the entropy, Fig = 3koNT'/2 is the energy and C%}i =3koN /2 is the
heat capacity of an ideal gas. It is seen that to construct the thermodynamics
of a non-ideal gas, it is necessary to know the explicit form of the function
B(T).

In conclusion, we once more recall the conditions under which the obtained
results, i.e. expressions (5.34), (5.36), (5.38), (5.39) and (5.40), are justified.
They are as follows:

1. The motion of the molecules forming a gas ought to obey classical laws.
2. The energy of interaction between molecules ought to be much less than
the kinetic energy of motion (5.1).

An external field is absent (5.5).

4. The total potential energy of a gas can be presented as the sum of energies
of pair-wise interactions of molecules (5.12).

5. A gas ought to be sufficiently rarefied so that each molecule would interact
with only one other molecule, i.e. in the sphere of action only one molecule
would be found (5.23).

6. The energy of interaction between two molecules depends only on the
distance between them (5.24).

w

Note that even with the six simplifying assumptions introduced above, it is
impossible to solve the problem completely, i.e. it is impossible to determine
the dependence of the pressure, mean energy, entropy and heat capacity on
temperature. To do this, it is necessary to know the explicit form of the
function B(T'). Section 5.2 is devoted to this problem in the case of a non-ideal
van der Waals gas.

At a specified temperature where B(Tg) =0, the thermodynamic proper-
ties of a real gas (in particular, its isotherm) coincide with those of an ideal
gas. The temperature Ty satisfying the equation

B(Tg) =0, (5.41)

is called the Boyle temperature.
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5.2 Second Virial Coefficient and Thermodynamics
of Van Der Waals Gas

In Sect. 5.1 we showed that to construct the thermodynamics of a non-ideal
gas it is necessary to calculate the function B(T"). To do this, as is seen from
(5.26) and (5.27), it is required to know the explicit form of the potential of
interaction u(r) between molecules:

oo

1
B(T) = 5 / (1 - e“(r)/kOT) Amr2dr. (5.42)
0

For the potential of interaction of two molecules u(r), different models exist.
Among them the van der Waals model is the most commonly used. This
interaction can be described as follows: each molecule of a real gas is presented
as a spherically symmetric neutral particle. At very close distances, when
the distance between the centres of the molecules is equal to their diameter,
and electron clouds touch, a strong repulsion arises as a result of the elastic
deformation between molecules. At distances larger than their diameter, a
force of attraction — the van der Waals force (Fig. 5.1) — arises between them.

The rise of the van der Waals force can be presented as follows: in a
molecule that does not possess an electric dipole moment, as a result of fluc-
tuations, the symmetry of distribution of electrical charges inside the molecule
can be instantaneously violated and an instantaneous electric dipole moment
arises in the molecule. This electric dipole moment can induce a similar dipole
moment in an adjacent molecule. As a result, a dipole—dipole interaction arises
between adjacent molecules.

The potential in the case where the molecules interact via the medium of
van der Waals forces (Fig. 5.1) can be presented in the form

u(r):{—koo 0<r<d (5.43)

—ug (d/r)™ d<r < oo,

u(r)

Fig. 5.1. The van der Waals interaction potential dependence on the distances
between of two molecules
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y(r)

0 d r

Fig. 5.2. A plot of the function v(r) [see (5.27)]

where d is the diameter of a molecule, r is the distance between the centres of
adjacent molecules, ug is the maximum potential of attraction, and m is an
integer greater than 3 (m > 3).

A plot of the function ~(r) [see (5.27)] corresponding to the model
presented in Fig. 5.1 is schematically shown in Fig. 5.2.

We use this model to calculate the second virial coefficient B(T'). A real
gas corresponding to this model is called a van der Waals gas.

In conformity with Fig. 5.1 and formula (5.43), boundaries of integration
n (5.42) to calculate B(T') can be subdivided into two regions:

d 0o
1 1
B(T) = 3 /47‘('7”2(17“ + 5/ (1 — elu(r)l/kOT) 4rr2dr. (5.44)
0 d

Here, the first integral corresponds to the repulsion between molecules, and
the second integral corresponds to their attraction. The first integral gives
the quadrupled volume of a molecule. The exponent entering into the second
integral can be expanded into a series, since in the range d < r < oo the
inequality u < koT is fulfilled. As a result, we get

B(T) = 4vg — —/|u | r2dr, (5.45)

3. e .
where vy = %’r (%) is the intrinsic volume of a spherical molecule. In order to
derive the van der Waals equation of state for real gases, we substitute (5.45)

into (5.35). Then we get

o0

N N\? N\? )
P= koTv + koT (V) dvg — 2w (v) /|u(r)| redr. (5.46)

d
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For convenience, we introduce the constant
b = 4Ny, (5.47)

characterising the repulsion between molecules, and

N2 T NN-1) [
a = 7 / |u(7’)| 47]'7‘2(17" ~ % / |u(7“)| 47T7“2d7‘, (5.48)
d d

characterising the attraction between molecules. Then, the thermal equation
of the state of real gases (5.46) takes the form

N N a
P = kT 4+ kT — 2 5.49
0 V+ e V2 (5.49)
or 9
N N2/b  a
Pkl bl (~) (= %) .
kT3 + ko (V) (N kOTN2> (5.50)

If we compare (5.50) with (5.35), the second virial coefficient can be expressed
by the constants a and b:
b a

The equation of the state of a rarefied gas (5.49) can also be presented as
N b a
P=kT—=(1+=)—-—=. .52
ol 37 ( + V) V2 (5.52)

The specific volume of molecules b is far less than the volume of gas V| i.e.
because b < V, (1+b/V) = (1 —b/V)"'. As a result, the equation of state
of a non-ideal gas takes the form

koTN a
P= - —. .
Vb V2 (5.53)
Hence, we get the well-known van der Waals equation
a
(P + W) (V —b) = koTN. (5.54)

For any real gas, a temperature Tp exists at which B(Tg)=0. In our case,

from (5.51) it follows that
a

" koNb
As an example, we present the values of a and b for a diatomic gas of nitrogen
N, obtained experimentally: a =0.14 J3 / m012, b=3.92 x 10~°m3 / mol, and
according to (5.55), Tg ~ 600 K.

Ty (5.55)
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At the temperature (5.55) called the Boyle temperature, as is seen from
(5.50), the equation of state of a real gas (the isotherm) coincides with that
of an ideal gas (the isotherm). The equation of state of a real gas (5.50) can
be also presented in the form

N Nb B
P=kT—=+kT—|1—-—]. .
T 4 ko VQ( T) (5.56)
Hence it follows that if T'=Tg, then Py = Pq; if T < Ty, then Pea < Pg;
if T > Ts, then Prea1 > Pgq.
Physically it will be clearer if we remember that these conclusions imme-

diately follow from (5.50). Indeed, from (5.50) it is seen that when fulfilling

the condition “

koNT

the pressure of real gases ought to be less than the pressure of ideal gases
at the same temperature: P,ea < Pq. This fact can be explained as follows:
if the attraction in gases (the parameter a) dominates over the repulsion (the
parameter b), as is indicated by the condition (5.57), molecules that are found
close to the walls of a vessel are attracted by other molecules that are found
in the interior of the vessel and, thereby, their impact on the wall weakens; as
a result, the pressure of a real gas decreases compared to that of an ideal gas.
If the reverse condition to (5.57) is fulfilled, i.e. the repulsion dominates over
the attraction, then P > Pq.

We analyse also the other thermodynamic properties of the van der Waals
gas. To do this, we substitute the expression for B(T') from (5.51) into (5.34),
(5.38) and (5.40). As a result, we get

for the free energy

> b, (5.57)

N a
F=Fq+kT—=(b——— ], .
a TRty ( kONT> (5.58)
for entropy
koN
S = Siq — OTb, (5.59)
for the mean energy
a
E=Fq- 7 (5.60)
and for the heat capacity _
Cy = Cid, (5.61)

Note that the constants of interaction a and b enter into the above thermo-
dynamic functions in different ways: both constants a and b enter into the
expression of the free energy and the equation of state; only the repulsion
constant b enters into the expression of entropy; and only the attraction con-
stant a enters into the expression of energy. The isochoric heat capacity Cy
contains none of the constants: Cy = C%}l.
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We show that the isobaric heat capacity Cp, on the contrary, depends on
a and b. Indeed, using the known relationship

(0P/OT),
Cp CV (8P/8V)T7 (56 )
and also relationships
oP ko oP\  koNT 2a
(8T>V_V—b’ (8V>T_ V=02 V¥ (5.63)

obtained from the equation of state (5.53), for the isobaric heat capacity we
get )

Comcy (1 2L, -
where R=koN is the universal gas constant.

In the case of ideal gases, (Cp — Cy)ia=R, and in the case of real
gases, from (5.64), it is seen that (Cp — Cy )real > R. Because C{fal:C%}i,
the isobaric heat capacity of real gases is larger than that of ideal gases:
C}?al > C}S‘. From the expression of heat capacity (5.64), it is also seen that
the repulsion constant b, though slightly, weakens the inequality Cisa! >
Ci, whereas the attraction constant a sufficiently strengthens the given
inequality.

If the repulsion (b < V) is disregarded, (5.64) takes the form

2a
Cp=Cy+R (1 + m) . (5.65)

The fact that in real gases Cifal =Cid and C%*! > Ci can be explained as
follows:

1. Independence of the isochoric heat capacity of interaction between mole-
cules (Cy¥*=C1) is explained by the fact that the heat capacity is
measured at constant volume (V' = const), and therefore the mean distance
between molecules does not change; thereby, the mean value of energy of
interaction remains constant and the heat capacity associated with the
change in this interaction equals zero.

2. The fact that the isobaric heat capacity of real gases is larger than that
of ideal gases (Cs* > Ci) is explained by the fact that at P =const the
volume of the gas ought to increase (only in this case P remains constant).
Therefore, the mean distance between molecules grows. In order for this
distance to increase, it is necessary to expend supplementary energy —
heat. At the expense of this energy, the heat capacity of a real gas becomes
larger.
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5.3 Neutral Gas Consisting of Charged Particles:
Plasma

In this section, we consider a special kind of real gas — plasma. In contrast
to the van der Waals gas particles, those forming plasma possess an electrical
charge. Assume that a gas of volume V and the total number of particles
N = >" N, consists of positively and negatively charged ions. Here, N; is the

numbér of ions of the ith type, Z;e is the electrical charge of ions of the same
type, e is the absolute magnitude of the charge of an electron and Z; takes on
values Z, = + 1,42, ...

In the particular case of high temperatures and for a completely ionized
atomic gas, Z; can take on values 7y = Zjon = + 1, Zo = Z, = — 1, i.e. in this
case plasma consists of positively charged ions and electrons.

As a whole, a gas ought to be neutral. The condition of neutrality can be
written down in the form

> ZieN;=0or Y Zieng; =0, (5.66)
A i

where ng; = N;/V is the mean concentration of the ith ion in the case where
the interaction between particles is disregarded and it is supposed that all
particles of the ith type are uniformly distributed over the entire volume.
Also assume that a completely ionized gas — plasma — is sufficiently rar-
efied, i.e. the mean distance r between ions is such that the energy of the
Coulomb interaction is much less than the energy of the thermal motion ko7

7262
Zre < koT. (5.67)

If the concentration of all ions in the plasma is denoted by ng= >_ ng;, then

(2
TR nal/s. Hence, the condition of rarefaction (5.67) can be rewritten in

the form ,
koT

We derive the equation of state of rarefied plasma and calculate some ther-
modynamic quantities satisfying conditions (5.67) and (5.68). However, it
is necessary to note that the method applied to the van der Waals gas in
Sect. 5.2 cannot be applied to plasma. This is due to the fact that in plasma
the long-range-acting Coulomb interaction exists between ions:

. 2
wgp = 22k 1 (5.69)

From this fact two conclusions follow: first, because the radius of action of
each ion is large, and plasma is rarefied, not one but many ions are found in
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the sphere of action of each ion; second, in the case of such an interaction,
the integral entering into the expression of the second virial coefficient (5.45)
diverges in the upper limit:

o0

/|ulk| r2dr = Z; Zye* /rdr — 0. (5.70)

Therefore, in order to find the free energy and the equation of state of plasma,
we use the Helmholtz relationship

E = TQ;T <F> (5.71)

Hence, by knowing the total energy, the free energy can be calculated by the

formula >
F=-T T —dT. (5.72)

The total energy of plasma can be presented as the sum
E = FEiq+ Ecoul- (573)

Here, Eiq is the energy without considering the interaction between ions (an
ideal gas), and FEcoy is the energy of the Coulomb interaction

Eeoul = Z Z;eNipi(r (5.74)

where ¢;(r) is the potential of the Coulomb field around the ith ion at the
point r created by all the ions except the given one.
If we substitute the expression of energy (5.73) into (5.72), we get

F=Fq+ Fcouly (575)

Ecou
Coul - = / 1 (5 . 76)

is the free energy corresponding to the Coulomb interaction.

Thus, the problem of finding the free energy is reduced to finding E.o,1 or
the potential ¢;(r). In order to determine the explicit form of ¢;(r), we use the
screening method proposed by Debye and Hueckel in 1923 in the theoretical
studies of the properties of electrolytes.

The essence of this method is the fact that in a system of charged particles
(in our case, plasma) the potential created at the point of an arbitrary ion
being found can be presented in the form

where

ilr) = lim o) - 2]

r—0

(5.77)
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where ¢(r) is the potential created by all charges at the point r, and Z;e/r is
the potential created by the given ion at the point r. The potential ¢(r) can
be found from the known Poisson equation

V2p(r) = —4np(r), (5.78)

where

p(r) = ZZiem(r) (5.79)

is the density of charges at the point r, and n;(r) is the concentration of all
ions of the ith type around the point r. From the two latter expressions, we
get for the Poisson equation

V2p(r) = —4m Z Zien;(r). (5.80)

The concentration n;(r) on the right-hand side of this equation is distinct from
ng;, because n;(r) is the concentration with regard to the interaction between
ions. As a result of the interaction between ions, they are non-uniformly dis-
tributed over the entire volume, and each ion is surrounded by an ion with
the opposite charge, and the distribution resembles a mosaic. The cause of
distinction of n;(r) from ng; lies in the fact that each ion possesses the poten-
tial energy Z;ep(r) and the distribution of charges in the potential field ()
can be described with the aid of the Boltzmann statistics:
Zz'w(?")}

n;(r) = ng; exp [——

.81
"o (5.81)

From Poisson equation (5.80) and (5.81), it follows that to calculate the poten-
tial (r) it is necessary to know the concentration n;(r), and, conversely, in
order to calculate n;(r) it is necessary to know ¢(r). Thus, a certain self-
contradictory problem arises. Therefore, it is necessary to simultaneously solve
equations (5.80) and (5.81).

If we take into account the inequality Z;ep(r) < koT', equivalent to the
condition of the rarefied nature of the plasma (5.67), in (5.81), we get

ni(r) = no; {1 - ZI:O—*ZE’“)} . (5.82)

After substituting (5.82) into (5.80), the Poisson equation takes the form

<Z anm) o(r). (5.83)

Taking into account the condition of neutrality of the plasma (5.66) and
introducing the notation

dre?
2 — . .
Vo (r) = —47rzi:Zzenoz + "ol
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4re?
-2 _ 2
=T <§;Zinol>, (5.84)

the Poisson equation (5.83) can be simplified to

V3p(r) —ry2e(r) = 0. (5.85)

Because in plasma the electrostatic potential close to each ion possesses spher-
ical symmetry, it is more convenient to write equation (5.85) down in the
spherical coordinate system. In this case, the potential depends only on the
quantity of the radius vector and it is sufficient to consider the radial part of
the operator V2:

1 d [ odp) o
2 dr (7“ dr) =1y ¢(r). (5.86)

It is easy to show that the function

6(r) = 2 exp (—1> , (5.87)

satisfies this equation.
The constant A entering here can be found from the condition
Z;
lim o(r) = 2, (5.88)

r—0 r

to fulfil which it is necessary to have A= Z;e. Then the potential created by
any point charge Z;e at the distance r is

o(r) = Zi exp (—i> . (5.89)

The potential o(r), pre-assigned by formula (5.89), is called the screening
Coulomb potential of a point charge, and r¢ is the Debye screening radius. If
in the volume only one isolated ion is found, the potential created by it at a

distance r is 7
i€
o(r) = —— (5.90)

If a point charge is surrounded (screened) by ions with opposite charges, its
field weakens, and at the point r =17y the potential decreases e =2.74 times

(Fig. 5.3).
Thus, if we substitute expression (5.89) into (5.77), for the potential o;(r)
we get
T Zie r Zie
wi(r) = }13(1) [T exp (_E> - } . (5.91)

If in this limiting case we expand the exponent in powers of r/rg <« 1
and restrict ourselves to the first two terms, the potential sought has the
appearance
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p(r)

@o(r)
p(r)

0 ) r

Fig. 5.3. Screening [see (5.89)] and non-screening [see (5.90)] Coulomb potentials
of a point charge

wi(r) = Zrze. (5.92)

Substituting this expression as well as (5.84) in (5.74), we get for the energy
of plasma at the expense of the Coulomb interaction

o (k:o_T) Vi ZZZ.Ni . (5.93)

If we introduce the notation

1/2
Q0 = <Z ZfeQN¢> (5.94)

i
with the dimensionality of an electrical charge, the energy of the Coulomb
interaction of plasma takes the form

N
Ecoul - - (kOTV> qg. (595)
For the total energy of plasma, from (5.73) and (5.95) we get
1/2
E=FEq—(— @ (5.96)
koTV 0

where Ejq=3koTN /2, and N = > N, is the total number of all the ions in
i

plasma.

If we take into account the energy of the Coulomb interaction (5.95) in
(5.76) and integrate with respect to T', and then insert the obtained expression
in (5.75), we have for the free energy of the plasma

2 - 1/2
F=Fq—2(—2_) ¢ .
d 3(k0TV> o (5:97)

This expression enables the calculation of all thermodynamic functions and
coefficients.
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For the equation of state P= — (OF/0V), using (5.97), we have

q3 . 1/2
P=P4— —_|— .
17 3V3/2 <k0T> ’ (5.98)

where Pg =koTN/V is the pressure without considering the Coulomb inter-
action.
For entropy S= — (0F/0T),,, from (5.97) we get

q3 . 1/2
— Q.. _ 0 0
S = S 375/ (kov> . (5.99)

The isochoric heat capacity Cy = (0E/0T),, with regard to the expression
(5.96) takes the form

qg . 1/2
_ id 0
Cy =Cy + 2T—3/2 (ko_v> s (5100)

where Cid = 3k N /2. Formula (5.100) can be also obtained from the relation-
ship Cy =T (05/0T),, using (5.99).

Finally, note two conclusions following from the obtained expressions: first,
from (5.96) to (5.100), it follows that in plasma the contribution associated
with the consideration of the Coulomb interaction decreases with increase in
temperature and volume; second, consideration of the Coulomb interaction
decreases energy, free energy, pressure and entropy, but increases heat capa-
city. This result for heat capacity is explained by the fact that in plasma
each ion attracts an ion with an opposite charge to itself. As a result, the
Coulomb field of each ion is screened and its potential weakens. Consequently,
the distribution of ions in plasma resembles a mosaic — a certain ordering.
Therefore, entropy decreases, and heat capacity increases, because in order to
destroy the order, it is necessary to expend additional energy.
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Solids

Summary. This chapter is devoted to the classical and quantum theories of ther-
modynamic properties of non-conducting crystalline solids. At the beginning of the
chapter the Hamilton function of a vibrating simple crystalline lattice with normal
coordinates is described. Further, in the classical and quantum cases, applying the
Gibbs method, the free energy, total energy, equation of state, heat capacity and
coefficients of thermal expansion of a solid are calculated. In the classical case, the
Hamilton function is accepted as a basis, and in the quantum case the quantized
energy spectrum of vibrations of a lattice, corresponding to the Hamilton operator,
is accepted.

6.1 Vibration and Waves in a Simple
Crystalline Lattice

In this section we will consider vibrations and waves in a simple cubic crys-
talline lattice, in which only one atom or ion accounts for each elementary
cell. However, we should first determine the potential of interaction between
particles (atoms or ions) that are found at the crystalline lattice points. In
solids there exist different kinds of interactions: ionic, covalent, metallic and
van der Waals. The nature of these interactions is usually studied in quantum
mechanics. Here, note the following important circumstance. All known mech-
anisms of interaction in solids have one common peculiarity: At large distances
the interaction between atoms or ions bears a character of attraction and at
small distances, that of repulsion.

In the equilibrium state, atoms or ions positioned at crystalline lattice
points are found at a distance of the lattice constant a from each other and
all interactions between them are compensated. The non-compensated interac-
tion between particles arises when they deviate from the equilibrium position
and the distance between them is distinct from the lattice constant. The
potential of interaction between two adjacent atoms of the lattice is schemat-
ically shown in Fig. 6.1 (one of the atoms is positioned at the origin of the
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,UO

Fig. 6.1. The potential of interaction between two adjacent atoms

coordinates). As it is seen from this figure, Rlim U(R) =0and U(Ry) = —Uy
—00

is the minimum of the potential energy, where Ry is the distance between
two particles in the equilibrium state. As R > Ry there arises the force
F = —grad U(R) = — (OU/OR) n, bearing the character of attraction, and
as R < Ry the force bears the character of repulsion, here n = R/R is the
orth-vector.

In the equilibrium state (R = Ry) the force of interaction between atoms
or ions does not arise, inasmuch as the potential energy of interaction (—Uyp)
is the constant quantity. As a result of the thermal motion, atoms or ions
deviate from their equilibrium position and the distance between them is
distinct from Ry. Here the potential energy depends on the distance between
atoms, i.e. U(R) # —Uy. The potential energy U(R) takes on the minimum
value at the point Ry; therefore at small deviations x = (R — Ry) < Ry can
be expanded into a series in powers of (R — Rp):

U(R) = U(Ro) + (%)R (R—Ry) + % (%)R (R — Ry)?
3
+é (%)RO (R—Ro)* + - (6.1)

Inasmuch as the potential energy at the point R=9R, is at a minimum,
the ratio (OU/OR)y, =0. If we introduce the notations (82U/8R2)R0 =
£>0, (83U/('9R3)R0 = —27v < 0 and restrict ourselves to the cubic approxi-
mation for constants, entering into (6.1), the potential energy takes the form
1 1

U(x)=-Uo+ §ﬁx2 - g’yxg. (6.2)
In order that as R < Ry (x < 0) forces of repulsion dominate over forces of
attraction it ought to be ((‘)SU/aRg)RO <0, ie v>0.

From (6.2) for the force of interaction between atoms we get

_oU oU 9
F__ﬁ_ e Bz + ya°, (6.3)
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where [ is the coefficient of elasticity, and - is the parameter character-
izing anharmonicity of interaction. Both coeflicients are determined by the
nature of interaction between atoms and are related between themselves by
the relationship 5~ Ryy. Indeed, from (6.3) it is seen that only in this case
the ratio of the anharmonic item to the harmonic one satisfies the condition
yx/B~x/Ry < 1.

At crystalline lattice points, at finite temperatures atoms (ions) perform
small vibrations with the specified frequency (translational and rotational
motions are impossible), which propagate all over the crystal in the form of
an acoustic wave. As temperature rises, vibrations with higher frequency are
excited, and simultaneously the intensity (the amplitude) of already excited
vibrations grows.

In the given crystal, at specified temperature T' = 6, all possible frequen-
cies are excited. If we denote the highest frequency by wpax, this temperature
is determined as 6 = fwpmax/ko, where i = h/2m, h is the Planck constant,
ko is the Boltzmann constant, € is the Debye temperature (for more compre-
hensive details about the Debye temperature, see Sect. 6.3) In a crystal, at
temperatures higher than Debye’s T' > 6, new frequencies are not excited, and
only the amplitude of vibrations that have arisen grows.

We are interested in the nature of vibrations of atoms (ions) at crystalline
lattice points, i.e. the vibrational motion bears classical or quantum charac-
ter. In other words, to describe the vibrational motion it is necessary to use
classical mechanics of Newton or quantum mechanics of Schrodinger.

In order to answer the question posed, determine the criterion of classical
or quantum nature of the motion. It is said that the motion is classical when
its action s is much larger than that of the Planck constant #:

5> h, (6.4)

where s &~ Mwvzx is the action of the vibrational motion, M is the mass of
the vibrating atom, v is its linear velocity, x is the displacement from the
equilibrium position. For simplicity, take © = Acoswt, then v ~ & ~ wx,
where  ~ v/w. Then

Mu?
~ . 6.5
s~ (6.5)
If we take into account that Mv? ~ koT', we get
koT
~— 6.6
s~ — (6.6)

If we rewrite condition (6.4) for the highest frequency wpax, the condition of
classicity of the vibrational motion takes the form

koT

wmax

> hor koT > hwmax- (6.7)

Consequently, the vibrational motion of a lattice can be regarded as classical
only at temperatures satisfying the condition T > Fuwmax/ko or T > 6, i.e.
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in the region of temperatures higher than the Debye’s. At low temperatures
T < 0, the condition of classicity (6.7) is not fulfilled and the vibrational
motion bears the quantum character.

It is known that to construct the statistical theory of thermodynamic
properties of a system in the classical case it is necessary to know the Hamilton
function, and in the quantum case to do the energy spectrum. We at first
consider vibrations and waves in a crystalline lattice at high temperatures
(T > 6) and find its Hamilton function. Thereupon, using the correspondence
principle, we pass from the Hamilton function to the Hamilton operator, i.e.
pass to quantum mechanics, determine the energy spectrum and, in this way,
embrace the whole temperature range.

At first consider a one-dimensional simple lattice, and then generalize the
results obtained to a simple three-dimensional lattice.

6.1.1 One-Dimensional Simple Lattice

Consider a one-dimensional simple crystalline lattice with the lattice constant
a, at points of which neutral atoms of the mass M are found. As an initial
point of reference accept any point and enumerate other points (Fig. 6.2).

Regard the displacement of atoms to the right as positive, those to the left
as negative. Therefore, u,(t) > 0; up—1(t) > 0; up41(t) <O0.

Inasmuch as each atom is connected with the adjacent one, the displace-
ment (vibrations) over the crystal propagates in the form of an elastic wave.
To describe the vibrational motion of an arbitrary point n, use the classical
equation of motion:
duy, (t)

de?
Here F,, is the force acting on the point n from the sides of other points. In
other cases, to find the explicit form of the force F), accept two suppositions:

M =F,. (6.8)

1. The potential of interaction between atoms has the parabolic form U(z) =
—Up + 6332/2 (the dashed curve in Fig. 6.1), i.e., the force of interaction
between atoms bears the elastic character F' = —(3x.

2. Each atom interacts only with the adjacent one, i.e., the atom with number
n interacts with atoms with numbers (n — 1) and (n + 1). Displacements
of atoms at points with numbers (n +2), (n £ 3),... do not influence the
displacement of the considered atom n.

n:l n n-i_-l R
X
->[MH_J<- »M« -{um;le

u(x, 1) X

Z e
< e

Fig. 6.2. A one-dimensional simple crystalline lattice
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On the basis of these suppositions, the force can be written as:

Fn - Fn,nfl + Fn,n+1 = _ﬁ(un - unfl) - B(un - un+1)

or
F, = —ﬁ(2un —Up—1— un-‘rl)' (69)

Thus, for the displacement of the n-atom we get the following classical
equation of motion

d?u, (t)

M\
de?

= —0B(2up — Up—1 — Unt1). (6.10)
Hence it is seen that to determine the function u,(t) it is necessary to know
the displacement of adjacent atoms u,+1 and to write the equation of motion.
And to do this it is necessary to know the displacement w,+o. Thus, (6.10)
converts into a system of infinitive number of equations, which is practically
not possible to solve.

To circumvent this difficulty replace a one-dimensional crystalline lattice
(a chain) with a continuous string (Fig. 6.2). Such an approximation is just
for long waves. The wave equation for the displacement u(x,t) at the point x
at the instance of time ¢ has the known form:

O*u(x,t) 02 0?u(x,t)
oz Y oa2

Here vy is the speed of propagation of the elastic (acoustic) wave. It is known
that the solution of (6.11) has the appearance

(6.11)

u(z,t) = Aelldr=wh), (6.12)

where A is the amplitude of the elastic wave, ¢ is the wave number, and w is
the frequency. If we substitute (6.12) into (6.11), we get a simple relationship
between the wave number and frequency

w(q) = vog. (6.13)
Note that w and ¢ change in the limits:
0<g<oo; 0<Lw<oo.

Return to (6.10). Its solution can be presented in the form (6.12), with the
contradistinction that in the case of the chain x takes on only discrete values
2 = na. Thus, the solution of (6.10) can be written down as

Uy, (t) = Aellaan=wt), (6.14)
If we substitute (6.14) into (6.10), for the frequency we get

— Mw? = —(3(2 — e — ¢l29), (6.15)
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Hence we have the dispersion relationship

w? = 2%(1 —cos aq) = 4% sin? % (6.16)
or a
w(q) = wo sin?q , (6.17)
where

wo = 2\/% (618)

is the maximum frequency of the vibration for a one-dimensional simple
lattice. For small values of the wave number (ag < 1) or for long waves
(A > 2ma), (6.17) can be expanded into a series and in the first approximation

we get
w(q) =~ woﬂ =1/ ﬁaq. (6.19)
2 M

It is known that in the elastic string the speed of sound vg = /E/p, where
FE is the Jung modulus, and p is the linear density of the string. For a one-
dimensional simple lattice p = M /a, and the Jung modulus

force | frn—1]
E — — 2 — . 6.20
relative displacement  |u, — up—1] @ = fa ( )

Consequently, the speed of sound:

vo = \/%a. (6.21)

Having combined (6.19) and (6.21), for the elastic string we get w(q) = vog.
Thus, in the approximation of long waves we substantiated the possibility of
replacing a one-dimensional crystalline lattice with the elastic string.

Plots corresponding to the elastic string (6.13) and the expression of the
dispersion (6.17) for a one-dimensional lattice are adduced in Fig. 6.3. From
the figure it is seen that the frequency of the string changes in the limits
0 < w < o0, whereas the frequency of a one-dimensional lattice changes in the
restricted range 0 < w < wg. From (6.17) and Fig. 6.3 it is also seen that the
frequency is a periodic function of the wave number:

wlg) = w (q+ Zlg) , (6.22)

where g = 0,41, +£2, ... are integer numbers.
If in the wave function (6.14), we replace ¢ with ¢’ = g + b, (here b, =
(27 /a) g is the one-dimensional vector of the reciprocal lattice), we get

U;L(t) — Aei(q’an—wt) — Aei(qan—wt) . ei2mgn — un(t), (623)
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o(q) B
o(q) =voq
wmax
)

N /
\ Ve AN /
\ | s \ | 7
\| 7/ \ |/

\|/ \|/

| [IETTTTRE] S

G=N

Fig. 6.3. The frequency dependence on the wave number for a one-dimensional
lattice

where it is taken into account that exp(i2mgn) = exp(2ri-integer number) = 1.

Hence it follows that wave numbers ¢ and ¢+ (27/a) g are equivalent, since
displacements corresponding to them are identical. In other words, for ¢ it is
sufficient to consider its value in the range

~Tag<+l (6.24)
a a

This range, in which the wave number takes on independent values, is called
the first Brillouin zone of a one-dimensional lattice.

Consider the number of possible values of the wave number ¢, changing
in range (6.24). To do this make use of the condition of the Born—Carman
cyclicity

Un+c(t) = un(t), (6.25)

where G is a large number, equal to the number of points in the fundamental
region of the lattice. In order that the wave (6.14) satisfy the boundary con-
ditions (6.25), exp(+igaG) = 1, i.e. qaG = 2wg ought to take place. Hence we
get the following possible values of the wave number:

27
=22 g=0,+1,+2, ... 6.26
¢=_—=9; 9=0%1£2 (6.26)

If these values of ¢ are substituted into (6.24), we get the range of the change
in the integer number G o o

It is seen that g takes on values g = 0,+1,£2,...,+£G/2, i.e. in all G values.
Inasmuch as one value of ¢ corresponds to each value of g [see (6.26)], and
one value of the frequency w(q) corresponds to each value of ¢ [see (6.17)], the
wave number ¢ in the range —7/a < ¢ < 7/a, and also the frequency in the
range 0 < w < wy take on the G number of values.

Conclusion: Inasmuch as G is the number of degrees of freedom (the num-
ber of atoms) of a one-dimensional crystalline lattice, it can be asserted that
the number of possible values of the frequency in such a crystal is finite and
equals the number of degrees of freedom of a one-dimensional chain.
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6.1.2 Three-Dimensional Simple Crystalline Lattice

Generalize the results obtained for a one-dimensional lattice to the case of a
three-dimensional lattice. Consider a simple cubic lattice. Let dimensions of
the crystal along coordinate axes be L, = aG1, Ly = aG2, L, = aG3, where
a is the lattice constant, and G; is a large integer number. If we write the
equation of motion, analogous to (6.10), for components of the displacement
Uy, Uy, Uy We get the characteristic equation, analogous to (6.15), which in ref-
erence to w? is cubic. A solution of this equation gives three roots w1 (q), wa(q)
and w3(q). It can be shown that each of these frequencies in the g-space is a

periodic function,
2
w;(q) = wj (q + 4o (;) g) : (6.28)

analogous to (6.22), where g, is the unit vector in the g-space, and g is
an integer number. Therefore it is sufficient to consider the frequency in the
g-space in the range

—7/a<q<+7/a. (6.29)

Thus, in contradistinction to a one-dimensional case, in a three-dimensional
lattice to each value of the wave number g, three values of the frequency w;(q)
correspond, where j = 1,2, 3, i.e. there exist three branches of frequencies. The
dependence of the frequency on ¢ in the range —7/a < g < +/a for the three
branches is schematically presented in Fig. 6.4.

Conditions (6.29) in the g-space separate a region restricted by six mutu-
ally perpendicular planes ¢, = £n/a, ¢, = £7/a, ¢. = £m/a. This region
represents a cube of volume (27)3/a® = (2m)%/Qo, where Qo = a® is the
volume of an elementary cell of the crystalline lattice and is called the first
Brillouin zone.

Now, even if we do not know the explicit form of the function w;(q), we
can determine the number of possible values of ¢ and frequencies in the first
Brillouin zone, i.e. in the range —7/a < g < 4/a. For possible values of the
wave vector g in conformity with (6.26) it can be written as:

2 2 2
G =59 W= o9 == g (6.30)
w; (q)

Fig. 6.4. The frequency dependence on the wave vector in the first Brillouin zone
for a three-dimensional simple crystalline lattice
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where g; = 0,4+1, 42, ... are integer numbers. In order to determine in what
range g; changes, we substitute (6.30) into (6.29). Then we get
G; G;
- — <g <+—. 6.31
5 S9iS (6.31)

From (6.30) and (6.31) it follows that in the first Brillouin zone components
Gz, Gy, q- take on values G1, G2, G3, respectively.

Thus, we come to the conclusion that in the first Brillouin zone the wave
vector q takes on the finite N = G1 - Gy - G3 number of values, equal to the
number of points (atoms) in the fundamental region of a crystal.

Inasmuch as in the first Brillouin zone to each value of q, three values
of the frequency w;(q) correspond (Fig. 6.4), the total number of frequen-
cies in the first Brillouin zone is 3N, i.e. the number of possible frequencies
equals the number of degrees of freedom in the fundamental region of the
three-dimensional simple lattice.

In conclusion, determine the volume that corresponds to each value of the
wave vector ¢ in the first Brillouin zone. In the case of the crystalline lattice
the wave vector takes on discrete values, the number of which is finite and
therefore to each wave vector in the g-space, a small but finite volume Agq
corresponds. It is evident that this small volume equals the ratio of volume of
the first Brillouin zone (27)3/a® to the possible number of values of the wave
vector N
B (27)3 B (27)3
S a-N VT
where V = Na® = N is the volume of the fundamental region of the cubic
crystal.

Note that (6.32) can be obtained also from (6.30). Indeed, if we take into
account that to two adjacent values ¢, ¢y, ¢-, the range Ag; = 1 corresponds,

we have (2m)? (2m)?
2 2
Aq = Aq, - Aq, - Aq, = = . .
1= 20 By 2= 3G GGy V (6.33)

Knowing that volume (6.32), corresponds to one value of the wave-vector g,
the number of possible values of the wave-vector in the element of volume dgq
can be determined:

Agq (6.32)

dg V
@m)3/vV — (2m)3

Inasmuch as the volume of the fundamental region V = Na® is proportional
to the large number of points N in this region, the volume (27)3 / V', corre-
sponding to one value of the wave-vector ¢, is sufficiently small. Therefore
q is a quasi-continuous quantity and in computations it can be passed from
the sum with respect to q to the integral over dq. For instance, in the finite
volume of the g-space the number of values of q can be presented in the form

%:1 = @%/dq. (6.35)

dq. (6.34)
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For any function ¢(q) it can be passed from the sum to the integral as follows:

> ola) + o [ laa. (6.36)

6.2 Hamilton Function of Vibrating Crystalline Lattice:
Normal Coordinates

It is known that in the classical case in order to apply the Gibbs method to
solids, it is necessary to know the explicit form of its Hamilton function. There-
fore, here we find the Hamilton function, i.e. the total energy of a vibrating
lattice. The total energy E of a vibrating crystal in the classical case equals
the sum of kinetic K and the potential energies U:

E=K+U. (6.37)

For simplicity, we find the total energy of a one-dimensional simple lattice
(Fig. 6.2), and thereupon generalize the results to the case of a three-
dimensional lattice. Kinetic K and potential U energies of a one-dimensional
simple lattice, presented in Fig. 6.2, in the approximation of the nearest
neighbors can be presented in the form:

M G
=5 Zl (6.38)

O I

G
52 n—Un_1)%, (6.39)

where G is the number of elementary cells in the fundamental region, and 1,
is the time derivative of the displacement. The fact that the expression of the
potential energy (6.39) is true is seen from the fact that the derivative with
respect to u, with the opposite sign F,, = —0U /Ou,, = —(2up—Un—1—Unt1)
gives the force acting on the nth atom [see (6.9)].

Inasmuch as w,(t) is a periodic function, it can be expanded in harmonics.
Then the real displacement can be written down in the form:

Up = Z [A el(qan wqt)+A* —i(gan— wqt) Z {aq igan + a* —1qan}
q
(6.40)
where the notation _
ag = VGA e Wit (6.41)
is introduced. If we take into account that a; = —iwga, and a; = iwgay,

and substitute (6.40) into (6.38), the expression of the kinetic energy takes
the form
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M & M & 1 : .
K= 50 3 i = o 3 —= 5 {agel 07 + ageioan )
2 n=1 2 n=1 G q
x5 {age e pageion) = M Sy
NS a 2G o7 =1 *a
X {aqaq/ei(‘ﬁ'q/)‘m - aqaZ,ei(q_q,)‘m - aZaq/e_i(q_q,)‘m + aZaZ,e_i(‘H'q/)’m}.
(6 42)
Hence it is seen that to determine K it is necessary to calculate the sum of
G .
the type L = > €'%%". If we take into account the value of the wave number
n=1

(6.26), for the sum sought we get

G G G
L=Y =3 eldm =3 (6.43)
n=1 n=1 n=1

where the notation ,

I =¢d9. (6.44)

is introduced.
Consider two cases:

1. ¢#0,i.e. g # 0. In this case [ # 1 and inasmuch as (¢ = !9 = 1, then
1(1-19)

G
L= I"=14+P+---41=2—""2 =0 6.45
;::1 +P 4+ - (6.45)

or

G
L= c"" =0,q#0. (6.46)

n=1

2. ¢ =0,ie. g=0. In this case from (6.43) it is seen that [ = 1 and

G G
L=) 1"=) 1=0G. (6.47)
n=1 n=1

Thus, we have
G 0, at ¢ #0
D elen = { (6.48)
n=1

G, at ¢ =0.

Analogously it can be written as:

G
Z ellatg)an _

n=1

0, atg+q #0
(6.49)

G, at ¢+ ¢ =0.
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If we apply the indicated rules of summation in (6.42) and take into account
that wy = w_g, for the kinetic energy we get:

M 2 * * %
K= > qu(Qaqaq —aga—q — aza’ ). (6.50)
q

Now we translate the expression of the potential energy (6.39). If we substitute
(6.40) into (6.39), for the potential energy, we get:

U:

o | ™

G /6 G
ngl (Un = Un—1)(Un — Un—1) = 2K >

qq’ n=1

X [Clq elgan o a;e—lanL _ aqe—lqaelqan _ azelqae—lqan ] (651)
2 o Fw) Fw) wa v

% [aq/elq an | a;/e—lq an __ aq,e—lq agiq'an _ a;/elq ag—iq an:| ]

Having multiplied the brackets and with the aid of (6.49) having added up in
respect to n and ¢/, we get:

M 2 * * ok
U= > zq:wq (2aqa; + aga_q + aja* ). (6.52)

Here it was considered that €'9% + e 9% = 2cosag; 1 — cos ag = 2sin® aq/2,
and also sin? aq/2 = Mw? /43 was used (6.16).

If we substitute (6.50) and (6.52) into (6.37), for the total energy of a
one-dimensional crystalline lattice we get:

E=K+U=2M)_ wilaa;. (6.53)
q

As is seen, the total energy of a vibrating one-dimensional lattice, expressed
by quantities a4, has a very simple form. However, it is expedient to pass from
complex coordinates aq to real ones X, and F; as follows:

Xq=aq+a; =2Reaqq

. (6.54)
Py=MX,=—-iMuwy(ay —a;) = —i2Mw,Ima,.
Hence we get
1 . P,
Qq §(XQ+1M(:Ijq>7
(6.55)

* 1 : Pq
aq=§<Xq—1qu>.

If we substitute (6.55) into (6.53), for the total energy or Hamilton function
we finally get:

1 1
q
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Here the expression within brackets under the sum sign is the energy of a
harmonic oscillator with the frequency w, and mass M. X, and F, are called
normal coordinates, and vibrations expressed by these coordinates are called
normal vibrations or modes.

Inasmuch as the wave number of a one-dimensional lattice and the fre-
quency according to (6.26) take on a G = N number of values, in expression
(6.56) there enters the energy of the same number of oscillators.

Thus, expressing the Hamilton function by normal coordinates X, and
P,, we come to a very important conclusion: The total energy of a vibrating
one-dimensional simple crystalline lattice equals the sum of energies of non-
interacting harmonic oscillators, the number of which equals the number of
possible frequencies, i.e. the number of degrees of freedom G = N.

From this conclusion stems the advantage of the normal coordinates
compared with the displacement wu,,.

Expression of the total energy (6.56) can be generalized also to the case
of a three-dimensional lattice. In this case, the number of frequencies w;(q)
and, conformably, the number of oscillators equals 3N (Fig. 6.4). As a result,
the total energy (the Hamilton function) of a three-dimensional simple lattice
can be written as:

3
1 M
E=>.2 {mﬂfj * 7w?uX3j} = H(Xg;, Pyj),  (657)
q j=1
where X4; and Pg; are normal coordinates of a three-dimensional lattice, and
H(Xgqj, Pg;j) is the Hamilton function.
The simple form of the Hamilton function obtained here is very important
to construct the classical theory of thermodynamic properties of solids, to
which Sect. 6.3 is devoted.

6.3 Classical Theory of Thermodynamic Properties
of Solids

In Sect. 6.1 it was shown that at temperatures higher than that of Debye’s
(T > 0), the vibrational motion of a crystalline lattice is classical. In this
section we will consider the classical theory of the thermodynamic properties
of solids with a simple crystalline lattice in the region of high temperatures
T > 0. Consequently, all expressions for thermodynamic functions and ther-
modynamic quantities obtained in this section hold only at high temperatures
T>0.

1. Free energy. At first apply the Gibbs method to the considered case and
calculate the free energy

F=—koT In Zg, (6.58)

where Z. is the statistical integral.
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For the given case the statistical integral can be presented in the form

1
T = ——— —E(Xqj,Pg)/koT (41X AP )
= G [ © (4X,,dP,)). (6.59)
where the symbolic notation
(X 4;dPy;) = Hqudeqj. (6.60)
aj

is introduced. If we substitute the expression of the total energy of a three-
dimensional crystal (6.57) into (6.59), the statistical integral takes the form:

N b ax.]’
Zoy = ~P;[2MkoT 4 p / ~MwiX/2keT C2a | 6.61
1 ql;[l / © v ) © 27h (6:61)

To integrate over dFP, and dX, we make use of the formulae adduced in
Appendix A. As a result, we get

Za=]] (%)3 (6.62)

q

Substituting (6.62) into (6.58), we get:

koT
F= —3koT§q:1n (ﬁ) (6.63)
Passing from the summation with respect to g to the integration, according
to (6.36), for F we get:
3koTV fuw
F="— [In(—%)dq. 6.64
o [ (i) 09 000

To calculate this integral use the continuum approximation w, = voq and pass
to the spherical coordinate system. The integration over angles gives 47 and
as a result we have:

dmax

3koTV [ hiw
F= In|—2)¢? :
i / n ( k0T> 2dg, (6.65)

where gnax is the maximally possible value of the wave number of a crystal,
which we will determine slightly later.
Introduce the dimensionless variable:

o g Twog
T koT T koT

(6.66)
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o(q)
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1 2
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0 7la qrax q

Fig. 6.5. The frequency dependence on the wave vector in the Debye model

Then free energy (6.65) takes the form:

Tmax

3koTV [ koT\® )
where " Foo
o max (6.68)

Lmax — kO_Tqmax - kO—Tv

and Wmax = VoGmax in the continuum approximation is the maximally possible
frequency of a crystal (Fig. 6.5).
Integrating (6.67) in parts and using (6.68), for the free energy we

finally have
koTV [ Wmax 3 hwmax
F= 1 — | —1]. .
62 ( o > 31n ol (6.69)

2. Debye temperature. We mentioned earlier in Sect. 7.1 about the Debye
temperature. Characteristic to each solid, it is defined as follows:

hwmax
ko

0= (6.70)

If we take into account this definition in (6.69), for the free energy we get

koTV ([ kot \® 0

PV (0L, (2) ) o
The concept of the Debye temperature was introduced by the Dutch physicist—
theorist Debye in 1912 when considering the quantum theory of the heat
capacity of solids. According to (6.70), the Debye temperature has the follow-
ing physical sense: 6 is the temperature at which in the given crystal all possible
frequencies (w < wmax) are excited. Each solid has the intrinsic maximum fre-
qUeNcy wmax and, consequently, the Debye temperature. The magnitude of
the Debye temperature depends on the elastic properties of a crystal, and
concretely, on the speed of propagation of sound in the crystal and the lattice
constant (6.79). To determine these dependences we use the following known
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condition: The number of possible values of the wave vector q in the first Bril-
louin zone equals the number of elementary cells — in our case the number of
atoms N. If we consider that in a three-dimensional simple lattice the number
of branches of frequencies equals three, the indicated condition can be written

in the form: s
> > 1=3N, (6.72)

q j=1
where the summation with respect to q is carried out in the limits of the first
Brillouin zone. According to the rule of passing from the sum over the wave
vector to the integral (6.35), condition (6.72) has the appearance:

3V
o / dg = 3N (6.73)
or
3y gmax
@) /47rq2dq=3N. (6.74)
0

Using the Debye model (Fig. 6.5) and the relationship w = wvpq, and also
passing from the integral over dq to the integral over dw, we get

Wmax

3V 9
m w dw = 3]\[7 (675)
0
where wpax = Vofdmax-
The number of frequencies found in the range 0 — wpax can also be

presented in the form:

Wmax

g(w)dw = 3N, (6.76)
0

where g(w) is the number of frequencies in the unit range around the frequency
w, 1.e. the function of the density of frequencies. Comparing (6.76) and (6.75),
for this function we get:

g(w) = isz ~ w? (6.77)
Yo
(Fig. 6.6). It is seen that in the continuum approximation w = vgq the den-
sity of the number of frequencies grows quadratically with the growth of the
frequency: g(w) ~ w?.
From (6.75) it is easy to determine the maximum frequency wmax-

2N 1/3
Wmax = Vo (G’R—V > . (678)
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Fig. 6.6. The function of the density of frequencies

Then, according to definition (6.70), the Debye temperature 6 has the appear-
ance:

h 2N\ /3
— 2o (6” ) . (6.79)

Y
ko \%

If (6.79) in substituted into (6.71), for the free energy at high temperatures
(T > 6), it can be written as:

F =3kTN In(0/T) — keTN; T > 0. (6.80)

Knowing the expression of the free energy, we can calculate the basic thermo-
dynamic quantities of a solid.

3. Entropy. From the definition S = — (0F/0T'),, and (6.80) we have
S = —-3kyN In (G/T) + 4kgN. (681)

4. Mean energy - caloric equation of state. From the relationship £ = F+ TS,
and also from (6.80) and (6.81) we get

E = 3koTN;T > 0. (6.82)

It is seen that in the region of high temperatures the mean energy, i.e. the
caloric equation of the state of a solid depends only on temperature. Note
that this result also follows from the theorem about the equal distribution
of energy over degrees of freedom, obtained on the basis of the Boltzmann
statistics.

5. Thermal equation of state. Grineisen parameter. The dependence of the
free energy F' on volume V in (6.80) is not seen explicitly. It is determined
by the dependence of the Debye temperature on volume (V') [see (6.79)].
Therefore the thermal equation of the state of a solid P = — (O0F/0V).
can be presented in the form:

1 do
P =—3kTNj . (6.83)
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If the dimensionless parameter

V do
=——— .84
gle TR (6.84)
is introduced, the equation of state takes the form:
3koT'N E(T
P:—OV VG = g/)yg; T> 0, (6.85)

where vq is called the Grineisen parameter. Using the definition of the Debye
temperature 6 = fuwmax/ko, the Griineisen parameter can be presented in the
different forms

Vv dé dln @ dIn Wmax - AWmax/wmax

TCTTYQV T dmv . dmVv  AV/V

(6.86)

Then the parameter yg has the following physical sense: The Grineisen
parameter characterizes the relative change in the Debye temperature or the
relative change in the maximum frequency, accounting for the unit of relative
change in the volume of a solid.

It can be shown that the parameter v is associated with anharmonicity
of vibrations of atoms in a crystal. Let us demonstrate this with the example
of a simple one-dimensional crystal.

The maximum value of the wave number ¢, for a one-dimensional crystal
of the length L with the number of atoms IV is determined from the condition
analogous to (6.74):

Ggmax

L
= / dg= N. (6.87)
0

Then from the relationship wmax = VoGmax and (6.87) we get

N 21y
Wmax = 2TVg— =

L Ry -

(6.88)

Here Ry = a is the distance between two atoms in the equilibrium state (see
Fig. 6.1). If we take into account the speed of propagation of sound (6.21), in
expression (6.88), we get: wmax = 2m4/3/M or

2

w2 = (27'(') M

max (6.89)
If we take into account that the constant of elasticity of a linear crystal, as
seen from (6.2), is 5 = U"”(Ryp), expression (6.89) takes the form:

Wihax = %U”(Ro)- (6.90)
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Because of the vibrations, the distance between atoms changes by ARy, and,
consequently, the frequency changes by Awnax. Then (6.90) can be presented
in the form:

(Wimax + Awmax)? = @U”(R + ARy) (6.91)
max max - M 0 0)- .

Inasmuch as ARy < Ry and Awmax <€ Wmax, on the left-hand side of (6.91)
we can neglect (Awmayx)?, and expand the right-hand side into a series in ARy,
restricting it to the linear approximation. As a result, (6.91) takes the form:

AWmax _ A}20
max B

where U (Ry) = —27 [see (6.2)]. As a result, according to (6.86) and (6.92),
for the Griineisen parameter of a one-dimensional crystal we get:

(6.92)

N AWmax/Wmax o RO

AR =1 (6.93)

G =

where « is the coeflicient of anharmonicity of vibrations [see (6.2)]. Thus, for

the pre-assigned linear crystal yg ~ 7. Naturally, in the expression for the

potential (6.2) the ratio of the anharmonic item to the harmonic one ought

to equal the relation of the displacement x to Ry
L

x
7SRy (6.94)
Hence it is seen that 8 ~ Ry~ and from (6.93) it follows that the Griineisen
parameter is a constant quantity on the order of unity v¢ = 1, not depending
on temperature.

From the equations of state (6.95) and (6.93) it follows that in the harmonic
approximation (v = 0) a crystal does not exert pressure on the surrounding
bodies P = 0.

6. Heat capacity. With regard to definitions of the heat capacity Cy =
(OE/OT) or Cy =T (05/0T), from (6.82) or (6.81) it follows that

Oy = 3koN; T > 0, (6.95)

i.e. at high temperatures 7' > 6 the isochoric heat capacity is a constant
quantity, depending on neither the nature of the crystal nor the tempera-
ture. This theoretical result corresponds to the experimental Dulong—Petit
law [see Sect. 6.4, Fig. 6.7].

The difference of isobaric and isochoric heat capacities has the appearance

oP\? foP\ !
op_cV:_T(_) (_) . (6.96)
or ), \ov ),
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Hence and from equation of state (6.85) we get
Cp — Oy = 3koNAe:; T > 6. (6.97)

It is seen that in the harmonic approximation (yg = 0) isobaric and isochoric
heat capacities coincide Cp = Cy and the difference between capacities is
determined only by the anharmonicity of vibrations.

Note the following interesting fact. For a three-dimensional simple crystal
from the expression of the Debye temperature (6.79) and from the definition
of the Griineisen parameter (6.84) it follows that yg = 1/3. If we take this
into account in (6.85) and (6.97), we get known results for an ideal gas.

7. Thermal expansion. One of the thermodynamic properties of solids is ther-
mal expansion. It can occur at the isobaric process (P = const) and is
determined by the coefficient:

1 fov
=== . 6.98
W=y (aT) - (6.98)
If the basic thermodynamic relationship is used (2.104), (6.98) takes the form:
oP
= — 6.99
or = (57) - (6.99)
where yp = —% (g—g)T is the coefficient of the isothermal compressibility.

From the equations of state (6.85), (6.97) and (6.99) we get

3koN Cv
= yr—"a. 6.100
% G =T v VG ( )

ap =T
Hence stems the Grineisen relationship
Vap = 'YTCV'YGo (6.101)

This relation between thermodynamic coefficients and the parameter yg was
experimentally corroborated by Griineisen in 1908.

From the expression (6.100) it is seen that the isobaric coefficient of the
thermal expansion ap as well as the thermal equation of state and the differ-
ence (Cp —Cy) is proportional to the Griineisen parameter vg. Consequently,
all the three indicated quantities are associated with the anharmonicity of
vibrations.

6.4 Quantum Theory of Heat Capacity of Solids:
Einstein and Debye Models

Among the thermodynamic coefficients of solids, the temperature dependence
of heat capacity occupies a special place, inasmuch as it is very sensitive to
the internal structure of the substance, to the kinds of interaction between
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Fig. 6.7. The temperature dependence of heat capacity of solids

particles forming it, and to the nature (classical or quantum) of their motion.
Because of this, at all times, interest in the theoretical and experimental inves-
tigation of the heat capacity of solids is significant. It is no mere chance that
in 1907 Einstein got interested in the heat capacity of solids and for the first
time created its quantum theory.

As far back as the beginning of the nineteenth century (1819), having
generalized available experimental facts on the heat capacity of solids, P.-L.
Dulong and A.-T. Petit determined the following appropriateness: At room
temperature and higher, the heat capacity of a solid depends on neither the
kind of solid nor temperature; the specific heat capacity of one mole equals
Cy ~ 3R =~ 6 cal/mol - K.

Note that this experimental result, bearing the name Dulong—Petit law, is
very easily explained on the basis of classical theory. Indeed, if the vibrational
motion of the atoms at lattice points is regarded as classical, and the law
about equal distribution of energy over degrees of freedom is also taken into
account, stemming from the Boltzmann statistics [see also result (6.95)], then
in the region T' > 6 the classical theory completely coincides with experiment
(Fig. 6.7).

This conformity between theory and experiment was observed as long
as the heat capacity was measured only in the range of high temperatures
(T > 0). At the end of the nineteenth century with the development of
cryogenic techniques (the production of low temperatures) the measurement
of heat capacity at much lower than room temperature was begun. It was
determined that the Dulong—Petit law is not fulfilled: with the lowering of
temperature the heat capacity drops, and as temperature approaches absolute
zero it tends to zero, which is in conformity with the Nernst principle. Thus,
at low temperatures (T < ) there arose the nonconformity between exper-
iment and the only theory existing at that time, classical theory (Fig. 6.7).
This phenomenon was observed right up to the beginning of the twentieth
century, till the time when Einstein formulated the quantum theory of the
heat capacity of a solid.
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6.4.1 Einstein’s Theory

The quantum theory of the heat capacity of a solid was proposed by Einstein
in 1907 for the first time. At that time, quantum mechanics did not exist.
However, as far back as in 1900, Planck introduced for the first time the con-
cept of the energetic portion — quantum. According to the Planck postulate, an
oscillator vibrating with the frequency w irradiates energy by whole portions
hw, i.e. the radiation occurs by quanta. On the basis of this postulate Planck
found the function of the spectral density of energy of the black radiation (the
Planck known formula) and, in this way, explained all available experimental
facts on the radiation in wide temperature and frequency regions. Note that
in particular cases the Wien and Rayleigh—Jeans laws stem from the Planck
formula for the spectral density of energy of radiation.

As a result Planck, for the first time proposed! the quantum expression
for the mean energy of a linear harmonic oscillator with the frequency w:

hw
g = eﬁw/ko—T_l' (6102)
It is seen that at high temperatures, when kT >> hw, from (6.102) stems the
known classical expression for a linear harmonic oscillator ¢ = kT .

Formula (6.102) was obtained by Planck for energy of a linear inter-atom
oscillator, providing absorption and emission of light. In 1907 Einstein sup-
posed that expression (6.102) can be applied to the thermal vibration of
atoms at crystalline lattice points. This supposition made it possible to cal-
culate the mean energy of a vibrating crystal. To do this Einstein proposed
a very simple model, according to which a solid consists of N atoms at crys-
talline lattice points that vibrate independent of each other with an identical
frequency w = wy. The Einstein model allows one to replace a crystalline
solid, consisting of N number of atoms, with a system of N non-interacting
three-dimensional harmonic oscillators, vibrating with an identical frequency
wp, i.e. with an ideal gas of harmonic oscillators. Schematically this model is
depicted in Fig. 6.8.

If (6.102) is used, then according this model, the total energy of a crys-
tal, consisting of N atoms, can be presented as the total energy of 3N
non-interacting harmonic linear oscillators with an identical frequency wy:

Ideal gas consisting of

Crys_tal_llne solid - 3N number of harmonic
consisting of N atoms oscillators with identical

(points) frequency o,

Fig. 6.8. The illustration of the Einstein model

! Notice that at that time the concept of zero vibrations did not exist.
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3N hwyg

E = 3N€(WO) = m. (6103)
Hence the heat capacity of a solid Cy = (0E/9T),, equals
hwo 2 efiwo/koT

Introduce the concept of the Einstein characteristic temperature 6y = fiwp /ko.
Then expression (6.104) takes the form:

B o 2 exp (6o/T)
Cy = 3kogN (T) oxp (60 T) 1]2. (6.105)

If we accept the value of the frequency equal to wg ~ 3 x 103571, the Einstein
temperature is on the order of room temperature: fy ~ 3 x 102 K.

In the region of high temperatures (T > 6p) from (6.105) the known
classical result for the heat capacity of a solid Cy = 3ko/N = 3R follows.

In the region of low temperatures (T < ), if in the denominator of
(6.105), we neglect unity, for the heat capacity we get

Cy ~ 3koN (00/T)* exp (—0o/T); T < 6 (6.106)

As is seen from (6.106), in the region of low temperatures (T < 6) the
heat capacity very strongly depends on temperature and in the limiting case
(T — 0K) Cy exponentially tends to zero. Though such dependence satisfies
the known Nernst principle, with experiment it is consistent only qualitatively.
Numerous experiments show that in the region of absolute zero the function
Cy (T) behaves not as an exponent, but has the appearance Cy (T) ~ T3.

Such a nonconformity of the theory with experiment shows that in spite
of the fact that Einstein’s idea about mean energy of the quantum oscillator
(6.102) was right, the model proposed by him (Fig. 6.8) in the region of low
temperatures did not reflect reality. In this situation perfection of the Einstein
model was required. This was done by Debye.

6.4.2 Debye’s Theory

In 1912 the Dutch physicist Debye, having accepted Einstein’s idea as the
basis, proposed a new model, more exactly reflecting reality when calculating
energy of a crystal, thereby creating a theory, consistent with experiment.

How is the Debye model distinct from the Einstein model?

According to the Einstein model, atoms (ions) at crystalline lattice points
perform harmonic vibration, independent of each other, with the identical fre-
quency w = wy. Therefore, the total energy of a crystal can be presented in the
form (6.103). According to the Debye model, however, between atoms (ions)
at crystalline lattice points an elastic bond exists. Therefore, at some point
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. Isotropis Ideal gas, consisting of
Crystalllne Y elastic S 3N linear harmonic oscillators
IaFtlce of N medium with frequency, changing in

points (solid) W =Vyq the range 0 < w(g) <®yax

Fig. 6.9. The illustration of the Debye model

vibrations arise with the frequency w propagating over the entire crystal in
the form of an elastic wave of corresponding length. For each crystal there
exists the specified relationship w = w(q) between the frequency w and the
wave number ¢ = 27/\ or the frequency w and the wavelength A. Debye
proposed that in the specified approrimation, a crystal possessing a discrete
structure can be replaced with an isotropic continuum medium (the continuum
approzimation). Then the relation between w and g can be presented in the
form w(q) = voq, where vy is the velocity of the elastic wave (see Sect. 6.1,
Fig. 6.5).

Note that for continuum media the wave number ¢ and frequency w change
in the infinite range 0 < ¢ < 0o, 0 < w < oo and take on the infinite number
of values.

Taking into account that a crystal has a discrete, but periodic structure,
and that the wave vector and frequency change in the finite range 0 < ¢ < gmax
1 0 < w < wnpax and have a finite number of values in this range, Debye
proposed a model of a crystal, depicted in Fig. 6.9.

1. Mean energy. On the basis of the Debye model and the Einstein idea, the
total energy of a solid with the simple crystalline lattice can be presented
in the form:

E=3) e(w(q)) :32%. (6.107)

Here the factor 3 is associated with the fact that to each value of the wave
vector g, three coinciding frequencies correspond.

Note that the sum (6.107) consists of N number of items. Each of them
corresponds to one value of ¢. Inasmuch as the number of points N is a very
large number, it can be regarded that the wave vector g changes continuously
(quasi-discretely). Therefore, taking into account (6.36) in (6.107), it can be
passed from the sum to the integral

3V hw(q)
E= (2m)3 /ehw(q)/koT — 1dq. (6.108)

If we take into account that in the considered case the g-space has a spherical
symmetry and the frequency depends only on the magnitude of the wave
vector (q), i.e. w(q) = w(q), (6.108) takes the form:
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Gmax

o3V hw(q)
- 272 ehw(q)/kgT —1

0

¢*dq. (6.109)

Here in the g-space we pass to the spherical coordinate system, where an
element of volume dq = ¢?dgsinfdfd¢ and consider that the integration
over angles gives 4m. If we restrict ourselves to the continuum approxima-
tion w(q) = vog, in (6.109) from the integration over dg we can pass to the
integration over dw. As a result, we get
Wmax
3Vh widw
- 2m203 ehw/koT _ 1"
0

(6.110)

Here wmax = VoGmax is the maximum possible frequency, which on the basis of
the Debye model is found from condition (6.75) and given by expression (6.78).

If it is passed to the dimensionless variable © = fiw/koT', the expression
for energy (6.110) takes the form:

3 Tmax g
o 3VkoT (k0T> / r’dx (6.111)

212 hug e —1’

0

where Zpmax = %

If we use the definition of the Debye characteristic temperature § =
hAwmax/ko in the expression (6.111), we get

E =3kyTND (%) 7 (6.112)

5 0T
0 T x>dx
D|(=]=3|-—+ 6.113
(7)) [+ 6119
0

is the Debye function. As is seen, mean energy of a crystal (6.112) at an arbi-
trary temperature is distinct from energy (6.82) for the classical case (T'>> 0)
by the factor, and namely by the Debye function. Since the Debye function

cannot be calculated analytically, we consider its different asymptotes.

High temperatures: T > 6. In this case, inasmuch as z < 1, in (6.113) the
factor (e* —1)~! can be expanded into a series

where

1 1 1 v a?
~ r—-|ll-—-+—=]zK 1 6.114
e —1 z4+a2/2+23/6+... x( 2 12) (6.114)

Taking this into account in (6.113) and carrying out the integration, for the
asymptote of the Debye function in the high-temperature region we get:
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0 3(6 1 [/0)°
D (f) =1- g (f) + 2—0 (f) ;T > 0. (6.115)
It is seen that in the limiting case
lim D ) = 1 (6.113a)
T \T) hoa

Substituting (6.115) into (6.112), energy in the high-temperature region can
be written as:

9 3 0\>
B =3k NT — ko0 + o5 koNT (T) T 0. (6.116)

Low temperatures: T < 6. In this case, the upper boundary of the
integration in the function can be accepted as equal to 8/T — oo. Then

we get:
p(2)=s(L 3/ﬂ'T<<9 (6.117)
T) “\6 e — 1’ ' '
0

If from Appendix A we take into account that

oo
r3dx S
=T'4)¥(4) =6 - — = — 11
[ 25 —rwea =0 55 =T (6.118)
0

then at low temperatures for the Debye function we have the asymptote

0 ™ /T\?
Dl=)=— (=) Tk 11
(T) . (9> < (6.119)
Hence it follows that
%imOD(G/T) =0. (6.113b)

From asymptotic values (6.113a) and (6.113b) it follows that the Debye func-
tion changes in the limits 0—1. A plot of this function is schematically presented
in Fig. 6.10.

Fig. 6.10. A plot of the Debye function
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According to (6.112) and (6.119), the mean energy of a crystal in the region
of low temperatures has the appearance:

4 4
E= ?’%koj\m (%) T<0 (6.120)

2. Heat capacity. In order to find the expression of the heat capacity of a solid
at an arbitrary temperature from the general expression of energy (6.112),
take the derivative with respect to temperature. Then we get

0
Cy = 3koN {D 0/T)+ Ta_TD (H/T)} : (6.121)
If we take into account that the derivative of the Debye function with respect
to temperature equals

6 9 _ 3 9 39 9/T -1
for the heat capacity at an arbitrary temperature we get:

Cv = 3koNLy (%) , (6.123)

where the function
_un(? O (0 1\
Ly (8/T) = 4D (T> -3 (T> (e - 1) (6.124)

In the general form Cy (T) determines the temperature dependence of the
heat capacity.

If we integrate the integral entering into the Debye function (6.113) once
in parts and substitute the result into (6.124), then the function Ly (6/T) can
be presented in the form:

3 6/T 4.z
Lv(0/T) =3 (Z> / T (6.125)
v 0 (e? —1)2
0
Inasmuch as the function Ly (0/T) at any temperature does not have an
analytical form, consider its asymptotic behavior.
High temperatures: T > 0. In this case, in (6.125) the integration variable
is ¢ < 1 and the integrand expression can be simplified. To do this on the
basis of expansion (6.114) it can be written as:

1 1 5z
mz;(l—x—kﬁ);x«l (6.126)
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and, conformably,

e 1 512 x? 1 z?
——~ —(|1- —_— 1 —lr=|1-—=]; z<<1.
(ev — 1)2 x2< T 12)( e 2) x2< 12) v

(6.127)

Now we can easily calculate the integral (6.125) with accuracy to (6/T)%. As
a result, we get

2
Ly (0)T)=1- % (%) T > 0. (6.128)

Substituting this expression into (6.123), for the heat capacity in the region
of high temperatures we have

1 /6\?
—3kN |[1—- — (=
s[4 ()

Note that quantization of vibrations of a crystal decreases the heat capacity
and, as is seen from (6.129), contribution of the quantization to the heat
capacity is negative

T > 0. (6.129)

. 3 (6\°
ACy =C. - Cf, = %0 (T) koN. (6.130)
Low temperatures: T < 6. In this case, the upper limit of the integral
(6.125) can be replaced with infinity. Then, the integral obtained, according
to Appendix A, gives

(oo}
rte” 44
— = dr=— 131
/(ew_l)zdx i (6.131)
0
and as a result we get
art (T\?
Ly (0)T) = % <§> T < 0. (6.132)

Consideration of this asymptote of the Ly (/T)-function in (6.123) for the
heat capacity in the region of low temperatures gives:

12t

Cy = 3

T 3
koN <§> ;T < 0. (6.133)

The dependence Cy ~ T3 bears the name the Debye law. As is seen, according
to the Debye theory, in contradistinction to exponential dependence (6.106)
obtained by Einstein, at very low temperatures (T' << 6) the heat capacity
tends to zero as Cy, ~ T2, which is well consistent with experiment. According
to (6.128) and (6.132), the function Ly (6/T) determining the heat capacity in
all regions of temperature, as well as the Debye function, changes in the limits
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0-1; therewith in the region of absolute zero both these functions behave as
T3 (see Fig. 6.10).

From the expression of the heat capacity (6.123) it is seen that only one
parameter — the Debye temperature § — enters into the function Cy (T'). This
parameter characterizes the nature of a solid, inasmuch as is determined by
the speed of sound vy in a solid and the lattice constant V//N = a [see (6.21)
and (6.79)].

The microscopic sense of the Debye temperature follows from the formula
(6.70). Simultaneously note that 6, as a macroscopic parameter, determines
boundaries of the classical and the quantum theory: as T' > 6 the vibrational
motion of atoms at crystalline lattice points is classical, and as T' < 6 it bears
the quantum character.

Measuring the temperature dependence of the heat capacity Cy (6/T) and
using (6.123), the Debye temperature can be experimentally determined. In
Table 6.1 theoretically and experimentally found values of € for some solids
are adduced.

As is seen from the table, theoretical and experimental values are close to
each other and are on the order of (0.7-4.1)10% K. Of all known crystals, the
crystal of the diamond is an exception, for which 8 = 1,850 K.

We will briefly dwell upon the comparison of the Debye theory with
experiment. Suppose that the Debye temperature in all temperature regions
0 = hwmax/ko = const, and on the basis of the Debye theory (6.123) cal-
culate the temperature dependence Cy (T), and thereupon compare it with
experiment; we see that they do not always coincide. In particular, the law
Cv(T) ~ T? is fulfilled only at temperature T < 5K. At temperature
T > 10K results of the Debye theory and experimental data are distinct
from each other. In order to circumvent this contradistinction they suppose
that the Debye parameter @ itself depends on temperature: § = ¢(7T'). This
means that for the function (T, entering into Ly (6/T), it is necessary to
pre-assign such a dependence in order that the Debye theory and experiment
would coincide. The weak dependence of 8(T') is schematically presented in
Fig. 6.11.

The true cause of the contradistinction of the Debye theory from experi-
ment resides in the fact that the Debye theory has used the simplest dispersion
law w(q) = vogq (Fig. 6.5) and hence stems the function of the density of fre-
quencies g(w) ~ w? (Fig. 6.6). For real crystals, however, functions w(q) and
g(w) have a very complex form.

Table 6.1. The theoretical and experimental values of the Debye temperature for
some solids

Substance Al Cu Ag Au Pb NaCl

0 (K) experiment 410 310 220 185 88 275
0 (K) theory 394 342 212 158 73 302
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Fig. 6.11. The temperature dependence of the Debye temperature

In conclusion, note that having determined the Debye temperature exper-
imentally for the given crystal, according to (6.79), we can calculate the speed
of sound vy, and thereupon from (6.21) determine the coefficient of elasticity 3.

6.5 Quantum Theory of Thermodynamic
Properties of Solids

In Sect. 6.4 the quantum theory of the heat capacity of a solid proposed by
Einstein and perfected by Debye was expounded. It was constructed on the
basis of Einstein’s supposition, which made it possible to calculate energy of
a solid and, consequently, the heat capacity Cy in an arbitrary temperature
region. However, this theory did not allow the consideration of other thermo-
dynamic properties such as the thermal equation of state, difference of heat
capacities (Cp — Cy), coefficient of thermal expansion, etc. To solve these
questions it is necessary to construct a consecutive theory, using quantum
mechanics and the Gibbs method. This method enables the immediate cal-
culation of the free energy, finding the equation of state and considering the
thermodynamic properties of a solid.

In Sect. 6.3 on the basis of the Gibbs method the classical theory of the
thermodynamic properties of a solid in the high-temperature region (T > ),
in which thermal vibrational motions of a lattice are classical, was developed.

In this section we dwell upon the quantum theory of thermodynamic
properties, based on the Gibbs method.

On the basis of the quantum theory there lies the spectrum of frequencies
of the vibrational motion of a crystalline lattice (Fig. 6.4). Suppose that a
simple crystalline lattice consists of N elementary points. In Sect. 6.2 we
showed that energy (the Hamilton function) of the vibrational motion of such
a crystal equals the sum of energies of 3N harmonic oscillators (6.78).

Knowing the Hamilton function and using the correspondence principle,
the Hamilton operator of the given system can be found. To do this, we
need to replace the impulse entering into the Hamilton function with the
corresponding operator. If in the Hamilton function for a crystalline lattice
(6.37) the generalized impulse is replaced with the operator

. h 0

Ly
q) - ’
(3 8qu

(6.134)
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the Hamilton operator takes the form:

%22232(_ o2 M

2 2
2_.7”8_ X2 + 7wquqj>, (6.135)
q j=1 q)

where i = h/27, and h is the Planck constant.
Hence it is seen that the Hamilton operator (6.135) can also be presented
in the form

3
H=N "N Hyj, (6.136)
q j=1
where
. n2 92 M

2 2
W= oraxz e Ne (0437
q7

is the Hamilton operator of a harmonic oscillator of the (g, j)th type with
frequency wgq ;. It is known that the eigenvalues of the operator (6.136), i.e.
the energy spectrum of a crystal, are

3
By =D engys (6.138)

q j=1
where
Eng; = (ng; +1/2)hwg; (6.139)

is the energy spectrum of a harmonic oscillator with the frequency wg;, i.e.
eigenvalues of the Hamilton operator (6.137).

The symbol (ngq;) shows the totality of quantum numbers of 3N number
of oscillators

(ngj) = (n11, M2, N13; N21, N22, M23, - - - N1, BN2, WN3), (6.140)

where ng; =0,1,2,... is the oscillatory quantum number of the pre-assigned
oscillator of the (q, j)th type.

As is seen from (6.138) and (6.140), each quantum state of a solid is
determined by the totality of quantum numbers of 3NV oscillators.

1. Free energy. Knowing the energy spectrum (6.138), the free energy of a
crystal can be calculated:

F=—kTnZ, (6.141)

where s
1
Z = (Z) exp (—kO—T zq:jzlenqj) (6.142)
Ngqj =

is the statistical sum. If (6.139) is substituted into (6.142), the statistical sum
takes the form:
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1 3
7= (Z) exp (——T Eq:zl ngj +1/2)hw ) (6.143)
Nqj J=

If we add up with respect to oscillatory quantum number ng; = 0,1,2,... and
take into account that

0 e_hwqj/QkOT
Z exp ( k T(’flq] + 1/2) > S m, (6144)
¢ =0

for the statistical sum we get

o—hwa; /2koT

z=]] H R ReT (6.145)

q j=1

Thus, from (6.145) and (6.141) we get the general expression for the free
energy as:

3
F=FEy+kTY Y In(l—e M/l (6.146)
q j=1
where
Ey = (6.147)
q j=1

is the energy of zero vibrations.

For further calculations of free energy suppose that a crystal is isotropic
and all three vibrational branches, shown in Fig. 6.4, coincide: wq(q) =
wa(q) = ws(q) = w(q). Then the expression for free energy (6.146) takes
the form:

F = Eo+3kT Y In(1— e Mwe/koT), (6.148)
q

where the zero energy in conformity with (6.147) equals
3
= 52%@). (6.149)
q

If, according to (6.36), we pass from the summation with respect to the quasi-
discrete variable q to the integral, we get

_ 3koTV —hwq/koT
F=FE+ an) /ln(l e )dgq. (6.150)

In order to bring computations to the end, we use the continuum approxima-
tion w(q) = w(g) = voq and the Debye model (Fig. 6.5, 0 < ¢ < gmax 0 <
w(q) < Wmax)- As a result, we have
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Wmax

3ko TV —hwg/koTY, 2
F=Fy+ Erow) / In(1 — e wa/koTy,2q0 (6.151)
0
and "
L

Ey = 08 wdw. (6.152)

0
Introduce the dimensionless parameter @ = fiw/koT and make use of the

definition of the Debye temperature 6 = hAwpax/ko. Then for the free energy
we get:

4 0/T
F = FEy+9NkoT (%) / In(1 — e *)2?da, (6.153)
0
and for the zero energy it is:
Ey = gNkOG. (6.154)

Here we take into account expressions (6.78) and (6.79) for wpmax and the
Debye temperature 6, conformably.

The integral entering into expression of the free energy (6.153) integrates
up by parts. As a result, we have

0/T

—o/T T\* r3dz
F=FEy+3NkT In(1—e ) — 3NkoT 7 el (6.155)

If we use the definition of the Debye function (6.113), (6.155) takes the form:

F = Ey+3NkoT In(1 — e %" — NkoTD (%) . (6.156)

In the particular case, if we take into account the asymptote of the Debye
function (6.115) in the region of high temperatures (7' > ), for the free
energy we get a classical result (6.80).

Knowing the explicit form of the expression of free energy (6.156), in
the general form basic thermodynamic parameters of a solid with regard
to quantization of the vibrational motion of atoms at lattice points can be
calculated.

2. Entropy. From the definition S = — (0F/0T),, and (6.156) for entropy we
get the expression

S = —3Nko In(1 — e /T) + 4NkoD (%) : (6.157)
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from which at the high temperature (T' > 0) it follows the known classical
result (6.81). A new result is obtained in the low-temperature region 7' < 6. If
in this case we take into account the asymptote of the Debye function (6.119),
entropy takes the form

At \*
S = %koN (5> T < 0. (6.158)

3. Mean energy. From the relationship £ = F 4 TS, and also from the expres-
sions (6.156) and (6.157) in the Debye approximation for the mean energy
we get

E= gNk:OQ + 3kgNTD (%) . (6.159)

4. Isochoric heat capacity. Using the definition Cy = (O0E/0T), and the
expression (6.159) for the heat capacity we have

6 o (0 0
Cy = 3kN [D (T) +T5=D (T)} = 3koNLy (T) . (6.160)

where the function Ly (0/T) is determined by expressions (6.124) or
(6.125).

5. Thermal equation of state. Taking into account the dependence 6 = (V)
and using the expression of free energy (6.156), for the thermal equation
of state P = — (0F /OV'), we get

P=Py+ 3k(;iVTD (%) e (6.161)
Here
(%-?)T = —%D (%) + %(e"/T—l)—1 (6.162)
and OEy 9 Nkob
Py=—5r =g 16 (6.163)

were taken into account where Py is the zero pressure, associated with zero
vibrations of the lattice and not depending on temperature. This is purely a
quantum effect; in the classical case, such a concept does not exist.

Finally the equation of state (6.161) in an arbitrary temperature region

takes the form
9 Nkt 8T 0

Using the asymptotes of the Debye function, the thermal equation of the state
of a solid (6.164) can be written for different temperature regions as:
at high temperatures (T > 0)
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koNT
P, T) =5 (6.165)

and at low temperatures (T < 6)

9 ko N 8t /T\*
P(V,T):g OV G [1+E(§>

(6.166)

6. Isobaric heat capacity. Knowing the thermal equation of the state of a solid
(6.161), from relationship (6.96) for the isobaric heat capacity we get

apP\* (opP\ !
= —T _— —_— .].

cr=cv-1(50) (50) (6.167)
where Cy is determined by formula (6.160). If we use relationship (6.122)
for the derivatives of the Debye function with respect to temperature

(0/0T)D(0/T), and also (6.162), the isobaric heat capacity can be written
down as

0
Cp =3kgNLp (T) , (6.168)
where the functions
L (6/T) = Ly (6/T) + 6 Mi (/T 7c) (6.169)
and 5 10
M, (ﬁ 7G> _ Ly, (T) )
T (22 +D(2)] (1+76) = valv (%)
are introduced.

As a result, for the difference of heat capacities (Cp — Cy) and their ratio
Cp/Cy we get, conformably,

(6.170)

Cp — Cy = 3koN~gM; (%,’yg) (6.171)
and o 0
P
— =1 My | = 6.172
CV + YG VL2 (T77G> ) ( )
where
0 Ly (7)
M, (—,7G> = - : (6.173)
T (22 +D(%)] 1+1¢) —veLv (%)

We adduce asymptotes of functions entering into expressions of heat capac-
ities. Asymptotes of the Ly (8/T)- function, determining the isochoric heat
capacity Cy, are given by formulae (6.84) and (6.88).
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For other functions we have:
in the region of high temperatures T >> 0

M, (%7@) =1- 2—10(3 +27¢) (%)2 , (6.174)
M, (%m) =1- 1—10(1 +7c) (%)2 (6.175)

and in the region of low temperatures T < 0

(o) s (5) () m

0 32t (T
4 (770) = it (5) - e

Inasmuch as in the low-temperature region M; ~ T7 and My ~ T*, from
(6.171) and (6.172) it is seen that in the limiting case T' — 0 isobaric and
isochoric heat capacities of a solid coincide: Cp = Cy .

From the asymptotes adduced above, it follows that as T' — 0 iso-
baric and isochoric heat capacities equally tend to zero as ~7T3, and their
difference, according to the Nernst principle, tends to zero more strongly:
(Cp—Cy) ~T7.

Temperature dependences of isochoric Cy and isobaric C'p heat capacities
are adduced in Fig. 6.12 for clarity. And temperature dependences of their
difference (Cp — Cy) and relation Cp/Cy are presented in Figs. 6.13 and
6.14, conformably.

7. Isobaric thermal expansion. This effect in the classical case in the region of
high temperatures (T > 6)) was considered in Sect. 6.3, where the known
Griineisen relationship (6.101) was obtained. It can be shown that the
Griineisen relationship (6.101) takes place in the general case, too. Using
expressions (6.99) and (6.161), for ap we get

3koN~r 0 YT
=T ly =)=+ : 1
ap v velv (T) v vaCv (6.178)

This expression is distinct from (6.100) by the fact that in the classical case
Cy = 3koIN = 3R, and in the general case Cy is determined by formula
(6.160). From (6.178) the Griineisen relationship follows

ap
1%

Hence it is seen that, inasmuch as the isothermal compressibility v and the

Griineisen constant ¢ do not depend on temperature, the ratio ap/Cy =

const.
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Fig. 6.12. The temperature dependences of isochoric Cy and isobaric C'p heat
capacities
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Fig. 6.13. The temperature dependences of difference (Cp — Cv)
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Fig. 6.14. The temperature dependences of relation Cp/Cyv

The relationship between thermodynamic coeflicients (6.179) has the gen-
eral character and is true for any temperature. As noted in Sect. 6.3, this was
experimentally corroborated by Griineisen.

From the relationships adduced above, it follows that pressure (the ther-
mal equation of state), the isobaric heat capacity and the coefficient of thermal
expansion are proportional to the Griineisen constant yg and, consequently,
P, Cp, ap in a solid are distinct from zero only with consideration of
anharmonism of vibrations of atoms at lattice points.

In conclusion, note that in terms of the Debye theory, thermodynamic
properties of a solid are determined by the four functions adduced above:

D (0/T) — the Debye function determining entropy (6.157), mean energy
(6.159) and thermal equation of state (6.161) of a solid;
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Ly (0/T) — the function determining isochoric heat capacity (6.160) and
isobaric coefficient of thermal expansion (6.178);

M; (6/T, vg) — the function determining the difference (Cp — Cy) of
isobaric and isochoric heat capacities (6.171);

M5 (8/T, ~g) — the function determining the ratio Cp/Cy of isobaric and
isochoric heat capacities (6.172).

All these four functions have one common property. As temperature
changes in the range 0 < T < oo each of them changes in the limits from
zero to unity:

0 0 0 0 0;T —0
p(7) =t (7) = (F0e) = (700 = {1725
(6.180)
Notice that the isobaric heat capacity Cp is determined by the function

Lp(8/T, va) [see (6.168)], which changes in the limits from 0 to (1 + ~vg):

6 0; T—0
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Quantum Statistics: Equilibrium Electron Gas

Summary. It is known that statistical physics studies two kinds of macroscopic
systems: classical and quantum. Systems in which the motion of particles that con-
stitute them is described by the classical (newtonian) equation of motion and whose
state as a whole is described by the Hamilton function are called classical systems.
The condition of classicity of the motion has the appearance

$> h, (condition 1)

where h is the planck constant, s = mwvL is the action of motion, m is the mass of
a particle, v is the velocity of motion, and L are linear dimensions of the space in
which the motion occurs. The condition of classicity of the motion (see Sect.1.2)
can also be presented in the form

L>Xor L>h/ VmkoT, (condition 2)

where A = h / mu is the de Broglie wavelength of a particle, and ko is the Boltzmann
constant: mv? ~ koT.

If the above conditions are not fulfilled, the motion is described by the
Schrédinger equation and the energy spectrum of a particle becomes discrete,
i.e. the motion is quantized. Systems consisting of such particles are called
quantum systems.

In the preceding chapters, on the basis of the Gibbs canonical distribution,
we considered both the classical and the quantum state of some systems and
constructed the classical and quantum theories of thermodynamic properties,
conformably. For instance, we became acquainted with the classical and quan-
tum theories of the heat capacity of a diatomic ideal gas and a solid. Note
that in both cases the statistics were classical; only in one case it was needed
to calculate the statistical integral, and in the other it was the statistical sum.

This chapter is devoted to quantum statistics (Fermi—Dirac and Bose—
Einstein distribution functions) and the theory of thermodynamic properties
of quantum ideal gases. What does the quantum statistics represent?

In order to answer this question, consider the following problem. Imagine
that in a vessel of volume V', N particles with identical masses and spins are
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found: for instance, a free electron gas in a metal or a photon gas in a closed
vessel.

To such systems we apply the quantum statistics, taking into account the
principle of indistinguishability of particles (see Sect.7.2).

Classical statistics is applicable only in the case in which the distance d
between the particles of a system is much more than the de Broglie wavelength
A (see Sect. 7.1):

d>Xorn~ Y3 > h/\/2mkoT, (condition 3)

where m and n are the mass and concentration of particles in a system,
respectively, and T is the absolute temperature.

Note that quantum theory (the theory of quantum systems) should not be
confused with quantum statistics. From a comparison of conditions of clas-
sicity of the motion (condition 2) and classicity of statistics (condition 3),
it is seen that cases where the former is satisfied, the latter can be violated
because L > d. Thus, the motion of particles in a system can be classical,
whereas their statistics can be quantum and vice versa.

Quantum statistics can be applied both to classical and quantum systems.
Quantum statistics is more general. In the particular case where condition (3)
is satisfied, results of quantum statistics pass onto the corresponding results
of classical statistics.

Before moving on to an exposition of quantum statistics, we consider
the Boltzmann distribution which forms the basis of classical statistics and
expound the basic difficulties of classical statistics.

7.1 Boltzmann Distribution:
Difficulties of Classical Statistics

The distribution of velocities of the molecules of an ideal gas was given for
the first time by the famous Scottish physicist Maxwell in 1859. In 1871, the
outstanding Austrian physicist Boltzmann generalized the Maxwell distri-
bution to the case in which a gas is found in an external potential field
(the gravitational field of the earth) and obtained the well-known barometric
formula.

The Boltzmann distribution function was found to satisfy classical systems,
i.e. for the case when the energy of a particle is determined by its impulse and
coordinates, and is equal to the sum of kinetic and potential energies. Here,
we assume that the state of each particle forming an ideal gas, i.e. its energy,
is determined by a set of quantum numbers, but the statistics is classical.

The statement of the problem is as follows: assume that in volume V' there
are N particles. Let k be the totality of quantum numbers determining the
state of one particle, i be its energy and ny be the number of particles in this
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state. It is required to find the mean number of particles 7; in the state k. In
order that the exchange interaction be absent, the gas ought to be rarefied:

ng < 1. (7.1)

When solving the stated problem, we use the Gibbs grand canonical distribu-
tion for open systems. If we take the quantum state k with energy e as an
open subsystem, and the remaining part of the gas to function as a thermostat,
the Gibbs grand canonical distribution can be presented in the form

Qptung—epny
ko

Wy, =€ = RoT 5, (7.2)

where ) is the grand canonical potential of the considered subsystem, and
Wi, is the probability that in the quantum state k, i.e. in the subsystem, there
are ny particles. Then, Wy = exp (2 / koT) = 1 is the probability that the
state k is empty, because according to condition (7.1) the gas is very rarefied
and the number of quantum states is far more than the number of particles. It
is clear that the probability of one particle being found in the k -state ought
to be

Qe+ (u—ep) p—cp
RoT

Wi=e e kT L1, (7.3)

where it is taken into account that exp (0 / koT) = 1. It is known that Q4
entering into distribution (7.2) is determined from the normalization condition
> W, = 1. Thus,

n
(h—ep)ng
Qr = —koT In Ze RoT (7.4)
ny

If we take into account condition (7.3) and in the sum (7.4) keep only two
terms (ny = 0; 1), we get

O = —koT In (1 + eﬁ’“) . (7.5)

Because the second term in (7.5) is very small, at small x we can use the
approximation In(1 + z) ~ . Then

H—EL

Q= —koT -e W7 . (7.6)

As a result, the mean number of particles in the k -state equals

= (B e
g = (8H>T_e . (7.7)

Jr=ekT . (7.8)
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This distribution function in classical statistics bears the name Boltzmann
distribution, and a gas obeying such a distribution is called the classical ideal
gas or the Boltzmann gas.

The grand thermodynamic potential of the complete system has the

appearance
Q= Qu=—kTY emr. (7.9)
k k

In order to find the explicit form of the thermodynamic potential, it is neces-
sary to know the dependence of energy ¢}, on the wave vector k. For simplicity,
the energy of a free particle is presented in the form

h2k?
- 2m

€k ) (7.10)
where m is the mass of the particle.

In the quasi-classical case, in order to pass from the summation with
respect to k to the integral, according to (6.36), we use the rule

S o) = (;f;)g / (k) dk, (7.11)
k

where ¢(k) is an arbitrary smooth function, go = 2s + 1-fold degeneracy over
the spin and s is the spin quantum number. Then we get

- koTVgo/ “k—ETk
Qo = e ] " dk. (7.12)

If we take into account that the energy of the particle depends only on the
magnitude of the wave vector, in (7.12), changing the k-space to the spherical
coordinate system dk = k?dk sin 6 df dy and integrating, we get

T noep
Q= _M/e T k2dk. (7.13)

272

Here, from the integral over dk, according to (7.10), we can pass to the integral
over de:
3/2 ®
Q= — M TV MRG0 o / o</ kT el/2e, (7.14)

472p3
0

where we have taken into account

(2m)*/

2
k2dk = o3 e1/2de. (7.15)

Using the dimensionless variable of integration x = ¢/k¢T, and according to
Appendix A, we get
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9oV (koT)*2(2m)%2 | hor
o ]3/213 ¢ :

Hence, we can find the total number of particles N and the pressure P of the
system [see (2.206)]:

Qo = (7.16)

po (92Y  _ go(keT)2@mP2 i or
AR S/ 7 (7.17)
N=— o0 — Wewkor '
o) yr SO

The solution obtained by combining (eliminating 1) these equations gives the
equation of state of a classical ideal gas: P = koNT / V.

Using the condition of classicity of statistics g, = fr < 1 (7.8), we can
write

L—eL
e FoT < 1. (7.18)

In order that this condition be fulfilled at all values of €, including for e, = 0,
the chemical potential ought to satisfy the inequality

et/ Rl < 1. (7.19)

To determine the explicit form of condition of classicity of statistics (7.234)
from the second equation of system (7.17), we find the chemical potential.
Then, the condition of classicity of statistics takes the form

e N (@2aR)?? 0 aN?
Ao erot — V—QOW ~ E < 1, (720)

where d= (N / V)3 = n=1/3 is the mean distance between particles, and
A=h/ (2mkoT)1/ 2 is the de Broglie wavelength. This condition of classicity
coincides with the condition (3) introduced at the beginning of this chapter.

A gas whose chemical potential satisfies (7.20) is called a classical ideal gas,
Boltzmann gas or non-degenerate gas. To satisfy this condition, it is necessary
that the chemical potential take on large negative values, i.e. (—u / koT') > 1,
and to do this the concentration of particles n = N/V ought to be small, the
mass of particles m large and the temperature T high.

With the aid of the Boltzmann distribution (7.8), we find the mean energy
of a non-degenerate gas. To do this, we calculate the sum

E = Z&?kfk = Zskeﬁ. (721)
k k

In order to pass from the summation to the integration, we use (7.11) and
(7.15) and compare the obtained result with the first equation of system
(7.17). As a result, we get the very simple relationship between energy E
and pressure P:



218 7 Quantum Statistics: Equilibrium Electron Gas

2 F
P=-—. 7.22
3V ( )
Using expression (7.20) for the chemical potential p from (7.21), we get the
well-known expression for the mean energy of a classical ideal gas:

E= gko TN. (7.23)

Hence, it is seen that for each degree of freedom of a free particle, there

accounts energy equal to

E 1
— = —koT. .24
3aN 27 (7:24)

Entropy of a classical ideal gas can be found using (7.16) and the relationship

Q T
Sa(V.T,p) = — (W) . (7.25)
Viu
As a result, we get
5 kogoV (2mkoT)>/? 2 u ko T
SCI(K T7 /’L) = 5 87T3/2h3 1 - gko_T eH/ : (726)

If we substitute expression (7.20) into (7.26), the dependence of entropy on
V,T, N takes the form

N [ 27h2 \*?

Vgo (mk0T>

[compare with expression (4.10)]. Hence follows the well-known expression of
the isochoric heat capacity: Cy = 3kogN / 2.

It can be shown that all atomic and molecular gases satisfy the condition of
classicity (7.20). Indeed, at N/ V ~10¥ em ™3, m ~ 1072 g and T = 300K,
from expression (7.20) it follows that exp (u/ koT) ~ 10~* < 1. Thus, the
Boltzmann statistics (the distribution) can be applied to all atomic and molec-
ular gases. With the obtained theoretical results, the known experimental data
are explained well.

However, there exist gases for which, when applying the Boltzmann
distribution, non-explainable principal difficulties arise between theory and
experiment. These difficulties mainly arise when applying the Boltzmann
distribution to a free electron gas in metals and to a photon gas.

We recall these difficulties.

Su(V.T, N) = gkoN — kN In (7.27)

1. The difficulty associated with the theory of the heat capacity of an electron
gas in metals.

To explain electrical and thermal conductivity of metals, the following model
is assumed: A conducting metal consists of a crystal lattice formed by ions
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and electrons (an electron gas) moving freely in the metal. The electron gas
can weakly interact with the vibrating lattice. The Drude theory of metals,
which is based on this model, well explains the Wiedemann-Franz law and
the temperature dependence of the specific resistivity of metals. However, the
application of Boltzmann statistics when calculating the heat capacity of a free
electron gas leads to nonconformity between the theory and the experiment.
Indeed, according to this model, the energy of a metal is equal to the sum of
energy of the vibratory motion of the crystalline lattice and of energy of the
translational motion of free electrons:

Emet = Elat + Eel; (728)
and the heat capacity, consequently, is
Cpet = Oy + Oy (7.29)

For simplicity, consider a uni-valent metal. In this case, the number of ions
and, consequently, free electrons is identical and equals N.

It is known that at temperatures higher than the Debye temperature
(T > 0), the vibratory motion of ions at the crystalline lattice points is
classical (see Chap.6) and the mean energy of the lattice Ej,y = 3kgNT'. In
order to calculate energy of the free translational motion of electrons, we apply
the Boltzmann distribution and take into account that each degree of freedom
corresponds to ko7 / 2 energy (7.24). Then we get Fo = 3koNT / 2. Thus,
the total mean energy of a conducting crystal (a metal) equals

3 9
Emet == 3]€0NT+ ikONT == §]€0TN, (730)
and the heat capacity is
9 9
Cpet = §k‘0N = §R = 9cal/ mol K. (7.31)

However, according to experimental data, at high temperatures in metals,
as well as in dielectrics, the heat capacity CP°* ~ 3R ~ 6cal/ molK. Con-
sequently, in the formation of the heat capacity of metals an electron gas
almost does not play a role. Why? The answer to this question can be found
in Sect. 7.9.

2. The second difficulty of classical statistics is associated with the Pauli
paramagnetism, i.e. the contribution of an electron gas to the magnetic
properties of a metal. It is known that a free electron possesses an
intrinsic magnetic moment, equal to the Bohr magneton ug=eh/2mec =
0.93 x 1072 erg/G, which is associated with its spin s = 1/2. Therefore,
in a magnetic field H, at the expense of free electrons in the metal the
paramagnetic property ought to arise. If classical statistics apply to an
electron gas, when calculating the paramagnetic susceptibility x we get the
expression [see Sect. 7.10, (7.190)]:
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M 2
X=vg= ZOL; ~ 10 % erg/G? cm?, (7.32)

where, to evaluate it, we have taken 7' = 300K, and n = 5 x 1022cm™3.
However, by experiment, the value of x obtained was seen to be lower by two
orders than that deduced in (7.32). At the same time, it was experimentally
established that x is almost independent of temperature, whereas according
to classical statistics x ~ 1/7.

The question arises as to what causes such a strong divergence of results of
classical statistics and experiment. The comprehensive answer to this question
can be found in Sect.7.10. Going ahead, suppose that the cause of the indi-
cated divergence is because the electron gas does not behave like a classical
gas. In order to be convinced of this, it is necessary to check the criterion of
classicity (7.20) for an electron gas in metals. If we take the temperature of
an electron gas as T = 300 K and the concentration n = 5 x 10?2 cm™3, then
according to (7.20) exp (1 / koT) ~ 102, which contradicts the condition of
classicity of the statistics, i.e. exp (1 / koT) < 1. Consequently, a free electron
gas in metals is not classical and therefore the Boltzmann statistics cannot be
applied to it.

Such a situation in the 1920s led to the development of the new gquantum
statistics. During this time, quantum mechanics emerged (the principle of
indistinguishability of particles) and based on that the Fermi—Dirac quantum
statistics was formulated (see Sect.7.3). In 1927, on the basis of quantum
statistics Pauli developed the theory of the electron paramagnetism, and in
1928 Sommerfeld circumvented the nonconformity associated with the heat
capacity of an electron gas in metals. They showed that an electron gas in

metals is not classical but a statistically degenerate quantum gas (see Sects. 7.9
and 7.10).

3. The difficulty associated with the application of the Boltzmann classical
statistics to a photon gas. It is well-known that in the rise of quan-
tum physics the experimental study of the black-body radiation played a
big role. In this field, many experimental results were accumulated and
appropriate formulae were derived, such as the Wien, Rayleigh—Jeans,
Stefan—Boltzmann laws, which in 1900 were explained by the well-known
German physicist Max Planck. It is founded on the hypothesis that atoms
on the walls of a hollow vessel act as oscillators with a specified frequency
w and irradiate electromagnetic energy inside, not continually but by por-
tions. As a result, for the spectral density of energy of the black-body
radiation Planck obtained the well-known formula

_dBE(w,T) Fw? 1

plw,T) = Vdw — 7w2c3 ehw/koT — 1’ (7.33)
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where E(w,T) is the total energy of radiation inside the vessel of volume V|
w is the frequency of the radiation and T is temperature of the walls of the
vessel.

The newly introduced Planck hypothesis, in conformity with (7.33), suc-
cessfully explained all experimental characteristics of black-body radiation
from formula (7.33), particular cases of which are the Rayleigh-Jeans and
Wien laws.

In 1905, Einstein put forward the following very bold hypothesis: light, i.e.
the electromagnetic field, of a particular frequency w consists of particles —
photons — with energy and impulse:

e = hw,
p = hw/e, (7.34)

where i = h/2m; h is the Planck constant, and w and c are the frequency and
speed of light, respectively.

Consequently, an electromagnetic field filling up the hollow region of a
vessel can be presented as an ideal gas — a photon gas — consisting of pho-
tons with different energies and impulses. Hence, naturally, the idea arises
that by applying Boltzmann statistics to a photon gas, we can calculate the
energy of photons with frequencies in the range dw and, thereby, derive the
Planck formula (7.33). However, as a result of such a computation, what was
obtained was not the general Planck formula but the Wien formula, just in
the particular case of kgT' > hw. Indeed, according the Boltzmann statistics,
the number of photons with frequencies in the range dw equals

dN(w) = const - e /0Ty = const - e~/ FoT 2w, (7.35)
and, consequently, the energy of photons with frequencies in the range dw is
dE(w) = hw dN (w) = const - e~ /koT,3dy, (7.36)

With regard to this expression, for the spectral density we get

p(w) = di(w) = const - e /RT3, (7.37)
w

The obtained expression (7.37) is not the Planck formula, but its particular
case - Wien’s law. Hence, it follows that the Boltzmann distribution cannot
be applied to a photon gas, i.e. a photon gas is not a Boltzmann gas.

The difficulty associated with the photon gas was circumvented by the
Indian physicist Satyendra Nath Bose on the basis of a new statistics worked
out especially for a photon gas (see Sect.7.14). Slightly later, Einstein gen-
eralized the Bose statistics to the case of a gas consisting of particles with
the mass of rest different from zero. Therefore, Bose statistics got the name
Bose-Einstein statistics (see Sect.7.3) in 1924.
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7.2 Principle of Indistinguishability of Particles:
Fermions and Bosons

In Sect.7.1 we noted that difficulties associated with the application of
classical statistics to photon and free electron gases in metals were cir-
cumvented only after the introduction of quantum statistics. Before going
into Fermi—Dirac and Bose—Einstein distributions, which constitute the basis
of quantum statistics, we introduce the principle of indistinguishability of
particles.

Consider a system consisting of IV identical particles with identical physical
parameters (mass, charge, spin, and so on).

According to classical mechanics, in spite of the fact that all the particles
are identical, they can be distinguished. Thus, for instance, if in the initial
position we enumerate particles and at subsequent moments trace their motion
in the trajectory (according to the solution for the Hamilton equation), it can
be exactly said at which point of space the particle is found. In other words, in
classical mechanics, in spite of the fact that the characteristics of all particles
are identical, they do not lose their individuality and are distinct from each
other.

In quantum mechanics, according to the uncertainty principle, the con-
cept of the trajectory is absent, and, therefore, even if the initial position of
a particle is known, in subsequent moments its location cannot be completely
determined, i.e. if we enumerate particles in the initial state, we cannot exactly
determine their positions in space at subsequent moments of time. Conse-
quently, in quantum mechanics, in contrast to classical mechanics, particles of
a system consisting of identical particles when changing the state of the sys-
tem do not conserve their individuality and are not distinct from each other.
Therefore, in quantum mechanics of a system consisting of identical particles,
we can only speak of the system as a whole, and not of the state of individual
particles in it. In order to show this, we write the Hamilton operator for the
considered system. Assume that a system consisting of N interacting particles
is found in an external potential field that does not depend on time. Then,
for such a stationary state (9H / 9t = 0), the Hamilton has the appearance

N

. B2 N
H(1,2,...,N)=)" [—%Vf +W(i)} + > UG, k), (7.38)
i=1 i#k=1

where ¢ and k are the totality of all coordinates of a particle of the system,
including the spin, with the corresponding number, e.g. (i) = (i, i, 2, 5i);
V. is the Laplace operator, W (i) is the potential energy of the ith particle in
the external potential field, m is the particle mass and U (i, k) is the energy
of interaction between particles.

Since energy of the interaction depends only on the distance between par-
ticles, U(i, k) = U(k,4). It we take this into account, from (7.38) it is seen
that at the mutual transposition of particles (i < k) the Hamilton operator
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does not change, because this transposition leads only to the transposition of
the items in sum (7.38). Consequently, the property of the Hamilton operator

H(1,2,...,4,....k...,N)=H(1,2,....k,...,i,...,N) (7.39)

is the condition of identity of the particles. Indeed, if out of N particles only
one is distinct from the others, then on the transposition of this particle with
an arbitrary other one, condition (7.39) is not fulfilled.

Now we introduce the concept of the operator of the mutual transposition
of particles and denote it by Py, The action of this operator leads to the fact
that particles ¢ and & in the system exchange places, i.e. coordinates (i) and
(k) on which the wave function of the system depends mutually exchange:

Putp(1,2,.. iy k. N)=(1,2,...,k,....i,...,N) (7.40)
or in the shortened form
Pup(i, k) = (k. i). (7.41)

From the Hamiltonian property (7.39) and the definition of the operator of the
mutual transposition of particles (7.40) it is seen that H and Py, commute:

Py H-HP,, = 0. (7.42)

Note that this commutation, which is also a property of the Hamilton operator
(7.39), is the mathematical expression of the identity of particles of the system.

The wave function of the system ¢(1,2,...,4,....k,...,N) = (i, k)
satisfies the Schrodinger stationary equation

Hy (i, k) = Ey(i, k) (7.43)

where E is the total energy of the system.
If we act by the operator Py, on each side of (7.43), we get

Py (i, k) = EPya(i, k). (7.44)

If we take into account the property of commutativity of operators of Hamilton
and mutual transposition (7.42), then (7.44) takes the form

H(Py1)(i, k) = E(Pyab(i, k). (7.45)
Hence, it is seen that both the function (i, k) and the function
oW k) = Pr(i k) =v(1,2, ... k,...,i,...,N) (7.46)

satisfy the Schrédinger equation; in other words, the function ¥(M) (i, k) is also
the wave function characterising the state of the system. The functions ()
and 1) are distinguished only by the fact that in the state ¢»(!) particles with
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coordinates ¢ and k exchange places with reference to the state ¢. Continuing
the process of transposition (the exchange), we get @ B NI wave
functions. It is clear that each of these functions is a wave function of the state
with the total energy FE. Consequently, to one value of energy E of the system
of identical particles, N! wave functions correspond (N!-fold degeneracy). Such
a degeneracy is called the exchange degeneracy.

Thus, we have shown that separate particles of a system comprising identi-
cal particles do not conserve their individuality, i.e. independently of a particle
being found at some point or other of the space, the system is found in the
same state. In other words, we cannot speak about the state of separate par-
ticles, but only about the system as a whole, i.e. it is impossible to distinguish
the particles. This conclusion in quantum mechanics is called the principle of
indistinguishability of particles and formulated as follows: A system consist-
ing of identical particles can have only such states that do not change at the
transposition of particles.

From the linearity of the Hamilton operator and the principle of superpo-
sition, it follows that the linear combination

$(1,2,...,N)=>_ Cup™(1,2,...,N) (7.47)

of wave functions 1), 1@ .. also satisfies the Schrédinger equation; how-
ever, it is necessary to choose the coefficients C,, so that they describe one of
the possible states of the system.

From commutativity (7.42), it follows that eigenfunctions of operators of
transposition Py and Hamilton H of system (7.38) are identical and eigen-
values of the operator Py, are real and conservation quantities, i.e. they are
an integral of motion. Then we can write

Putp(1,2, ... iy ko N) = A0(1,2,... iy .k, ..., N), (7.48)

where ) is the eigenvalue of the operator sz, which is a real and conservation
quantity. To determine this quantity, act by the operator P;; on both sides of
(7.48):

P2(1,2,.. iy k. N) = APytp(1,2,.. iy K, ... N).  (7.49)

Because on the left-hand side of the equation the operators Py, acts twice, and
then v does not change, and on the right-hand side if we take into account
(7.48), (7.49) takes the form

(1,2, 0k N) = A20(1,2, 0,0, Ky N, (7.50)

As a result, we get
M =1or\£1. (7.51)

Consequently, eigenfunctions of the operator of the transposition Py and,
correspondingly, the Hamiltons on transposition i_k of identical particles
either do not change or only change their sign:
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Pup(1,2,. .. i, .k, .. N)=+9(1,2,...,i,....k,...,N). (7.52)
In the first case, the wave function is called a symmetric wave function
Putbs(1,2,.. . iy k... N) = +0(1,2, ... iy ... k,...,N),  (7.53)
and in the second case it is an antisymmetric wave function.
Putha(1,2,.. .0y Ky N) = —0a(1,2,. .., k,...,N),  (7.54)

where ¢ and k take on any integer value from 1 to V.

Thus, according to the principle of indistinguishability, the state of a sys-
tem of identical particles can be described by a symmetric or an antisymmetric
wave function. Because the eigenvalues A = £1 of the operator of the transpo-
sition I:’zk are an integral of motion (a conservation quantity), the symmetry
of the wave function (symmetric or antisymmetric) is absolute. This means
that if the wave function of a system possesses a specified symmetry, it can
never have the other symmetry.

Furthermore, the wave function of systems of identical particles cannot
possess a mixed symmetry, i.e. if for one transposition the wave function is
symmetric, for other transpositions it cannot be antisymmetric. Such a state is
impossible. In order to show these, suppose the reverse: assume that ¢ function
in reference to the transposition ¢k is antisymmetric, and in reference to the
transpositions i~ j and j_k it is symmetric. Then we can write

Hence it follows that

Wiy kg ) =050 k) =0. (7.56)

Consequently, the state with the mixed symmetry is impossible.

Experimentally, it has been shown that in nature there exist systems
described by both symmetric and antisymmetric wave functions, and the
following rules have been established:

1. If a system consists of identical particles with a spin as a multiple of the
Planck constant, i.e.

s =0; h; 2h, (7.57)

it is described by the symmetric wave function and the particles themselves
are called Bose particles or briefly bosons. m- and K-mesons with the spin
s = 0 and photons with the spin s = h are examples of such particles.
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2. If a system consists of identical particles with a spin as a multiple of the
odd semi-integer Planck constant, i.e.

h _h

2

s==3;3

h
2 2

; 5=, (7.58)
it is described by the antisymmetric wave function, and the particles them-
selves are called Fermi particles or briefly fermions. An electron, proton,
neutron and their antiparticles with the spin s = h/2 are examples of fermions.

Note that these rules obtained as a result of generalization of experimental
facts were subsequently theoretically substantiated by Pauli.

If particles forming a system are not elementary, i.e. the system consists
of several elementary particles, whether they belong to fermions or bosons is
determined by the number of elementary fermions entering into their compo-
sition: if the number of fermions is even, the complex particle is a boson, and
if it is odd, the particle is concerned with fermions. According to this rule, an
atom of hydrogen and an « particle are bosons, and He? is a fermion.

It is evident that in the general form the Schrédinger equation for inter-
acting particles cannot be solved. Therefore, we consider the particular case
— an ideal gas, consisting of N particles. In this case, because the energy of
interaction U (i, k) = 0, the operator (7.38) takes the form

N
Hy(1,2,...,N) =Y H; (7.59)
i=1
where
. h2_, ‘

is the Hamilton operator of one particle.
It is known that the eigenfunction ¢g(1,2,..., N) of operator (7.59) can
be presented in the form

N
Yo(1,2,- ., N) = o, ()90 (2) - - Pan (N) = [ [ e (0), (7.61)
=1
and its eigenvalue
N
Eo=¢a, +€a+ -+ Eay = P Ea; (7.62)
=1

Here ¢4, (i) and &, are, respectively, the wave function and the energy of one
particle obtained as a solution of the equation

Hi@ai - 60(1 (Pa,“ (7.63)
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where «; is a totality of quantum numbers determining the state of the ith
particle.

It is evident that wave function (7.61) does not satisfy the condition of sym-
metry, which follows from the principle of indistinguishability (7.52). Indeed,
at transposition ik, the particle ¢ ought to be found in the state oy, and
particle k in the state «;; thereby, the wave function 1y changes. Therefore, for
the wave function (7.61) it is necessary to compose linear combinations such
that the obtained functions would satisfy the condition of symmetry (7.52)
and, thereby, the principle of indistinguishability would be fulfilled. In order
words, the solution (7.61) should comprise of symmetric or antisymmetric
wave functions.

In order to obtain from (7.61) the symmetric wave function describing
the state of an ideal gas consisting of bosons, it is sufficient to add up all
functions (the number of such function is N!) obtained as a result of the pair
transposition of particles:

Yos(1,2, ..., N) = 3 P00, (1)0as (2) . pay (N), (7.64)

v

where v is the number of the transposition and the summation is carried out
with respect to the N! number of transpositions.

In order to obtain from (7.61) the antisymmetric wave function describing
the state of an ideal gas consisting of fermions, when adding up with respect
to v, in contrast to (7.64), we need to take items for even variables with the
sign “4” and for odd ones with the sign “—"

You (1,2, . N) =3 (1) Py 0o, (1)90,(2) - o (N). (7.65)

This antisymmetric wave function can also be presented in the form of the
Slater determinant

Par(1) ¢ai(2) ... @a ()
'(/)Oa(1727---;N) — 900!2(1) 900!2(2) WQQ(N) . (766)

Pan (1) Pan(2) ... pay(N)
From such a form of the entry of the antisymmetric wave function (in the form
of a determinant), it follows that the wave function g,(1,2,..., N) satisfies
the condition (7.54). Indeed, in determinant (7.66), on mutual transposition
i_k two corresponding columns exchange places, which leads to the change

in the sign of the determinant to the opposite one.

From the entry of the antisymmetric wave function (7.66) in the form of
the determinant follows one more important result: if the quantum states of
two arbitrarily taken particles are identical (a; = ), then in (7.66) two rows

are identical, and this is the condition for the entire determinant to be zero, i.e.
the wave function g, (1,2, ..., N) is zero. This is precisely the Pauli exclusion
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principle for fermions: In one quantum state, two and more fermions cannot
be found.!

From the symmetric wave function (7.64), it is seen that quantum states
of two arbitrary bosons can be identical (o; = ag); even all of them can
be found in one quantum state (¢; = as = --- = apy) and therefore
Yos(1,2,...,N) 0.

General conclusion: From the principle of indistinguishability of particles,
it follows that in nature two kinds of particles exist:

1. Bosons. The spin of these particles (a photon, 7 -and k -mesons) equals a
multiple of the Planck constant h : s = 0; h; 2h;.... In one quantum state
one can find an arbitrary number nj of bosons:

n,=0;1;2;3;... (7.67)

A system consisting of bosons (a Bose system) is described by the symmetric
wave function.

2. Fermions. The spin of these particles (an electron, proton, neutron and
their anti-particles) equals an odd multiple semi-integer of the Planck con-
stant h: s = %; 3%; 5%; .... In one quantum state one can find only one
fermion

ng = 0; 1. (7.68)

A system consisting of fermions (a Fermi system) is described by the antisym-
metric wave function.

Statistics for Fermi and Bose systems formulated on the basis of quantum
mechanics (with regard to the principle of indistinguishability of particles) is
called quantum statistics. If interaction between particles is neglected, Fermi
and Bose systems are called ideal Fermi and Bose gases or ideal quantum
gases.

The principal propositions of quantum statistics are explained in subse-
quent sections.

In conclusion, we note the following. From the indistinguishability of par-
ticles, it follows that to one value of energy of the system N!-fold exchange
degeneracies correspond. The principle of indistinguishability of particles cir-
cumvents this degeneracy, since the state of the system is described by only
the symmetric or antisymmetric wave function. On the other hand, it is known
that the degeneracy is removed by external forces or by interactions inside the
system. In the quantum case, such an interaction can be “the exchange inter-
action”, which does not have an analogue in classical physics. Later we will
show that this interaction manifests itself when the de Broglie wavelength of
a particle A is of the order of the mean distance d between particles (A = d).
Only in this case, particles of a system comprising identical particles lose their
individuality and one cannot assert which particle is found in which state.

! Note that the Pauli principle is true not only for an ideal gas, but also for any
system of fermions with the antisymmetric wave function.
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It is interesting also to note that, because in the particular quantum state
there can be any number of bosons but only one fermion, the exchange interac-
tion between bosons can be treated as “attraction” and that between fermions
as “repulsion”.

7.3 Distribution Functions of Quantum Statistics

In this section, on the basis of the principle of indistinguishability of particles
we will find the distribution function of an ideal gas consisting of fermions or
bosons. Assume that a gas of volume V contains N non-interacting fermions
or bosons. It is required to find the mean number 71 of fermions or bosons in
the quantum state k with energy ¢ at temperature 7T'. This problem can be
solved in different ways. We make use of the method proposed by Landau.

Assume that N fermions or bosons are distributed over quantum states
k with energy €. The number of particles in these states is denoted by ny.
Particles can come into or move out of this state; i.e. ny can change. If we
take a multitude of particles in the k state as a subsystem and the rest as a
thermostat, we can apply the Gibbs grand canonical distribution for an open
system [see (3.68)]. Because in our case the particles do not interact, in (3.68)
we can replace the energy of the subsystem by

EnN = NKEE (7.69)
and the number of particles by
N = ny. (7.70)

As a result, (3.68) takes the form

Q!.+un! —Epng

Wy, =e  FoT , (7.71)

where W,,, is the probability of n; particles found in the quantum state k
with energy e, and € is the grand thermodynamic potential of a subsystem,
which is found from the normalization condition

> W, =1. (7.72)
Nk

Thus,

(p—ep)n
Q= kT e Rr " (7.73)

nk

Hence we can find the mean value of the number of particles 77 in the quantum
state k, i.e. the distribution sought [see (2.206)], by the formula

iy = — (%> . (7.74)
op TV
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Consequently, to determine the explicit form of the distribution function
ng for fermions and bosons, it is necessary to calculate the sum in the
expression (7.73).

Because systems of fermions and bosons are described by wave functions
of different symmetries, it is necessary to consider them separately.

Fermi—Dirac distribution. This distribution, which is applicable to any sys-
tem of fermions, was proposed by Fermi in 1926 for an electron gas the same
year Dirac determined its relation with quantum mechanics. In 1927, Pauli,
on the basis of the Fermi—Dirac statistics, resolved the difficulties associated
with paramagnetism of free electrons in metals (see Sect. 7.10). In 1928, Som-
merfeld, on applying this distribution to the free electron gas, circumvented
the contradiction associated with the heat capacity of metals (see Sect. 7.9).

In Sect. 7.2, we showed that a system of fermions, in the particular case of a
quantum ideal gas, is described by the antisymmetric wave function and that
fermions are governed by the Pauli exclusion principle, according to which the
number of fermions in the quantum state k& cannot be more than one:

ng = 0; 1. (7.75)
In this case, the sum in (7.73) ought to consist of only two terms:
Qp = —koT In(1 4 eln=ex)/koT)y, (7.76)

Note that the expression of the grand thermodynamic potential (7.76) is dif-
ferent from (7.5); as a matter of fact, in expression (7.5) the second term
under the logarithm sign is much smaller than unity, while in (7.76) this term
can take on arbitrary values. This means that in (7.5), in the case of the
Boltzmann distribution, the chemical potential ought to be negative (1 < 0)
in order that exp (u /koT ) < 1 is satisfied. And in the case of Fermi distribu-
tion, the chemical potential can change in the range —oco < u < +00, i.e. it is
an arbitrary quantity.

On substituting the expression of the grand thermodynamic potential
(7.76) into (7.74), we get the final expression for the Fermi-Dirac distribution

. 1
ne = f(Ek) = m; —o00o < < +00. (777)
We denote by 7ir, = f(e,) = f(k) = f(e) the distribution function for fermions
and henceforth will use these notations. This distribution can be interpreted in
two ways: Distribution function (7.77) shows the mean number of fermions in
the quantum state k with energy ¢ at temperature 7', or it is the probability
of fermions found in the quantum state k with energy e at temperature T.
We analyse the Fermi-Dirac distribution function (7.77) for different values
of the chemical potential and temperature entering into the distribution as
parameters. We first consider the case where the chemical potential is positive
(1 = po > 0). The positive quantity po is called the Fermi boundary energy
or, briefly, the Fermi boundary. If e, < po, then (g5 — o) < 0. Then in the
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Fig. 7.1. The Fermi-Dirac distributions function

limit T — 0, the exponent in (7.33) tends to zero and f(ex) = 1. In other
words, all states with energy e, < pg are filled up. If, however, e > g, then
(ex — po) > 0 and as T — 0 the index of the exponent in (7.77) becomes a
very large positive quantity and as a result f(er > pu) = 0.

At finite temperatures T' # 0, the function f(¢) = 1 only in the case where
the energy is much smaller than the Fermi boundary energy. It is seen that at
e = po the function f(e) = 1 /2. If energy ¢y, is less than the Fermi boundary
energy o, at finite temperatures T' # 0 the Fermi distribution function is less
than unity: f (ex < o) < 1, and in the limiting case of large energies

lim f(eg) =0. (7.78)
£ —00
The Fermi—Dirac distributions for positive values of the chemical potential
w=po>0at T =0and T # 0 are schematically presented in Fig.7.1.

With the aid of the Fermi-Dirac distribution (7.77), we can find the total

number of fermions

_ 1
N = Xk:’nk = zk: f(€k) = Z —e(ik—u)/koT T 1 (779)

k

and the mean value of the total energy of fermions
E = Zk:éikﬁk = zk:é?kf(é?k) = zk: 6(5’67“)6/++1. (7.80)
Using (7.76), we can calculate the grand thermodynamic potential of a Fermi
as:
: Q=30 = kT In (1 v eW*fk)/koT). (7.81)
k k

Bose—FEinstein distribution. This distribution of bosons was proposed by the
Indian physicist Satyendra Nath Bose for a photon gas. Thereby, he statis-
tically substantiated the Planck formula. Subsequently, Einstein generalized
this distribution to bosons with the mass at rest, distinct from zero.

In Sect. 7.2, we showed that a Bose gas is described by the symmetric wave
function and for its particles the Pauli exclusion principle does not exist, i.e.
in one quantum state there can be an arbitrary number of bosons:
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nE=0;1;2;3;... (7.82)

If we take into account this fact in (7.73), the grand thermodynamic potential
for a Bose gas € takes the form

Qr = —koT ln (1 + elb—er)/koT | o2(u—er)/koT 4 . ) . (7.83)

Because the energy is always positive, i.e. € > 0, in order that the series
in (7.83) would converge also at e, = 0, the chemical potential ought to be
negative, i.e. u < 0. Under this condition, the series under the logarithm
becomes an infinitely decreasing geometric progression, the sum of which is
easily determined:

(1 + elt—ex)/koT + e2(n—ex)/koT 4. ) _ (1 _ e(u—ak)/koT) -t ) (7.84)

Thus, for the grand thermodynamic potential of a Bose gas we finally get

O = koT In (1 - e(“—EW’COT) , (7.85)
and the Bose-Einstein distribution sought, i.e. iy = — (92 /Op )1y, takes
the form .

ik 1< 0. (7.86)

a eler—p)/koT _ 1;

This distribution can be also treated in two ways: Distribution function (7.86)
gives the mean number of bosons in the quantum state k with energy ¢ at
temperature T, or it is the probability of bosons being found in the quantum
state k with energy ¢, at temperature 7T'.

Temperature 7' and the chemical potential p enter into the distribu-
tion function (7.86) as parameters. We now analyse the dependence of the
Bose-Einstein distribution on energy e for different limiting values of these
parameters.

In the limiting case when the chemical potential p — —0 and temperature
T — 0 at small values of energy e, — 0, the exponent in (7.86) tends to unity
and the distribution function becomes infinite: n(ex) — oo.

If the chemical potential takes on finite negative values (u < 0), even for
the value of energy e, = 0 the distribution function takes on finite values
nk(0) # 0, and with increasing energy ¢y, it decreases. At very large negative
values of the chemical potential (1 — —o0), the distribution function (7.86)
passes into the Boltzmann distribution (Fig.7.2).

For comparison, plots of the Bose-Einstein and the Fermi-Dirac distribu-
tion function at "= 0 are shown in Fig.7.3.

From the figure it is seen that in the case y — —0 at T'= 0, the majority
of bosons (it can be said, all) pass to the lowermost energy level with ¢, =
0: nx(0) — N. This phenomenon is called Bose-FEinstein condensation (see
Sect. 7.13).
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Fig. 7.2. The comparison of the Boltzmann, the Bose-Einstein and the Fermi-Dirac
distribution functions
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Fig. 7.3. The comparison of the Bose-Einstein and the Fermi-Dirac distribution
function at T'=10

With the aid of the Bose-Einstein distribution (7.86), we can find the total
number of bosons

B 1
N:zk:nk:zk:m (7.87)

and the mean value of the total energy of bosons

_ €k
E = %:gknk = %: TR T (7.88)

And using (7.85), we can calculate the grand thermodynamic potential of a
Bose gas:
Q=3 =+kTY In (1 - eW*fk)/koT). (7.89)
k k

In conclusion, note that just as symmetric and antisymmetric wave functions
of quantum ideal gases cannot pass into each other, so also the distribution
functions do not pass into each other. However, under some conditions (such
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as i — —o0), both quantum distributions pass into the classical Boltzmann
distribution (7.8). Indeed, the passage

lim [e(“"*”)/’“OT + 1} T elu=er)/koT (7.90)

[H——00

does not depend on which particles (fermions or bosons) the gas consists of.

7.4 Equations of States of Fermi and Bose Gases

The thermal equation of the state of Fermi and Bose gases? can be found from
the system of equations [see (2.206)]

(09(‘/, T, u))
P=={—"av ’
T,
(amv, T,m) ' (7.9)
N=_ (&2 0H ,
o vV,T

where Q(V, T, ) is the grand thermodynamic potential of the system.

Solving these equations together, by eliminating the chemical potential p,
i.e. finding p = (T, V, N) from the second equation of (7.91), and substituting
it into the first, we get the thermal equation of state

P=PV,T,N). (7.92)

Thus, from (7.91) it is seen that the determination of the thermal equation
of state is reduced to finding the explicit form of the grand thermodynamic
potential Q@ = Q(V, T, p).

Assume that an ideal quantum gas of volume V' consists of IV fermions or
bosons. The expression of the grand thermodynamic potential of such gases
has the form [see (7.81) and (7.89)]

Q=FkTd In (1 + ewffc)/koT). (7.93)
k

Here and henceforth, in formulae the upper sign refers to fermions and the
lower sign refers to bosons. Then, according to this rule, for the upper sign
the chemical potential changes in the range —oo < p < 400, and for the lower
one it is u < 0.

To determine the explicit form of the grand thermodynamic potential 2 =
Q(V, T, ), it is necessary to know the dependence of € on k, which can be
quite complex. Therefore, consider a simple case when the energy of a particle
ey, is pre-assigned by the quadratic dependence on the wave vector k (7.10).

2 Note that here and further all results received for Fermi-gas are true for electron
gas
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This model is well suited not only for free particles with the mass m but also
can be applied for free electrons in metals as well as conduction electrons and
holes in semiconductors; however, in these cases it is necessary to replace the
mass m with the effective mass m*.

To calculate the sum (7.93), it is necessary, according to rule (7.11), to
pass from the summation with respect to k to the integration

ko TVgO
(@r)?

where go = (25 + 1) is the multiplicity of degeneracy with respect to the spin
s, which is the spin quantum number of a particle. Because the energy ¢ of
a particle depends only on the magnitude of the wave vector k, in (7.94) we
move to the spherical coordinate system dk = sin # df dy k? dk and take into
account that the integral over angles equals 47. Then we get

Q=7 / In(1 =+ e==:)/ ko T)dk, (7.94)

o0
kOTVg() —€p
R /m (1 +eln W’“OT) k2dk. (7.95)
0

On the strength of the model (7.10), it is more favourable to pass from the
integral over dk to the integral over de. Then, the expression (7.95) takes the
following final form:

32 F
Q= ;%%/m (1 et/ T ) 1/2qe. (7.96)
™
0

Here and henceforth, we will follow the notation 5 = e.
If we take into account the expression of the grand thermodynamic
potential (7.96) in (7.91), we get the following expression for pressure:

P=+

ko Tgo (2m)3/? r —&)/ kT 1/2
o g | (1T e o)
0

This expression can be integrated by parts once; thereupon take the deriva-
tives from (7.96) with respect to p and substitute it in the second equation of
(7.91). As a result, the system of equations (7.91) acquires the form

p_ 2mempe T e

3 (2m)2h3 Ofe(s—u)/koTil’

7.98
_ Vgo(2m)3/2 o0 el/2de (7.98)

N="Gre | cenmr 1

This system of equations in the general case is the parametric form of the
thermal equation of state of Fermi and Bose gases, in which pu is a parameter.
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Solving this system of equations and eliminating from it the parameter u, we
get the thermal equation of state P = P(N,V,T).

Now, we find the caloric equation of state of an ideal quantum gas, i.e. the
dependence of energy on V,T, N. To do this, we combine expressions (7.80)
and (7.88), pass from the summation with respect to k to the integration [see
(7.11)] and take into account (7.10). As a result, the mean value of the total
internal energy takes the form

o0

3/2 53/2(15
gV % 2h3 /eE ST (7.99)

0

Hence, it is seen that energy is a function of temperature, volume and chemical
potential: E = E(T,V,u). If from the second equation of (7.98) we find p =
w(T,V, N) and substitute it into (7.99), we get the dependence of energy on
temperature, volume and number of particles: E = E(T,V, N).

Comparing (7.98) with (7.99), find the simple relationship between the

energy density and pressure
2F

3V
which under the accepted model is general and is independent of the kind of
particles (fermions or bosons) and the degree of degeneracy of the gas.
On the other hand, the energy density can be presented in the form

= /g(s)ef(s)de. (7.101)
0

From a comparison of this equation with (7.99), we can find the function of
the density of states g(e), i.e. the number of quantum states accounting for
the unit range of energy close to e:

(7.100)

<=

(E) _ go(2m)3/2 1/2

~el/2, 7.102
ez - T ° (7.102)

This dependence is schematically presented in Fig. 7.4.

g(e)

~gll2

0 £

Fig. 7.4. The function of the density of states g(g)
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7.5 Thermodynamic Properties
of Weakly Degenerate Fermi and Bose Gases

In order to construct a statistical theory of thermodynamic properties of quan-
tum gases, i.e. to find the explicit form of thermal and caloric equations of
state, as well as the temperature dependences of the heat capacity and other
thermodynamic quantities, it is necessary to solve the system of equations
(7.98) and (7.99). It is evident that it is impossible to solve these equations
in the general form (for any degree of degeneracy). Therefore, we consider the
particular limiting cases of weak and strong degeneracy. In this section we
analyse the influence of weak degeneracy on the thermodynamic properties
of Bose and Fermi gases. Thermodynamics of a strongly degenerate quantum
gas is considered in subsequent sections.

A gas whose statistical properties are described by the Boltzmann dis-
tribution (7.8), i.e. they satisfy conditions (7.18) or (7.234), is called non-
degenerate. If these conditions are not fulfilled, the Boltzmann distribution
cannot be applied. In such a case, the statistical properties of the gas are
determined by Fermi—Dirac or Bose—Einstein distributions. Such gases are
called quantum or degenerate gases.

Under some conditions, the behaviour of a gas does not obey the Boltz-
mann distribution (the classical statistics), but is only slightly different from
the classical one, i.e. degeneracy begins to manifest itself. Such gases are called
weakly degenerate. For them, criteria (7.18) and (7.234) are not very strongly
satisfied:

e(p,fsk)/koT < 10reN/k0T < 1. (7103)

In the non-degenerate case, when conditions (7.18) and (7.234) are fulfilled,
the disparity between Bose and Fermi gases disappears [see (7.90)] and the
gas is called classical.

We will consider the statistics of the thermodynamic properties of Bose
and Fermi gases satisfying conditions (7.103). Because in this approximation
Bose and Fermi gases are not different from each other, from classical theory
they can be analysed simultaneously on the basis of the general equation of
state (7.98).

The system of equations determining the thermal equation of state can be
presented in the following form:

290(2m)3/2 ()(JEB/Qefe/kon6
T3 (2m)2R3 ) 1+ Aee/koT”

B Vgo(2m)3/2 oo c1/20—¢/koT qo
o (2m)2h3 Ty 14+ Ae—e/ kT

P

(7.104)

where
A= etkoT <1, (7.105)
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We solve the system of equations (7.104) in consecutive approximations with
respect to the parameter A < 1.

In the zeroth approximation, in the denominator of the integrand expres-
sion the second item can be neglected compared to unity. Then, the system
of equations (7.104) passes into (7.7) and we get the equation of state of an
ideal classical gas, i.e. P = kgNT / V. The parameter A, which in the zeroth
approximation we denote by Ay, is

N [ 272 \/?
A= — (22 ) «1. 7.106
0 Vaq (mk0T> ( )

We now analyse the influence of weak degeneracy on the thermodynamic
properties of a gas. To do this, we take into account weak degeneracy (7.103),
expand into a series the fraction under the integral sign (7.104) and restrict
ourselves to the first approximation. Then, (7.104) takes the form

3/2 5/2 oo
P= 290(2m)" 7" (ko) A [ 232(1F Age ")e "da,
3(2m)2h3 0 (7.107)
Vgo(2m)3/2(koT)%/? ¢ v '
N = A [2V2(1 F Age ®)e *dx.
n )2 {x (1F Age ®)e *dr

Here, in the second item we replaced the small parameter A with its value in
the zeroth approximation Ag, as in (7.106), and introduced the dimensionless
integration variable x = ¢ / koT.

Fulfilling the elementary integration (see Appendix A), from the second
equation of system (7.107) in the first approximation for the parameter A we
have

A= Ag(1£27324). (7.108)

On substituting this expression into the first equation of (7.107) and taking
into account (7.106), for the explicit form of the thermal equation of state in
the first approximation we get

_ koTN ™2 N
- 1% QQo(mkoT)g/Q 14 ’

As can be seen, AP = (P — P.) ~ +£T~'/2. If we remember that in (7.109)
the upper sign refers to a Fermi gas and the lower one to a Bose gas, it can
be said that even by considering weak degeneracy, the pressure of a Fermi
gas compared to a Boltzmann gas increases, and the pressure of a Bose gas
decreases (Fig. 7.5). This shows that the exchange interaction between bosons
bears the character of “attraction”, and that between fermions is a “repulsion”.
An interaction of such a kind has no classical analogue and is a purely quantum
effect, i.e. it is associated with the principle of indistinguishability of particles.

The caloric equation of state of Fermi and Bose gases can be determined
by solving the system of equations consisting of (7.111) and the second equa-

tion of (7.98) in the first approximation, or by simply using the relationships
(7.100) and (7.109):

P

(7.109)
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Fig. 7.5. The temperature dependence of the pressure and energy of the weakly
degenerate Fermi and Bose gases
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Fig. 7.6. The temperature dependence of the heat capacity of the weakly degenerate
Fermi and Bose gases

TN 3/2%3 N
5 3ko wh ] . (7.110)

E=-PV = _
2 2 [ 290(mkoT)3/2 V

Notice that the temperature dependence of energy is the same as for pressure
(Fig. 7.5).

If from (7.110) we take the derivative with respect to 7', we get the
expression for the heat capacity of a weakly degenerate ideal quantum gas:

3koN m™/2h N
=" { T dgo(mko T2 V } ' (7-111)
It is seen that ACy = (Cy — OFf) ~ FT73/2,

The expression of the heat capacity also shows that the exchange inter-
action between bosons bears the character of “attraction”, and that between
fermions is “repulsion” (see Fig.7.6).

Note that small corrections to pressure (7.109), energy (7.110) and heat
capacity (7.111), naturally, coincide with conditions of classicity of the statis-
tics (7.106), and as T — oo they also tend to zero and, thereby, the obtained
results coincide with those for a classical gas (see Figs. 7.5 and 7.6).

In order to determine the contribution of weak degeneracy to the entropy
of Bose and Fermi gases, it is necessary to use the expression of the grand ther-
modynamic potential (7.96) in the approximation et/koT < 1. Then, in this
approximation we get Q = Q(V, T, ) and find entropy S = — (92 / 8T)V7 =
S(V,T, ). Thereupon, substituting (7.108) into the obtained expression, we
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find entropy as a function of volume, temperature and the number of particles:
S=S(V,T,N).

7.6 Completely Degenerate Fermi Gas: Electron Gas:
Temperature of Degeneracy

While the thermodynamic properties of weakly degenerate Bose and Fermi
gases can be analysed altogether (Sect. 7.5), it is necessary to consider strongly
degenerate gases separately, because the distribution function and statistical
properties of degenerate, especially completely degenerate, Bose and Fermi
gases sharply differ from each other (Fig.7.3).

In this section we will analyse the statistical properties of a completely
degenerate Fermi gas — electron gas. Assume that an ideal gas consisting of
N fermions (electrons) occupies a volume V. It can be both classical and
quantum. If the gas satisfies condition (7.20), it behaves as a Boltzmann gas
(Sect. 7.1). In the general case, assume that the gas does not satisfy condition
(7.20) and is described by the Fermi distribution function. Simultaneously,
assume that energy of fermions is given by a simple parabolic dispersion law,
i.e. by expression (7.10). Then the equation of state of quantum gases is given
by the system of equations (7.98). This system for a Fermi gas can be rewritten
in the form

B 290(2m)3/2 0o

3 2n 2 Ofs‘g/zf(e)d&
Vgo(2m)¥2 5 (7.112)
- L oo

where f () is the Fermi distribution function, determined by (7.77).

Here, we consider the case of the absolute zero of temperature (T = 0).® To
do this, we have to evaluate the integrals entering into (7.112) by integrating
by parts once. Then, this system of equations takes the form

3/2 oo
p:im _% 55/20157
15 (2m)2h® § \ 0

_ 2Vgo(2m)*2 ([ OFY s
N =5 anm gc )¢

(7.113)

Because it is assumed that the total number of fermions in this case is constant,
i.e. N =const, at T =0 the filling of the energy spectrum by fermions has
the appearance shown in Fig.7.7. In other words, the energy spectrum is
completely filled up to the Fermi boundary g, and the levels above are empty.

3 The case of finite temperatures (T # 0) will be considered in Sect.7.7.
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Fig. 7.8. The plots of the distribution function Fermi and its derivative at 7" =0

The distribution function in this case has a step-like form:

. _J 1, e<uo

Plots of the distribution function and its derivative are schematically pre-
sented in Fig.7.8.

As seen from Fig. 7.8, at T' = 0 the derivative of the distribution function
with respect to € behaves like the §-function:

lim (-Z—f) = 8(c — po). (7.114a)

A gas described by such a distribution is called a completely degenerate
Fermi gas.

If we take into account the property of the distribution function (7.114a),

then the integration in the system of equations (7.113) is easily fulfilled. As a
result, we get

4 g0(2m)3/2 5/2
Py = J0Em
0T 15 (2m)2Rs Mo o
2 Vgo(2m)*’? 3/
37 (2m)zhs Mo

Hence, for the considered gas we can find the following:

(7.115)
N =
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Fermi boundary energy

B2 (6n2 N\
Ho = o (g_oV> ) (7.116)

Fermi impulse

Py = ko = (2muo)? = h (6—”25>1/3, (7.117)
g0 V
Zero pressure of a Fermi gas
2 12 (6x2\* [N\
P2 () () s
Zero energy Vs
fo g% (%’jg) "y (7.119)

Here, we have used the relationship (7.100), i.e. Eg =3VPy/ 2.
Applying the general expression (7.96) or using the known expression
Qg = —PRyV for the grand thermodynamic potential at T = 0, we get

4 Vgo(2m)32 5

D= -5 onms H0

(7.120)

where we introduced the notation Q¢ = Q(0, V, o).

The fact that, in contrast to a classical gas, at the absolute zero tem-
perature, a Fermi gas possesses the finite energy FEj, pressure Py and the
limiting impulse fermion pg is a purely quantum effect. Naturally, this effect
is associated with the exchange interaction of the type of “repulsion” between
fermions, which follows from the Pauli exclusion principle. Also note that as a
result of the quantum effect the zero pressure P, depends on the concentration
n = N/ V not linearly but more strongly: Py ~ (N / V)5/3.

From the expression of the total zero energy (7.119) and Fermi bound-
ary energy (7.116), it follows that at the absolute zero temperature, energy
accounting for each fermion comprises 60% of the Fermi boundary energy:

Eo = % = g[,éo. (7.121)
From (7.121) follows the simple relationship between the total energy and the

boundary energy po:

3
E() = g,u,oN (7122)

Note one more peculiarity of an ideal Fermi gas. According to the classical
theory, the small concentration of the gas is one of the conditions for its
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ideality, i.e. the gas ought to be sufficiently rarefied. In a Fermi gas, on the
contrary, when increasing the concentration, a gas still further approaches the
ideal one. We show this with an example of an electron gas in metals. Indeed,
according to the condition of ideality, the interaction energy between particles
ought to be much less than the mean energy: i,y < €¢. Interaction between
free electrons in metals bears the Coulomb character: i,y ~ e?/d, where
d=(V/N)Y/3 is the mean distance between electrons, and e is the electric
charge of an electron. Therefore, the condition of ideality of the gas takes the

form
2

% < <. (7.123)

If we use the expression for g9 (7.121) and boundary energy (7.116), the
condition of ideality takes the following explicit form:

3n2 [6m2\?? fN\V?
10¢2m (E) (V) > 1. (7.124)

As seen from (7.124), as the concentration increases, an electron gas satisfies
the condition of ideality better.

Temperature of degeneracy. Consider one more important characteristic
parameter of the Fermi gas, called the temperature of degeneracy Ty, which is
defined as

k()To = Mg Or To = /1,()/ k(). (7125)

With regard to the expression of the Fermi boundary energy po (7.116), the
temperature of degeneracy takes the following form:

2 (6x2 N\*/3
T, = L I 7.126
0 2mk0 ( go V) ( )

Note that temperature of degeneracy is that temperature at which all fermions
(even fermions at the zero level € = 0) filling up the energy spectrum partici-
pate in the thermal motion. However, at temperature T" = T not all fermions
possess the identical energy 3koT"/ 2.

A Fermi gas with a constant number of fermions (N = const) in different
temperature regions (in reference to temperature of degeneracy) is found in
different statistical states:

1. AsT — 0, a Fermi gas is completely degenerate (Sect. 7.6, Figs. 7.7 and 7.8);

2. As T <« Ty, the gas is found in a state of strong degeneracy (Sect.7.7,
Figs. 7.9 and 7.10);

3. As T' = Ty, the gas is found in a state of an arbitrary degree of degeneracy
(Sect. 7.8);

4. As T > Ty, the gas is weakly degenerate (Sect.7.5);

5. AsT — oo, the gas is found in a non-degenerate (classical) state (Sect.7.1).
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Fig. 7.9. The filling of the energy spectrum by fermions at temperature distinct
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Fig. 7.10. The plots of the distribution function Fermi and its derivative at
temperature distinct from zero

7.7 Thermodynamic Properties
of Strongly Degenerate Fermi Gas: Electron Gas

When we speak of a strongly degenerate Fermi gas — electron gas — we imply
a gas that is found in the statistical state schematically presented in Figs. 7.9
and 7.10. This state is characterized by the fact that under the action of finite
but small (T" < Tj) temperatures, a small part of fermions — electrons — found
in quantum states below the Fermi boundary pass to higher levels. As a result,
the Fermi boundary acquires a finite width on the order of 2kyT. However,
note that this width is much smaller than the boundary energy: 2k¢T < .

We analyse the thermodynamic properties of a Fermi gas — electron gas —
found in such a statistical state. To do this, we take the system of equations
(7.113) as the basis. In the zeroth approximation (at 7' = 0), this system, as a
result of the property of the Fermi distribution function (7.114a), passes into
the system (7.115), which we solved in Sect. 7.6.

Here, we solve the system of equations (7.113) in the first approximation
with respect to the dimensionless small parameter ko1 / po =T / To < 1 and
consider the influence of strong degeneracy on the thermodynamic properties
of the gas. Here, Ty = 19 / ko is temperature of degeneracy.
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From the system of equations (7.113), it is seen that to find the equation
of state it is necessary to calculate integrals of the type

I= 7 (—%) p(e)de (7.127)
0

in the first approximation with respect to the parameter koT'/po < 1. In our
case, p(c) = /2 and ¢(¢) = £*2. The distribution function of a strongly
degenerate gas and its derivative are presented in Fig. 7.10. From the figure,
it is seen that at finite temperature the derivative (—df / de) for the value of
energy ¢ = p(7') is maximum, where p is the Fermi level at temperature T.
Therefore, to calculate the integral (7.127) the function () can be expanded
into a series around p in powers of (¢ — u). Then, integral (7.127) takes the

form
dep 1 d2e
I = I I | — 12
o) + 1(d€>6=“+22(d52 s=u+ (7.128)

Here, we used the property of the distribution function (7.114a) and employed
the following notations:

oo

h:?@—@( ?)@, L/ 2( f)s. (7.129)
0

0

We introduce the new dimensionless variable z = (e — p) / koT'. At tempera-
ture T < Ty, when p / koT > 1, the lower boundary of integrals (7.129) with
respect to x can be replaced with —oo. Simultaneously, we take into account
that the function (—0f/ dx)=e®/ (e® +1)? is even: e* / (e* + 1)2=e"%/
(e=® + 1)2. Then, because the function z(—df / dz) under the first integral
sign is odd, the first integral is equal to zero, i.e.

Il = koT / T (—g) dz = O, (7130)
and the second one
= (koT)? / z? (—%) x = 2(koT) 2/3:2 ( >dx. (7.131)
— 00 0

On integrating (7.131) once by parts, we get

%T2/
et
0

(7.132)
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If we take into account that (according to Appendix A)

zde w
= — Nl
/em+1 12° (7.133)
0
then integral (7.127) takes the form
T/ of A2 (A2
9 de = T (koT)? (&2 134
[ (-5t) piere =t + T (g5) 4 (7.134
0

On applying this formula for the approximate integration to the system of
equations (7.113) and in the first approximation, distinct from zero, with
respect to the parameter (ko' / 1) we get

_ 4 go(2m)* o 5c2 (kT \?|

=15 (27‘_)253 7 1+ 21 m ;o T < Ty,

B 9 Vgo(2m)3/2 32 |1 2 koT 2 Crem (7135)
T3 (2n)2n? 8 \ po ’ 0

where in the terms proportional to (~ 72) we replaced u = po.

From the second equation of this system in the first approximation with
respect to degeneracy, we can find the temperature dependence of the Fermi
level (boundary):

7T2 koT 2
w(T) = po [1 BT (I)

Here p is the Fermi boundary energy at T'=0, derived in (7.116). It is seen
that at finite but small temperatures the Fermi boundary decreases. The
reason for this lies in the fact that the density of quantum states increases
as g(e) ~ /e (Fig.7.4), i.e. the density of quantum states above the Fermi
boundary g is somewhat more than that below the Fermi boundary. There-
fore, a specified amount of fermions — electrons — passing the Fermi boundary
upwards occupies a narrower strip of energy. As a result, on average the Fermi
level decreases.

If we substitute the expression for the chemical potential (7.136) into the
first equation of the system (7.135), at very low temperatures (T' < Tp) the
equation of the state of a Fermi gas takes the form

2 2
14 0 (kT
12 Ho

i T < Tp. (7.136)

P(T)= PR ;o T < T, (7.137)

where Py = £ 11 is the zero pressure of a Fermi gas [see (7.115)].
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Fig. 7.11. The temperature dependence of the chemical potential
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Fig. 7.12. The temperature dependence of pressure of a Fermi gas

We derive one more expression for the chemical potential (7.20) of a
classical non-degenerate electron gas:

Vgo (mkoT>3/2

W(T) = —koT In . T > Ty (7.138)

N 2mh?

The temperature dependence of the chemical potential u(7T) based on the
expressions (7.136) and (7.138) is schematically presented in Fig.7.11. It is
seen that at the temperature of degeneracy Ty the chemical potential passes
through zero: u(7p) = 0.

In order to gravarphically present the dependence of pressure of a Fermi
gas in all temperature regions of degeneracy, we turn our attention to (7.109),
(7.137) and Fig.7.5. Then we get the dependence schematically shown in
Fig. 7.12.

The mean energy of a degenerate Fermi gas — electron gas — in the
first approximation can be found using the relationship F=3PV2/ and also
expressions (7.135) and (7.136):

2 koT\*
E=Fy+ %,u,oN (2—) ;o T Ty. (7.139)
0
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In the same approximation, the heat capacity of a Fermi gas — electron
gas — equals
koT

2
Cv = Z koN (
2 Ho

); T< Ty (7.140)
In order to calculate the entropy of a Fermi gas — electron gas — in the
considered approximation, we use the general expression of the grand ther-
modynamic potential (7.96): S = —(0Q(V, T, ) / T )v,,. If we preliminarily
integrate the expression (7.96) twice by parts, we get

oo

__4 Vo (2m)3/2/ 5/2 _6f
Q= B nE € e de. (7.141)

0

Note that from comparison of expressions (7.113) and (7.141) follows the
known thermodynamic relationship Q = —PV.

On applying the approximation (7.134) to the expression of the grand
thermodynamic potential (7.141), with the necessary accuracy we get

q_ 4 Voo @2m)*? ., 1+57r2 koT\?
T T en? B 8 \u

T < T, (7.142)

If in (7.142) we take the derivative with respect to T' at constant volume V'
and the chemical potential u(pu = po), the entropy of a Fermi gas — electron
gas — takes the very simple form

2 koT
S =" kN (0—> D T < T (7.143)
2 o

Note that the expression of the heat capacity Cy = T(9S / 9Ty taken from
(7.143) coincides with (7.140) obtained with the aid of the relationship Cy =
(OE / 0T)v .

If we combine the result for a Fermi-gas — electron gas — coming from
(7.111) with the temperature dependence (7.140), we get the schematic
dependence Cy (T) depicted in Fig. 7.13.

Cy (1)
3 Classical gas
PR e 1
P AC), ~T—372
~T
0 Ty T

Fig. 7.13. The temperature dependence of the heat capacity of a Fermi gas
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7.8 General Case: Criteria of Classicity
and Degeneracy of Fermi Gas: Electron Gas

If we introduce the concept of the reduced chemical potential of an ideal gas

"

= 7.144
=T (7.144)

the Fermi—Dirac distribution function can be presented as follows:
fle) = (e¥/kaT=m 1 1)~1, (7.145)

It is seen that if the reduced chemical potential satisfies the condition
A=exp(n) < 1, (7.146)
the distribution function (7.145) passes into the Boltzmann distribution:

lim (e5/ koT=n 4 1)~ = gn=e/koT — o(n=e)/koT (7.147)
n——00
Therefore, if the chemical potential of a gas satisfies condition (7.146), such
a gas is called non-degenerate or classical; in other words, it is a Boltzmann
gas. Note that a classical gas, non-degenerate gas and Boltzmann gas are
equivalent concepts.

Thus, in order that an ideal gas be non-degenerate, its reduced chemical
potential  ought to satisfy condition (7.146), i.e. n ought to be a very large
negative quantity:

(—n) > 1. (7.148)

The basic criterion of classicity or non-degeneracy of a Fermi gas — electron
gas (7.146) can be rewritten also in another form [see (7.20)]:

n [ 2rh? \*?

where n = N / V is the concentration, and gy = 2.

From the condition of classicity presented in form (7.146), it follows that
in order that a gas be classical (non-degenerate), it is necessary that the
concentration be small, temperature high and the mass of particles large.

If we take into account the de Broglie wavelength A= h/+v/2mkoT of parti-
cles and the mean distance between them d = n~'/3 condition (7.149) takes

the form 5
1 A

Hence it follows that in order that a gas be non-degenerate, it is necessary that
the de Broglie wavelength A of a particle be much less than the mean distance
d between them; in other words, the gas ought to be sufficiently rarefied. Note
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that only when fulfilling the condition A <« d, the particles conserve their
individuality; therefore the principle of indistinguishability of particles does
not play any role, in the system the exchange interaction is absent and the
gas behaves as a Boltzmann gas.

Note that the above-presented inequalities (7.148)—(7.150) are different
forms of the criterion of non-degeneracy (classicity) of an ideal gas (7.146)
and they are all equivalent.

A gas not satisfying the indicated conditions, especially (7.146), is called a
degenerate, quantum or Fermi gas. Consequently, degenerate gases are those
whose chemical potential satisfies the condition

exp(n) >1 or n>0. (7.151)

A gas can exist in different degrees of degeneracy: completely degenerate,
strongly degenerate, moderately degenerate and weakly degenerate.

A concretely pre-assigned gas (with the known concentration n and mass
m), depending on which temperature region it is found in, can possess different
degrees of degeneracy. These temperature regions are determined in reference
to the temperature of degeneracy Tp, the expression of which is given in (7.125)
or (7.126).

The temperature of degeneracy T, characterises the statistical state of a
Fermi gas. At temperature T' < Ty, i.e. in the approximation T" — 0, a Fermi
gas is called completely degenerate. This case was considered in Sect. 7.6.

Finite temperatures with reference to the temperature of degeneracy Ty
can be divided into three regions:

7.8.1 Low Temperatures

T<Ty or T< pg/ ko. (7.152)

A Fermi gas satisfying this condition is called a strongly degenerate gas.
Because in this case there exists the small parameter ! = koT' / o < 1, we
can construct the approximate analytical statistics of this gas (see Sect. 7.7).

If we use the temperature of degeneracy (7.126), the condition for strong
degeneracy (7.152) takes the form

h

3m2n)?/3 > 1. 7.153
2mk0T( T°n)*° > ( )

Thus, in order that a gas be found in the strongly degenerate state, it is
necessary that its concentration n be large, the mass of fermions small and
the temperature low.

The condition for strong degeneracy (7.153) can be rewritten in the form

2/3 2
%(%) (3) > 1, (7.154)
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where
d=n"3 X=h/\/2mk,T.

Consequently, in order that a gas be found in the strongly degenerate state,
the de Broglie wavelength A ought to be much larger than the mean distance
d between fermions. When fulfilling this condition, particles lose their indi-
viduality, and therefore it is necessary to take into account the principle of
indistinguishability.

7.8.2 High Temperatures

T>1Ty or T > Lo / ko. (7155)

A gas satisfying this condition is called a weakly degenerate gas. Because in
this case there exists the small parameter n = pg / koT < 1, we can construct
the approximate analytical theory of this gas (see Sect. 7.5).

The condition of weak degeneracy (7.155) can be rewritten in the form

h2
2mk0T

! (%)2/3 @)2 <1 (7.157)

If temperature satisfies the condition T' > Tp, (7.157) passes into a strong

inequality
2/3 2
1/3 A
- (2 Z 1 7.158

which corresponds to (7.150), i.e. in the region T > Ty, a gas passes into the
non-degenerate (classical) state.

Consequently, at the not very high temperature of degeneracy Ty (T =~
300-400 K), by changing the temperature of the gas from T'= 0 to T > Tp,
we can change the state of the gas from the completely degenerate state to
the classical one.

(372n)2/3 > 1 (7.156)

or

7.8.3 Moderate Temperatures: T' = Ty

This temperature region corresponds to the state n = pg/ koT =~ 1, i.e. the
small parameter is absent. Therefore, it is impossible to solve the problem
analytically. In this case, the problem can be solved only numerically.

If we introduce the dimensionless quantities ©=¢ / koT', n= o / koT and
take go = 2, the general form of the equation of state (7.112) for a Fermi gas —
electron gas — takes the following form:
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(2m)3/2 (koT)>/2 20 23/%da
3n2h3 o er 417
~ (2mkoT)?/? ¢ z/2dx
27T2h3 0 er—n + ]. '

P=
(7.159)

If the concentration of the gas n and the mass of fermions m are known, as
a result of a numerical computation from the second equation of the system
we can find the reduced chemical potential 7 at the particular temperature.
Thereupon, on substituting n into the first equation of (7.159), we can find
the pressure at the given temperature. By repeating the computations at dif-
ferent temperatures, we can find the temperature dependences of the chemical
potential u(T) = koTn(T) and pressure P = P(T'). Parts of the dependences
= p(T) and P=P(T) in the limiting cases are shown in Figs. 7.11 and 7.12.

Note that the equation of state (7.159) in the general form can be also
expressed by the known Fermi integral. To do this, it is necessary to integrate
(7.159) once by parts. As a result, we get

2(2m)3/2 (ko T)%/?
p=2 >157T§h§ L o)
(7.160)
(2mkoT)3/?
n= WE}/Q(W%

where

Fi(n) = 7(—2—5) zFdz (7.161)

is the Fermi integral, and f(x) = [e*~" + 1]~ ! is the Fermi-Dirac distribution
function in dimensionless variables.

We now find the equation of the state of a Fermi gas using asymptotes of
the Fermi integral in two limiting cases.

(a) Non-degenerate and weakly degenerate limiting cases: A=e" < 1. In the
zeroth approximation with respect to the small parameter, the Fermi
integral takes the form

Fk(n) = AoF(KJ + 1), (7162)

where Ag is the value of exp(n) in this approximation, which is determined
by the expression (7.106), and
(oo}
Ak +1) = / tedg (7.163)
0

is the Euler integral of the second kind or the gamma function (see
Appendix A).
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If we substitute asymptotes of the Fermi integral (7.162) into (7.160), we
can find the value of the parameter Ay, i.e. the chemical potential [see (7.20)],
and the equation of state of a non-degenerate (classical) ideal gas.

In order to calculate the chemical potential (7.108) and the equation of
state (7.109) of a weakly degenerate gas, it is necessary to use the asymptote
of the Fermi integral

A

Fe(n) = AT(k + 1) (1 - §> (7.164)

in the equation of state (7.160).

(b) Completely and strongly degenerate limiting cases: €? = et/ *oT > 1. In
this case, using expansion (7.134) in the zeroth approximation for the
Fermi integral we get

k
k Ho
R = = (1) - (7.165)
Taking into account this asymptote of the Fermi integral in (7.160), for a
completely degenerate gas we get the results deduced in Sect. 7.6.

Using the expansion (7.134) in the first approximation for the Fermi

integral, we get the asymptote
2
Fi(n) = [1 + ”—k(k—z,l)} , (7.166)
6 5
where in the second term we took 1 = 79. On substituting this asymptote into
(7.160), for a degenerate Fermi gas (electron gas) we get the results deduced
in Sect. 7.7.

In conclusion, in Table 7.1 we summarise the conditions of a Fermi gas
found in different statistical states.

In the next two sections, on the basis of the general statistical theory,
we will consider the heat capacity and paramagnetism of an electron gas in
metals and show that consideration of statistical degeneracy of an electron
gas circumvents difficulties arising in classical statistics.

Table 7.1. The conditions of degeneracy of a Fermi gas

Completely Degenerate gas Non-degenerate
degenerate gas gas
Basic condition A=exp(n)> 1 A=expn)>1 A=exp(n) <1
Equivalent n=un/keT>1 n=p/keT =0 —n=(—p/koeT) >1
conditions, A>d A>d AKd
stemming from the T Ty T <Ty T > T,

basic condition
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7.9 Heat Capacity of Metals:
First Difficulty of Classical Statistics

At the beginning of this chapter (Sect.7.1), we saw that application of the
Boltzmann classical statistics to the heat capacity of a free electron gas in
metals leads to non-conformity between theory and experiment. It turned out
that in the formation of the heat capacity in metals, an electron gas does not
play any role. In this section we will show that the application of quantum
statistics to an electron gas circumvents this non-conformity and makes it
possible to understand why the presence of an electron gas does not influence
the heat capacity of metals. As a result, we show that an electron gas in
metals is not a usual classical gas but a quantum gas and, therefore, we cannot
apply the Boltzmann distribution to it but we need to apply the Fermi-Dirac
quantum statistics. We discuss all this more comprehensively below.

Assume that a crystalline lattice of a metal of volume V consists of N
points at each of which one atom (ion) is found. If each atom loses one electron
found at the last valence orbit, in the metal there arises a gas consisting of
N electrons. The metal Na can serve as an example. If each atom of Na loses
the only electron from the 3s level, the metal Na would consist of N positive
ions and a gas consisting of the same number of free electrons.

Note that the free electron gas in metals is not associated with temper-
ature, but due to a purely quantum effect, i.e. the ionization of atoms (the
loss of electron) of a metal occurs not because of thermal motion but because
of the overlap of wave functions of the valence electrons. The overlap of wave
functions leads to the intermixing of valence electrons, so they do not belong
to some specified point but move freely among them. For this reason, in met-
als a free electron gas exists at any temperature, even at the temperature of
absolute zero.

Consequently, it can be regarded that in all temperature regions a metal
consists of two subsystems: a crystalline lattice of ions and a free electron
gas. Therefore, the heat capacity of a metal can be presented as a sum of two
items:

Opet = ORt 4 Y. (7.167)
We analysed the temperature dependence of the heat capacity of a crystalline
lattice C%?t comprehensively in Sect. 6.4, in which we showed that the analyti-
cal expression of the heat capacity of the lattice can be found at temperatures
above and below the Debye characteristic temperature 6:

Clt = 3koN; T >0 (7.168)
and 5
1274 T
Clat = 5” koN <§> . T <6, (7.169)

where 6 = fiwmax / ko is the Debye characteristic temperature, and wpax is the
maximum possible frequency of the crystalline lattice. If we take the frequency
Wmax &~ 5 x 103571, then 0 ~ 300K.
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Because the electron gas is a Fermi gas, in order to find its heat capacity
we apply the results obtained in Sects. 7.5 and 7.7. Then for C{! we can write
the expressions in two limiting cases [see (7.111) and (7.140)]:

o 3koN .
cY = 5 T > T¢, (7.170)

corresponding to a non-degenerate electron gas and

2 kT w2 T
= TN = TN

_ . 1
7 kol = = kol 7o T < Tg, (7.171)

corresponding to a strongly degenerate electron gas, where

el hQ 671'2 2/3
T = £ = (—n) 7172
0 k‘o 2mko go ( )

is the temperature of degeneracy of the free electron gas in metals [see (7.126)],
n = N / V is its concentration, m is the effective mass of an electron in metals,
ug! is the Fermi boundary and go = 2.

The linear dependence of the heat capacity of a strongly degenerate elec-
tron gas on temperature physically can be explained as follows: From Figs. 7.9
and 7.10, it is seen that when supplying heat externally, only electrons that
are found close to the Fermi boundary at the distance ko7 receive heat and
pass onto the levels lying above. Electrons that are found far below the Fermi
boundary do not receive heat since the neighbouring levels are occupied (the
Pauli principle). Because the number of electrons that receive heat is propor-
tional to the width ko7, and energy of each electron is on the order of kyT,
the thermal energy of the system of electrons E ~ (koT)? ~ T?. In conformity
with this, it follows that Cy ~ T.

We evaluate the temperature of degeneracy of an electron gas T§!. To do
this, assume that m ~ 9.1x 10728 g and n ~ 5x 10?2 cm~3. Then from (7.172),
we get T§' ~ 3 x 10*K. It is seen that temperature of degeneracy of a free
electron gas is much higher than the Debye temperature, which characterises
the vibrations of the lattice: T§' > 6 ~ 3 x 102 K.

In Table7.2, we indicate the Debye temperature 6, the temperature of
degeneracy of an electron gas T§! and expressions of the above-deduced
asymptotes of C¢} and C{2*.

From the table it is seen that the expression of the heat capacity C{}l in the
temperature region § < T < T¢' is the same as in the region T < 6, because

Table 7.2. The comparison the lattice and electron parts of the heat capacity metals
at various temperature regions

ce! Z_koN—

4 3
Clat 127 N (Z) 0 3koN Tel
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TS' > 6. The temperature region T > Tg! practically cannot be realized since
Tg' is larger than the melting temperature of metals. In other words, the
classical expression of the heat capacity of an electron gas C{*} =3koN /2 is
not applicable in any temperature region.

We now derive the asymptotic expressions of total heat capacities of metals
measurable by experiments for different temperature regions.

7.9.1 Low Temperatures

T < 0. It is clear that in this temperature region automatically the condition
T < T§ is fulfilled, because § < T§'. The total heat capacity C° in this
case ought to be equal to the sum of the expressions (7.169) and (7.171):

1274 T\ 72 T
C{/net _ 577 ko N (g) + %k‘oN (ﬁ) ;o T <. (7173)
0

This expression can also be presented in the form

Cmet | T = a+bT?, (7.174)
where 21 N i N
™ 0 127 0
= —_— M = . .].
2 TgH 5 63 (7.175)
If, at low temperatures, we experimentally find the temperature dependence

met __

of the heat capacity C{?°* = f(T') and construct a plot as the dependence
Cet / T on T?, we get a straight line. The coordinate of the point of inter-
section of this straight line with the ordinate axis corresponds to the parameter
a, and the slope tg ¢ gives the parameter b (Fig. 7.14). Thus, with the exper-
imentally determined parameters a and b, and using (7.175), we can find the
temperature of degeneracy T§! and the Debye temperature 6.

7.9.2 Region of Temperatures

0 < T < Tg'. From Table 7.2, it is seen that the total heat capacity of a metal
in this region is determined by the expression

0 72

Fig. 7.14. The dependence C#° / T on T?
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T

2
O = 3koN + ko N .
0

(7.176)
We evaluate the ratio of the second term to the first term, i.e. C¢ / Ciat in
the expression (7.176). Then we get

ct w2 T wkT

=——=— 1. 7.177
cpt 6Tt 6 g < ( )

Because the temperature of degeneracy is on the order of T¢! ~ 10*K, at
all real temperatures and even above the Debye temperature 6, conditions
T < T§" and kT < pg! are satisfied. Therefore, at high temperatures (T > )
the contribution of the electron gas to the heat capacity of metals is very small.
As seen from (7.177), at a temperature T = 500 K the ratio C%} / Ciat ~ 0.07,
i.e. the contribution of C?}, comprises in all 7%.

Note that contributions of the electron gas and lattice to the heat capacity
of a metal can be comparable only in the region of very high temperatures:
T > T§'. Such temperatures are non-real, because in this case the metal will
not be in the solid state and the concept of a crystalline lattice loses sense.

Thus, we explained the first difficulty associated with application of the
Boltzmann statistics when calculating the heat capacity of an electron gas in
metals, which we noted at the beginning of this chapter (Sect. 7.1). It has now
become clear that the divergence between theory and experiment is associated
with the fact that in all temperature regions (T < T§! ~ 10*K) an electron
gas is a strongly degenerate quantum gas. Therefore, in all real temperature
regions its heat capacity is determined not by (7.170) but by (7.171).

In conclusion, we note the following. We showed that at high temperatures
(T > 0) the contribution of an electron gas to the heat capacity of a crystal
is very small: C’{il < C’%}“. However, at ultra-low temperatures, C“’}l can be
greater than C' (Fig.7.15). This is associated with the fact that at T <
the heat capacity C’%?t ~ T3, whereas C{*} ~ T. Therefore, as T — 0, the heat
capacity Ci2! tends to zero much faster than C¢ (Fig. 7.15).

As is seen from the figure, as T < T} the heat capacity C¢} > C{2*, where
T} is determined from the condition C“’}l (Th) = C%}“t (T1). Hence, and also from
(7.169) and (7.171), we get

CV v

Fig. 7.15. The lattice and electron parts of the heat capacity dependence at ultra-
low temperatures
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1/2
T~l ( 4 ) . (7.178)

2m \ T

If we take § = 3 x 102K and T§! = 3 x 10*K, we find T3 ~ 5K.

7.10 Pauli Paramagnetism:
Second Difficulty of Classical Statistics

The second difficulty of the Boltzmann classical statistics is associated with
calculating the paramagnetic susceptibility y of a free electron gas in metals
(see Sect. 7.1). The paramagnetic susceptibility calculated on the basis of the
Boltzmann statistics and its temperature dependence do not coincide with
values from experiment. Thus, for instance, the experimental value of the
paramagnetic susceptibility is lower by two orders of magnitude and does not
depend on temperature, whereas according to the classical statistics x ~ 1/ T.

This difficulty was circumvented by Pauli in 1927, after applying the new
Fermi statistics to compute the paramagnetic susceptibility. He came to the
conclusion that the cause of the divergence is the fact that an electron gas is
not classical but a strongly degenerate quantum gas.

Assume that in a metal of volume V there is a gas consisting of N free
electrons. Each electron possesses an intrinsic magnetic moment associated
with the spin, which is equal to the Borh magneton ug = efi/ 2me. In the
absence of an external magnetic field, the intrinsic magnetic moments com-
pensate each other (since, according to the Pauli principle in one quantum
level there exist two electrons with opposite spins) and the magnetic moment
of the metal as a whole equals zero.

On placing the metal in an external uniform magnetic field H, the number
of electrons with spins directed along the magnetic field is more than that with
the opposite spins, and therefore the electron gas possesses a paramagnetic
moment. Using the Fermi statistics, we can calculate the magnetization of an
electron gas in metals.

Energy of an electron in an external magnetic field H with regard to the
spin has the form

h2k?

€
2m

+ogopsH, (7.179)

where m is the electron mass, ug=eh/2mc=0.93 x 102 erg/G is the
Bohr magneton, 0 = F1/ 2 (the sign “—” refers to electrons whose intrin-
sic magnetic moments are directed along the magnetic field, and “+4” refers
to electrons whose intrinsic magnetic moments are directed opposite to the
field) and go=(2s + 1) is the degree of the spin splitting degeneracy (for a
free electron s = 1/ 2 and gg = 2). Energy spectra of an electron gas in the
absence and in the presence of a magnetic field are schematically shown in
Fig. 7.16.
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Fig. 7.16. The energy spectra of an electron gas in the absence and in the presence
of a magnetic field

The total number of electrons can be found as follows:
Vv
N = k}; f(k,o) = o %:/f(kp) dk. (7.180)

Here f(k, o) is the Fermi-Dirac distribution function and, according to (7.11)
we have changed from the summation with respect to k to the integration.
If in the k-space we change to the spherical coordinate system and take into
account that the integral over angles equals 47 and, also, according to (7.179)
change from the integration over dk to the integration over de, (7.180) takes
the form

14 ( 3/2

N = )2 Z / f(e)(e + ogousH)?de. (7.181)

7 —ogoupH

We integrate the integral entering into (7.181) once more by parts. Then we
get

3/2
- 3(22‘7:)2( " Z / <_8_£) (e + ogops H)* *de. (7.182)

7 —ogopsH

If we add up with respect to o = +1/ 2 and take go = 2, (7.182) takes the
form
N=N,+N_, (7.183)

where

2V 3/2 3

( ) (e + ppH)* %de (7.184)

—pusH
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is the number of electrons whose spins are parallel to the magnetic field H, and

(oo}

2V (2m)3/? 9 f 3

Ny=c——— — usH)%d 7.185

| € —ppH)¥de  (1185)

+usH

is the number of electrons whose spins are antiparallel to the magnetic field H.
It is evident that as a whole the paramagnetic moment of an electron gas

in metal can be defined as

M = pug(N_ — N,). (7.186)

We first consider the classical (a non-degenerate electron gas) case. In this
case, f(e) = exp ((u—¢€)/ koT). Then, (7.186) takes the form

Vs (2mkoT)3/?

M= 473/2 h3

e kT sh (g H/koT). (7.187)

The chemical potential p entering into this expression is found from (7.183)
with regard to (7.184) and (7.185):

/Rl N 4x3/2p3

=V @by nH/koT). (7.188)

If we take into account this expression in (7.187), for the paramagnetic
moment per unit volume we get the well-known result

M = Nugth (psH / koT) . (7.189)

In the region of weak magnetic fields, when ugH < koT', from (7.189), for
the paramagnetic susceptibility we get

M npj

X =
where n = N / V is the concentration of electrons. Note that in experiments
this classical result (7.190) is just not observed.

Therefore, it is necessary to consider the case using quantum statis-

tics. If we take into account that for a completely degenerate electron gas
(=0f / 0e) = 0(e — up), from (7.184) to (7.186) we get

77\ 3/2 77\ 3/2
(1 + ”B—> - (1 _ kB ) . (7.191)
HF HF

In a weak magnetic field (upH < pg), from (7.191) it follows that

\% 2 2m, 3/2
M= 2;‘;3( hg p*H. (7.192)

/,LBQV (2m)3/2 3/2
Hy

M =
32m)2 B3
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The Fermi boundary pr entering into this expression is found from the expres-
sions (7.183)—(7.185). It can be shown that the Fermi boundary pup, to a first
approximation with respect to the parameter ugH / ur < 1, does not depend
on the magnetic field and is determined by the known expression [see (7.116)]

h2
pF = %(%%)2/3. (7.193)
For the paramagnetic susceptibility xo = M / VH of a completely degenerate
electron gas, from (7.192) we get the simple expression

Xo = ppg(ur), (7.194)

where 32
2m
o(ue) = 2 (7.195)
is a function of the density of quantum states on the Fermi boundary.
From (7.194), it is seen that the paramagnetic susceptibility xq of a degen-
erate electron gas does not depend on temperature (7.194) and its ratio to x
(7.190) is given the expression

Xo _ koT
_ = — . 1
BT e (7.190)

If we determine the concentration of electrons n from (7.193) with regard to
(7.195) and substitute it into (7.196), we get
3k 3T
A _ 2R s« (7.197)
X 2ur 215
where T§' = up / ko ~ 3 x 10K is the temperature of degeneracy of the
electron gas. At room temperature (T ~ 3 x 102 K), for ratio (7.197) we get
Xo/x =102
Note that the ratio (7.197) is almost the same as the ratio of corresponding
heat capacities of an electron gas. Indeed, if we take the ratio of (7.171) to
CS = 3koN / 2, we get
Cy _ mkT T

TN

(7.198)

Thus, in all the cases we get results consistent with experiments, i.e. we are
convinced that the free electron gas in metals is not a classical gas but a
strongly degenerate quantum gas.

If at finite values of temperature with the aid of (7.134) we calculate
integrals (7.184) and (7.185), for the paramagnetic susceptibility we get

(7.199)

Hence, it is seen that at temperatures kyT' < pr the paramagnetic suscepti-
bility xo depends on temperature 1" very weakly.
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7.11 “Ultra-Relativistic” Electron Gas in Semiconductors

In this case, the energy of a particle linearly depends on the absolute value of
the wave vector:

e = vp = vhk. (7.200)

Photons and phonons satisfy this model of the energy spectrum. In expression
(7.200), in the case of photons the velocity ought to be replaced with the
velocity of light v = ¢, and for phonons with the speed of sound v = vg.*

The conduction electrons of some complex narrow-band semiconductors
(Cd.Hg,_, Te; z = 0.16) also are described by the expression (7.200). For
conduction electrons of these semiconductors, we need to replace v with the
expression

v=(eg ) 2m")?, = (g5 ) 2m*)"/? bk, (7.200a)

where €, is the band gap width, and m* is the effective mass of an electron.

In this section we will consider an electron gas with the “ultra-relativistic”
spectrum (7.200a). We will start from the expression of the grand thermo-
dynamic potential (7.95). For fermions, in (7.95) we need to take the upper
signs. Then, according to (7.200a), we go over from the integral over dk to the
integral over de. Then, the expression of the thermodynamic potential takes
the form

oo

Vgo (2m* 3/2 (i) ko T 2
-7 | — H—E 0 7
Q o2 hp ( % ) koT/ln (1 +e )6 de. ( 201)

If we take this expression in the system of equations (7.91) and integrate
by parts, we find the general form of the thermal equation of state of a gas
consisting of “ultra-relativistic” electrons:

p_ 90 om*\ ¥/ oo e3de
= 67T2h3 €g ‘({‘ e(sfu)/koT + 17
Vo <2m*>3/2 o0 e2de

T 2B | semrmr 1

(7.202)

€g

From (7.80), it is easy to find the mean value of energy of an “ultra-relativistic”
electron gas:
_ Vgo (2m* 82 7 e3de
B=d0 ( . ) / e (7.203)
0

4 In the capacity of an example of the ultra-relativistic Bose gas in Sects. 7.14 and
7.15 photon and phonon gases will be considered, respectively.
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N
g(e)

0 £

Fig. 7.17. The density of quantum states for the “ultra-relativistic” spectra

If we compare this expression with the first equation of the system (7.202),
we get the relation between the energy density and pressure:
1 FE
P=-—

3V’
which does not depend on the degree of degeneracy of the electron gas
[compare (7.100) with the “ultra-relativistic” case].

From a comparison of expressions of energies (7.101) and (7.203), for the
density of quantum states g(g) we get the quadratic dependence (Fig.7.17)

2 * 3/2

goE 2m 9

gle) = ( ) ~ e’ (7.205)
21203\ eq

(7.204)

It is seen that in this case the dependence of the density of states on energy
g(g) is sharper compared to the usual parabolic case (Fig.7.4).

If we integrate the expression for energy (7.203) and the second equation of
(7.202) once by parts, we get the system of equations determining the caloric
equation of states of an “ultra-relativistic” electron gas:

Vgy [ 2m* 3/2 oo of
E= ——)etd
8m2h3 ( €g > ({ 9 ) € &
_ Voo (2 S/QT _OF sge
6m2h3 \ &g 0 de '
We first consider a completely degenerate electron gas (T = 0). If we take

into account that in this case (—9f / J¢) = é(e — po), from (7.206) we get the
expressions for the Fermi boundary as

o (@n>1/3h( €q )1/2:( Eq )1/21007 (7.207)

(7.206)

2m* 2m*

6 2 1/3
po = (in> h, (7.208)
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for the zero energy as

Vgo ([ 2m* 3/2 4 3
Ey = = —uoN .2
07 Sn2ns ( e ) Ho = gHo (7.:209)

and for the zero pressure of the electron gas as

90 2m* 3/2 1
Py = 4=z 7.210
0 247T2h3 ( Eg > Ko 4’”’/-]’07 ( )

where we used the relationship (7.204); n = N/ V is the concentration of
electrons. Because at the Fermi boundary pg ~ n'/3 (7.207), from (7.210)
it follows that the zero pressure of a degenerate electron gas Py ~ n*/3.
The temperature of degeneracy in the considered case is determined by the
expression To = uo / ko.

Consider a strongly degenerate electron gas when koT < po. In this case,
using (7.134) we can calculate the integrals entering into (7.206). As a result,

we get
Vgg (2m* 3/2 4 o [ koT 2
= 1+2 — 7.211
8thg(%) pt e (BE) )
Vgo (2m* 8/2 3 o [ koT 2
= 1 — 7.212
672h? ( g > : o Ho ( )

Here, in the term associated with temperature we have assumed p = pg. From
(7.212) on determining the chemical potential

2 2
™ koT
W) = o |1 5 (25)
(1) [ (e
and substituting it into (7.211), and restricting ourselves to the first approxi-
mation, for the caloric equation (for the total energy) we get

(7.213)

2 koT
E(T) = Eo + = 10N (0—) . (7.214)
2 o
Hence, for the heat capacity we have

koT 2k2N [ 2m*\ /2 1/3
CV =T koN( 10 ) 7 ( ey ) (67T2n) T n . (7215)

From relationship (7.204) and expression (7.214), we can obtain the ther-
mal equation of state (pressure) ofan “ultra-relativistic” electron gas at finite
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temperatures:

2 2

P(T) = Py + —pon (kO—T) : (7.216)
6 Ho

where P is the zero pressure determined by (7.210).

If we compare the results obtained here with those obtained in Sect. 7.6, we
notice the disparity between a degenerate electron gas with the usual parabolic
spectrum and an “ultra-relativistic” gas. In particular, a comparison of the
expressions (7.213) and (7.136) shows that in the “ultra-relativistic” case the
Fermi boundary decreases according to the temperature. This is associated
with the fact that in the “ultra-relativistic” case the function of the density of
quantum states depends more strongly on energy (compare Figs. 7.4 and 7.17).

7.12 Statistics of Charge Carriers in Semiconductors

According to quantum mechanics, electrons in a completely isolated atom
possess a discrete energy spectrum: 1s2s2p3s3p3d4ds .... At each discrete
energy level, a specified number of electrons can be found, e.g. at the s-level
there can be a maximum 2 electrons, at the p-level there can be 6, at the -level
there can 10: 152 252 2p% 352 3p%3d104s2 .. ..

Assume that a crystalline lattice (solid) is formed of N atoms. Then, each
discrete energy level of the system (the crystalline lattice) is N-fold degener-
ate. Under the action of a periodic Coulomb field produced by other electrons
and nuclei, this degeneracy is removed partially or completely. As a result,
each discrete energy level converts into an energy band 1522s22p% ... of a
certain width. Therefore, the energy spectrum of electrons in a crystalline lat-
tice consists of possible energy strips, separated from each other by forbidden
energy ranges - band gaps.

Note that the band theory of solids analytically follows from the solution of
the Schrodinger equation for the motion of an electron in a periodic potential
field of the crystalline lattice.

According to the band theory, all crystalline solids are divided into two
classes based on the electrical conductivity in the fundamental non-excited
state: conductors and insulators.

We explain this classification. In a crystal consisting of N atoms with the
ordinal number Z, there exists a ZN number of electrons. In the fundamental
state, these electrons occupy the lowermost energy bands. According to the
Pauli principle, in each energy band there can be found a finite number of
electrons. For instance, in the s-energy band, corresponding to the discrete
level s, we can find a maximum of 2Nelectrons, in the p-band there can be a
maximum of 6N electrons, etc.

Depending on the distribution of electrons over the energy bands, there
are two possible cases.
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1. If ZN number of electrons occupy some energy bands completely and
subsequent bands partially, such a crystal is called a conductor. For
instance, in Na crystal, consisting of Na atoms with Z = 11, of 11 N elec-
trons, 2 N electrons are positioned in the energy band 1s, 2 N are in 2s,
6N are in 2p and N are in 3s. Thus, the 3s energy band is half-filled. In Al
atom with Z = 13, there are completely filled 1s2s2p3s bands, and the
3p band is filled to one-sixth. Notice that a completely filled energy band
does not take part in the electrical conductivity because an external elec-
tric field cannot influence the distribution of electrons of completely filled
bands. Only electrons of partially filled bands can participate in the conduc-
tivity because inside the band, energy levels are positioned infinitely close
to each other and an external electric field changes the symmetry of the
distribution of electrons in the k-space, and thereby electrical conductivity
arises in the crystal. Thus, Na and Al ought to conduct an electric current
well. Remember that a conductor and a metal are used synonymously here,
because most metals possess good electrical conductivity.

2. If ZN number of electrons completely fill a specified number of lowest
energy bands, and the subsequent energy bands are absolutely empty, then,
according to the above-mentioned reasons such a crystal is an insulator. The
energy range between the completely filled energy band and the absolutely
empty band is called a forbidden energy band or band gap. The completely
filled band is called the wvalence band and the upper empty band is the
conduction band.

Thus, at the absolute zero temperature (7' = 0), all crystalline solids can be
found in one of two fundamental (non-excited) states: conductors or insulators.
If the width of the band gap ¢ is sufficiently small (¢, < 2eV), at finite
temperatures (T' # 0) some of the electrons pass from the completely filled
(valence) band into the empty (conduction) band. The electrons passing into
the conduction band can participate in the conductivity and therefore are
called conduction electrons. The remaining free quantum states of the valence
band behave as quasi-particles and are called holes. Holes are quasi-particles
with a positive charge which is numerically equal to the charge of an electron.
It is clear that holes are also fermions like electrons. Their effective mass
is positive and distinct from the effective mass of electrons. Holes that are
formed in the valence band also participate in the electrical conductivity.
Insulators that are found in such an excited state are called semiconduc-
tors. Thus, semiconductors are insulators with a small width of the band gap
and easily pass into the excited state. In other words, a semiconductor is an
excited insulator.
Consequently, free electrons are charge carriers in metals, and conduction
electrons and free holes in the valence band are carriers in semiconductors.
Statistical properties of a free electron gas in metals were studied in
Sect. 7.11. The basic distinction of metals from semiconductors consists in the
fact that in metals the concentration of the conduction electrons is constant
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Fig. 7.18. Conduction band electrons and valence band holes, i.e. current carriers
in semiconductors

whereas in semiconductors the concentration depends on temperature and on
the presence or absence of impurities. In the given section we will consider
the statistics of charge carriers, i.e. electron-hole systems, and analyse the
temperature dependences of their chemical potential and concentration.

To do this it, is necessary to know the structure of the conduction band
and the valence band, i.e. the dependence of energy on the quasi-impulse or
wave vector (the dispersion law). It is a task of quantum mechanics. Note that
the structure of the conduction band and the valence band can be quite com-
plex. This depends on the construction of electron shell of the atoms forming
the crystal and also on the symmetry of the crystalline lattice. Here, we will
assume that energy of conduction electrons and holes depends parabolically
on the wave vector (Fig.7.18). On the basis of this model, called a stan-
dard or parabolic model, we will consider three cases: intrinsic (impurity-free)
semiconductors, semi-metals and impurity semiconductors.

Intrinsic semiconductors. Consider an ideal (perfect) impurity-free semi-
conducting crystal. This means that the crystal consists of intrinsic atoms. The
valence electrons form covalent bonds between adjacent atoms. For instance,
in the tetravalent Ge or Si crystal, they are surrounded by four adjacent
atoms. At the temperature of absolute zero, all four electrons participate in
the formation of the bond, i.e. at T' = 0, the valence band is completely filled
and the conduction band is completely free.® At a finite temperature, some
of the electrons participating in the formation of the covalent bond, under

5 Note that according to the electron distribution over energy bands the crystals
of germanium and silicon formally ought to be conductors. Indeed, in an atom of
silicon with Z = 14 the level 3p? is filled to 1/3, in germanium with Z = 32 the
level 4p? is also filled to 1 /3. Consequently, at temperature of absolute zero also
these crystals ought to be conductors. However, theory and numerous experiments
show that Ge and Si possess the complex band structure: the band gap width for
Ge equals € = 0.7€eV, and for Si equals ¢, = 1.1eV. So, according to the real
band structure, Ge and Si are not conductors, but semiconductors.
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action of the thermal motion (temperature), break away from the chemical
bond and move freely inside the crystal. Holes are produced in the vacancies
created by the electrons, which also move freely in the crystal. In the impulse
or the k-space, this process corresponds to the fact that a specified number
of electrons pass from the valence band into the conduction band, as a result
of which the same number of holes arise in the valence band.

In order to consider the statistics of an electron—hole system in intrinsic
semiconductors, consider a model of the band as depicted in Fig.7.18. This
model is characterised by three parameters: the effective mass of conduction
electrons m,,, the effective mass of holes m,;, and the width of the band gap ¢,.

If energy is taken from the bottom of the conduction band, the energy of
the conduction electrons is

h%k?
= 7.217
€= o (7.217)
and the energy of holes is
h?k?
€= —g5— 2y —eg — €. (7.218)

The concentration of conduction electrons in the general case, according to
(7.160), is

2mpkoT)3/2
n = Gk o, (7.219)

3m2h3

where F3/5(n) is the Fermi integral determined by (7.161), and n = u/koT is
the reduced chemical potential.

If we use the asymptote of the Fermi integral (7.162), the concentration of
a non-degenerate electron gas in the conduction band is

_ (2mpkoT)?/?

In order to find the concentration of holes, first we determine their dis-
tribution function. It is known that the probability of an electron found
at a level with energy ¢ is given by the Fermi-Dirac distribution function
f=[1+exp(e—p) /kOT]fl. Then, the probability that a level with energy
¢ is empty (the hole), i.e. the distribution function of holes, is

fole) =1—f(e) = 1+ exp(p — ) /koT] . (7.220)

If we substitute the expression for the energy of holes (7.218) in (7.220) and
introduce the notation for the chemical potential of holes

fp = —E€g = [, (7.221)
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then distribution function of holes takes the form
Fo(e") = 1+ exp(e’ — p1p) /koT] ™", (7.222)

where ¢’ is energy taken from the top of the valence band. So, in order to find
the distribution function of holes, it is sufficient to replace ¢ with &’ in the
distribution function of electrons and p with p,. Thus, in order to find the
concentration of holes in the parabolic valence band, in (7.219) it is necessary
to carry out the replacements m, — my, and n — n, = u, /koT .

Consequently, the concentration of a hole gas of any degree of degeneracy
is calculated by the formula

(2m,koT)>/?

p= WFS/Q(np)a Np = tp [KoT . (7.223)

It is clear that the condition of non-degeneracy of a hole gas has the app-
earance

exp(np) <1 or (g44 p) /koT > 1. (7.224)

If use the asymptote of the Fermi gas (7.162), for the concentration of a
non-degenerate hole gas we get

(2m koT)S/Q
b= W exp(np)- (7.225)

The chemical potential of an electron—hole gas is determined from the condi-
tion of neutrality of the crystal

n(p, T) = p(p, T). (7.226)
If we take into account (7.219) and (7.223) in this equation, we get
mi/2F3/2(77) = mg/2F3/2(—77 - EZ), (7.227)

where €3 = g /koT' is the reduced band gap width. A solution of (7.227), in
principle, enables one to determine the dependence of the reduced chemical
potential of an electron—hole gas as a function of the parameters of the band:

1 = n(mn, mp, £5). (7.228)

However, in the general case (7.227) can be solved only numerically. If we take
into account that a conduction electron and a hole gas in intrinsic semicon-
ductors are usually found in the non-degenerate state, on the strength of the
asymptote (7.162), expression (7.227) takes the simple form

m>/? exp(n) = mg/Q exp(—1n — &) (7.229)
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Fig. 7.19. The temperature dependence of chemical potential for intrinsic semicon-
ductors

Hence, it is easy to find the chemical potential of an electron—hole gas:

o= —% + ZkoT In :—: (7.230)
From (7.230), it is seen that at T=0 (for any values of m, and m,), and
also if m,, = m,, at all temperatures the chemical potential passes through
the middle of the band gap. If, however, the effective masses are different
(my, # myp), with the increase of temperature starting from zero, depending
on the ratio m, /m, the chemical potential moves to the conduction band or
the valence band (Fig. 7.19).

Usually, in semiconductors m, > m,, and therefore the chemical poten-
tial moves to the conduction band. The fact that at T = 0 the chemical
potential equals half ¢, has a deep physical meaning. It is known that the
chemical potential is the free energy (the spent work) necessary to increase
the number of particles by unity. In our case, because the system consists of
conduction electrons and holes, in the process of passage of one electron from
the valence band into the conduction band the energy e, is spent. As a result
of this, in the system there arise two quasi-particles: a conduction electron
and a hole. Therefore, at T'= 0 each arising particle accounts for a free energy
equal to = —eg /2.

If we substitute the value of exp(n) from (7.229) into (7.219a) and (7.225),
we get identical dependences for the concentration of free electrons and holes
in intrinsic semiconductors:

3/2
N R L S

N P 2%k
If from experiment we can find n; or p;, with the aid of (7.231) we can deter-
mine the band gap width 4. This is the most common classical method for
the determination of &,.

If the conduction band and the valence band touch each other, i.e. g = 0,
(7.227) takes the form

m3/2Fy5(n) = m3/2Fy(—n). (7.232)
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Fig. 7.20. The filling of the energy band of semimetals by electrons and holes

Because temperature does not enter into this equation, the solution of the
equation does not depend on temperature, i.e. 7 =19 =const. Then concen-
tration of conduction electrons (7.219) can be written down in the form

(2mpkoT)3/?

a2 La/2(0) ~ T2, (7.233)

n; =
Thus, at e; = 0 the concentration depends on temperature not exponentially,
as is shown in (7.231), but has power dependence n ~ T3/2. Tt is clear the
concentration of holes is

3/2

pi = %Fsm(—%) ~ T2, (7.234)
As seen from (7.232), in order that the reduced chemical potential n = 19 =
const, it is necessary to satisfy the equality n; = p;.

Note that dependence n; = p; ~ T3/2 is correct only in the case when both
the conduction band and the valence band are parabolic.

Semi-metals. In the preceding paragraph, we considered semiconductors
with the band gap width e > 0. In these, the charge carriers arise only at
finite temperatures T' # 0, i.e. at T' = 0 they do not possess any conductivity.
However, there exist crystals in which the valence band and the conduction
band overlap each other by a magnitude g (Fig. 7.20). Such crystals are called
semi-metals. A crystal of bismuth is an example of a semi-metal. In such
crystals, the top of the valence band is above the bottom of the conduction
band and, even at T' = 0, a part of the electrons spontaneously pass from the
valence band into the conduction band, as a result of which an equal number
of free electrons and holes arise. The passage of electrons from the valence
band into the conduction band continues as long as the chemical potential
(the Fermi level) does not become identical in both bands (as the level of a
liquid in connected vessels).

Consequently, at the temperature of absolute zero, in semi-metals electrical
conductivity is possible. The Fermi level in semi-metals at temperature 7' can
be determined from the condition of neutrality n = p, using equality (7.227).
To do this, it is necessary to carry out the replacement —e, — ¢¢ in (7.227),
because, as seen from Fig. 7.20, the distance between the top of the valence
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band and the bottom of the conduction band equals 9. As a result, in the
case of a semi-metal the condition of neutrality n = p takes the form

M3/ Fy () = m3/ 2 Fy o (e — 1), (7.235)

where * = ¢¢ /koT, €9 is the overlap of the bands and m,, and m,, are effective
masses of conduction electrons and holes, respectively.

Because at low temperatures ko1 < €y, electron and hole gases are found
in the degenerate state. Then, using (7.165), for the Fermi integral we get
Fi.(nr) = nf and condition (7.235) takes the form

mpnr = mp(gs - 77F)- (7236)
Hence m m
P * P

= ————¢; Or = ———¢p. 7.237

Ui o 4y 0 HF o+ 1 ( )

The concentration of electrons, in conformity with (7.160) and (7.165), can
be written down in the form

_ (2mnkoT)*/? 5/9

37T2h3 e > (7238)
and the concentration of holes as
(2mpkoT)*? 3/2
On substituting (7.236) and (7.237) into these expressions, we get
n=p= (302871 (2mampeo [2mumpeg(my, +my) )3/2 . (7.240)

Consequently, in semi-metals at T" = 0, the concentration of electrons and
holes is finite and is determined by the band parameters m,,, m, and &o.

Impurity semiconductors. Different defects — extraneous atoms (impuri-
ties), empty points, atoms between points, etc. — are inherent to real crystals.
Here we will consider only defects associated with impurity atoms. Such
defects can be artificially created, and therefore their concentration and types
can be controlled. Assume that in a crystalline lattice of an element of the
fourth group, for instance germanium or silicon, a minute part is replaced by
atoms of elements of the third (In,Ga) or the fifth (Sb,As) group. This means
that crystals of Ge or Si are doped by extraneous atoms In,Ga, Sb and As.
If the concentration of impurity atoms N; is small, i.e. the distance between
them d; ~ N[l/ 3 is far greater than the radius of the first Bohr orbit ag, then
wave functions of impurity atoms do not overlap each other, and therefore
impurity energy bands do not arise and in the band gap they create discrete
energy levels. Depending on the type of impurity atoms, discrete impurity
levels are positioned close to either the bottom of the conduction band or the
top of the valence band.
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Fig. 7.21. Diagrams of bands of semiconductors with donor and acceptor impurities

If Ge and Si crystals are doped by pentavalent atoms Sb or As, four of the
five electrons found in the outer electronic level of Sb or As form bonds with
the adjacent atoms of Ge or Si. The remaining fifth electron is weakly bound
with impurity atoms and, therefore, under action of temperature easily leaves
the atom and becomes free. This means that atoms of the fifth group create
discrete levels in crystals of Ge and Si close to the conduction band and the
fifth valent electron easily passes into this band. Impurities of such type are
called donors, and such crystals are electronic semiconductors.

If crystals of Ge and Si are doped by trivalent atoms In or Ga, then three
valence electrons of In or Ga are not sufficient to form covalent bonds with
adjacent atoms of Ge or Si. Therefore, they attract one electron from the adja-
cent covalent bond, as a result of which a non-saturated bond arises between
the fundamental atoms. This means that one electron passes from the valence
band to the discrete impurity level, and one free hole arises in the valence
band. Impurities of such a type are called acceptors, and such crystals are
hole semiconductors.

In Fig. 7.21, the band structure of semiconductors with donor and acceptor
impurities is schematically presented. Because in the figure energy is taken
from the bottom of the conduction band upwards, we denote the energy of
donor levels by —eq, acceptor levels by —¢e, and the band gap width by —e&g;
Ngq and N, are concentrations of donor and acceptor atoms, respectively; the
rest of the notations in the figure are as usual.

It is evident that even at the temperature of absolute zero, T = 0, weakly
bound electrons pass from the donor level to the acceptor level and, depending
on the ratio Ny /N, , the donor or acceptor level is compensated: if Ng > N,,
acceptors are completely compensated and Nj = Nq — N, number of donors
remains neutral; On the contrary, if N, > Ny, donor atoms are compensated
completely, and N, = N, — Nq number of acceptors remains neutral.
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At finite temperature (T # 0), when Ng > N,, an electron passes from
neutral donor levels into the conduction band and, when N, > Ny, an electron
passes from the valence band into the non-compensated acceptor level. In the
first case, a crystal is called a compensated electronic semiconductor, and in
the second case it is a compensated hole semiconductor.

Thus, at a particular finite temperature and in the thermodynamic equi-
librium in a crystal, there are a specified number of free electrons in the
conduction band, free holes in the valence band, positively charged donor lev-
els (“bound holes”) and negatively charged acceptor ions. It is clear that in
the equilibrium state this system of charges ought to be characterised by only
the chemical potential, which is found from the condition of neutrality.

The condition of neutrality: the sum of the concentration of electrons in
the conduction band n and negatively ionised acceptors n, = N, ought to
equal the sum of the concentration of free holes of the valence band p and the
concentration of the “bound holes” pg = N, ;’ = Ngq — nq at donor levels; here,
nq is the concentration of electrons at the donor level. Thus, the condition of
neutrality of a crystal has the form

n+ny =D+ pd. (7.241)

Concentrations of conduction electrons n and free holes p are given by the
expressions (7.219) and (7.223), respectively. In order to calculate n, and pq,
we use the expression for the mean number of electrons at the impurity level
with energy ¢;:

n(e;) = [1+ 8 exple; — ) JkoT] ™. (7.242)

Here the factor 8 is associated with the degeneracy of the impurity level. If
at the impurity level there is degeneracy only with respect to the spin, then
8 = 1/2. In this case, the mean concentration of electrons at the donor level
with energy €, = —eq is

-1

1
ng = Nq |1+ 5 €XP (—(ea+p) /keT)| . (7.243)

Then the concentration pq entering into (7.241) can be presented in the form

pa=Ng—nq=Na[l+2expleq+pu) /koT] " (7.244)
For impurities of the acceptor type, § = 2. Then the mean concentration of
electrons at the acceptor level with energy ¢; = —¢, is
eat )]
Ny = Ny [1 + 2 exp <_;€0—T>} : (7.245)

If we substitute (7.219), (7.223), (7.244) and (7.245) into (7.241), the condition
of neutrality in the general case takes the form
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2mpkoT)3/? . -
%Fm(ﬂ) + No 1+ 2exp(—e; —n)] ' =
2m,koT)3/? . ) B
- %Fm(_% —n) + Na[1+2 exp(e] +n)] ", (7.246)

where
eh=c¢ea/koT ey =ca/koT u n=p/koT.

If parameters of the energy band m,,, my, g, €4, €a, Na and N, (see Fig. 7.21)
are known, from (7.246), in principle, we can find the dependence of the
reduced chemical potential on these parameters, and also on the temperature
n(T"). Knowing the dependence 7(T'), according to (7.219) and (7.223), we can
determine the temperature dependences of the concentration of free charge
carriers n(T) and p(T). However, the transcendental equation (7.246) in the
general form is impossible to solve with reference to 7. Therefore (7.246) can
be solved only analytically in particular cases.

Intrinsic semiconductors. This case corresponds to the impurity-free crys-
tal (Ng = N, = 0), which we considered at the beginning of the section.

Electronic semiconductors. As a more comprehensive example, we consider
semiconductors with donor impurities. In this case, N, = 0, Ng # 0 and
(7.246) acquires the form

(2mpkoT)3/?

a2y La/2(n) = Na [ +2 exp(eq + m] (7.247)

If the free electron gas in the conduction band is degenerate, even the simpli-
fied equation of neutrality (7.247) is impossible to be solved analytically; we
can solve it only numerically and construct the graphic dependence 1(T).

If, however, we suppose that the electron gas is non-degenerate, and,
according to (7.162) use the asymptote Fj/o(n) = 3v/7/4 exp(n), (7.247) can
be rewritten in the form

(2mpkoT)3/?

1323 exp(n) = Na [1+ 2 exp(el +1)] . (7.248)

This is a quadratic equation with respect to exp(n). Solving it for the chemical

potential, we get
1 32m3/2h3 Ny
- 14— —1]1. 7.249
1 <\/ + maho )2 exp(e}) )] ( )

Here, the solution of the quadratic equation for which the condition exp(n) > 0
is fulfilled is conserved.

Expression (7.249) obtained for the simplest case has a very complex
appearance. To obtain physically meaningful results, on the basis of (7.249)
we consider concrete cases.

U= —&q +I€0T In
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(1) Region of low temperatures. Assume that the temperature T satisfies the

inequality
<)y CrakoT)Y? (7.250)
P\ kT 32137213 N, '

Then, from (7.249) we get for the chemical potential

(7.251)

ea  koT [2773/27131\701
( )

22 2m koT)3/2

Hence, we arrive at the following conclusions:

(a) At the temperature of absolute zero (T = 0), the chemical potential equals
one-half £4. This result completely satisfies the physical sense, according
to which on the passage of one electron from the donor level into the
conduction band, two particles arise in the system: a free electron and a
“bound hole,” and energy 4 is expended in this process.

(b) The sign of the second item in (7.251) depends on the value of the
expression under the logarithm sign, i.e. on temperature. Thus far, the
temperature satisfies the condition

2132 Ny > (2mnkoT)%/?, (7.252)

where the second term in (7.251) is positive and p approaches the bottom of
the conduction band. If the concentration of donors is sufficiently large, i.e.
(Nq > 10" em™3), p can even pass into the conduction band (Fig.7.22). At
even higher temperatures, when the condition reverse to (7.252) is fulfilled, g,
which is decreasing, can pass to a level below —eq /2. If the chemical potential
passes into the conduction band, from Fig. 7.22 it is seen that an electron gas
in the conduction band in the range of temperatures AT = T — T can be
found in the degenerate state.

It is clear that outside this range (T' < T} and T' > T5) the chemical poten-
tial g < 0, and therefore the concentration of conduction electrons depends
exponentially on the temperature.

1 u(r)
Conduction band
0f—== N
~& + $ Ny
—g, /2}----- i SR
1 ]
78 ' ! L
g . '
, T, r

Valence band

Fig. 7.22. Fermi level variation with temperature in an electron semiconductor
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(2) Region of relatively “high” temperatures. When the condition reverse to
(7.250) is fulfilled, the second term of the expression (7.249) is much
smaller than unity and the square root can be expanded into a series.
Then, in this region of temperatures the chemical potential takes the very
simple form

(7.253)

432 N,
w=koT In { T d }

(2mnkoT)3/2

From (7.253) and the condition reverse to (7.250), it follows that in the con-
sidered temperature region the chemical potential sinks below donor levels
—eq (Fig.7.22).

At still higher temperatures, electrons begin to pass from the valence
band into the conduction band, as a result of which the intrinsic conduc-
tivity dominates over the electronic cinductivity and the chemical potential
asymptotically approaches —e, /2 (Fig. 7.22).

If the expression of the chemical potential (7.253) is substituted into
(7.219a), we get

n = Ng. (7.254)

This means that in the considered temperature region all donor levels are
singly ionised, i.e. all valence electrons have passed from the donor levels
into the conduction band. The concentration of conduction electrons remains
constant, i.e. n = Nq, as long as the intrinsic conductivity does not begin.

In a like manner, hole semiconductors (Ng = 0, N, # 0) also can be
analysed.

In conclusion, we notice one interesting fact. From expressions of con-
centrations of conduction electrons (7.219a) and free holes (7.225) of non-
degenerate semiconductors, it is seen that the product np does not depend on
the chemical potential p. From comparison of the product np from (7.231),
we get the very simple equality

np =ni =p;. (7.255)

This relationship shows that if an electron gas in the conduction band and
free hole gas in the valence band are non-degenerate, the product np does not
depend on the amount of impurities and their distribution. This result also
follows from the fact that the amount of impurities and their distribution
determine the value of the chemical potential x, and the product np does not
depend on p.

7.13 Degenerate Bose Gas: Bose—Einstein Condensation
We construct a statistical theory of the thermodynamic properties of a Bose

gas of volume V consisting of N bosons of the mass m. To do this, on the
strength of (7.98) we write the equations of state of a Bose gas:
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p_ 2 go(2m)3/2 e 3/24e
3 (2m)2h3 ) ele—m)/koT — 1’
~ Vgo(2m)3/2 oo el/2de

N="Gmms ) cemmr 1

(7.256)

It is clear that, in the general form, the system of equations (7.256) at arbi-
trary temperature is impossible to solve analytically. Therefore, we consider
only high- and low-temperature regions. If the concentration of the gas is con-
stant, at high temperatures, the chemical potential, according to (7.20), can
satisfy the condition of classicity: A = exp(n) < 1. Then system of equations
(7.256) can be solved by expanding it into a series with respect to the param-
eter A < 1. In the zeroth approximation, we obtain the well-known classical
results (see Sect.7.1). In the first approximation (the approximation of weak
degeneracy), for a Bose gas as well as for a Fermi gas we obtain results that dif-
fer a little from those for a classical Boltzmann gas (see Sect. 7.5). Therefore,
in this section we will consider the low-temperature region, i.e. the state of
degeneracy. Qualitatively new physical results are obtained just in this case.
At first, we analyse the temperature dependence of the chemical potential
w(T') of a Bose gas with a particular number of particles: N = const. Recall
that the chemical potential of a Bose gas at any temperature can never be
positive:

w(T) <0. (7.257)
It is known that at high temperatures the chemical potential takes on very
large negative values. In order to elucidate how the function x(7T") behaves with
the lowering of temperature, take the derivative with respect to T" on each side
of the second equation of the system of equations (7.256) at N = const. As a
result, we get

@) () 1] e me () e -
T () -1 e () e

If we take into account the condition (7.257), from (7.258) it follows that

(%{)N <0, (7.259)

Hence, it is seen that with the increase in T' the chemical potential u(T),
remaining negative in magnitude, decreases, and at a specified, finite temper-
ature 6y becomes zero, and on further decrease in temperature, according to
(7.257) and (7.259), remains equal to zero:

#(T)lp<, = 0. (7.260)

In Fig. 7.23, the temperature dependence of the chemical potential of a Bose
gas at IV = const is schematically presented.
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Fig. 7.23. The temperature dependence of the chemical potential of a Bose gas

Temperature 8y can be determined from the second equation of the system
of equations (7.256) using condition (7.260):

o0
_ Vgo(2m)®/? el/2de
N=—gmm | eme—1 (7.261)

If we change to the dimensionless variable of integration x = € /kofy, (7.261)

takes the form
oo

Vo (2mkofy)>/? xl/de
N / L (7.262)

0

The finite integral entering into this equation (according to Appendix A)
equals T'(3/2)( (3/2) = @ -2.61 = 2.3. Then, from (7.262) we get

4/3 2 2/3
0o — (2m) h (ﬂ) .

— " 2
(2.3g0)2/3 2mk (7.263)

o is called temperature of degeneracy of a Bose gas. Note that if the masses of
fermions and bosons are identical, from a comparison of (7.263) and (7.126)
it follows that the temperature of degeneracy of a Bose gas 6y and that of a
Fermi gas Ty are of the same order.

We now analyse the thermodynamic properties of a Bose gas in the region
of degeneracy T < 6. Taking into account condition (7.260), from (7.256) in
the region T < 0y we get

N =

32 F _1/2
Vgo(2m) / ede poy, (7.264)

(27)2h3 ce/koT _ 1;

Note that this expression in the region of temperatures T < 6, contains a
certain paradox. Indeed, though the left-hand side of (7.264) (N = const)
does not depend on temperature, the right-hand side depends on temperature
as ~ T3/,

This paradox was resolved by Einstein in 1925. He paid attention to the
fact that, because the function of the density of states g(g) ~ /2, in integral
(7.264) we have not taken into account the number of particles with energy
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¢ = 0. This means that the right-hand side of (7.264) determines not the total
number of bosons but the number of bosons with energy different from zero
(¢ > 0). In the temperature region T < 6y, a part of bosons passes to the
level of energy € = 0, i.e. it is “condensed”. This phenomenon is called Bose—
Einstein condensation. Consequently, according to Einstein’s reasoning, the
right-hand side of equality (7.264) shows not the total number of bosons but
the number of non-condensed bosons, i.e. the number of bosons at levels € > 0.
If we denote the number of these bosons by N7, the number of “condensed”
bosons at the level ¢ =0 is

No=N — Ny, (7.265)

where N; is determined by (7.264) with regard to Einstein’s idea

32 F 0 _1/2
_ V90 (2m) / s de g (7.266)

Ny, = .
LT T 2n)ms o</FoT — 1’
e>0

We introduce the dimensionless integration variable € /kofy = x and take into
account (7.262). Then the number of non-condensed bosons equals

T\ 32
N, =N (9—> . T < 6, (7.267)
0

and the number of condensed bosons at the level € = 0, according to (7.265)

and (7.267), is
. T\ 3/2
to

It is seen that at the point 7' = 6y the number of condensed bosons is
Ny = 0. With the lowering of temperature, beginning from 6y, the number Ny
increases, and at the temperature of absolute zero Ng = N, i.e. all bosons pass
to the level e = 0 and a Bose gas is completely condensed. Thus, temperature
T = 6y is the beginning of the process of condensation, i.e. temperature of
degeneracy, of a Bose gas. For usual molecular Bose gases, 6, is very small.
For instance, at m = 10~2*g, and N/V ~ 10*¥ cm~3, from (7.263) it follows
that 6y ~ 1072 K. This is a temperature much lower than the temperature
of liquefaction of any gas. Therefore, the phenomenon of the Bose-Einstein
condensation in practice is very difficult to observe.

However, it is interesting to note that in 1995 the American scientists Eric
Cornell, Carl Wieman and Wolfgang Ketterle, on cooling a very rarefied gas
consisting of atoms of rubidium and sodium with the aid of laser techniques
to 1078 K, achieved Bose-Einstein condensation. In 2001, they received the
Nobel Prize for this work.

Recall that the Bose—Einstein condensation should not be confused with
the usual condensation in the three-dimensional space. In the process of

No = N 3 T S 00. (7268)
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Bose—Einstein condensation, bosons in the p-space, on losing their impulses,
are accumulated at the point p = 0 or at the energy level € = 0.

We consider the thermodynamic properties of a Bose gas in the region of
condensation (7' < ). To do this, we recall that in the region of condensation
the chemical potential equals zero u(T < 6y) = 0. If we take this into account
in (7.256) and introduce the dimensionless variable = ¢/koT, the pressure
of a Bose gas is

o0
2 go(2m)®/2 (koT)5/? / z%/2dz

P
3 (2m)2h3 et —1’

T < 6. (7.269)
Because the integral in this expression (according to Appendix A) equals
I'(5/2)¢(5/2) ~ 1.8,

_ 1.2g9(2m)*/2(koT)%/%
- (27)2R3 ’

P T < 6. (7.270)

From this expression, it is seen that pressure of a degenerate Bose gas strongly
depends on temperature as P ~ T%/2, whereas it does not depend on the vol-
ume. This fact resembles the independence of pressure of a saturated vapour
on volume V', and is explained by the fact that with an increase in V' the
temperature of condensation 6y rises [see (7.263)]; thereby, a larger number
of bosons pass to the level with e = 0 [see (7.268)], i.e. they are condensed,
as a result of which the density of non-condensed bosons does not changes.
Because the impulse of bosons, on passing to the level with e = 0, equals zero,
i.e.p = 0, they do not create pressure.

If we consider the expressions (7.109) for high temperatures and (7.270)
for low temperatures, we get the schematic dependence of pressure on tem-
perature P(T) in all the temperature regions, which is shown in Fig. 7.24.

The energy of a Bose gas in the region of condensation (T° < 6y) can be
found from the relationship £ = 3PV /2 and expression (7.270):

~ 1.8g0V (2m)3/2(koT)"/?

E )T ;T < 6. (7.271)
KT)¢ -
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Fig. 7.24. The temperature dependence of the pressure of a Bose gas
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Fig. 7.25. The temperature dependence of the heat capacity of a Bose gas

Hence, for the heat capacity Cy = (0E/0T),, we have

Cv — 4.590Vk‘0(2mk‘0T)3/2.
Ve (2m)2h3 ’

T < 6. (7.272)

As is seen, for the heat capacity the Nernst principle is fulfilled: Cy (T —
0) — 0.

If we take into account expressions (7.111) and (7.172), we can deter-
mine the temperature dependence of the heat capacity of a Bose gas Cy (T)
in all the temperature regions, which is presented in Fig.7.25. The portion
corresponding to the high-temperature region is taken from Fig. 7.6.

7.14 Photon Gas: Third Difficulty of Classical Statistics

In Sect. 7.1, we noted the difficulties associated with the application of the
Boltzmann classical statistics to a photon gas. In this section, we will show
how this difficulty is circumvented.

Assume that a vessel of volume V' and temperature of the inner walls T
radiates inside electromagnetic waves of different frequencies w(k); k = 27/
is the wavenumber of these waves, and A is the wavelength. In thermodynamic
equilibrium between the electromagnetic field and walls of the vessel, there
arises an energy balance, i.e. walls of the vessel in unit of time absorb the same
amount of energy that they radiate. In 1900, Planck put forward the idea that
this process of absorption and radiation occurs not continuously but in quanta
and, in this way, explained all experimental observations associated with the
radiation of a black body. Therefore, the year 1900 is regarded as the beginning
of quantum physics. According to Planck, walls of the vessel radiating or
absorbing electromagnetic waves with the frequency w(k) radiate or absorb
energy in multiples of Aw, i.e. hw, 2w, 3fw, ..., nfw. Here, h = h/27, h
being the Planck constant.

In 1905, Einstein proposed to associate a particle with energy € = hw and
impulse p = hw/c with each portion of the energy of a quantum being absorbed
or irradiated. This particle was called a photon. According to Einstein, the
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process of absorption or radiation can be presented as the absorption or
radiation of one or several photons by the walls of the vessel.

According to Maxwell’s equations, there exists a simple relationship w = ck
(c is the velocity of light) between the frequency of an electromagnetic wave
w and the wavenumber k = 27 /\. Taking this into account, the energy e and
the impulse p of a photon can be written as

= h
{; _ h‘]‘:’ (7.273)

Later, quantum mechanics was introduced and the principle of dualism was
formulated. According to this principle, the relationship (7.273) can be applied
to all elementary particles with the mass at rest different from zero, and they
can be read in two ways: from the left to the right and from the right to the
left.

From the left to the right: each elementary particle with energy e and
impulse p can be considered as a wave with frequency w = £/h and wavenum-
ber k =p/h=2/mw\.

From the right to the left: each wave with the frequency w and wave number
k = 2w /X can be considered as an elementary particle with energy ¢ = hw
and impulse p = hk.

The wave that represents the elementary particle is called the de Broglie
wave and its length is determined by the impulse of the elementary particle
A = h/p = h/mu, ie. the mass and velocity. Note that in (7.273) the first
equality is called the Einstein relationship, and the second is the de Broglie
formula. Remember also that quantities € and p characterising a particle are
related to the corresponding parameters of the wave w and k by the universal
constant .

Thus, an electromagnetic field inside a vessel can be considered as an
ideal photon gas filling its volume V. A photon gas is regarded as ideal,
because, as the Maxwell equations are linear and for an electromagnetic field
the superposition principle is satisfied, photons do not interact with each
other.

In the composition of a photon gas, there exist photons of different types,
which is determined by the frequency w and wave vector k. Inside the gas,
the mean number of photons of the type (w, k) corresponds to the intensity
(the square of amplitude) of a wave with frequency w.

Consequently, the study of an electromagnetic field is reduced to consider-
ation of the statistical properties of an ideal photon gas. Difficulties that arise
from the application of classical statistics to a photon gas were considered in
Sect. 7.1. Therefore, here we will apply quantum statistics to a photon gas.

Note that the number of photons with identical frequency can take on any
value; therefore, a photon is a boson with spin equal to unity. Hence, it follows
that we need to apply the Bose—Einstein distribution to the photon gas.
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Then, for the mean number of photons 7y of the type (w, k) with energy
€ = hw at temperature T, we can write

1
ng = m, (7274)
where T' is temperature of the inner walls of the vessel which is in equilibrium
with the photon gas, and p is the chemical potential of the photon gas.

It is clear that the total number of photons N(T') in the vessel is not
constant but depends on temperature of the inner walls 7. In order that
at a pre-assigned temperature and volume a photon gas would be found in
thermodynamic equilibrium with the walls of the vessel, it is necessary that
the free energy F' of the photon gas be a minimum, i.e. it should fulfil the

Condi(ion

This means that when changing the number of photons the free energy of
such a gas remains constant. This result also follows from the fact that in the
state of thermodynamic equilibrium, the walls of the vessel, when absorbing or
emitting a particular amount of energy, can absorb or radiate various number
of photons. It is evident that during the processes of radiation or absorption
of photons the law of conservation of energy is satisfied.

On the other hand, it is known that the chemical potential of the system
is the change in the free energy when changing the number of particles by
unity: (OF/ON)y = p(T'). Therefore, the condition of equilibrium (7.275)
can be rewritten in the form

w(T) =0, (7.276)

i.e. in thermodynamic equilibrium, the chemical potential of a photon gas
ought to be equal to zero at all temperatures.

Thus, the following definition can be given to a photon gas: a photon gas
is an ultra-relativistic (€ = hck) quantum gas with the zero chemical potential
((T) = 0) at all temperatures.

As a result, from (7.274) and (7.276) the Bose distribution for a photon

gas takes the form
1

gk = —F——"> -
k= hwr/keT _ |

(7.277)
Using this distribution function, we can construct the statistical theory of all
thermodynamic properties of a photon gas.

The mean number of photons in a vessel of volume V' at temperature T is
defined by

el 2V (L
N(T):%:nk— (%)3/ rdk, (7.278)

where the formula of passage (7.11) is used; the factor 2 on the right-hand
side of the expression takes into account the presence of two plane-polarized
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transverse electromagnetic waves. If we take into account that in the spherical
coordinate system dk = 4rk?dk, use w = ck and in (7.278) pass from the
integration over dk to the integration over dw, we get

V T w?dw T
N(T) = 3 / Ny — :/g((,u)n(w)d(,u7 (7.279)
0 0
where
_V s
g(w) = e 1 (7.280)

is the number of frequencies found in the unit range taken close to w, i.e. the
function of the density of frequencies (analogously see Fig. 7.17).

We introduce the dimensionless integration variable © = fiw/koT. Then
(7.279) takes the form

V. (kT\® [ a%dz
0

If we take into account the value of the integral (according to Appendix I) as
I'(3)¢(3) = 2.4, for N(T) finally we get

2,4V (kT\® 4
N(T) = T35 (T) ~ T3, (7.282)

The total energy of a photon gas has the form

E(T) = hw(k)ny = % / w(k)ngdk. (7.283)
k

If we transform the integral in (7.283), for the mean total energy of a photon
gas we get the expression

o0
Vh w3dw
B(T) = / . (7.284)
0

which can be presented also in the form

E(T)= /p(w,T)dw, (7.285)
0

where p(w,T) is called the spectral density of the radiation and shows the
energy of photons found in unit frequency range taken close to w. From a
comparison of (7.284) and (7.285) follows the known Planck formula for the
spectral density of the radiation:
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Vh w3

p(w7T) = WW (7286)

This formula shows the distribution of energy of a photon gas over frequencies
at a particular temperature.

Thus, the Planck formula follows from application of the Bose distribution
to a photon gas (7.277). Thereby, the third difficulty of the classical statistics
is circumvented. In the process, we come to the conclusion that a photon gas
is mot a classical gas but a quantum gas obeying the Bose distribution.

All laws of radiation of the black body follow from (7.286), for any
frequency.

Consider different regions of frequencies at a particular temperature:

1. Low (infrared) frequencies: hw < koT'. In this case, in (7.286) the exponent
can be expanded into a series. As a result, we get the well-known Rayleigh—
Jeans law

VT

plw,T) = w? hw < koT. (7.287)

m2c3
The Planck constant does not enter into this expression, and therefore the
classical explanation can be given to it. Indeed, we can consider normal elec-
tromagnetic vibrations in volume V in terms of classical oscillators taking
into account that energy koT corresponds to each of them. Then, multiplying
the number of frequencies in the unit range of energy (7.280) by koT', we get
(7.287). Recall that (7.287) is applicable only for low infrared frequencies. If
we integrate (7.287) in the range of frequencies from 0 to oo, the integral
diverges. This phenomenon bears the name of “ultraviolet” catastrophe and
shows that in actuality (7.287) cannot be applied to high frequencies.

2. High (ultraviolet) frequencies: hw > koT. In this case, in (7.286) unity
can be neglected compared to the exponent, and as a result we get the
well-known Wien’s law:

plw,T) = Zhg wie /Rl hy s ko (7.288)
m2c

The fact that the Planck constant % is present in this expression is natu-
ral, because in the region of frequencies hw > koT the vibrational motion
of an oscillator bears quantum character with energy not ky7T but fw. Note
that the spectral density determined by (7.288) can be obviously explained
on the principal propositions of photons. Indeed, in order to obtain formula
(7.288), it is sufficient to use three functions: density of frequencies (7.280),
energy of photons ¢ = hAw and the distribution of high-frequency photons
n(w) = exp(—hw/koT). In this explanation, the main fact is that the Boltz-
mann distribution is used. This is due to the fact that at all temperatures the
chemical potential of a photon gas u(7T') = 0, and for high-frequency photons
(Aw > koT) from the Bose distribution (7.274) the Boltzmann distribution
n(w) = exp(—hw/koT) follows.
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3. Arbitrary frequencies. We analyse the distribution of energy over frequen-
cies at a particular temperature. If we introduce the dimensionless variable
x = hw/koT, (7.286) takes the form

plon) = 2oin (557 ) et (7.289)

where
3

o(x) = w1 (7.290)

A plot of function (7.290) that characterises the frequency dependence of the
spectral density at a particular temperature is shown in Fig.7.26. As can be
seen, the function ¢(z) takes on a maximum value at the specified @ = @y ax,
which is found from the equation

(3 — Zmax) €5 = 3. (7.291)

A solution of this transcendental equation gives Tmax = 2.822. Then, ¢
(Zmax) = 1.421.
Thus, the distribution of energy of a photon gas over the frequencies is
non-uniform. The maximum density of energy corresponds to the frequency
ko
Wmax = 2.822%T7 (7.292)
which, depending on the temperature, moves to the side of high frequencies:
Wimax ~ 1.

This rule is called the Wien displacement law and is well satisfied in
experiments. Note that by experimentally determining wn.x at a particular
temperature T' from (7.292), we can determine the Planck constant 7.

From (7.284), we can determine the total energy of a photon gas:

Vh (keT\* T 23 da
B(T) = (T) /ez <. (7.293)
0
()
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Fig. 7.26. The frequency dependence of the spectral density at a particular
temperature
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If we take into account that the finite integral in (7.293) equals I'(4)((4) =
7t /15 (see Appendix A), for the temperature dependence of the total energy
we get the well-known Stefan—Boltzmann law

2 T 4
E= 7715‘22 (%) ~ T4, (7.294)

Hence, for the heat capacity of a photon gas Cy = (OE/9T)y we have

4m2Vkg
& = T5am

T3 ~ T3, (7.295)

From expression S = [ CT"dT and (7.295), the expression of entropy of a

photon gas follows:

471'2‘/]{)0

45¢3h3

It is seen that a photon gas satisfies the Nernst principle, S(T"— 0) — 0, too.
On combining (7.294) and the relationship (7.204) for all ultra-relativistic

gases, we can find the pressure of the photon gas:

S = (koT)3 ~ T3. (7.296)

2

= W(%T)‘* ~ T4 (7.297)

The fact that a photon gas does not depend on volume V of the vessel resem-
bles a saturated vapour over a liquid. This can be explained as follows: In
thermodynamic equilibrium, on isothermal decrease (increase) of volume of
the vessel with a photon gas, a specified number of photons are absorbed (irra-
diated) by the walls of the vessel, as a result of which the density of energy
of a photon gas F/V does not change, and therefore the pressure remains
constant and does not depend on the volume.
From the expression of pressure (7.297) follows the relationship

PT~* = const. (7.298)

On the other hand, for an adiabatic process (S = const), from (7.296) the
relationship between volume and temperature follows:

VT? = const. (7.299)

On combining the two latter relationships, we get the relation between
pressure and volume:
PV*/3 = const. (7.300)

In contrast to the isothermal process, from (7.300) it is seen that on adiabatic
change in volume, the pressure of a photon gas changes. This can be explained
as follows: Indeed, from (7.299) it follows that on adiabatic expansion or
compression the temperature changes, and therefore the pressure of a photon
gas changes.
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If we define the intensity of radiation I(T') as the energy radiated by unit
area of the surface per second, we get

E
(7)) = (V) c, (7.301)
where c is the velocity of light.

Substituting (7.294) into (7.301), for the intensity we have

7T2 (/foT)4
[T) = 15 c2h3

oT?, (7.302)

where o = 72k§ / 15¢2h3 is the Stefan-Boltzmann constant.

It is to be noted that black-body radiation has been thoroughly stud-
ied experimentally. The results obtained are well explained theoretically, and
investigations in this direction played an important role in the development
of quantum physics.

In conclusion, we show that thermodynamics of a photon gas (the defini-
tion of energy, entropy and equations of state) can be immediately constructed
with the aid of the grand thermodynamic potential as well. In order to obtain
the expression of the grand thermodynamic potential for a photon gas, in
expression (7.95) we need to consider the lower signs and take into account
the relationships ¢ = hiw = hck and p = 0 (7.276). As a result, the grand
thermodynamic potential of a photon gas takes the form

o0

q_ VkT /wg In (1 _ e—hw/koT)dw7 (7.303)

m2c3
0
where we have taken go = 2.
Integrating by parts twice the integral in (7.303) and introducing the
dimensionless integration variable © = iw / koT', we get

(koT)" 7&:3 do 72 (koT)*
3m2c3h3 | er —1 V45 (ch)? (7.:304)
0

If we use this expression in relationships P = —Q/V, S = —(0Q/0T),,,
E=F+ TS =Q+ TS and Cy = (0FE / 9T),,, we get all the above-derived
results. The equality £ = Q + TS is not surprising, because at u(T) = 0
the grand thermodynamic potential 2 and the free energy F are equal: F' =
®—- PV =uN+Q=0.

7.15 Phonon Gas

One of the systems to which quantum statistics is applied is a phonon gas.
A phonon is a quasi-particle, corresponding to an elastic acoustic wave prop-
agating in a crystalline lattice. In other words, a phonon is a quantum of a
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wave field created by the propagation of thermal or mechanical vibrations in a
crystalline solid. A phonon can also be presented as an elementary excitation
of a crystalline lattice. The phonon is a boson; therefore phonon gases obey the
Bose—Einstein statistics. The concept of phonon, as in the case of a photon,
also stems from the principle of dualism presented in the form (7.273).

In order to imagine how the concept of the phonon arises when studying
the vibrational motion of a crystalline lattice, it is necessary to proceed from
the principles of quantum mechanics. However, at first we recall the spectrum
of frequencies of a vibrating crystal, which was comprehensively described in
Chap. 6.

For simplicity, consider a simple crystalline lattice consisting of N elemen-
tary cells (in each elementary cell there is one atom). Then the number of
degrees of freedom of the crystal is 3N. In Sect. 6.1, we showed that the num-
ber of possible frequencies in such a crystal equals the number of degrees of
freedom, i.e. 3N. Because the number of possible values of the wave vector g
in the range —7 / a < ¢ < 7/ a equals N, the entire frequency spectrum is
formed by 3N number of frequencies (Fig.6.4). Each frequency of this spec-
trum is determined by specifying two quantities: the wave vector g and the
number of the branch j which takes on three values: j = 1, 2, 3, and is denoted
as Wgj = w;(q)-

On the other hand, in Sect.6.2 it was shown that the total energy E of
a three-dimensional lattice equals the sum of energies of 3NV linear harmonic
oscillators [see (6.57)]. In quantum mechanics (see Sect.6.5), this result is
written down in the form

E=>)" 23: (nqj + %) hw;(q), (7.305)

q j=1

where ng; = 0,1,2,... is the quantum number of an oscillator with the
frequency w;(q). This expression can be also presented in the form

3
E=Eo+ Y Y ngihwi(q), (7.306)

q j=1
where s
1
Eo=52. > hila) (7.307)
q j=1
is the energy of zero vibrations.

We analyse the expression for energy (7.306). If all the oscillators are found
at the fundamental level, i.e. for all (gj) the quantum number ng; = 0, then

E = Ey, (7.308)

which corresponds to the fundamental state of the crystalline lattice at the
temperature of absolute zero (7' = 0). We can imagine this state of the crystal
as an empty vessel (vacuum) of the same volume (Fig.7.27a).
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Fig. 7.27. Illustration of equivalence of the excited state of a crystal and phonon
gas

At a temperature different from zero, some oscillators pass into the first
excited state (nq; = 1) and the energy of the crystal increases by the magni-
tude Aw;(q). On the passage of each oscillator into the new excited state, the
energy of the crystal increases by a multiple of 7uw;(q). The increase in the
energy of the crystal by the magnitude fiw;(qg) can be presented as the appear-
ance of one quasi-particle with energy ,(q) = fw,;(q) and impulse p = hg
in the vessel with volume V', which is equal to the volume of the crystalline
lattice.

Such a quasi-particle is called a phonon:

ej(q) = hw;(q)
p —hg } phonon. (7.309)

As can be seen, a phonon is a quantum of energy of a thermal (elastic) wave
or an elementary thermal excitation of a crystal.

Because one phonon corresponds to each frequency w;(q), the type of
phonon is determined by the wave vector (g) and the number of branch j
in the frequency spectrum (Fig.6.4). This means that in a simple crystalline
lattice of N elementary cells, 3N types of phonons are possible. In our case
(for a simple cell), these phonon are called acoustic phonons.%

As the temperature rises, the dynamics of filling the volume V with
phonons can be described as follows: at T' = 0 the energy of a crystal equals the
energy of the fundamental state £ = Fy, and the hypothetic vessel of volume
V is empty (Fig.7.27a). At finite temperatures (T # 0), first phonons with a
small energy (low-frequency phonons) appear. As the temperature increases
further, more and more new types of phonons appear and simultaneously the
number of phonons that have already appeared increases. At the temperature
equal to the Debye temperature, i.e. T' = 6, all types of phonons are excited.

5 If the crystalline lattice is a complex one with the elementary cell, in which there
are found s atoms, then there are possible 3s vibrational branches; therewith 3
of them are called acoustic, and (3s — 3) are optical. Consequently, in a complex
crystalline lattice the frequency spectrum consists of 3NN's frequencies, to which
the same number of types of phonons corresponds. Of these phonons 3N are of
the acoustic, and (3s — 3)N are the optical type.
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On further increase of temperature T' > 6, new types of phonons do not arise,
and only the number of excited phonons increases.

In the language of classical statistics, the frequency of a harmonic vibra-
tion propagating in a crystal corresponds to each type of phonons, and their
number corresponds to the intensity (the square of the amplitude).

The total energy of a crystal, according to (7.306), can be presented as

E = Ey + Ex, (7.310)

where

3
B =) ngihw(q) (7.311)
q j=1
is the energy of a phonon gas. From this expression, it is seen that the oscil-
latory quantum number has an explicit physical sense: ng; is the number
of phonons with the frequency wj(g), i.e. the number of phonons of the
type (q, ).

Because the number of phonons of one particular type can take on any
value (ng; takes on any value), a phonon is a boson. Therefore, in order to
find the mean number fig; of phonons of the type (g,j), we need to use
the Bose—Einstein distribution. However, first note a certain peculiarity of
a phonon gas. It is known that the mean number of phonons depends on
the temperature: at 7' = 0, the mean number of phonons nq; = 0. With
an increase of temperature in the hypothetical vessel, corresponding to the
crystal, the number of phonons N(T') increases (Fig. 7.27b). Because in ther-
modynamic equilibrium at a particular temperature 7' and volume V the free
energy of a phonon gas ought to be minimum, the chemical potential of a
phonon gas, as also in the case of a photon gas [see (7.307)], equals zero:
(OF / ON)y.p = w(T) = 0. If we take this into account, from the Bose-
Einstein distribution it follows that the mean number of phonons with energy
¢j(q) = hw;(q) at temperature T' is equal to

1

Moj = ehw;(q)/ koT _ 1° (7.312)

Thus, a phonon gas is an ultra-relativistic Bose gas, the chemical potential of
which is equal to zero (u(T) = 0) at all temperatures. With the help of this
distribution (7.312), called the Planck function, we can calculate the mean
number of phonons at a particular temperature 7"

3 3
1
N(T) = Zanj = ZZ W, (7313)

q j=1 q j=1

and the mean energy of a phonon gas is

B =SS hos (e — S8 i@ 7.314
( ) ZZ ](q)nQJ ZZ eh“’j(q)/kOT—l' ( . )

q j=1 q j=1
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Energy calculated with this expression is also the mean energy of the thermal
motion of a crystal at temperature T'.

In order to calculate the mean number of phonons N(T') and the mean
energy F(T) of a phonon gas, we use the simple Debye model. Assume a simple
crystalline lattice (s = 1). In this case, in the crystal only acoustic vibrations
are possible (Fig.6.4): j = 1, 2, 3. Also, assume that the crystal is isotropic
and the branches indicated in Fig.6.4 coincide: w1(q) = wa(q) = ws(q) =
w(q). In the Debye model, a crystal is replaced with an elastic medium and
the frequency of vibrations w depends on the wave number linearly:

w(q) = vog, (7.315)

where vy is the speed of propagation of sound in the crystal (Fig. 6.5). Accord-
ing to this model, the wave number ¢ and frequency w change in the restricted
range

0<¢<gmax; 0<w < wnax (7.316)

The maximum possible frequency wmax in the crystal is determined by
formula (6.78).

On the basis of this model, the number of frequencies in the range 0 — wyax
equals the number of degrees of freedom of the crystalline lattice: i.e. 3N. If we
take into account that, by our supposition, the vibrational branches coincide,
ie. (wi(q) = wa(q) = w3(q) = w(q)), in (7.313) the summation with respect
to j gives the answer 3. As a result, (7.313) acquires the shape

1
N(T)=3) ho(@ kT — 1 (7.317)
q

If we pass from the sum with respect to the quasi-discrete variable g (6.35)
to the integral, we get

3V dqg
N(T) = (2m)3 / ehw(a)/koT _ 1" (7.318)

If we pass to the spherical coordinate system and integrate over angles dq =
4mg*dq with regard to (7.315), (7.318) takes the form

Wmax

3V w?dw
N(T):27r2vg / ToTT T (7.319)

0

We introduce the dimensionless variable x = iw / koT. Then we get

3V [(koT\? o 24
. 0 X X
N(T) = PR (—h ) / e (7.320)
0

where 6 = hwmax / ko is the Debye temperature [see (6.79)]

hoo [ o N\?
0=""2(6r2—) . 321
N (67r V) (7.321)
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If we substitute the expression of # (7.321) into (7.320), the mean number of

phonons equals
T 3G/T 24
N(T):QN(§> /x a (7.322)
0

e —1°

At low temperatures, T < 6, the upper boundary of the integral can be
replaced with 6 / T'— co. Then we get

™ T 22d
N(T)=9N ( = /u; T <0. (7.323)
0 et —1
0
If we take into account that the integral in (7.323) equals I'(3)((3) = 2.4 (see
Appendix A), (7.323) takes the form

T 3
N(T) = 21.6N (5> ~T3 T<0. (7.324)

At high temperatures, T > 6, we can use the expansion ¢* =1+ x + --- in
the integrand function. Then, (7.322) acquires the form

N(T) = 4.5N (%) ~T; T>0. (7.325)

As can be seen, at low temperatures the mean number of phonons is propor-
tional to the cube of temperature, and at high temperatures it varies linearly
with the temperature T' (Fig. 7.28).

Because the chemical potential of a phonon gas u(7T") = 0, the grand ther-
modynamic potential and free energy coincide: F = & — PV = uN 4+ Q = (.
Therefore, if the grand thermodynamic potential is known, we can also know
the free energy. In order to obtain the expression of the grand thermodynamic
potential for a phonon gas (7.95), we need to take the lower signs and take into

N(T)
photon | ~T
gas r
,I
,/./—’ phonon
/ gas
1%
7
71
s YT
0 17 T

Fig. 7.28. The comparison of the temperature dependence of the mean number of
photons and phonons
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account relationships € = hAw = hAvgq, p = 0 and gy = 3, and the upper limit
of the integral to be wpyax. As a result, the grand thermodynamic potential §2
or the free energy F of a phonon gas takes the form”

Wmax

koT
F—q= 2V T / w? In (1= e/ BT o, (7.326)
212 v
0
If we integrate (7.326) once by parts, for the free energy of a phonon gas F'
we get
F = 3NkoT In(1 — e Ty — NkoT (0 T), (7.327)

where D (6 / T) is the Debye function (6.113), and 6 (6.70) is the Debye
temperature.

Using (7.327), we can calculate entropy, mean energy and heat capacity of
a phonon gas, which coincide with corresponding results derived in Sect. 6.5.

With reference to the thermal equation of state, i.e. pressure P =
—(0F/0V)r, we need to note the following. Because the phonon gas is
obtained in the harmonic approximation, the Debye temperature for the
phonon gas in this approximation does not depend on the volume V. It
is known that the Debye temperature 6 depends on volume only in the
anharmonic approximation (see Sect.6.3). Consequently, from (7.327) and
P = —(0F ] 0V),, it follows that the pressure of a phonon gas ought to
equal zero: i.e. P =0.

Note that pressure of a solid also equals zero; it is different from zero
only in the anharmonic approximation, when the Griineisen parameter g is
a finite quantity, since P ~ vg [see formula (6.161)].

These coincidences show that the concepts of phonon and phonon gas
are very convenient to use when formulating the theory of thermodynamic
properties of crystals. In that case, a vibrating crystalline lattice is replaced
with an ideal phonon gas. Theoretical results obtained for the phonon gas are
concerned with the thermal properties of a crystal. The concept of a phonon is
also convenient when formulating the theory of thermal conductivity and the
interaction of conduction electrons with a crystalline lattice. In these cases,
instead of a vibrating crystal it is sufficient to take an ideal phonon gas and
consider the interaction of an electron with the phonon gas (radiation or
emission of a phonon by an electron).

In conclusion, note the basic distinctions between photons and phonons:

e A photon is a real particle; a phonon is a quasi-particle.
e The frequency of a photon changes in the limit 0 < w < oo, and the
frequency of a phonon is restricted to the range 0 < w < Wy ax-

" Notice that the expression of free energy (7.326) coincides with formula (6.151)
without consideration of the zero energy Fy. Hence it follows that thermodynamic
parameters calculated for a phonon gas ought to coincide with thermodynamic
parameters of a vibrating (exciting) crystal.
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The impulse of a photon p = hk is single-valued and changes in the infinite
range 0 < p < oo; the wave vector of a phonon g and, therefore, its impulse
p = hq are not single-valued, since q is determined with accuracy to an
arbitrary vector of a reciprocal lattice by, i.e. w(q) = w(g + by);

A photon can exist in vacuum whereas a phonon exists only inside a lattice;
outside a crystal a phonon does not exist.

The mean value of the total number of photons over the entire temperature
region changes as N(T) ~ T3, whereas the mean number of phonons in
the Debye approximation in different temperature regions depends on T
in different ways (Fig. 7.28):

N(T)~T3 T<,

NT)~T; T>6 (7.328)
The total energy of a photon gas over the entire temperature region equally
depends on temperature, whereas in the Debye approximation over differ-

ent temperature regions the total energy of a phonon gas depends on 7" in
different ways:

E(T)~T*Y T<#,
E(T)~T; T:>6; (7.329)

In contrast to a photon gas, the pressure of a phonon gas equals zero.
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Electron Gas in Quantizing Magnetic Field

Summary. In this chapter, a statistical theory of thermodynamic properties of an
electron gas taking into account the energy-spectrum quantization in an external
magnetic field is expounded. On the basis of the grand thermodynamic potential,
the chemical potential, thermal equation of state, entropy and heat capacity of an
electron gas are found. The Landau diamagnetism is considered. It is shown that
all results of the quantum theory in the quasi-classical approximation pass into the
known classical ones.

8.1 Motion of Electron in External Uniform Magnetic
Field: Quantization of Energy Spectrum

According to classical mechanics, a charged particle in a constant uniform
magnetic field H under the action of the Lorentz force moves in a circular
helix with the axis along the magnetic field and with radius

vl

r=— 8.1

=, (s.1)
where v, is the component of velocity in the plane perpendicular to the
magnetic field, and
eH

= (8.2)

We =

is the cyclic frequency of rotation of a particle in this plane, called also the
cyclotron frequency; c is the velocity of light; e and m are the charge and mass
of a particle, respectively. The particle at the same time participates in two
motions: a uniform rotation with the angular velocity w. in the plane perpen-
dicular to the field and translational motion in the direction of a magnetic
field. If the velocity of the particle along the field equals zero, the particle
performs only a circular motion.

Note that the longitudinal translational motion along the direction of a
magnetic field is infinite and is always classical. However, the rotational motion
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in the plane perpendicular to a magnetic field is not always classical. It is
classical only in the case when its action muwv, r is much more of the Planck
constant f:

muir >>horr >>\ (8.3)

where A = h/muv is the de Broglie wavelength.
If we take into account (8.1), the condition of classicity (8.3) can be
rewritten in the form

mvi >> hwe or koT >> hwe, (8.4)

where kg is the Boltzmann constant, and 7T is the absolute temperature.

In the case when adduced conditions of classicity of the rotational motion
are not fulfilled, i.e. when r < X or kT < hw., the motion is quantum and
the problem should be solved on the basis of the Schrodinger equation.

The problem of the motion of a charged particle (an electron) in an external
uniform magnetic field on the basis of quantum mechanics was solved for the
first time by Landau when determining the diamagnetic susceptibility of a
free electron gas in metals. He showed that the spectrum of an electron in a
uniform magnetic field becomes partially discrete, i.e. the circular motion of an
electron in the plane perpendicular to the field is quantized. On the basis of the
obtained spectrum, the diamagnetic susceptibility of a free electron gas was
calculated (according to classical notions, in a free electron gas diamagnetism
is absent) and it was shown that the diamagnetic susceptibility of an electron
gas equals 1/3 of the paramagnetic susceptibility, due to the spin of electrons.
Subsequently, the presence of diamagnetic properties in the free electron gas
was named the Landau diamagnetism.

Here in brief we adduce the Landau solution. We consider the motion of a
conduction electron with the effective mass m in an external constant uniform
magnetic field H. We disregard the spin of an electron. Then the Hamiltonian
of an electron in a magnetic field in the effective mass approximation has the
appearance

= (A+€A)2 (8.5)
Tom \P TG ’ '
where p = —iAV is the operator of the impulse, e is the charge magnitude of

an electron, and A is the vector-potential of a magnetic field.

The z-coordinate axis is directed along the external magnetic field. Then,
H, =H,=0,H, = H. To such a magnetic field, different calibrations of the
vector-potential A correspond. Choose the following calibration:

A, =0,A,=Hz, A, =0, (8.6)

then Hamiltonian (8.5) takes the form

. 1 7. . .
H = %m [pi + (pi + mwczv)2 +p§} , (8.7)

where w, is cyclotron frequency (8.2).
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Inasmuch as Hamiltonian (8.7) commutates with operators p, and p., there
are conserved y- and z- components of the impulse which have the following
eigenvalues!:

py = hky; p. = hk,, (8.8)

where £, and k. are corresponding components of the wave vector k. Therefore
the motion of an electron in y- and z-directions is described by the plane wave,
and a solution of the Schrédinger equation &

H U =cT (8.9)
can be found in the form
U(r) = o(z) expli(kyy + k2 2)]. (8.10)

Substituting this solution into (8.9), with regard to (8.7), we get an equation
for the unknown function (x):

1
-1 5w (x — 20)%p = en, (8.11)

where the following notations are introduced

hik, h2k2
o = — ,EN =€ —

wem 2m

(8.12)

Notice that (8.11) is the equation of a linear harmonic oscillator with the
frequency w, = eH /mc with the centre z = zg, eigenfunctions and eigenvalues
of which are

oz — x0) = %HN (”“ ;{x()) exp l—% (x ;foﬂ . (8.13)

en = (N + %) hewe, (8.14)

where N =0,1,2,3...is the oscillatory quantum number, Hy is the Hermite

polynomial of order N,
B\ /2 he \ 172
Re (1) (e 69

is so-called the magnetic length.

As a result, substituting (8.14) into (8.12), for energy and the wave func-
tion of an electron in a magnetic field directed along the z-axis, we get the
following expressions:

! If we would choose another calibration, e.g. A, = —Hy, A, = A, = 0, p, and
p. components would be conserved.
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1 h2k2
6:6(]\[7/{2)— <N+§> hwc—k%, (816)
Vo (r) = en(z — o) exp [i(kyy + k.2)], (8.17)

where a = (N, ky, k.) is a set of quantum numbers, determining the state of
an electron in a magnetic field, pn(z — o) is the normalized wave-function
of a linear harmonic oscillator with the quantum number N, vibrating near
the equilibrium position
hk
1) = ——% = —R%k,. (8.18)

wem

Energy spectrum (8.16) can be also presented in the form

h2)2
2m’

e=e(N,k,)=2N+1)uH + (8.19)
where p = eh/2mc is the effective Bohr magneton.

The spectrum of an electron in a magnetic field, as is seen from (8.19),
becomes partially discrete. Energy (8.19) consists of two parts: one is contin-
uously depending on k., corresponding to the motion of an electron along the
magnetic field, and the second is discrete, corresponding to the quantization
of the circular motion in the plane perpendicular to the magnetic field.

The influence of quantization of the motion in a magnetic field on the
energy spectrum of an electron on the basis of (8.19) is schematically shown
in Fig. 8.1a. For comparison the same is found in (Fig. 8.1b), where the depen-
dence of energy on the wave vector £(k) in the absence of a magnetic field is
adduced. It is seen that in the presence of a magnetic field, in the spectrum
discrete levels separated from each other by the energy distance 2uH appear.
These are called the Landau levels.

For the given level, energy continuously depends only on k., i.e. one-
dimensional parabolic energy bands appear. It is also seen that the bottom

A E(k)
€o
0 /i 0 If
(a) (b)

Fig. 8.1. Energy as a function of wave vector: a) in the absence of magnetic field,
b) in the presence of magnetic field, discrete Landau levels and one-dimensional
bands appear
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of the conduction band ascends by the magnitude of uH and, thereby, the
forbidden bandwidth increases.

Using the correspondence principle, the quantization of motion in the
quasi-classical approximation can be obviously imagined. According to clas-
sical physics, any values of energy €, associated with the motion in the
plane perpendicular to the magnetic field, are permissible. Inasmuch as ¢ is
related to the radius of the orbit 7 by the simple relationship €, = mv? / 2=
mw?2r? / 2, any circular orbits with the radius r are possible. From the point
of view of quantum mechanics, according to (8.16), ¢; = (N +1/2) hw,,
i.e. energy of the transverse motion cannot take on any values. If we bring
into correspondence these two expressions for energy, we see that only orbits
with radii

ry = (2N +1)Y2R, N=0,1,2,3,... (8.20)

are possible. Hence it is seen that magnetic length (8.15) is the radius of the
first possible orbit R = r9. Thus, by quasi-classical notions an electron can
rotate around the magnetic field in discrete orbits with radii (8.20). For an
electron to pass from one orbit to an adjacent one with a larger radius, it is
necessary to expend the energy hwe.

We have seen that in the r-space the quantization corresponds to the pres-
ence of discrete orbits, and that for the given magnetic field there is an orbit
with a minimum radius R. It is of interest to consider how the distribution of
states of an electron in the k-space, when quantizing the motion, changes. It
is known that in the simple parabolic case, states of an electron with energies
less than €y in the k-space in the absence of a magnetic field continuously
fill a sphere with the radius k = (1/h)(2meo)'/2. In a magnetic field directed
along the z-axis, the part of energy h2k?2 / 2m does not change, and to the
energy hzki/Qm, the expression £, = (N 4 1/2) hw. corresponds. From this
correspondence, it follows that only discrete values of k| are possible, namely

ki =kin=0@N+1DY2R™', N=0,1,2,3,... (8.21)

where R is the magnetic length (8.15).

This means that all states continuously filling the volume inside the sphere
€op = const, in the presence of a magnetic field, are found only on surfaces
of co-axial discrete cylinders with the axis parallel to k, with radii (8.21)
(see Fig. 8.2a). The height of the possible cylinder with number N for the
pre-assigned value of energy of an electron £¢, according to (8.19), equals?

koy = {2(2m)1/2/h} leo — (2N + 1)uH]Y2. (8.22)

Inasmuch as the height ought to be a real quantity, a maximum number of
possible cylinders, corresponding to energies less than gg, equals the integer
part of the fraction

2 The factor 2 takes into account the positive and negative directions of k..
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Fig. 8.2. Quantum state distribution variation in magnetic field

go — /LH
2uH

Hence it is seen that the number of cylinders inside the sphere ¢y = const
decreases with the growth of the magnetic field.

Thus, according to quasi-classical notions, in the presence of a quantizing
magnetic field all states of an electron with energies less than e¢ in the k-space
are found on surfaces of co-axial cylinders with the axis along k,, with radii
(8.21) and heights (8.22) (see Fig. 8.2a), the number of which is determined
by (8.23).

It should be noted that such a quasi-classical notion of the distribution
of states in a magnetic field holds true only in the case when inside the
given isoenergetic surface €9 = const if only several cylinders are placed,
i.e. Nmax > 1. At strong magnetic fields in the indicated sphere, in all only
one cylinder is placed and in the limit H — oo the radius of this cylin-
der k19 = R™! — oo becomes larger than that of the radius of the sphere
k = (1/h)(2meo)"/?, and its height tends to zero, i.e. all quantum states in
the limiting strong magnetic field — the quantum limit — are found on a sur-
face of the narrow ring with the large radius k1o = R~ = (eH /he)'/? (see
Fig. 8.2b).

} = Nax- (8.23)

8.2 Density of Quantum States
in Strong Magnetic Field

Now we will determine the density of quantum states of an electron in a
magnetic field. In the preceding section/chapter we showed that one quan-
tum state in a magnetic field is determined by two quasi-continuous (k,, k)
numbers and one discrete quantum number N.
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Therefore, the total number of quantum states of a unit of volume in a
magnetic field equals

2 2Ly L4 /
7= dk,dk,, 8.24
VNka  V(2n)? %: v (8.24)

where Lo and L3 are corresponding linear dimensions of a system of volume
V = L1LsL3, in which an electron gas is found, and the factor 2 takes into
account degeneracy with respect to the spin.

From (8.19) it is seen that energy of a conduction electron depends only
on two quantum numbers (N, k), i.e. with respect to k, there is degeneracy.
By virtue of this, the integral over dk, in (8.24) can be taken, if we take into

account (8.18):
L/2

1 L
/dky == / dzg = R—;. (8.25)

—L/2

From the latter two formulae, after passing to the integral with respect to
energy, we have

7= (27T4R)2 ;/@dﬁ = /gH(s)de, (8.26)

where

g () = (27;; E EN: dkzi, N) (8.27)

is the density of quantum states in a magnetic field; the factor 2 in (8.26) and
in (8.27) takes into account the fact that € is an even function of k..

In order to find the explicit form of gy (e), it is necessary to begin with
a concrete form of the dispersion law e(k, N, ), where the spin splitting is
disregarded. Then the summation with respect to spin is reduced to the factor
2 and by virtue of (8.16) density of states (8.27) takes the form

4 (2m)'/?
(2rR)?2  h

g (e) = S (N+1/2hw] V2 (8.28)

N

The summation in (8.28) is carried out with respect to all integer values of
N, for which the radicand expression is positive.

Note that if in weak magnetic fields (fw. < ¢) in (8.28) from the
summation with respect to N pass to the integral in the limits from 0 to
(e — 1/2hw.) /hiwe = Nmax, we get the known result (7.102) for the density of
states without a magnetic field.

From (8.28) it is seen that the density of states has a certain peculiarity:
every time, when energy coincides with one of the Landau levels, it is con-
verted to infinity. The behaviour of gy () is schematically shown in Fig. 8.3.
Continuously distributed quantum states in the k-space in the presence of a
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Fig. 8.3. Quantum state densities in magnetic field, gu(€). State densities in the
absence of magnetic field, go(g) is also shown for comparison

magnetic field basically group at Landau levels, but because of that the total
number of states is conserved. The fact that many quantum states account for
one Landau level is associated with the fact that each level in the magnetic
field is degenerate with respect to the quantum number k,. The degeneracy
multiplicity, according to (8.25), equals

L2 L1L2 L1L2 eH
= [ 4k, = ——= = —_— . 2
;_) 277_/ Y 2nR? 2 hc (8.29)

It should be noted that oscillations of the magnetic susceptibility and other
physical properties of conducting crystals in a strong magnetic field are due
to just such a singular behaviour of density of states (8.25).

8.3 Grand Thermodynamic Potential and Statistics
of Electron Gas in Quantizing Magnetic Field

To determine the criterion of degeneracy of an electron gas in a quantizing
magnetic field, it is necessary to find the relation of its chemical potential to
concentration and temperature. To do this, it is needed to know the explicit
form of the grand thermodynamic potential {2, as a function of volume, tem-
perature, chemical potential and magnetic field: Q. = Q.(V,T,¢, H). The
thermodynamic relationship for €, in a magnetic field, according to (2.208),
has the appearance

dQYe = —SdT' — PdV — N.d¢ — VM dH, (8.30)

where N, is the number of free electrons, V' and ( are volume and chemical
potential of an electron gas, respectively®, M is the magnetization, and the
rest of the notations are generally accepted.

3 In this chapter, we denote the chemical potential by ¢, in order not to confuse it
with the intrinsic magnetic moment .
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From (8.30) it is seen that if the explicit form of the function Q. =
Qo (T, V,¢, H) is known, the total number of electrons N, can be found as
follows

Ne = — (aﬂe/aoT,V,H' (8.31)

Grand thermodynamic potential for fermions (electrons) (7.81) in our case
has the appearance

Qe = Q(T, V., H) = —2keT Y In [1 + exp (%)} (8.32)

N.ky k2 0

since one quantum state of an electron is determined by three quantum num-
bers k — (N, ky,k.); €(N,k,) is given by formula (8.19), the factor 2 takes
into account degeneracy with respect to the spin.

Assume that an electron gas occupies volume V = LjLyL3, where L; are
linear dimensions of volume along corresponding coordinate axes.

According to the known rule (8.24), in (8.32) we pass from the summation
with respect to k, and k. to the integration over dk, and dk, and take into
account (8.25). Then from the integral over dk, we pass to the integral over
energy de. As a result, (8.32) takes the form

ko TV dk.( ¢(—c¢
Qe = — %RQZ/ [l—kexp(koT)}da (8.33)

where the lower boundary of the integral ey = (N + 1/2)hw,, according to
spectrum (8.19), is a root of the equation k,(e,en) = 0. The factor 2 shows
that two values of k, correspond to one value of energy (Fig. 8.1).

Integrate up (8.33) once by parts. Then we get

Qe = — %RQZ/k (e,N)f (8.34)

where f(e) = [L + exp(e — ¢)/koT] ™" is the Fermi distribution function.
If we take into account that (0f/9() = — (9f/0¢), then, according to
(8.31) and (8.34), the concentration of an electron gas n = No/V is

27rR (27 R)? Z/( 6f) (e, N)de. (8.35)

Using (8.19), for k. (e, N) we can write

vV 2m 1/2

k.(e,N) = (e—en)

(8.36)
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Substituting (8.36) into (8.35), we get

2771%1/22 Z/( > —en)!/2de. (8.37)

Consider particular cases.

1. Non-degenerate electron gas. In this case, the distribution function has
the appearance f(e) = exp [(¢ —€)/koT]. Then (8.37) can be rewritten in
the form

( oC/koT 1/2 —e/koT
n=——"_ (%R szT Z/ de. (8.38)

Introduce the notation € —ex = ¢’ and pass to the dimensionless integration
variable x = &’ /koT. Then the integral over dz is easily fulfilled and as a result
we get
2(27ka0T)1/2 ¢/koT - —(2N+1)pH/koT
=0 s . 8.39
h2rR? ¢ sz:o ¢ (8:39)

The summation with respect to N gives

Ze—@NHWH/kOT [2sh (uH /koT)] " (8.40)
N=0

Taking this into account, from (8.39) for the chemical potential we get

oC/RoT _ nh(27R)? [sh (/LH/]C()T)].

8.41
(2mmkoT)t/2 (8.41)
This expression for a non-degenerate gas, presented in the form
3/253
oC/koT _ g T h sh(pH/koT) (8.42)

(2mkoT)3/2 /,LH/koT

holds true for any value of a strong field, including a quantizing magnetic field.
In the quasi-classical approximation, when the energy of the thermal
motion ko7 is larger than the difference between two adjacent Landau lev-
els (koT > hw. = 2pH), from (8.42) follows the known expression for the
chemical potential (7.20).
In the region of strong magnetic fields, when 2uH > kT, the hyperbolic
sine in (8.42) can be replaced by an exponent. Then we get

o(C—nH) ko T _ 20821 koT

SR 4
(2mkoT)3/2 uH (8.43)
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Notice that (8.43) can be obtained immediately from (8.39), restricting to the
first term of the summation N = 0. Such a state, when electrons are found
at the zero Landau level, bears the name the quantum limit. Thus, for a non-
degenerate electron gas the quantum limit is realized as 2uH > koT', and the
criterion of the absence of degeneracy exp [(( — uH)/koT] < 1, according to
(8.42), has the explicit appearance

[ Am3/23n

W} (koT/2pH) < 1. (8.44)

It is seen that in the quantum limit an increase in a magnetic field promotes
the fulfilment of the criterion of the degeneracy absence of an electron gas.
This is also seen from (8.43), if it is rewritten in the form

473213
(kaoT)g/z

2uH

—_—. 4
hoT (8.45)

C—uH:koTln[ }—koTln

Hence it follows that the distance between the chemical potential level and
the bottom of the conduction band in a magnetic field ({—pH) at the expense
of the latter term in (8.45) grows with an increase in a magnetic field.

2. Degenerate electron gas. For any degree of degeneracy from (8.37) it is
impossible to find analytically the chemical potential { = ((n,H,T).
Therefore, consider the other limiting case of a degenerate electron gas
with the pre-assigned concentration n. In this case, replace (—0f/0¢) with
the d(e — ¢)-function and from (8.37) we get

m)3/2

_ th ;LHZ — (2N + DpH]Y?. (8.46)

As H — 0 in (8.46) from the sum with respect to N we can pass to the
integration and easily obtain the Fermi boundary ¢(0) in the absence of a
magnetic field (7.116).

The latter formula gives the possibility to determine {(n, H) for a degen-
erate electron gas at any value of the magnetic field. A simple analytical
dependence ((n, H) can be obtained only in the region of the quantum limit,
when electrons are found on the lower-most Landau parabola with the num-
ber N = 0. In the case of the quantum limit ((H) < 3uH, and in (8.16) it is
needed to restrict only the term with N = 0. Then from (8.46) it is easy to
obtain

C(n, H) = pHI[1 + 3 (¢(0)/3uH)), (8.47)

where ¢(0) = (h2/2m)(37r2n)2/3 is the Fermi boundary at H = 0 (7.116).

It is seen that in the region of the quantum limit (((H) < 3uH) the relation
of the Fermi boundary in a magnetic field ((H) to the Fermi boundary {(0) at
H =0 can be found. From (8.47) it is easy to show that in this region ((n, H)
is always more of (0) (Fig. 8.4). As H — oo, the Fermi boundary ((H) — pH
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Fig. 8.4. Fermi level of electron gas with specified concentration as a function of
magnetic field

and all electrons are “condensed” at the Landau level with N = 0. Inasmuch
as all levels in a magnetic field, including the level with NV = 0, are degenerate
with multiplicity (8.29), the number of quantum states at the level N = 0 is
sufficient to find in it all electrons. Such an extreme distribution of electrons
corresponds to the picture in Fig. 8.2b, where the radius of a cylinder, on
the surface of which electrons are positioned, is larger than the radius of the
Fermi sphere at H = 0. In the limit H — oo the height of this cylinder tends
to zero, and the radius k1o = R~' — oo. In such a state, the motion of an
electron along the magnetic field is completely absent, i.e. k., = 0. Notice
that the described picture of the distribution takes place at the pre-assigned
concentration of an electron gas n = const.

Formula (8.47) is just in the range of a magnetic field, restricted from
below by the quantum limit condition {(H) < 3uH

1/3
SuH > @) ¢(0), (8.48)

and from the above by the strong-degeneracy criterion [((H) — u(H)] > koT

% (i—i}) > 1. (8.49)

From the latter inequality it is seen that in the quantum limit an increase
in a magnetic field leads to the degeneracy-criterion violation, i.e. promotes
the degeneracy removal. This circumstance is associated with the fact that
the density of state is proportional to H (8.28). Therefore, with the growth
of a magnetic field at the bottom of the conduction band more electrons are
placed and thereby the Fermi boundary energy decreases.

If the latter two conditions are combined, we get inequalities determining
the region of a magnetic field, where an electron gas is strongly degenerate
and the quantum limit takes place
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3" ¢(0) €(0) (¢))"
Qe PED" e

i.e. in this region formula (8.47) is right.
Using formula (7.134) to calculate the temperature smearing of the Fermi
boundary, with accuracy to (koT)?, we get

7T2 (/foT)z

C(H,T)=(¢(H,0) + 12 C(H) = pll

(8.51)
Notice that the temperature correction in (8.51) and (7.136) are distinct by the
sign. This is associated with the fact that in the quantum limit the density of
states with the growth of energy decreases (the right branch in Fig. 8.3), since
the electron gas behaves as though it is one-dimensional. Therefore, electrons
that are found in the energy range ko7 below the Fermi boundary which get
excited by the heat motion occupy a wider range of energy than ko7, and,
consequently, the mean position of the Fermi level ((H,T) is found above the
absolute zero temperature. Inasmuch as in the absence of a magnetic field the
density of states go(¢) grows with energy (Fig. 8.3), ((T') ought to be found
below ¢(0) [see (7.136)].

We have found the relation (8.47) between the Fermi boundary in a mag-
netic field {(H) and one without a magnetic field ¢(0) in the quantum limit,
when below the boundary ((H) there is in all one Landau level with N = 0.
In that case, when two and more Landau levels are found below the Fermi
boundary, from (8.46) it is difficult to find this relation analytically for the
whole region of the magnetic field. However, this can be done for pre-assigned
values of Hy, at which the Fermi boundary ((H) coincides with some Landau
level. Assume that the number of this level is N. Then ((Hy) = (2N+1)uHy.
Substituting this value into (8.46) we get

(2m)3/? al y 1/2
n= g HHN > [2(N = N')uHy]', (8.52)
N'=0

which gives the relation between the Fermi boundary ¢(0) at H = 0 and the
Fermi boundary for magnetic fields Hy, at which it coincides with the Landau
level with number N:

((y) = —2F2 ), N 2o (8.5

(15%)

Hence it can be evaluated that ¢(H;) = (3/2)'/3¢(0) ~ 1,146¢(0), ¢(Hs) =~
1,058¢(0), etc. It is easy to show that for large N relationship (8.53) gives
C(Hn) = ¢(0). The behaviour of the function ((H) with regard to (8.47) is
schematically shown in Fig. 8.4. It is seen that the Fermi boundary is a pulsat-
ing function of the magnetic field: the Fermi boundary does not much expand
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every time, when some Landau level intersects it. After that all Landau levels,
except the zero one, go out of the Fermi boundary, i.e. ((H) < 3uH, with a
further increase in the magnetic field, where the Fermi boundary monotoni-
cally grows and asymptotically approaches the zero Landau level with energy
Eo0 = uH.

8.4 Thermodynamic Properties of Electron Gas
in Quantizing Magnetic Field

In this section on the basis of relationship (8.30) and the expression of the
grand thermodynamic potential (8.34), we consider the basic thermodynamic
properties of an electron gas in a quantizing magnetic field. Finding the
explicit form of the equation of state, we calculate entropy and heat capacity.

1. Thermal equation of state. From (8.30) it is seen that knowing the explicit
form of Q. = Q(T,V,(, H), pressure can be determined as follows:

—(0920/OV) .- (8.54)

Hence and from (8.34) it follows that

_ ﬁ 3 / ko (e, N) f(e)de. (8.55)
N en

If we use (8.36), (8.55) takes the form

1/2
QWRQZ/ (e —en)/2f(e)de (8.56)

Integrate this expression once by parts. Then we get

1/2 b
3h %R 8Cm)"° Z/ N2 (_8_9 de. (8.57)

For an arbitrary degree of degeneracy of an electron gas the integral in (8.57)
cannot be analytically calculated. Therefore consider particular cases.

Non-degenerate electron gas. If we take into account that f(e) = exp
(¢ —¢€)/koT) and (—0f/0e) = (1/koT)exp ((¢ —€)/koT), carry out the
change of the integration variable (¢ — ey) = &/, and also integrate over de’,
then the integral in (8.57) acquires the shape:

7(5 Ny ( gf) %E(koT):*/Q exp (%) . (858)

EN
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Taking into account (8.58) in (8.57), we have

8(2m)'/? 3/ 5 >
P=—_7 Y (kT /2:8/koT (2N+1)MH/]€0T. 8.59
3n(2rR)2 4 (koT)™ e NEZ:O“’ (8.59)

The summation with respect to N in (8.59), according to (8.40), is easily ful-
filled and as a result, for the thermal equation of the state of a non-degenerate
electron gas P = P(T, N, () in indicated variables we get

(271'771)1/2(k0T)3/2 exp (¢/koT)

P = Grr? sh(ul kT’ (8.60)

If substituted the expression for exp (¢/koT’) from (8.42) into (8.60), we get
pressure as a function of the concentration and temperature

P = nk,T. (8.61)

It is seen that pressure of a non-degenerate electron gas does not depend on
the magnetic field and has a known classical appearance.

Degenerate electron gas. In this case, if in the zeroth approximation with
respect to temperature we take into account that (—9f/0¢) = 6(e — (r), from
(8.57) for the zero pressure (at T = 0) we get

m)1/2 No
0T ??f(z?QW)RV > [Gr — @N + DuH]?, (8.62)
N=0

where No = (¢ — pH)/2uH.

In the quasi-classical approximation, when many Landau levels ((g/
2uH > 1) are found below the Fermi boundary energy, we can replace the
sum with respect to N with the integral and integrate up in indicated limits.
Then we get the known expression for the zero pressure of a Fermi gas in the
absence of the magnetic field [see (7.115)].

Applying the Euler summation formula (4.85) to (8.62), the quantum cor-
rection to the zero pressure, associated with discreteness of the spectrum, can
be obtained.

In the quantum limit, when all electrons are found at the zero Landau
level, i.e. when pH < (p < 3upH, in sum (8.62) it can be restricted to the
term with N = 0 and from (8.62) it follows that

8(2m)/?

Py=—""l
07 3n(2nR)?

(Cp — pH)*2. (8.63)
Substitute the expression for ((¢r — pH) from (8.47) into (8.63). Then for the
thermal equation of the state of a degenerate electron gas in the quantum
limit we get

72 htcd nd n3

pp=_2°" 2 64
0T 3 me2 m?2 T H? (8.64)
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Hence it is seen that in contradistinction to the non-degenerate case, the zero
pressure of a degenerate electron gas in the quantum limit strongly depends
on the concentration n and magnetic field Py ~ n?3 / 2

Applying the approximate formula (7.134) to the integral in (8.57), the
temperature correction to the zero pressure of a degenerate electron gas can
be obtained.

2. The caloric equation of state or mean energy of an electron gas is defined
as follows
E=3x2 Y  (e—en)flem.). (8.65)

N,kyk.

Here the factor 2 takes into account degeneracy with respect to the spin, and
the factor 3 appears owing to equivalency of all three directions of a magnetic
field in the isotropic space.

We pass from the summation with respect to quasi-continuous quantum
numbers k, and k, to integrals, according to the known rule (8.24), and take
into account (8.25). Then (8.65) takes the form:

B= G EN: / (e — ex) f(e)dk. (8.66)

From the integration over dk, we pass to the integration over de and multiply
by 2, taking into account that two values +k, correspond to one value of €.
As a result, we have

b= (21:}‘3/)2 EN: / (e —en)fle) (ifs) de. (8.67)

According to (8.36), we can write

. 2 1/2
ddkg - %(5 —en)l2, (8.68)

Taking this into account in (8.67), for the caloric equation of state (the mean
energy) we get

b= h(267:;{)2 %:/(5 —en)'2f(e)de. (8.69)

Comparing this expression with (8.56), we get the known relationship, relating
the thermal equation of the state of a free electron gas to the caloric one

2F
P_

=<2 (8.70)
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3. Entropy. According to (8.30), entropy of an electron gas is defined as
follows:
= —(0Qe/0T )y ¢ g - (8.71)

We started with the expression (8.34) for the grand thermodynamic potential
Qe. From this expression it is seen that only the Fermi distribution function
f(¢) depends on temperature. If we take into account that

<g_;>C,H - (6;0 (%)v (8.72)

from (8.34) and (8.71) for entropy of an electron gas in a quantizing magnetic
field we get

27TR (27R)2T Z/ (e,en)(e =) (—%) de (8.73)

or, if we take into account (8.36), we have

(27743 °T ) Z/ N 2= Q) (—%) de.  (8.74)

On the basis of this general formula, different particular cases can be consid-
ered.

4. The heat capacity of an electron gas in a quantizing magnetic field can
be calculated, using the expression either for entropy (8.74), as Cy =
T (0S/0T),,, or for energy (8.69), as Cy = (0E/0T'),,. We use the second

variant.

In the case of a non-degenerate electron gas, by virtue of (8.61) and (8.70),
the heat capacity has a surprisingly simple appearance:

Cy = gkoNe. (8.75)

Consequently, in the case of a non-degenerate electron gas a quantizing mag-
netic field (discreteness of the energy spectrum) influences neither the equation
of state nor the heat capacity. To all appearance, it is associated with the fact
that the high temperatures, at which discreteness of the spectrum becomes
unessential, are required in order that an electron gas be non-degenerate.

To calculate heat capacity of a degenerate electron gas (8.69) integrate up
by parts:

yL/2
_4V22:; Z/ e— (2N +1)u ]3/2( %) de. (8.76)
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In order to find the temperature correction to energy, apply formula (7.134).
As a result, we have

1/2
E = E0+—(k0T Har R Z — (2N + 1)pH]| 2, (8.77)

where Ey = 3P,V /2 is the zero energy at T = 0, and P, is determined
by (8.62).

From (8.77) for the heat capacity of a degenerate electron gas in a
quantizing magnetic field we get the expression:

m)'/?
Cy = kag T Z (2N + 1)uH] Y2, (8.78)
which can be presented as

2
™
Oy = Tk TV (G), (8.79)

where g (Cr) is the density of quantum states at the Fermi level [see (8.28)].

From these formulae it is seen that with the change in the magnetic field,
every time the Landau level ey = (2N + 1)uH coincides with the Fermi
boundary the heat capacity experiences a sharp jump, i.e. has a peculiarity.

In weak magnetic fields ((g >> pH) in (8.78) from the summation with
respect to N we can pass to the integration and show that in the quasi-classical
approximation (8.78) coincides with the known expression (7.140).

In the quantum limit ({r < 3uH) in (8.78) it can be restricted to the term
with N = 0 and the heat capacity takes the form:

V(2m)'/?

= w2k2T
Cv =m kT Ry

(G — pH)™ /2. (8.80)
If we used (8.47), for the heat capacity of a degenerate electron gas in the
quantum limit we get

)? 2 2

=———(uH)* ~ H". 8.81
S () (3.81)
It is seen that, in contradistinction to the non-degenerate case, the heat capac-
ity of a degenerate electron gas in the quantum limit strongly depends on the
magnetic field.

8.5 Landau Diamagnetism

According to classical mechanics, free electrons in metals placed in a uniform
magnetic field move in spiral trajectories, and in the plane perpendicular to
the magnetic field follow a cyclotron orbit. The motion of each electron in
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the circular orbit creates a closed electric current, and thereby a magnetic
moment, directed against the external field, arises. As a result of this, a free
electron gas in metal ought to possess diamagnetism, which is observed on test.

However, if it is attempted to calculate the diamagnetic moment of an
electron gas in the quasi-classical approximation, zero is obtained. Indeed,
the Hamilton function of a free electron in a magnetic field is distinct from
that without a magnetic field by the fact that in it the impulse P is replaced
with P’ = (P +e/cA), where e is the electron charge magnitude, A is
the vector potential of the magnetic field H = rotA. If we calculate the
statistical integral, it is easy to show that it and, consequently, the free
energy F' do not depend on the magnetic field H, inasmuch as integrals with
respect to components of the impulse Py, Py, P, are also taken in the lim-
its from —oo to 4+o00. Hence it follows that the diamagnetic magnetization
M = —1/V(8F/8H)T,V =0.

Note that this quasi-classical result (M = 0) was obtained by Nils Bohr
as far back as in 1911. He showed that magnetic moments, formed by circular
orbits of free electrons in the magnetic field, are compensated by magnetic
moments of non-closed orbits close to the surface of metal.

The further exposition of the given section will show that the absence of
diamagnetism does not depend on whether an electron gas obeys the Boltz-
mann classical statistics or the Fermi quantum statistics. The main question
is whether the motion of an electron is classical or quantum.

In 1930 L.D. Landau showed that if the motion of an electron is considered
on the basis of quantum mechanics and quantization of energy of free electrons
in a magnetic field is taken into account (8.16), the diamagnetic susceptibility
of an electron gas does not equal zero. Here we expound the theory of Landau
diamagnetism on the basis of energy spectrum (8.19).

From (8.30) it follows that the magnetization of an electron gas M can be
found originating from the explicit form of the grand thermodynamic potential
Qe = Q(T,V,(, H) as follows:

1 /00
M=——= ( ) . (8.82)
OH ) 1.y

If we substitute (8.36) into (8.34) and once integrate up by parts, for the
grand thermodynamic potential we get:

1/2 af
_ /2 (91
Qe = 27TR e Z/ )3/2 ( 8€> de. (8.83)

For any degree of degeneracy of an electron gas it is impossible to find the
analytical form of €); therefore the classical and the quantum statistics are
considered separately.

Non-degenerate electron gas. In this case, the distribution function has
the appearance f(g) = exp[(¢ —¢)/koT]. If in (8.83) we take into account
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that (—0f/0e) = —(1/koT) exp [(¢ — €)/koT] and introduce the notation &’ =
€ — en, the integral with respect to &’ is easily calculated (see Appendix A).
As a result, we get

2V (2mrm)Y 2 (ko T)3/2 =

Q, = — ¢/koT (2N+1)pH [koT /4
h2rR)? e Z e (8.84)
N=0

The summation with respect to N in (8.84), according to (8.40), is easily
fulfilled and €. has the appearance

V (2rm) 2 (koT)*/2 exp(C/koT)

e = - h(27R)2 sh(uH [koT)’

(8.85)

In the quasi-classical approximation, when inequality (8.4) analogous to uH <
koT is satisfied, in (8.85) sh(uH /koT) =~ pH /koT can be replaced, and if we
take into account (8.15), we see that 2. does not depend on the magnetic
field and coincides with the classical value (7.16). Thereby the magnetization
in this case, according to (8.82), equals zero. This result can be obtained if in
(8.84) from the sum with respect to N it is passed to the integral.
Note that to realize this case the simultaneous fulfilment of two inequalities
is required:
koT > pH and koT > (o, (8.86)

which can also be presented in the form
A< Rand A\ < d, (8.87)

where (p is the Fermi boundary energy (7.116), A is the de Broglie wavelength,
d = n~'/3 is the mean distance between electrons, and R is the magnetic
length.

From (8.82) and (8.85) for the magnetization of a non-degenerate electron
gas in an arbitrary quantizing magnetic field we get the following expression

(2mm)Y2 (koT)3/? e exp(¢/koT)

M= (27)2h? ¢ sh(pH JkoT) (1 — pH [koT cth(nH /koT')] (8.88)

If we substitute the expression of the chemical potential (8.41) into (8.88), for
the diamagnetic magnetization of a non-degenerate electron gas we finally get

1

M = —np | cth(pH [koT) — (uH [koT)

(8.89)

or

M = —nuL(uH /koT), (8.90)

where L(puH /koT') is the Langevin function (4.175).
In a weak magnetic field (uH < koT'), if it is restricted to the zeroth,
i.e. the quasi-classical approximation, and one item kept in an expansion
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of a hyperbolic cotangent cth(uH /koT) ~ koT/uH, then L(uH /koT) = 0
and, consequently, the magnetization equals zero. The magnetization is dis-
tinct from zero only in the approximation when cth(uH /koT) = (koT/pH) +
wH /3koT. Then from (8.89) we have:

nu’H

M = . uH T. 91
sk M < ko (8.91)

The diamagnetic susceptibility Xxaia = M /H, conformably, equals

mu?
3koT"

Xdia= (892)
If we compare (8.92) with the paramagnetic susceptibility xpara, associated
with the spin of an electron (7.190), we get the Landau result

2
Xdia 1/ p\"_ 1 /mg\?
- 3(,UB> - 3(_m) : (8.93)

Xpara

where mg is the mass of a free electron m is the effective mass of an electron
in metal or semiconductor. Usually in semiconductors m < myg; therefore
diamagnetism of an electron gas in them dominates.

In the quantum limit, when the magnetic field satisfies the condition uH >
koT, all electrons are found at the first Landau level and from (8.89) we get
a simple result

M = —np;  pH > kT. (8.94)

The diamagnetic susceptibility in this case depends on the magnetic field

n
Xdin = =0 (8.95)

From the expression (7.189) in the strong magnetic field ug H > koT we find
the paramagnetic susceptibility and determine the relationship

Xdo __H _ T (8.96)

Xpara UB m

From the comparison (8.93) and (8.96) it is seen that in the strong magnetic
field the ratio xdia/Xpara is distinct from the case of the weak magnetic field.
The obtained result (8.94) is true when fulfilling the condition: (p < koT <
wH , which can also be presented as R < A < d.

Degenerate electron gas. In this case in the zeroth approximation with
respect to temperature (—0f/Je) = d(¢ — (r) and from (8.83) for the grand
thermodynamic potential of a degenerate electron gas 2, we get

2 No

8 V(2m)Y/ 2
=3 o 2 [ ON PR (o)
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where No = ((p — pH)/2pH.

In the general form for an arbitrary value of the magnetic field it is impos-
sible to conduct the summation in (8.97). Therefore we consider different
limiting cases.

In weak magnetic fields, when pH < (p, i.e. at large Ny, in the zeroth
quasi-classical approximation in (8.97) the summation with respect to N we
can replace the integral in indicated limits and regard that (g = (. Then
in the zeroth approximation for the grand thermodynamic potential of a
completely degenerate electron gas we get the following result:

8 V(2m)3/2 5/2

Re=-15 (2m)2h3 20

(8.98)

not depending on the magnetic field and coinciding with the known expression
(7.120).

Inasmuch as ©.(0) does not depend on the magnetic field, the magnetiza-
tion in the quasi-classical approximation equals zero.

Note that independent of the kind of statistics (an electron gas is degen-
erate or non-denerate) in the quasi-classical approximation, diamagnetism is
absent. So, the question lies not in the statistics, but in the nature of the
motion of an electron in the magnetic field: if the motion is classical, dia-
magnetism is absent, and if the motion is quantum, diamagnetism of a free
electron gas exists.

In order to find the quantum correction to the grand thermodynamic
potential, we calculate the sum in (8.97) with the aid of the Euler summation
formula (4.85) and everywhere neglect pH compared with (p. As a result,
we get
V(2m)3/2 5/2

Qe:Q/(O) Sl
et 3h3(2m)2 >0

(uH)?, (8.99)

where Qg(o) does not depend on the magnetic field part of the grand thermo-
dynamic potential.
From (8.82) and (8.99) for the diamagnetic magnetization we have

(2m)3/2
6m2h3

p2HG?. (8.100)

Mgia = —
If we compare (8.100) with paramagnetic susceptibility (7.192), for the ratio
Mgia/Mpara = Xdia/Xpara We get the same result as for a non-degenerate
electron gas in a weak magnetic field (8.93).
In the quantum limit, when (r < 3pH, in sum (8.97) it can be restricted
only to one term (N = 0). Then we have

8V (2m)3/% eH

_ T \= T o 3/2
= 3y e (8~ HHDY (8.101)
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Hence, according to (8.82), find the magnetization M, where for ((g — puH)
we use (8.47). As a result, we get

i 8@m)? e (/2 K o )3 _ 11 . (8.102)

T3 272 he 3uH 2

If we leave out the first term in the square bracket and use the expression for
the boundary Fermi energy (o (7.193) at H = 0, for the magnetization we get
the same result as in the case of a non-degenerate electron gas in the quantum
limit: M = —npy (8.94).
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Non-Equilibrium Electron Gas in Solids

Summary. An ideal Fermi gas, in particular an electron gas in an equilibrium
state, is dealt with in Chap.7. There the state equation is found, thermodynamic
coefficients are calculated and Pauli’s paramagnetism due to the free electron spin
in metals is investigated.

In this chapter electron gas in metals and semiconductors is dealt with in
a nonequilibrium state. Nonequilibrium processes associated with charge carriers’
motion in a crystal under external disturbances such as electric field, tempera-
ture gradient, magnetic field, etc. are referred to as electron transport phenom-
ena or kinetic effects. They include electric conductivity, thermal conductivity,
thermoelectric, galvanomagnetic and thermomagnetic effects.

If the values governing transport phenomena, i.e. electric current density, heat
flux, electric field strength, etc. do not depend on time, the charge or energy trans-
port process is referred to as stationary. Here, we shall discuss stationary transport
phenomena only. The definition and classification of these phenomena are presented
below.

In the classical case, the Boltzmann equation for a nonequilibrium charge carrier
distribution function which accounts for the interaction with a crystal lattice is used
to construct a microscopic theory of transport phenomena.

9.1 Boltzmann Equation and Its Applicability
Conditions

9.1.1 Nonequilibrium Distribution Function

The conduction electrons at thermodynamic equilibrium are described by the
equilibrium Fermi—Dirac distribution function. In the presence of an external
electric field, temperature or concentration gradients, or other effects, the
electron gas is in a nonequilibrium state; therefore it cannot be described by an
equilibrium distribution function fo(k). In a quasiclassical approximation in
the nonequilibrium case, the distribution function f(k,r,t) can be introduced
while giving it a physical meaning, namely the local concentration near a point



322 9 Non-Equilibrium Electron Gas in Solids

7 at time ¢ of electrons in the k-state. Knowing the nonequilibrium distribution
function f(k,r,t) it is possible to calculate the current density

. 2e 2e
J(r,t) = v 4 v(k)f(k,r,t) = —W/U(k)f(k,ﬂt)dk (9.1)
and the heat energy flux density
2 2
w(r.t) = 5 3 (k) = p)o(k)(kr.0) = 5oy [ (k) = p)olh) (k. )k,
k
(92)
which makes it possible to find an explicit transport equation form
Ji = oik By — Bi ViT,
w; = ’YikEk — Hikva i, k= T,Y,z (93)
Here Ey = —Vip, w; = w — ¢ji, ¢ = o — (p/e) is the electrochemical

potential, ¢ the electrostatic potential, y the chemical potential, (—e) the
electron charge, and w;* the component of energy flux density transported
by the conduction electrons. The value ¢j; derived from the total energy
density is associated with the fact that every electron transports energy ey
and, consequently, w; is none other than the flux density of kinetic or heat
energies transported by the conduction electrons.

The tensor components entering into (9.3) are the magnetic field functions
H and they satisfy the following relations from the symmetry principle of
kinetic coefficients:

O'Z‘k(H) = O’]ﬂ‘(—H)
kit (H) = kpi(—H) (9.4)
Yik(H) = T Bri(—H).

The advantage of writing the relations in the form of (9.3) is that the
coefficients involved are derived immediately from the Boltzmann equation
solution.

In the expressions (9.1) and (9.2), the factor 2 appears due to electron
spin, v(k) is the electron velocity in the k-state with energy (k). If in (9.1)
and (9.2) f(k,r,t) is replaced by fo(k) = fo(e(k)), then by virtue of energy
evenness (k) = ¢(—k) and velocity oddness v(—k) = —uv(k), the electric
current and energy flux are equal to zero, i.e. in the equilibrium state there
are no currents and fluxes.

In order to calculate 5 and w it is necessary to know the nonequilib-
rium distribution function f(k,r,t) that can be derived from the Boltzmann
equation.
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9.1.2 Boltzmann Equation

By definition, the nonequilibrium distribution function f(k,r,t) is the num-
ber of electrons which at time ¢ are in a unit volume near the point r and
have a wave vector k. Except for (0f/0t), their number can vary due to the
following three physical processes: diffusion associated with temperature or
concentration gradients, leading to a variation with respect to r; acceleration
by external fields causing a variation of the wave electron vector k; electron
scattering by phonons or by other lattice defects which also cause a variation
in k.

The total effect of all these processes must be equal to the distribution
function variation per unit time, i.e. we can write

Of Jot = (0f J0t)aie + (Of /O)ficla + (Of /Ot)sca (9.5)

This is a symbolic writing of the Boltzmann equation where the terms of the
right-hand side correspond to the variation rate due to the above processes.
In order to find an explicit form of the Boltzmann equation (9.5) we shall
consider these processes separately.

In the presence of a temperature or concentration gradient diffusion takes
place in the conductor; therefore the charge carriers arrive at the special region
near the point » and then leave it. Of interest is the variation in the electron
concentration with wave vector k. The electrons have the velocity v(k) =
h~'Ve(k). The concentration of these k-electrons near the point 7 at time
tis f(k,r,t). After a time interval At, these electrons will be near the point
r + Ar, acquiring the concentration f(k,r 4+ Ar,t+ At). In accordance with
the Liouville theorem on the invariance of the phase space volume the charge
carrier concentration in the vicinity of the point = at time ¢ is equal to their
concentration in the vicinity of the point 7 + Ar at time ¢ + At, i.e.

fk,r,t) = f(k,r + Ar t + At). (9.6)

Decomposing the right-hand side near the point 7, taking account of Ar =
v(k)At and making At — 0, we obtain

(Of 0t)aie = —v(k)(0f [Or) = —v(k) V.. f (9.7)

for the rate of the nonequilibrium distribution function variation because of
diffusion.

The external force F', accelerating the electrons, varies their wave vector
such that k = A 1F , and consequently the number of k-electrons near the
point 7. If these considerations are also repeated for the k-space it is possible
to write

flk,r,t) = f(k+ Ak, r,t + At) (9.8)

which yields )
(0 /050 = k(O /0k) = —h ™ FV,.f (9.9)
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for the rate of variation of f(k,r,t) owing to the external force F'.
Let us assume that a conductor is in an external electric field Ey and
magnetic field H. Then a Lorentz force

F——e (Eo + % [v(k)%”]), (9.10)

where v(k) = h~1Ve(k) is the electron velocity and ¢ the velocity of light,
acts upon an electron with charge (—e).

The Boltzmann equation (9.5) for conduction electrons while accounting
for (9.7), (9.9) and (9.10) has the form

of e 1 _(0f
Bt +v(k)V,.f— 5 (Eo + - [’U(k)%]) Vif= (8t)scat (9.11)
In order to find (%ti) we shall introduce a function W (k, k") which is the

per-unit-time probabﬁ(i:‘?;/ of electron transition from the state k to the state

k' as a result of scattering by a lattice defect. The transitions from state k

to every possible k’-states will take place if there is an electron in the k-state

and the k'-states are vacant (Pauli’s exclusion principle). Therefore, because

of the transitions k — k' the number of k-electrons decreases, i.e. leaving

the k-state, in unit time by > W(k,k")f(k)(1 — f(k")). The number of k-
k

electrons, i.e. the function f(k,r), increases due to electron transition from
!

every possible k'-state to the k-state by " W (k' k)f(k')(1 — f(k)) per unit
k

time. The difference between the numbers of electrons arriving and leaving
gives the rate of variation of the nonequilibrium distribution function

(OF [0)scar = Y AW (K, k) f(K')(1 = f(k)) — W (k, k') f(R)(1 — f(K'))}.
k/
9.12)

Further, we shall consider the stationary case where the external fields do not
explicitly depend on time and, consequently, df/d¢ = 0. In the stationary
case, from (9.11) and (9.12) we can obtain an explicit form of the Boltzmann
equation for the conduction electrons in electric and magnetic fields:

Wk~ (Eo i1 [v(k)%]) VoS
= ST {WHE R SR~ FR) — Wk K F(R)(1— F(K))}
.
(9.13)

Converting the summation with respect to k' to integration we shall see
that the Boltzmann equation (9.13) is an integro-differential equation. The
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function W (k, k') entering into the collision part of the Boltzmann equation
depends on the nature of the conduction electron—scatterer interaction, and
for a particular mechanism it is governed by the quantum theory of scattering.

Thus the calculation of the currents (9.1) and (9.2) is reduced to two inde-
pendent problems, namely the calculation of W (k, k') for different scattering
mechanisms and the solution of the Boltzmann equation (9.13) in order to find
the nonequilibrium distribution function f(k,r). Of course, these problems
are not solved in a general form. Some approximate solutions of the Boltz-
mann equation will be discussed in subsequent paragraphs, but now we shall
dwell upon the applicability criteria of the Boltzmann equation itself.

9.1.3 Applicability Conditions of the Boltzmann Equation

From both the definition of the nonequilibrium distribution function f(k,r)
and the derivation of the Boltzmann equation (9.11) it is seen that it is valid
only in the quasiclassical case where the notion of trajectory is used and the
states of the electron gas are specified in a phase space. The quasiclassical
condition imposes a limitation on the generalized force, namely the electro-
chemical potential gradient —V (o — (11/€)), as well as on the magnetic field
strength H, and it defines the applicability limit of the Boltzmann equation.
We shall now dwell upon it.

The quasiclassical condition runs as follows: the properties of a free system
can be considered using classical mechanics if the de Broglie wavelengths A of
the particles are small as compared with the sizes L that are typical of the
given problem, i.e. A < L. If the system is not free and a certain force F' acts
upon it, the quasiclassical condition has the form

(\/27) |dN/dz| < A (9.14)

i.e. the electron wavelength A must vary slightly over a distance equal to the
wavelength itself. Accounting for A = h/p(x) where h is the Planck constant
and p(x) the electron impulse in the external field U(x), the quasiclassical
condition (9.14) can be written as follows:

(mh/p?) |F| < 1, (9.15)

where m is the effective mass of conduction electron, and F' is the force acting
upon the electron. In the general case where there are dynamic (electric field)
and static (temperature or concentration gradients) disturbances, the force F'
depends on the electrochemical potential gradient

F = eV(do — (u/e)). (9.16)

When A = h/p and p? ~ mg are taken into account, (9.15) reduces to the
applicability condition of the Boltzmann equation in general form

AMF| < E, (9.17)
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which has an explicit physical meaning: the energy gained by a electron due
to the action of the disturbing force F' at a distance A must be much less than
the mean electron energy €.

From (9.17), for the electric field Ey it is easy to obtain the condition

AeEy < E (9.18)

for the Boltzmann equation to be applicable. In nondegenerate semicon-
ductors, € = ko T, while in degenerate ones, € as pup. At T = 100K and
A =107 cm, we obtain from (9.18) Ey < 10° V/cm for nondegenerate semi-
conductors. Thus, the Boltzmann equation is valid up to very strong electric
fields.

In the case of nonuniform semiconductors, the condition (9.17) while
accounting for (9.16) also determines the chemical potential gradient

() da)\ < = (9.19)

when the Boltzmann equation is valid. If the nonuniformity is caused by a
temperature gradient, then (9.19) assumes the form

(Ou/0T)AVT < E.
Finding Op/0T from (7.20) and (7.136) we shall obtain respectively
|pe/koT —3/2| M|VT| < T (9.20)
for a nondegenerate electron gas, and
(koT/up)N|VT| < Tp (9.21)

for a degenerate electron gas, where Ty = up/koT is the degeneracy tem-
perature of the electron gas. Conditions similar to (9.19)—(9.21) can also be
obtained from (9.19) for the concentration gradient Vn.

Now we shall consider the limitations imposed on the magnetic field
strength H for applying the Boltzmann equation. An electron moving in a
uniform magnetic field is under the action of the Lorentz force F' = (e/c)v; H
along a helix with axis parallel to the magnetic field of radius

r=uvy/Q (9.22)

where v is the velocity component in a plane perpendicular to the magnetic
field,

Q=eH/mc (9.23)

is the cyclic frequency of the electron revolution in this plane and is referred
to as the cyclotron frequency, and m is the effective electron mass.

Substituting the Lorentz force F' = (e/c)v H into the general condition
(9.17) and accounting for A ~ fi/mv, we obtain the following applicability
criterion of the Boltzmann equation in the magnetic field
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hQ < koT, or ehH/me< koT (9.24)

for nondegenerate semiconductors, and
hQ) < pp, oreh H/me < pp (9.25)

for degenerate semiconductors. It is easy to see that these conditions can be
rewritten in the form

> A (9.26)

In the case of degenerate semiconductors, A in (9.26) is to be replaced by the
wavelength for electrons on the Fermi surface, A\p =~ ii/mup.

The last inequality is nothing more than the quasiclassical condition: The
Boltzmann equation is applicable in magnetic fields where the wavelength X is
much less than the radius v of cyclotron electron orbit.

A quantomechanical analysis of the motion of charge carriers in a magnetic
field shows that their motions are quantized in a plane perpendicular to the
direction of the magnetic field and the energy separation between neighbouring
discrete levels (Landau levels) is equal to hQ (see Chap. 8).

In magnetic fields satisfying (9.24) or (9.25) spectrum quantization
becomes insignificant. These magnetic fields are referred to as classical or non-
quantizing magnetic fields. In such a region of magnetic fields the Boltzmann
equation can be applied to calculate the kinetic effects.

In sufficiently strong magnetic fields and at low temperatures, the condi-
tions (9.24) and (9.25) cannot be fulfilled while AQ > koT or A2 > pp can
take place (same for A > r), and spectrum discreteness becomes important.
Such magnetic fields are referred to as quantizing fields. In quantizing mag-
netic fields, the Boltzmann equation is not valid and the problem should be
solved by methods of the quantum transport theory.

There is another condition limiting the scope of applicability of the Boltz-
mann equation (9.13) which is associated with charge carriers’ scattering by
various lattice defects. If At denotes scattering duration (collision time with
defects), then according to the uncertainty principle (AeAt > h) an uncer-
tainty Ae > /At appears in the energy. It is possible to use a distribution
function that varies significantly in an energy interval on the order of kyT" only
in the case where Ae < koT. This means that the collision duration must be
relatively large: At > i/koT. On the other hand, the collision time At can-
not be too large since the right-hand side of the Boltzmann equation (9.13)
suggests that the interaction of the charge carriers with the crystal lattice
occurs as separate scattering events with the probability W (k, k') and this
interaction does not change the electron energy (basically the charge carriers
move freely in the crystal though sometimes scattered by the lattice defects).
Therefore, At must be less than the mean free time 7 (i.e. the relaxation
time). As a result, we come to the inequality

7> h/koT, (9.27)
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which is the condition for the collision duration to be small compared with
the time between two successive collisions.
Since the mobility of the charge carriers is u = e7/m the criterion (9.27)
can be expressed as
u > ehi/mkoT. (9.28)

The above condition is well fulfilled for a wide class of semiconductors, except
for substances with an abnormally small mobility of charge carriers.

The criterion (9.27) can also be written in another form. If both sides are
multiplied by the mean velocity of the charge carriers U, and accounting for
koT /0 =p and h/p ~ A we shall obtain

1> ) (9.29)

where | = o7 is the mean free path. Then it is possible to say that the
Boltzmann equation is applicable if the mean free path of the charge carriers
is much larger than the de Broglie wavelength.

9.2 Solution of Boltzmann Equation in Relaxation
Time Approximation

Let us consider a conductor with an arbitrary spherically symmetric band.
That is, we assume that the energy of charge carriers € is an arbitrary function
of the wave vector of magnitude k:

ek, by, ky) = e (k). (9.30)

This property is inherent in the dispersion relation of the conduction electrons
for metals and many semiconductor compounds of types ATBY and ATBVI,

9.2.1 Relaxation Time

First we transfer the collision term of the Boltzmann equation (9.13). To do
this, we shall use the principle of detailed equilibrium, according to which, in
the state of equilibrium where f(k,r) = fo(k), in unit time the number of
electrons coming into the k-state from the k’-state is equal to that of electrons
coming out from the k-state into the k'-state:

W(k', k) fo(K') (1 = fo(k)) = W (k, k') fo(k)(1 — fo(K')). (9:31)

Using the explicit form of the Fermi-Dirac distribution function (7.77) we
shall obtain from (9.31) the following expression:

WK k) (k) — (k)
Wk, K) eXp( koT > ' 0:32)
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For ¢(k) < e(k'), as seen from (9.32), W (k, k') < W(k', k), i.e. the scattering
k — K’ is less probable for an increase in the energy than for a decrease. The
smaller probability of transition from states of smaller energies is compensated
by their greater occupation fo(k), which provides detailed equilibrium.

Solution of the Boltzmann equation (9.13) can be presented in the following
form:

f(k) = fo(k) + f1(K), (9.33)

where fo(k) = fo(e(k)) is the equilibrium function, while f;(k) is a non-
equilibrium supplement to be defined. It is obvious that f;(k) is an odd
function of k while fo(k) is an even function of k. In addition, f;(k) must
be proportional to the electric field and the temperature gradient, since
these forces result in a deviation from the equilibrium conduction electron
distribution in the k-state.

Almost in all real cases the deviation from equilibrium is small, i.e.

il = 1f = fol < fo. (9.34)

In the absence of quantization, when the inequality (9.24) takes place the
probability of the transition W (k, k") does not depend on the magnetic field.
It is reasonable to assume that this function does not depend on the electric
field and the temperature gradient either, i.e. W (k, k') is one and the same for
both the equilibrium and nonequilibrium states. Then it is possible to resort
to the equation of detailed equilibrium (9.31) to transform the scattering term
(9.12) in the Boltzmann equation.

Let us substitute (9.33) into (9.12) and use (9.31). Accounting for (9.34)
we confine ourselves to terms that are linear with respect to f1(k). As a result,
we obtain

(Of | O)scars = —f1(k)/T(k), (9.35)

where the notation

1—fole)  fole) fulk) } (9.36)

1 /
(k) %:W(Iak ) { 1—fole)  fole)) fulk)

has been used.

Magnitude 7(k) is referred to as relaxation time, the meaning of which
can be explained as follows. Assume that the external forces violate the equi-
librium of the conduction electron system. If at time ¢t = 0 the external field is
switched off, F' = 0, and the temperature gradient is canceled, V.. f = 0, the
nonequilibrium function f(k,t) will tend to an equilibrium function fy(k). In
this case, f(k,t) satisfies the equation

8f(k, t) + f(k’ t) — fO(k)
ot (k)

=0, (9.37)

which is derived from (9.11), taking into account (9.35).
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From (9.37) we obtain the following law of the nonequilibrium function
variation,

(f = fo)e = (f — fo)et=0 exp(—t/T). (9.38)

It is seen that the relaxation time 7 characterizes the speed of recovery of the
equilibrium state.

Substituting (9.35) into the right-hand side of (9.13) we obtain the
following simple form of the Boltzmann equation,

f—Jo
(k)

Thus, introducing the notion of relaxation time we formally reduce the
integro-differential equation (9.13) to the differential equation (9.39) for the
nonequilibrium distribution function f. However, in the general case this is a
seeming simplification of the Boltzmann equation (9.13). Indeed, the ratio of
two values of the unknown function f; enters into the right-hand side of (9.39)
in terms of 7(k) of (2.36) under the summation (integration) sign. In the case
where the ratio f1(k’)/f1(k") does not depend on both the type and the magni-
tude of the disturbance (electric field or temperature gradient) which causes a
deviation of the distribution function from the equilibrium function, the value
7(k) is a characteristic of the conductor and has a reasonable physical sense.

wk)V, - ¢ (E 2 [v(kw]) Vef = — (9.39)

9.2.2 Solution of the Boltzmann Equation in the Absence
of Magnetic Field

In this case, (9.39) has the form

f—fo
(k) ’

from which it is possible to find a nonequilibrium function, assuming that 7(k)
does not depend on the electric field and temperature gradient. To do this,
we substitute (9.33) into (9.40) and confine ourselves to the function fo(k) on
the left-hand side, assuming that in the presence of a temperature gradient
the equilibrium function fo(k) depends on the local temperature T'(r) and
chemical potential p(r), i.e.

fo(k,7) = {1 + exp (%&mﬂ _1. (9.41)

’U(k))va — €E0/hka = —

(9.40)

Taking into account

S - () (2) - (L)sw) o

and
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dfo e —pu(r)

Vi fo(k =koT | =— |V, | — 9.43

Jolk,T) = ko (85) (kOT(r) (0.43)

we obtain, as a result, the expression

F0) = oll) = (k) 0 ) 80(e)) (2 ) (0.44)

for the nonequilibrium but stationary distribution function f(k) in linear
approximation with respect to electric field and temperature gradient, where

o EHN _ _E—H
¢)0(€) = eEo + koTvr ( k()T ) eF koT koVT (945)

is the generalized disturbing force (dynamic and static) causing a deviation
from the equilibrium distribution, E = Eg+(1/e)Vy = =V (po— (11/€)) being
the electrochemical potential gradient.

Now consider again the expression for the relaxation time. Substituting
(9.44) into (9.36) and accounting for

(et = fole) =~ () (9.46)

gives the following integral equation for 7(k):

1 L1 o) [ 1) (K ()
w2V {1 ~(8) (0(k)bo(2)) } (9.47)

As we are considering spherically symmetric bands, the scattering must be
isotropic, i.e. the transition probability W (k, k') does not depend on k and
k' separately but on both k and k&’ and the angle between them, i.e.

Wk, k') = W(k k', (kk')). (9.48)

In the case of isotropic scattering it is obvious that the relaxation time 7 will
only depend on the magnitude k = |k|. Moreover, for the isotropic dispersion
relation (9.30) the directions of the electron velocity v and wave vector k

coincide and .
k)= ——
vik) = o

where m(k) is the effective electron mass.

Let us take into account these consequences of the band isotropy and apply
spherical coordinates in (9.47). If the polar axis is directed along k, and the
polar angles of the vectors k' and ¢g(¢’) are denoted by (8, ¢) and (o, 3)
respectively, then, as is well known, we have

(9.49)

cos(k’, ¢y (g')) = cos @ cos o + sin @ sin o cos(¢p — f3). (9.50)
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Then, from (9.47) it is easy to obtain
1

R n1=fol&) [ (k) (K () vk)v(K)
= —;W(k,k)l_fo(g) {1 }

(9.51)

Note that this integral relation, from which it is possible to define 7(k), is
obtained on two assumptions: the smallness of the deviation from the equi-
librium distribution (9.34) and the isotropy of the dispersion relation (9.30).
However, (9.51) is an inconvenient relation since it contains an equilibrium-
disturbing force ¢(e) (electric field E and temperature gradient VT') given
by (9.45). Consequently, 7(k) as derived from (9.50) will not be universal;
it will depend on the disturbance type and magnitude (E and VT'). There-
fore, it is necessary to make another assumption referring to the scattering
nature. Assuming that the charge carriers’ scattering caused by lattice defects
is purely elastic, (k") = e(k), and consequently k = k', i.e. the charge carriers
exchange during scattering by the lattice only by impulses, (9.51) simplifies
considerably and 7(k) becomes a universal function characterizing the system
relaxation. In this case, the relaxation speed 7=!(k) does not depend on the
force (E or VT) causing the deviation of the distribution from the equilibrium
function but characterizes the conductor itself. Taking into consideration the
scattering elasticity ¢’ = € as well as (9.50), we obtain from (9.51) a simple

expression for the relaxation time’:

% = Wk, k) (1 - ’2—’2) (9.52)
™

This simple expression for the relaxation time is valid when four conditions are
satisfied, namely, smallness of deviation from equilibrium (9.34), isotropy of
spectrum (9.30), scattering probability (9.48) and scattering elasticity ¢’ = e.
In the case where these conditions are fulfilled simultaneously the determina-
tion of the nonequilibrium distribution function is reduced to two independent
problems: the calculation of 7(k) from (9.52) and the solution of the differential
Boltzmann equation (9.39).

Section 9.4 is devoted to the calculation of 7(k) for different scattering
mechanisms. But here we shall present the solution of the Boltzmann equation
(9.39) in the relaxation time approximation.

We have found the solution of the Boltzmann equation (9.39) in the
absence of magnetic field (H = 0). It has the form of (9.44). Using this
solution we shall first find the constraints to be imposed on the electric field
and temperature gradient to satisfy the condition for linear approximation or

! Note that the relaxation time can also be introduced in the case of inelastic scat-
tering if the transition probability satisfies the condition W (k, k') = W (k, —k')
which takes place in the case of scattering by nonpolar optical phonons without
accounting for the dispersion. This conclusion follows immediately from (2.22).
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the condition for smallness of deviation of the distribution function f(k) from
the equilibrium function fo(k). If only the electric field is present from (9.44)
and (9.45) we have

f(k) = fo(k) — eT(k)(vEo) (=0fo/Oe). (9.53)

For a nondegenerate electron gas, fo(¢) = exp((u — €)/koT) and we obtain
from (9.53) an explicit form of the condition for small deviations (9.34):

ZBEO < koT, (954)

where [ = U7 is the mean free path.

It is seen from (9.54) that the energy acquired by an electron in the electric
field for one mean free path must be much less than the mean thermal energy
koT to satisfy an approximation that is linear in Ej or the nonequilibrium
addition f; < fo. A comparison of (9.54) with the applicability condition for
the Boltzmann equation (9.18) shows that the field for which linear approx-
imation is valid must be weaker by a factor A/I. Since in a nondegenerate
semiconductor A/l ~ 107!, linear approximation is valid up to rather large
fields Ep ~ 10*V /cm.

Accounting for ko7 ~ mv? the condition (9.54) can be rewritten as follows:

vg L 7, (9.55)

where vq = (er/m)Ey is the electron drift velocity and T is the mean value
of the thermal velocity.

In strong degenerate electron gas, instead of (9.54), (9.55) and (9.53), we
obtain the following inequalities

l{pweEy < p or wvg << v(w), (9.56)

where [(1) = 7(u)v(p) is the mean free path of an electron on the Fermi level,
va = (er(p)/m(w))Ey is the drift velocity, and v(u) is the electron velocity
on the Fermi surface.

We now consider the conditions to be imposed on the temperature gra-
dient. In the presence of a temperature gradient, from (9.44) and (9.45) we
obtain

T Oe

For nondegenerate semiconductors, (9.57) and (9.34) yield the following
inequality governing the applicability of the linear approximation of the
solution with respect to temperature gradient

F(k) = folk) — (k) L (VT (—%) . (0.57)

|/ koT —1|1|VT| < T. (9.58)

As in a nondegenerate semiconductor, we usually have |(u/koT) — 1| ~ 10,
so it can be said that the temperature variation over a length ~ 10/ must
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be much smaller than the temperature T itself to satisfy the condition of the
deviation from the equilibrium distribution (9.34).

In the conclusion of this subsection, we shall demonstrate the difference
of stationary distribution from equilibrium distribution in the k-space. To do
this, the solution (9.44) will be presented as follows:

7(k) 9fo
f(k) = fo(k) — —¢o( ) (9.59)
ok
Consider the action of the electric field and temperature gradient separately.
In the presence of an electric field ¢, = —eE), and, according to (9.59),
the stationary distribution f(k) is related to the equilibrium distribution as
follows:

o) = all) + e (2 (9.60)
FU8) % fo s+ 7(R)eBo /1) = folk — OK). (9:61)

It is seen that the stationary distribution f(k) is identical with the equilibrium
distribution fo(k) except that the coordinate origin in the k-space is shifted
from the point k = 0 to the point k — Ak = —7eEy/h. Figure9.1 shows
schematically f(k) and fo(k) in the case of a degenerate electron gas. This
result is clear from the standpoint of the influence of the electric field on each
quantum state. Indeed, it follows from p = F' that the variation speed k under
the action of the force F' = —eFEj is the same for all electrons. Therefore, the
distribution in the k-space will drift in the field, holding its shape invariant, at
a constant speed dk/dt = —eE\/h. However, scattering processes that tend to
return the system to the equilibrium state restrict this drift by Ak = —eEq7/h
and establish the stationary (time-independent) electron distribution in the k-
space (dash line in Fig.9.1). As seen from Fig. 9.1, the stationary distribution
f(k), in contrast to the equilibrium distribution fy(k), is nonsymmetric with
respect to the point k = 0. Therefore this state corresponds to a finite constant
current in a conductor.

f(k)’IP Jolk) Sk) 1 folk)

Fig. 9.1. Equilibrium (solid line) and nonequilibrium but stationary (dash line)
distribution functions for a degenerate electron gas in k - space: a) in the presence
of electric field, b) in the presence of temperature gradient
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Note, however, that the mean energy of the electron system in a stationary
state is equal to the energy in an equilibrium state. Actually, using (9.60) we
have

/ e(k) f(k)dk = / e(k) fo(k)dk, (9.62)

since as e(k) is an even function of k the addend of (9.60) does not make a
contribution to the integral (9.62). Physically, this is associated with the fact
that the electrons, moving in the direction of the electric field and accelerating,
reduce (due to their negative charge) their wave vector by Ak. The electrons
moving against the field increase their k by the same value (see Fig.9.1). As
(k) is an even function of k, on average the electron system energy does not
vary.

In the presence of the temperature gradient ¢g(e) = — (5;“) VT, accord-
ing to (9.59) the stationary distribution is

(e —w)7(k) VT 9 fo

f(k) = fo(k) + i T ok’ (9.63)
which can be presented in the following form:
- k)vVT

f(k) =~ fo (k + %T) = fo(k — Ak), (9.64)
where ( r(i)
_ TR

Ak = TH VT. (9.65)

In the case of a degenerate electron gas with a parabolic dispersion relation
w = h?k%/2m, from (9.65) we have

_ h (k) 2 2
Ak = =2 (K = k) VT, (9.66)

where m is the effective conduction electron mass, and kg is the wave vector
of an electron on the Fermi surface.

The function (9.64) is formally similar to (9.61). However, in contrast to
the electric field in the presence of a temperature gradient the shift Ak of the
stationary distribution relative to the equilibrium distribution fo(k) depends
on the value k. In particular, for &k = ko, Ak = 0 and f(ko) = fo(ko).
For electrons with k > kg the distribution shift is Vk < 0 if the electron
moves along the temperature gradient VT', and Ak > 0 if the electron moves
against VT, and vice verse for electrons with wave vector k < kg: the shift
is Ak > 0 for motion along the gradient and Ak < 0 if the electrons move
against VT'. An equilibrium distribution fy(k) and a stationary one f(k) for a
degenerate electron gas in the presence of the temperature gradient are shown
schematically in Fig.9.1b. As seen from this figure, in the presence of the
temperature gradient the smearing width of the Fermi level in the distribution
of electrons moving against VT becomes greater (left part of Fig. 9.1b), for the
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electrons moving along VT the smearing width of the Fermi level is smaller
(right part of Fig.9.1b) than the width for zero gradient of the temperature,
which is the same for all electrons.

This result can be understood from the following obvious considerations. A
crystal electron which is at the point 7y moving in the direction of increasing
temperature (in the direction of VT') has to experience its last collision at the
point where the temperature is less than T'(r) by 7oVT'. This suggests that the
distribution width for such electrons will be relatively smaller. Similarly, an
electron at the point » moving against V1 must experience the last collision
at a higher temperature. Therefore, the distribution width for such electrons
will be greater than the mean width.

Thus, a temperature gradient causes violation of the symmetric electron
distribution with respect to the point k = 0 (see Fig. 9.1b) and thereby causes
a finite electric current proportional to VT

Note that only for degenerate electron gases, as seen from Fig.9.1, the
behaviour of the distribution deviation would be different from the equilibrium
one depending on the causes of this deviation, namely: an electric field or a
temperature gradient. When the electron gas is nondegenerate, (¢ — u) > 0.
Therefore, as seen from (9.61) and (9.64), in contrast to the degenerate case a
shift of the stationary electron gas distribution relative to an equilibrium one
is of the same nature for disturbance by an electric field or by a temperature
gradient. In both cases, the shift occurs in a direction opposite to the action
of Eg or VT (Fig.9.2). In Fig. 9.2 the equilibrium (solid line) and stationary
(dash line) distribution functions for nondegenerate electron gas in k-space
are represented.

9.2.3 Solution of Boltzmann Equation with an Arbitrary
Nonquantizing Magnetic Field

We have shown that in the absence of a magnetic field in the 7 -approximation
the Boltzmann equation solution (9.39) has the form of (9.44). In this solution
the vector ®y(e) possesses an explicit physical meaning, namely a generalized
force disturbing the equilibrium electron distribution in the k-space. Obvi-
ously, in a magnetic field H this force will be different. The disturbing force,
changed by the magnetic field, will be denoted as ®(e) = ®(e, Ey, VT, ).
Then, the general solution of equation (9.39) will be

Fig. 9.2. Equilibrium (solid line) and stationary (dash line) distribution function
for a nondegenerate electron gas in k-space



9.2 Solution of Boltzmann Equation in Relaxation Time Approximation 337

f(k) = fo(k) — 7(k)(v(k)®(e))(Dfo/Oz). (9-67)

Thus, the problem is reduced to finding the disturbing force ®y(¢) in a mag-
netic field. To do this, substitute (9.67) into equation (9.39) and take into
account that it is possible to confine oneself to the equilibrium function in
the terms V,.f and EgVyf, while in the term involving the magnetic field,
[vH], it is necessary to retain the nonequilibrium addition since, according to
(9.42), in a zero approximation this term is identical to zero. As a result, in a
first nonvanishing approximation for ®(¢), we obtain the following equation:

(v®o) + hic (V) V. (T0®) = (v), (9.68)

where ®g is defined by (9.45).
To solve the equation (9.68), it is convenient to introduce the vector

P(e) = 1(k)2(e), (9.69)

which has the significance of the impulse of a disturbing force in the magnetic
field.
Then, P(e) will satisfy the equation

e 1
@ — [vH]|V,(vP) = —(vP). .
() + - WH] V. (0P) = —=(0P) (9.70)
Let us transform the expression V, (vP(e)) using the known formula of the
vector analysis

Vi(vP) = (PV,)v+ (vV,)P + [vrot P] + [Protv]. (9.71)

The last term in (9.71) vanishes since rotv = (1/h)rotgrade(k) = 0. It
is known that in the case of a spherically symmetric zone the velocity v is
directed along the k-vector and is determined by the expression (9.49). Taking
this into consideration it is easy to show that the first term of the right-hand
side of (9.71) is

(PV,)v = 2”;““) % (mzk)) (kP)v + %P. (9.72)

By means of direct calculation it is possible to obtain

2
oP, . 0P, 8Pz> L

(VV)P + [vrot P] = (k‘x— +k +kz¥ e

Oe Y 0e
Substituting (9.72) and (9.73) into (9.70) and considering that all terms con-
taining the velocity v vanish on scalar multiplication by [vH] we obtain the
equation
et (k)
em(k)

(VD) + ([v#)] @) = (VD), (9.74)
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where, according to (9.69), we have gone on from P(g) to the sought vector
D(e).

The value m(k) entering into equation (9.74) is the effective mass of charge
carriers in the case of an isotropic band:

ok

m(k) = thaE(k).

(9.75)

Assuming v # 0 we obtain from (9.74) an ordinary vector equation for ®(g):

e 7(k)
Pot k)

To define ®(e) from this equation we shall proceed as follows. Equation (9.76)
is multiplied by H scalarly to give

[HD| = . (9.76)

(H®y) = (HD). (9.77)
Next, (9.76) is multiplied by H vectorially from the left:

e 7(h) rag _ € 7(h)

cm(k) cm(k)

[HDo| = (H®)H + [HD). (9.78)

From the last three equations it is easy to derive the final expression for the
disturbing force in the magnetic filed ®(¢):

{% + S [H®y] + (%)2 H(cho)} . (9.79)

o)

T 12

Here
v =Qr, (9.80)

where ) = eH/em(k) is the cyclotron frequency.

The function (9.79), together with (9.67), gives the general linear solution
of the Boltzmann equation with an arbitrary nonquantizing magnetic field
for an arbitrary isotropic band in the relaxation time approximation. This
solution in the above approximation forms the basis of the theory of electron
transport phenomena in the classical domain. The applicability limits of this
solution are defined by the inequalities (9.24) and (9.26).

Now we shall take note of some general conclusions resulting from the
solution (9.79) for an isotropic band.

First, when the magnetic field H is directed along the disturbing force @y,
from (9.79) it follows that

D(e) = Py(e), (9.81)

i.e. in conductors with an isotropic dispersion relation the longitudinal mag-
netic field (H||®g) does not change the disturbing force and, consequently,
there are no longitudinal effects in such conductors.
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Second, if the magnetic field H is perpendicular to the disturbing force
g, then from (9.79) we have

1

P(e) = ——
() 1402

{q)o + 87 [cho]} : (9.82)
cm

i.e. there will appear a disturbing force component perpendicular to H
and ®y which corresponds to the appearance of the current in this direc-
tion and, consequently, the appearance of such transverse effects asHall,
Nernst—Ettingshausen effects, etc.

Third, if we consider the projection of the disturbing force in the magnetic
field ®(e) on the direction of the vector ®¢, then from (9.79) we obtain

1+ 12 cos?
B(e) = %@0(5), (9.83)
where « is the angle between the magnetic field H and ®.

For a = 0, the first case (9.81) follows from (9.83). When a # 0, i.e.
when there is a transverse component of the magnetic field with respect to
the direction ®g, the projection of the disturbing force is less than the force
in the absence of the field: ®(g) < ®g(e). This means that in the presence of a
transverse magnetic field the specimen conductivity is less than that without
the field. That is, the specific resistance in the magnetic field, i.e. the magnetic
resistance, must increase.

At the end of this subsection we shall emphasize the following circum-
stance. As seen from (9.79), the magnetic field H enters into the Boltzmann
equation solution in terms of a nondimensional parameter v = Qr =
(eH /mc)T. The question arises whether it is possible to apply the solution
(9.79) to fields for which this nondimensional parameter is much greater than
unity, i.e.

me
V:QT>>1OI‘H>>;EH0 (9.84)

as we know that the Boltzmann equation itself is applicable to magnetic fields
with an upper bound set by the condition (9.24). In other words, are the
conditions (9.84) and (9.24) compatible? If we combine these two conditions,
we shall obtain

koT
(Tho ) Hy > H>> H,. (9.85)

According to (9.56), we have (ukhg) > 1; therefore the double inequality
(9.85) may take place. Consequently, the conditions (9.84) and (9.24) are
compatible and there is an extensive range of the magnetic field magnitude
for which the condition (9.84) is fulfilled while the quantization has not yet
begun.
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9.3 General Expressions of Main Kinetic Coefficients

The results obtained in the previous sections allow us to construct the trans-
port phenomenon theory in conductors with a spherically symmetric band. In
this section we consider an arbitrary isotropic band and obtain the general
expression for main kinetic coefficients.

All kinetic coefficients of interest measured in experiments can be expressed
in terms of galvanomagnetic and thermomagnetic tensor components o, G
and k4. In order to obtain an explicit form of these tensor components it
is necessary to find the relation of current density and energy flux to electric
field and temperature gradient. The afore-named relation is realized by means
of conductivity tensors.

9.3.1 Current Density and General Form
of Conductivity Tensors

Substituting the general solution of the Boltzmann equation (9.67) into (9.1)
and (9.2) we shall obtain for the current density and energy flux:

i =1 [ e wmeE) (G2 ) a. (9.56)
w = _41? / (e — wr(r)w (k) (v (k)B(e)) (%f()) dk.  (9.87)

Proceeding to a spherical coordinate system in the k-space and integrating
over the angles we obtain for the current density and energy flux components:

ji = 37r—§h?/ (%)27(@@(5) (%f°> K2dk, (9.88)

w; = _Fih?/ (%)2 (e — p)7(k)®;(2) (%h) k2dk.  (9.89)

Passing from the integration over the wave vector magnitude to integration
over energy, we have:

=g [ (F52) m e (9:90)
wi=g [ (-52) - widuErREeE oo

Here such definition of the electron effective mass for the arbitrary isotropic
band 1/m(e) = (1/h%k)(0e/0k) is used.

It is seen that the current and energy flux density components are governed
by the respective components of the force ®(e), whose explicit form is derived
from the Boltzmann equation solution and was presented in (9.79). Without
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loss of generality assume that the magnetic field is directed along the z-axis:
H, = Hy =0, H, = H. Electric field and temperature gradient are in a
zy-plane. Then, according to (9.79), the components of ®(g) will have the
following form:

1
CI)I = T U2 ((I)om — V(I)oy) 5 (992)
Oy = 1= (Poy +vPoq), (9.93)
®, = ., (9.94)

where ®¢;, ®o, and Do, are given by the formula (9.45).

From (9.90) and (9.94) it follows that the longitudinal current density com-
ponent j, does not depend on the magnetic field, i.e. there is no longitudinal
magnetoresistance for a spherical band, as might be expected.

Using (9.92) and (9.93) in (9.90) we obtain the following expressions:

Je = o11Ey —012Ey — 11V T + 12V, T,

jy =o12F; + 0’11Ey — 12V, T — ﬂuvyT (995)
for the current density components in conductors with a spherically symmetric
band in an arbitrary nonquantizing magnetic field.

From (9.92), (9.93) and (9.91) while accounting for the lattice ther-
mal conductivity k,n, we obtain for the energy flux density the following
expressions:

Wy = TﬂllEz - T512Ey - (Hll + th)VzT + HIQVyTa
Wy = TﬁlgEz + TﬂuEy — k12 VT — (I{u + nph)VyT. (996)

Kinetic tensor components included in expressions (9.95) and (9.96) have the
following form:

YN o)1 v
011 = ne <Em>, g12 = ne <E1+y2>’ (997)
ne /1 (e — ) ne /7 (e — v
__me /T _ ne/frle—py 9.98
P11 T<m1+u2>’ B2 T<m T2 ) (9.98)
n /1 (e—p)? n /7 (e—p?v
_n/rle—p” _n/rlezpwy 9.99
i T<m 1+V2>’ 2 T<m 1402 (9.99)

The averaging symbol (...) denotes integrals of the following form

1 [ 0fo) s
A = ——— | k°(e)A(e)d 1
U6 = g [ (-2 ) P A= (9.100)
where n is the conduction electron concentration, v = Q7.

In (9.95) and (9.96) we took into account the symmetry of the conductivity
tensor components: 091 = —012, 022 = 011, B21 = —Si2, foz = P11, k21 =
—K12, Kag = K11, which follows from the general formula (9.4).



342 9 Non-Equilibrium Electron Gas in Solids
9.3.2 General Expressions of Main Kinetic Coefficients

Below we shall give definitions of the basic kinetic coefficients.

Galvanomagnetic Effects

Hall effect, i.e. the initiation of a transverse electric field E, in the presence
of a current j, in the x -direction and in the absence of current j, if the
magnetic field is directed along the z-axis is determined from the conditions
Jjy =0, VT = V,T = 0 and characterized by a constant R. Then we have

R=E,/j.H. (9.101)

Resistance in a magnetic field is determined from the conditions: j, = 0,
V2T = VT = 0. Then we have

p(H) = Ey/jo. (9.102)

Nernst effect, i.e. the initiation of a longitudinal temperature gradient in the
absence of heat flux in this direction: w, =0, j, = 0, V,7 = 0. Then we have

B =V,T/js. (9.103)

Note that this effect also takes place in the absence of a magnetic field. The
presence of a transverse magnetic field alters only the value B.
Ettingshausen effect, i.e. the initiation of transverse temperature difference
in the presence of electric current in the z-direction (j, # 0) and in the absence
of current in the y-direction: j, = 0, w, = 0, as well as in the absence of the
gradient V,T = 0. Then for the Ettingshausen coefficient P we have

P=-v,T/Hj,. (9.104)

Thermomagnetic Effects

Transverse Nernst-Ettingshausen effect, i.e. the transverse electric field E,
associated with a temperature gradient V, T is determined from the conditions
Je = jy = 0, VT = 0 and characterized by the coefficient Q:

Q=—-Ey/HV,T. (9.105)

Longitudinal Nernst—FEttingshausen effect, i.e. the variations of the ther-
mopower in a transverse magnetic field is found from the conditions j, =
Jjy =0, VT # 0. Then we have:

a(H) = E,/V,T. (9.106)
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Maggi—Righi—Leduc effect, i.e. the thermal conductivity variation in a trans-
verse magnetic field is determined from the conditions j, = j, =0, V, 7' = 0.
Then we have:

k(H) = —w,/V,T. (9.107)

Righi-Leduc effect, i.e. the transverse temperature difference V, T associated
with the presence of the gradient V7T is determined from the conditions
Jz = jy = 0, wy = 0 and characterized by the coeflicient S:

S =-V,T/HV,T. (9.108)

Proceeding from the definition of the main kinetic coefficients and the relations
(9.95) and (9.96) it is easy to show that the kinetic coefficients are found in
terms of the components o;x, Bir and kg in the following way:

resistance in a transverse magnetic field

p(H) = o11(0F; +07a) 7, (9.109)
Hall coefficient
R=—H 'o15(c3, +0%y)7", (9.110)
transverse Nernst—Ettingshausen effect
Q=H " (012611 — o11p12) (0F; + 012) ", (9.111)
thermopower in a transverse magnetic field
a(H) = (on1pu + o12612) (01, + 072) 1, (9.112)

thermal conductivity in a transverse magnetic field
k(H) = kph + k11 — TBna(H) — TH 120, (9.113)

Righi—Leduc coefficient

= %@ [TH311Q — Thiza(H) + kz] (9.114)

Nernst coefficient B and Ettingshausen coefficient P can be expressed by
a(H), Q and k(H) as follows:

B =Ta(H)/s(H), P=TQ/k(H). (9.115)

Substituting expressions (9.97)—(9.99) into (9.109)—(9.112), for the first four
kinetic coefficients we obtain

1 1 T 1
p(H) = TB<ET> (9.116)

1 1 /7 v
R__n62H5<E1+1/2>’ (9.117)
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ko 1 T 1 T vT T x T v
@=Dm {<m+yz> <a1+uz> - <E1+Vz><a1+yz>} o (9118)

o= (b ) )+ (e ] )

(9 119)

where n = u/koT is the reduced chemical potential, x = ¢/koT is the reduced

energy, and
p=(7T 1V (L1 Z ’ (9.120)
S\ m1+2 ml+v2/ '

The formulae (9.116)—(9.119) are common for conductors with an arbitrary
isotropic band. Using the above-mentioned formulae (9.116)—(9.119) it is
possible to calculate other kinetic coefficients B and P.

Using the above-mentioned general formulae it is possible to consider var-
ious limiting cases: absence of a magnetic field (v = 0), weak (v < 1) and
strong (v > 1) magnetic field.

From formulae (9.116)—(9.119) it follows that for determination of analyt-
ical dependences of kinetic coefficient it is necessary to know an explicit form
of the dispersion law ¢(k), and also the dependence of effective mass m and
relaxation time 7 from energy. Let us note that components of kinetic tensors
include only the relation 7/m.

The dispersion law is determined from the decision of Schrédinger’s equa-
tion and the finding of the dependence 7(¢) is determined from the theory of
scattering. The following section is devoted to calculation of the relaxation
time for various scattering mechanisms.

9.4 Main Relaxation Mechanisms

In this section we shall consider some basic mechanisms of charge carrier
scattering in conductors with the isotropic dispersion relation and give the
respective relaxation times.

In the case where it is possible to introduce the notion of relaxation time
the problem of transport phenomena theory is greatly simplified and is divided
into three essentially independent problems: (1) the Boltzmann equation solu-
tion in the relaxation time approximation; (2) calculation of the current
densities and energy flux, and consequently the calculation of kinetic coef-
ficients measured experimentally; and (3) calculation of the relaxation time
7(k) for different scattering mechanisms. We have solved the first and sec-
ond problems in the preceding sections/chapters. The present section/chapter
deals with the third problem.

We shall dwell upon some basic mechanisms of charge carriers’ scattering
and derive the respective expressions for relaxation time for any spherically
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symmetric band. As seen from (9.52), in order to calculate the relaxation
time 7(k) it is necessary to know the probability of transition of a charge
carrier W (k, k") from one state with wave vector k to another with k' due to
scattering by lattice defects.

Using the method of the nonstationary disturbance theory it is possible to
show that the transition probability during unit time takes the form:

R 2
Wk, k') = 2% (®' || k)| (e — <), (9.121)

where H' describes the interaction of the electron with impurities (defects) or
with phonons, considered as a small disturbance.

This formula underlies the theory of charge carrier scattering. Therefore,
note once again the conditions under which the formula (9.121) was derived.

First, the formula (9.121) was derived in the first order disturbance theory
which imposes the condition H' < H on the disturbance magnitude (ET is
the nondisturbed Hamiltonian). This corresponds to the Born approximation
in the scattering theory.

Second, the disturbance action time At¢ must be much less than the time
between two successive disturbance inclusions, i.e. At < 7, where 7 is the
relaxation time. Only with the fulfilment of this condition is the Boltzmann
equation considered fair.

Now we shall go on to a discussion of particular scattering mechanisms
using the formulae (9.52) and (9.121).

9.4.1 Charge Carrier Scattering by Ionized Impurity Atoms

At low temperatures for which lattice oscillations are not intensive and phonon
gas is rarefied, the basic scattering mechanism in conductors is the scattering
of charge carriers by impurity atoms.

In the present problem in the plane-wave approximation the following
expression for the transition probability takes place:

2

2 Ny /U('r)exp [i(k — K\ )] dr| 6(ep —ex).  (9.122)

Wk, k) = 25

where N; = N/V is the impurity atom concentration, and U(r) is the
scattering potential.

The general formula (9.122) can be used to calculate the transition prob-
ability in the case of scattering by different potentials produced by impurity
atoms or lattice defects.

Impurity atoms usually form discrete energy levels in the energy gap near
the edges of allowed bands. They are therefore ionized easily, and at low
temperatures the main mechanism is scattering by impurity ions. A positive
(donor) or a negative (acceptor) impurity ion generates a long-range Coulomb
field with potential ¢ = +e/ser at a point r of the semiconductor lattice,
where & is the dielectric constant of the crystal, and e is the ion charge.
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If in (9.122) U(r) = ep = +e?/ear is used as the disturbance potential and
the relaxation time is calculated in accordance with (9.52), it is easy to see
that 7—! diverges logarithmically, and consequently the notion of mobility
loses its sense. In order to obtain a finite time of relaxation (and mobility) it
is necessary to make an attempt to somehow confine the sphere of action of
the Coulomb impurity ion potential. The first attempt to solve this problem
was made by Conwell and Weisskopf. They confined the ion action to a sphere
of radius equal to half of the mean distance between adjacent impurity ions.
This seemingly artificial approach provided a qualitatively correct result for
the temperature dependence of mobility at low temperatures.

A more rigorous consideration of the problem of charge carrier scattering
by impurity ions consists in taking account of the Coulomb potential screening
by charge carriers. In this case, the potential of a singly ionized impurity atom
at a point distance r from the ion location can be presented as

o(r) = x(e/eer) exp(—r/ro), (9.123)

where 7y is referred to as the radius of ion field screening and is defined
generally by the formula

ro? = (4e?/z) / (—0f0/0e)g(e)de, (9.124)

where fo(e) is the equilibrium electron distribution function, g(e) is the state
density for an arbitrary isotropic band defined by the formula

g(e) = (1/7*)k*(e)dk(e) /de. (9.125)

Using the scattering potential U(r) = ep(r) in (9.122) and accounting for the
spherical symmetry of this potential we obtain for the transition probability
the expression

Wk, k') =

. 2\ 2 L
2r Ni (4776 ) Oew —ek) (9.126)

AV ® [(k—k/)z—i—razf

As noted above and as seen from (9.126), scattering by impurity ions is elastic.
Therefore, this process can be characterized by the relaxation time and it is
possible to use the formula (9.52). Substituting (9.126) into (9.52) and going
on to spherical coordinates with polar axis along k integrating with respect
to k' using d-functions, and taking into account that the root of the equation
e(k') = e(k) is k' = k, we finally obtain for the relaxation time the expression

hae? o [ Oe
= N ) (%) (9.127)

3
(1+¢)’

7(k)

where

Fimp(k) =In(1 +¢) — € = (2kro)>. (9.128)
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In the case of a simple parabolic band accurate to a slowly varying factor
Finp (k) we have from (9.127) 7 ~ &%/2, or
() = Z2Cma) (T2 (e 8/
T(e) = — ,
7T64N7;Fimp(€) k‘oT

where Fiy,(¢) is given by (9.128) with & = 8myerd/h%. By virtue of (9.124)
the screening radius in this case is

(9.129)

o kol F3)9
= . 9.130
"0 67T€2n F1/2 ( )
It is easy to obtain
%koT 1/2
for nondegenerate electron gas, and
aeh? 7\ 1/3]1/2
ro = [4m - (3—n) } (9.132)

for strongly degenerate electron gas.

It is possible to consider two limiting cases depending on the value of the
product krg.

For kro > 1 we have from (9.127) and (9.128)

hee? Oe 1
k) = B ) — - 9.133
(k) = 5w, <8k> In(4%2r2) (9.133)
It is seen that for rg — oo, 7(k) — 0. Thus, to obtain a finite mobility
it is necessary to take into account the impurity ion of Coulomb potential
screening.
For krg < 1 we obtain from (9.127) and (9.128) the following expression

hae? _, (Oe

In this limiting case of strong screening a charged impurity atom behaves as
a point defect with a short-range potential.

For a nondegenerate electron gas with a parabolic dispersion relation we
shall write down, according to (9.129), an explicit form for the applicability
condition of the Boltzmann equation in the case of scattering by a weakly
screened charged impurity atom (9.133). The condition 7(koT') > h/koT
imposes the following restrictions on the impurity ion concentration Nj:

a2 (2my,) Y2 (koT)%/?
mhet In(8mypkoTr3/h2)
At such impurity ion concentrations, charge carriers’ scattering occurs as a
separate event by different centres and the mean free time between two suc-

cessive collisions becomes much larger than the time of the carrier’s presence
in the scattering ion field.

N, <«

(9.135)
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9.4.2 Charge Carrier Scattering by Phonons in Conductors
with Arbitrary Isotropic Band

At relatively high temperatures, charge carriers’ scattering by phonons
becomes the dominant relaxation mechanism. This occurs because of two rea-
sons. First, according to (9.129), the relaxation time defined for scattering
by impurity ions, 7; ~ /2, increases as the temperature (energy) 7; rises, so
that this mechanism is not too effective; in other words, charge carriers of high
energy easily go past the impurity ions without changing their motion direc-
tion, i.e. without scattering. Second, as the temperature increases, the phonon
number rises, and consequently the probability of the charge carrier-phonon
“collisions” increases.

Now we shall lead the relaxation time for charge carriers’ scattering by
phonons of various types: acoustic, nonpolar and polar optical phonons. To
do this, it is necessary to find explicitly the Hamiltonian of the disturbance
H describing the conduction electron interaction with the various types of
phonons.

Scattering by Acoustic Phonons, Deformation Potential Method

The conduction electron-lattice interaction energy A" is in essence electron
energy variation due to lattice oscillations. This variation, which is due to
electron motion disturbance, can be found using different methods. The first
method of the determination of .77’ was based on Bloch’s assumption of
deformed ions.

Here, we shall use the method of deformation potential which was proposed
by Bardeen and Schockley. The essence of this method is as follows.

When an elastic wave propagates in a crystal, an elementary cell becomes
deformed and changes its volume (the lattice constant changes), which results
in a variation of the positions of the bottom of the conduction band and the top
of the valence band as the bandwidth is sensitive to the lattice constant value.
It is the former variation that is the energy of the interaction of conduction
electrons with lattice oscillations. Obviously, it must be related to the shift
value. It is known that for acoustic oscillations at ¢ — 0 all atoms in the
elementary cell oscillate in phase. Then, in this case, it is possible to write the
following expression for the shift wacous(7):

3
tacous(r) = %N S°3 " e;(q) {b;(q) expliqr) + b (q) exp(—igr)}, (9.136)

q j=1

where e;(q) is the polarization unit vector, g is the wave vector, and b;(q) ~
exp(—iw,;(q)t) are the complex normal coordinates that depend harmonically
on time.

Since for long-wave acoustic oscillations the elementary cell almost does
not deform (only the centre of mass oscillates), the interaction energy cannot
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be proportional to the shift itself, but must be a linear function of the first
shift derivatives wacous(7") With respect to the coordinates:

A = Bydiv Uacous(T), (9.137)

acous

which is referred to as the deformation potential and the coefficient of pro-
portionality E; as the deformation potential constant which is to be obtained
experimentally (~10eV).

Considering formulae (9.136) and (9.137) we shall have for the probability
of electron transition from the state k to the state k&’ owing to the interaction
with acoustic phonons the following final expression:

Woacous(k, k') = Zwl AL (@) + A (a)) (9.138)
where
N 11
Akk’ (q) =|Ng+ 5 F 3 5(61« — e F hw(q))ékgkiq (9.139)
and B2
_ _mhbiq
wi(@) = 7o Mo(g) (9.140)

where w(q) is the longitudinal acoustic phonon frequency.

The first term in the right-hand side of the expression (9.138) is the transi-
tion probability k — k' due to phonon absorption, while the second is due to
phonon emission; the ¢ -functions and d-symbols entering into (9.138) express
the laws of energy and impulse conservation respectively:

e =ep +hw(q), kK =k+gq. (9.141)

It is seen that scattering by acoustic phonons is, generally speaking, not elastic.
However, we shall show that at not very low temperatures this process is of
an elastic nature. To do this, using w(q) = vpq and the impulse conservation
law ¢ = |kz' — k:| we estimate that

hw(q) 'U()\/ mkoT /To < 1

= (9.142)

€k
where we have assumed that A |k’ — k| ~ vVmkoT, & ~ koT. In the expression
(9.142) Ty = mv3 [ ko, vo is the sound velocity in crystal, and m is the effective
mass of the charge carriers. Assuming that m ~ 10728g, vy = 3 x 10° cm/s
we obtain Ty ~ 1K. Thus, at T > Ty =~ 1K the energy of absorbed or
emitted phonons is negligible compared with the charge carrier energy, and
the scattering is almost elastic. Therefore, in the calculations where applicable
we can assume fiw(q) < € and neglect the phonon energy.
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In the case of a degenerate electron gas, we have &, =~ pp and the ratio

hw To
hotg) <1, (9.143)
Ek Tdeg

where Tgeg = fir/ko is the electron gas degeneracy temperature. Thus, the
nonelasticity of scattering can be neglected for both nondegenerate and degen-
erate electron gases. In addition, as seen from (9.142), hw(q) < koT'; therefore
it is possible to expand the Planck function. Then we have

N, + 1~ N, ~ koT/hw(q). (9.144)

As electron scattering by acoustic phonons is elastic it is possible to neglect the
phonon energy in the arguments of the d-functions in (9.139). Then accounting
for (9.140) and (9.144) after a trivial summation over g using the impulse
conservation law we obtain from (9.138) a simple expression for the probability
of the transition k — k' in the case of scattering by acoustic phonons:

2r E?
Wacous(k, k') = = ho? —LkoT6(er — &) (9.145)
Then it is possible to substitute (9.145) into (9.52) and calculate the relaxation
time: k!
1 2r E?
— = —5koT 1— — | d(ep —eg). 9.146
7(k) ~ MN g ; ( kk) (& = ex) (9.146)

Hence, it follows that in the summation over k' the second term yields zero.
Consequently, in the elastic approximation and when (9.145) is fulfilled the
arrival in the k-state from every possible k’-state during the relaxation is of
no account.

Later we shall consider an arbitrary isotropic, i.e. spherically symmetric
band, and turn the summation over k" in (9.146) into an integral. If in the
integral obtained the volume elements in k’-space are written in spherical
coordinates, the integral over the angles will yield 47 while the integral over
the magnitude k&’ can be taken using d-functions. As a result, we shall obtain
for the relaxation time the expression

_whp v 1 [0Oe
) = B e ( =), (9.147)

where p = M N/V is the crystal density.
In the case of a standard band, we have e, = h?k?/2m,, and from (9.147)
follows the well-known formula

2nh pvg e\ M2
k)= ———-170 [ = 9.148
(k) E2(2mnkoT)3/2 (k0T> ’ (9.148)
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from which it is seen that the relaxation time of the charge carriers with
respect to acoustic phonons is 7 ~ T~ te=1/2,

Scattering by acoustic lattice oscillations takes place in all crystals irre-
spective of the elementary cell complexity. However, if the crystal has a simple
lattice (one atom in each elementary cell), scattering by acoustic oscillations
is the only mechanism of charge carrier-lattice interaction. In those crys-
tals where the lattice is complex, i.e. two or more atoms or ions are in each
elementary cell, alongside with scattering by acoustic oscillations there are
other mechanisms of charge carrier—lattice interaction which are sometimes
more important than acoustic scattering. They include scattering by nonpo-
lar and polar optical lattice oscillations. We shall dwell upon these scattering
mechanisms separately.

Scattering by Nonpolar Optical Phonons, Deformation
Potential Method

It is known that for long-wave optical oscillations ¢ — 0 atoms in an elemen-
tary cell oscillate almost out of phase so that the center of gravity remains
immovable. Therefore, in this case the crystal deformation and accordingly
the band edge variation, i.e. the interaction energy, will be proportional to
the shift of any atom in an elementary cell u(r):

Z erj(q g)exp(igr) +b"j(q)exp(—igr)}.  (9.149)

Consequently, the interaction operator of the charge carriers with optical
lattice oscillations can be presented as

= ZA uj, (9.150)

where wu; is the shift corresponding to the jth branch, A; is a constant vector
that is governed by the symmetry of arrangement of the charge carrier energy
band minima.

For the sake of simplicity, let us consider the scattering of charge carriers
as occurring at a specified minimum on one optical branch, and present the
vector A in the form

A = Egb,, (9.151)

where by = (m/a)g is the reciprocal lattice vector, a is the lattice constant,
g is a unit vector directed from the Brillouin zone center towards the mini-
mum, and F, is the optical deformation potential constant with dimensions
of energy.

Taking account of the last two relations as well as (9.149), we shall find for
the Hamiltonian of the deformation interaction of the electrons with long-wave
optical lattice oscillations the following expression:
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Ay =T T S0 Baresptian + @ eat-ian) (0152

As a result, for the transition probability k — k' due to scattering by non-
polar optical phonons we obtain, similarly to (9.138), the expression

Wopt(Ky k') Zwo Al (@) + A (), (9.153)
where A, (q) is given by the formula (9.139) and

wolq) = nE3 (7T

2
2
— (= . 9.154
NMuw(q) a) (ge) ( )
If optical phonon dispersion is not taken into account, i.e. we assume that at
q—0

w(q) = wo (9.155)

the expression under the sum sign in (9.153) will not depend on the phonon
wave vector ¢ and the summation over q¢ becomes trivial. We then have

Wopt (ky k') = wo [Nod(ep — e — hw(q)) + (No + 1)8(ep — £x + hw(q))]

(9.156)
where o )
wo(q) = NWMZJO (g) (9.157)
and
No = [exp (hwo/koT) — 1] (9.158)

is the number of optical phonons with the limiting frequency wg at tempera-
ture T'. During the transition from (9.154) to (9.157) we have assumed that
(ge) =

The optical phonon energy hwg is not small and scattering in this case
is essentially nonelastic. Therefore, generally speaking, scattering by optical
phonons cannot be described by the relaxation time. However, if the transition
probability W (k, k') is an even function of k', i.e. W (k, k') = W (k, —k'), the
relaxation time can be introduced even in the case of nonelastic scattering.
Indeed, if in (9.36) we take into account W(k,k') = W (k,—k') as well as
a nonequilibrium addition to the distribution function f; ~ k', then in the
summation over k' the second term in (9.36) vanishes, and the relaxation time
assumes the form

o folew)

s Zszk)l_fo( % (9.159)

It is seen that in this case relaxation is governed by the process where electrons
leave the k-states while the process of arriving in this state is of no account.
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The above condition W (k, k") = W (k, —k') is satisfied by the scattering
probability of the charge carriers with the isotropic dispersion relation (9.156)
by nonpolar optical phonons with limiting frequency wg. Substituting (9.156)
into (9.159) and going over to integrate over k' shall obtain for the relaxation
time the following

1 Vwy No hwo \ 0
) = on2 7o) |:f()(€ + hwo) exp (ko_T> %kS(g + hwg)
+ O(e — hwo) fole — hwo)%k?’(s - hwo)} , (9.160)

where ©(z) is the step function: ©(x) = 0 at z < 0, ©(z) = 1 at = > 0,
and k(g) is an arbitrary function of energy which establishes the dispersion
relation of charge carriers.

Note that (9.160) is the general expression for the relaxation time in the
case of scattering by nonpolar phonons from which all particular cases follow.
At high temperatures when ko7 > hwg and it is possible to neglect the
nonelasticity, 7 does not depend on the degree of degeneracy of the carriers,
and the following simple expression for the relaxation time of an arbitrary
isotropic band follows from (9.160), taking into account (9.158):

1 [hwo\® pa® 1 [ 0e
E=——) —= | =) 9.161
(k) wh(Eo) koT K2 \ Ok (6.161)
A comparison of this formula with (9.147) shows that the function 7(e,T)
at high temperatures in the cases of scattering by acoustic phonons and by
nonpolar optical phonons is the same: 7 ~ T~1k=2(g) 2=.
For a parabolic band we have k(¢) = (1/h)(2m,e)'/?, and it follows from

(9.161) that
2 (hwo 2 h?pa® e\ M2
e =g ( Ey ) (2makoT)32 \koT ) (162

In the case of a nondegenerate electron gas, (9.160) assumes the form (9.162)
at high temperatures koT > hwg, e > fuwg, while at low temperatures koT <
hwg, € < hwy the phonon emission process is not possible and

1/2 2,2
_ V2 (hw)'/? Wpa (Z:J_;) (9.163)

= —— > ¢
T E? m3/?

which depends only on the absorption of phonons with energy ¢ < hwg. It
is seen that at low temperatures the relaxation time for scattering by non-

polar optical phonons does not depend on energy but rather on temperature
exponentially.
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Scattering by Polar Optical Phonons

The mechanism of scattering by nonpolar optical phonons discussed in the
preceding subsection is the only mechanism of interaction of the charge car-
riers with optical oscillations in crystals with a covalent bond, i.e. homopolar
crystals. Among these are semiconductors of the n-Ge type. The elementary
cell of these crystals consists of neutral atoms, and therefore in case of optical
oscillations only deformation potential occurs. However, in heteropolar crys-
tals, i.e. ion crystals (NaCl, KCl, etc.) or crystals with an ionic fraction of the
chemical bond (compounds of the A’/ BY type such as InSb, GaAs etc.), for
optical lattice oscillations electric polarization occurs alongside with deforma-
tion potential, which causes additional interaction of these oscillations with
charge carriers. This mechanism, which is referred to as scattering by polar
optical phonons, is more significant in many crystals than scattering by acous-
tic and optical deformation potentials. The present point is devoted to this
scattering mechanism.

Let us consider a cubic crystal with an ionic fraction of the chemical
bond with two ions in an elementary cell (semiconductors of the A”*f BV and
AT BVT types). Long-wave optical oscillations are of interest to us when ions
of different signs, shifting towards opposite sides, cause lattice polarization.
Such polarization propagates in the crystal and forms a polarization wave.
The polarization vector which occurs in this case at the point r has the form

2 1/2
P(r) = (%) (ug — ug), (9.164)

where My = M1 Ms/ (M7 + Ms) is the reduced elementary cell mass, My, Ms
are the ion masses, w(q) is the frequency of the longitudinal optical phonons,

1/ = 1/0 — 1/, (9.165)

where &, and &, are, respectively, the high-frequency and static dielectric
constants of the crystal, and N is the number of elementary cells in the crystal
of volume V.

Accounting for (9.149) the expression (9.164) assumes the following form:

2\ 1/2
P = () S X e bl@elian + @ e(-ian),
q j=4,5,6
(9.166)

where M = M; + My is the elementary cell mass.

The polarization vector P(r) is equivalent to the presence of a bound
charge with density p,(r) = —div P(r), which corresponds to the scalar
potential ¢ satisfying the Poisson equation

Vo = —dnp, = 4w div P(r). (9.167)
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Substituting (9.166) into this equation it is possible to find ¢ and thereby
find the disturbance energy %‘;’01 = *ep related to optical polarization lattice

oscillations. As a result, we have

R . Q}Q 1/2
e (TUEY) Y Y e (i@ estan)

q j=4,5,6
+b%;(q) exp(—igr)}. (9.168)

It is seen from this expression that the charge carriers interact only with the
longitudinal optical polarization oscillations, for which e;||q and (e;q) = q.
Therefore, only one term remains in the sum over j, and in further discussions
we shall omit the index showing the branch number.

Following the same procedure as in the case of scattering by acoustic
phonons, it is easy to obtain from (9.168) the transition probability k — k'
caused by interaction of the charge carriers with polar optical phonons:

Who(k, k') = 3 w(q) (AL (a) + A (0)), (9.169)

q

where A7, (q) is given by the formula (9.139) and

_4m?etw(q)
 Vearg?

w(q) (9.170)

where w(q) is the longitudinal optical oscillation frequency.

If the optical phonon dispersion w(g) = wp is not taken into account, the
summation over q in (9.168) using the impulse conservation law yields the
closed expression for the transition probability in the case of scattering by
polar optical phonons

4m2e? w
Wpol(k, k') = Ve (k) [Nod(er — ex — hwo)
+(No+ 1)d(err — ek + fuwp)] s (9.171)

where N, is the number of optical phonons with limiting frequency wy.

It is seen from (9.171) that, in contrast to nonpolar phonons, the transition
probability for scattering by polar optical phonons depends significantly on
the directions of k and k’. Therefore, the formula (9.159) for polar optical
phonons is not valid, and in the general case it is impossible to introduce a
relaxation time for scattering by polar optical oscillations.

The process of scattering by polar optical phonons can be described in
terms of a relaxation time only in two limiting cases: high temperatures
(koT > hwpo) and low temperatures (koT < hwp). Let us consider these
cases separately.

In the region of high temperatures (ko7 > fwp) the nonelasticity can be
neglected and we have ey &~ € and No + 1 &~ Ny =~ koT'/fw. Then (9.171)
assumes the form
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8m2e koT 1
Va* h (K —k)

Wpol(k7k/) = 25(6k/ —Ek). (9172)

Substituting (9.172) into (9.52), changing the summation to integrate over
dk’ in spherical coordinates and using a J-function in the integral over &’ it
is easy to obtain the expression 7(k) below which is valid for an arbitrary

isotropic band
®*h Oe

Note that, in contrast to nonpolar optics, 7(k) does not depend on the phonon
frequency (the formulae (9.173) and (9.161)) for scattering by polar optical
phonons at high temperatures. As for a standard band e = h?k?/2m (9.173)
assumes the known form

1 BONY2 /o 12
T(e) = % (wokoT) (ko_T) ) (9.174)

02 M 1/2
o= (m)o) (9.175)

is the nondimensional parameter introduced by Frohlich which characterizes
the interaction of a conduction electron with longitudinal long-wave optical
phonons in ionic crystals.

The relaxation time calculation presented here is based on the disturbance
theory and is valid for o < 1.

Note that Tpe1 ~ T /2, while Tnonpol ™~ T-'e=1/2 (9.162). Conse-
quently, as the energy ¢ increases, scattering by nonpolar phonons can become
dominant (Thonpol < Tpol)-

In the region of low temperatures (ko7 < hwg) the scattering process
by optical phonons is essentially nonelastic, and it is impossible to introduce
relaxation time as we have done for elastic interaction (see the formula (9.52)).
However, other circumstances make it possible here to describe the relaxation
process in terms of a relaxation time. We know that in this case the interac-
tion mechanism consists of the transitions e(k) — e(k') = e(k) & hwy (leaving
the state k) and (k") + hiwyg — e(k) (arrival in the k-state) due to phonon
absorption and emission. It is obvious that at low temperatures (koT < fiwg)
only one of these four processes can take place: e(k) — e(k’) = e(k) + hwo,
i.e. only leaving the k-state for other k’- states is possible with phonon
absorption. Having absorbed the phonon, the same electrons instantaneously
(spontaneously) emit a phonon with the same energy hwy since the ratio
of the emission probability to the absorption probability is (Ng + 1)/Ngy ~
exp(hwo/koT) > 1. Owing to this process there occurs a relaxation with
respect to impulse, and the electron energy does not change. Since these
processes of phonon absorption and emission occur instantaneously the dis-
tribution function f(k’) has no time to change. Therefore, it is possible to

where
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neglect in (9.36) the term proportional to fi(k’). Then the relaxation time
will assume the form of (9.159) but with the difference that (9.159) will now
include the portion of the probability (9.171) that is associated with phonon
absorption, i.e. in this case we have

1 47‘(262(4)0N0 Z 1-— fo(&k/) 1

a 1= foler) (K — k)

7(k) Veer 50(ew —ex — hwo).  (9.176)

k'

Converting the summation into integration over dk’ and using spherical
coordinates we first calculate the integration over angles. We then go from
integration over dk’ to that over de’ and apply the energy conservation law.
As aresult, for an arbitrary isotropic band at an arbitrary degree of degeneracy
of charge carriers we obtain the following expression:

e = fole) k(2) 9 k(e + hwo) — k(2)
9

1 e2wpy fo(e + hwo) k(e + hwo) k(e + huwp) | k(e + hwo) + k(e)

177)

In this formula it is assumed that € < fiwy and therefore Ny = exp(—hwo/koT).
For a parabolic band k(g) = (1/h)(2my,e)'/2. If the logarithmic term is
expanded in terms of the small quantity e/fiwy then the simple expression

follows from (9.177)
1 _ 2aw0f0(€ + flAU())

(e) fo(e) 7
where « is given by the formula (9.175).

In the absence of degeneracy we have fo(e) = exp(( — €)/koT) and from
(9.178) we obtain the well-known result

(9.178)

T = (2awp) " exp(hwo/koT). (9.179)

It is seen that for scattering by polar optical phonons 7 does not depend only
on ¢ in the case of a nondegenerate electron gas with a simple parabolic band.
In the general case, as it follows from (9.177) and (9.178), it does depend on
energy, but not as a power law. On the other hand, 7 depends on temperature
exponentially.

9.4.3 Generalized Formula for Relaxation Time

Now we shall sum up the obtained results from the preceding sections.

In the simplest case where the band has a parabolic shape and the charge
carriers’ motion is described by a plane-wave, the relaxation time for all elastic
scattering mechanisms can be reduced to the formula

7(e) = 7o0r(T) (e / ke T)" /2. (9.180)
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Table 9.1. Values of parameters entering into the expressions (9.181) and (9.183)
for relaxation time for different mechanisms of elastic scattering

Scattering Scattering Tor (T) Aor
mechanism parameter
r
21 h* pug EikoT

Acoustic phonons 0 EQQW—kpU;m TFfil—g
(deformation i (2makoT) PV
potential)

2 (hwo\?  h%pa? Eo \* koT
Nonpolar optical 0 z <%) % S5 <h_0) 0_2
phonons at high g 0 (2mankoT) wo / pa
temperatures
(koT > hwo)?

1 1/2 97262k T
Polar optical 1 % ( Z T) %
phonons at high @ \wofo &
temperatures
(koT > hwo)?

2 1/2 3/2 3T

G & (2my) " * (koT') 273 N; Fimp (K)

I % 2 28 “hiZimpth)
mpurity 10ons 7 N Fins (@) e

& At low temperatures (ko7 < hwo) in the case of scattering by polar or nonpolar
optical phonons 7 does not depend on energy (r = 1/2), and for a parabolic band
it is given by the formulae (9.162) and (9.179) respectively.

The values of the scattering parameter r and the mean relaxation time 7o, (T)
which are obtained as a result of a comparison of (9.180) with the formulae
(9.129), (9.148), (9.162) and (9.174) for different elastic scattering mechanisms
are given in Table9.1.

It is seen that for almost all scattering mechanisms 7¢,.(T") does not depend
on energy, and 7(¢) is a power function of energy. An exception is scattering
by impurity ions. In this case, the function Finp(e) occurs in 7o, (7)) due to
screening, the explicit form of which is given by (9.128). However, this function
has a rather weak dependence on energy; therefore in the integration it is
usually considered as constant and factored outside the integral sign, assuming
that € = &, £ is the mean charge carriers’ energy.

If the band is parabolic, it is convenient to present the 77 1(¢) as follows:

71 = ag,(T)e"g(e), (9.181)

(2m )3/251/2 . . )
where g(e) = =55 is the state density for the parabolic band and

(koT)T71/2 22 p3
Tor(T)  (2mn)?/2

aor(T) = (9.182)

Assume that the band is nonparabolic but spherically symmetric, i.e. the
energy is an arbitrary function of the wave number ¢ = £(k) or is the same k
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in an arbitrary energy function k = k(e). However, we shall assume that charge
carriers are described by the plane wave. In this case, according to the formulae
(9.128), (9.147), (9.161), (9.173) and (9.127), 7~ !(¢) for all mechanisms has
the form

71 = A kT (e)g(k(e)), (9.183)

where g(k(e)) = (1/37%)dk3(e)/de is the state density of an arbitrary
spherically symmetric band, and the values of A, are given in Table9.1.
From (9.181) and (9.183) it follows that 7—! has a common structure

Tt~ W(e)gl(e), (9.184)

where W (g) is the scattering probability. It is seen that for different scattering
mechanisms, for a parabolic band we have

Wi(e)~e™ ", (9.185)
while for a nonparabolic band
Wi(e) ~ k72" (e). (9.186)

Note, however, that for deriving (9.183) and consequently (9.186) the non-
parabolicity was taken into account inconsistently. It was assumed that the
dispersion relation of charge carriers was nonparabolic, but when the matrix
element, i.e. the transition probability k — k', was calculated the plane wave
was used as the wave functions of the initial and final states.

9.5 Boltzmann Equation Solution for Anisotropic Band
in Relaxation Time Tensor Approximation

9.5.1 Current Density

The present section/chapter briefly discusses the Boltzmann equation solution
for conductors with anisotropic band in relaxation time tensor approximation
by which the current density is found. The anisotropic band nonparabolicity
is taken into account and the degree of charge carriers’ degeneracy is taken
to be arbitrary. The results obtained are applicable to n—Ge, n—Si and lead
chalcogenides: PbTe, PbSe and PbS.

For accuracy, we shall consider an electron semiconductor with many min-
ima in the energy spectrum. The isoenergetic surface near each minimum is
an ellipsoid of the general form described by the following equation:

2 2 kQ 2
B(&) — h_ < kz + Y 4 i) , (9.187)

2 \mor  mo2  mp3

where my; are the effective mass components at the conduction band bottom,
and B(e) is any smooth function of energy e. In particular, for n—Ge and n—Si,
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B(e) = ¢; for lead chalcogenides (PbTe, PbSe,PbS), B(e) = (1 + ¢/ey); and
for all the above-mentioned semiconductors, mg1 = mo2 = moL, Moz = Moy
is an ellipsoid of revolution.

The effective mass tensor relative to the major ellipsoid axes will be,

naturally, diagonal:
myt =m; o, (9.188)

where m; are the diagonal components of the effective mass relating the
velocity and impulse components:

~1(9e/0k;) = hk;/m. (9.189)

In the general case, m; ' = (1/h%k;)(0/0k;) depends on energy and this
dependence is given by the function B(e):

mi(e) = moi(0B(e)/0e). (9.190)

9.5.2 The Boltzmann Equation Solution

If we confine our discussion to elastic scattering (¢ = ¢’), then in accor-
dance with the principle of detailed equilibrium W (k,k') = W (k' k), and
the Boltzmann equation can be rewritten as

vVrf = h(E0+ [v%]) Vif = ZWkk’)(f(k’)—f(k)% (9.191)

whose solution can be presented as

f(k) = fo(k) = (0fo/0e)(vP(e)), (9.192)

where P(e) is an unknown vector to be defined and has the meaning of a
generalized force impulse.

Let us substitute (9.192) into the right-hand side of (9.191) and introduce
the inverse relaxation time tensor 77! as follows:

Y Wk K)(f(K) — f(k)
x

_ <af0> ZWkk’ ' u) = (%)P(%lv). (9.193)

Then, in a linear approximation the equation (9.191) assumes the form

vV, fo — Eokao -l- [U%] Vi(vP(e)) = (aaf;) P(f'ilv). (9.194)

In a coordinate system with axes along the major ellipsoid axes (9.187), the

relaxation time tensor 77!, in accordance with (9.188), is diagonal:
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Tik = TiOik- (9.195)

To transform the factor Vi (vP) in (9.194) we introduce the unit vector n in
the k-space. Then

0 ov oP,
Vi(vP) = Zna%(vﬁpﬁ Zna (Pﬁ 54 %kﬁ) (9.196)
af o

avg

where n,, are the unit vector components in the k-space. If (9.189) and 72 =

miﬁaaﬁ are taken into account, (9.196) can be presented as follows:
Vi(vP) = h(in ' P) + thvﬂ (9.197)

where 771 is the diagonal tensor of the inverse effective mass (9.188).
Substituting (9.197) into (9.194) and accounting for (9.42) and (9.43), we
obtain the following expression for the vector P(g):

(v®) + E v [# (W P)] = (P(+ b)), (9.198)
where ®( is the generalized disturbing force (9.45). To solve the vector
equation (9.198) it is convenient to present P(g) in the form

P(e) = (771®(e)). (9.199)
Then, accounting for the diagonality of the tensor 7=! (9.195), the right-hand
side of (9.198) will assume the form

(P(7 ) = (dv). (9.200)

Taking account of the last two relations and noting that v # 0, we obtain an
equation for ®(¢) from (9.198),

Dy + S [Hn L (+®)] = @. (9.201)

Solving this equation while accounting for the tensor diagonalities m and 7,
(9.188) and (9.195), it is possible to find the vector components ®(g). As a
result, we have the following compact solution for the required vector P(e)
(9.199)

Pe) = %yg {%% + 54 [Hm ! (700)] + e—2|i||(H<I>o)(mH)} . (9.202)

where .
= S myem (9.203)

c? |m|
and |f| = 77213 || = mimamg are the determinants of the diagonal

relaxation time tensors 7 and effective mass tensor m.
Note that in the case of scalar effective mass and relaxation time, (9.202)
is reduced to the well-known solution (9.69) with (9.79).
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9.5.3 Current Density

The solution (9.202) provides the possibility of calculating current density in
the most general case of anisotropic spectrum and scattering in an arbitrary
magnetic field.

Based on the general expression (9.1) it is possible to reduce the ith current
density component for the spectrum (9.187) to the form

,‘__e(8m01m02m03)1/2/ ~0fo\ pae, . File)
Ji = 37‘_253 g B (E)md{f (9204)

In this case, we deform the ellipsoid (9.187) by the substitution k; = \/mg;k’;
and go on to integrate over energy, accounting for the fact that P; and m;
depend on €. Let us introduce an averaging formula for anisotropic spectrum
(9.187):

- (8mo1m02m03)1/2/ _0fo\ psse
(A(e)) = 372 g e B/=(e)A(e)de, (9.205)
where 1o
_ (8mo1moamos) / _0fo\ psse
ng = 3275 e B*/=(e)de (9.206)

is the charge carriers’ concentration in a valley with the spectrum (9.187).
Then (9.204) has the symbolic form

j; = —eng < i) > . (9.207)

m; (6)

This formula has an obvious physical sense: current density components are
defined by the average of the corresponding drift velocity components, since
P; are the impulse components of the force that gives rise to drift, and P;/m;
is the drift velocity.
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Definite Integrals Frequently Met
in Statistical Physics

A.1 Gamma-Function or Euler Integral of Second Kind

I'(n) = /x”_le_xdx; n > 0. (A1)
0

Write down this integral for I'(n + 1) and integrate up by parts once. As a
result, we get the following recurrent formula

I'(n+1) = nl'(n). (A.2)
For any integer number (n > 0) from (A.2) it follows that
'n+1)=n-(n—-1)-(n—2)...1T(1). (A.3)

Inasmuch as the integral entering here is

') = /e*“"dx =1, (A4)
0
then (A.3) takes the form
I'(n+1)=nl (A.5)

For a semi-integer n = 25EL from (A.2) it follows that

(-3 C)r ()4 )
()13 ()
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In the general case

F(Qk;—l) _ (274?2;1)”11(1/2)%:172,3,... (A7)

Here the double factorial (2k — 1)!! is the product of subsequent odd numbers
from 1 to (2k —1),ie. 2k — 1)1 =1-3-5-...-(2k — 1). According to the
definition

r(1/2) = / z 2. (A.8)
0

To calculate this integral introduce the replacement z'/2 = ¢. Then we get

r(1/2) = Z/e_tzdt. (A.9)
0
In as much as the latter integral equals v/7/2, then
r(1/2) = /. (A.10)
As a result, for an arbitrary semi-integer argument (A.7) takes the form
2k +1 2k — 1!
r( ; >:( y;)Va k=0,1,2,3,... (A.11)
A.2 Integral of Type
I, = /x”e*‘”de; a > 0,n > 0 is an integer number. (A.12)

0

Carry out the replacement az? = y. Then we have

1w [ a 1 » 1
L= za~ 3+ /e‘nydy = 50" T (n+ ) . (A.13)
0

_1 _1 =
Io = Sa F(1/2)—2\/; (A.14)

1 2k +1
[2k:§a%z+lr< +> (A.15)
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(2k — 1! T
IQk = kT 2kt k >1 (A16)

for odd n, i.e. n = (2k + 1)

or [(see A.11)]

1 1 k!
Adduce values of the integral I,, in particular cases:
1 17 1 3T
I :_I - _ _«I _ = - — A18
1 2’ 2 4@3/2a 3 202’ 1 8&5/2 ( )

If in an integral (A.12) the boundaries change in the limits from —oo to 400,
for odd n we get

(o}

/ a"e " dy = 0, (A.19)
and for even n - -
/m"e_‘wzdx = Q/x”e_axzdx. (A.20)
—oo 0
A.3 Integral of Type
K, = / 2hdr (A.21)
e* —1
0

n is an integer or a semi-integer positive number. Transpose a certain part of
the integrand:

1 e *
e?—1 l1-—e®

(oo}
—e "(l4+e+e 4. )=e" Z e ke (A.22)
k=0

and substitute this series into (A.21). As a result we have

k=0

K, = /m” Ze*(kﬂ)mdm. (A.23)
0

If we introduce the replacement of variables (k + 1)z = ¢, then

K, =Y (k+1)~(e /t”e*tdt (A.24)
k=0 0
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and we get
K, =T(n+1){(n+1), (A.25)

where I'(n) is the gamma-function [see (A.1)], and

=Y (4.26)

is the Riemann function.
All information about the I'(n)- function are given in Appendix A.
Adduce some values of ¢(n) function:

C(Q) %,C(?,) = 1,202a<(4) = g_g’
¢(5) = 1,037:¢(3/2) = 2,612;¢(5/2) = 1, 341.

(A.27)

If we take into account these values, we can find necessary values of the integral
of the K, type

K1y =T(3/2)((3/2) = 2,33 K1 =D(2)¢(2) = 55 (A28)
Kyp =T(5/2)C(5/2) = 1,78; Ks = T(3)C(3) = 2.4;  (A.29)
K3 =T(4)C(4) = % (A.30)

A.4 Integral of Type

T z"e"dx
0

In order to calculate this integral, we expand a certain part of the integrand
function into an infinitive series

(=1 2=e21—-e ) 2=e2"1+2"+3 2 +-..)

or
o0

(€ —1)2=e2" 3" (m+1)e ™. (A.32)

m=0

Substituting (A.32) into (A.31), we get

) (o)
M, Z (m+1) /x”ef(mﬂ)mdx. (A.33)
= 0

m=0
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Introducing the replacement of variables (m + 1)x = t, we get
) o0
M, =Y (m+ / t"e"tdt;n > 1. (A.34)
m=0 0

If we take into account definitions of I'(n) (A.1) and {(n) (A.26) functions,
the integral takes the form

M, =T(n+1){(n). (A.35)

In particular cases

3
[\v]

My =T(5/20(3/2) = 3.8 M =TRI2) = T3 (A36)
Mays = D(7/2)C(5/2) = 4,45: My = T(4)C(3) = 7,21, (A.37)
4
My =T(5)C(4) = 41%. (A.38)
A.5 Integral of Type
T z"dx
L, = / T (A.39)

0

To compute this integral, expand the expression (e + 1)~! into a series in
powers of e~ *:

e+ 1) t=e*1+e*) =" i (—1)keh=, (A.40)
=0

=

Having substituted the latter expression into (A.39), we get

oo

Ln=Y_ (—1)k/x”e*<k+1>wdx. (A.41)

k=0 5

If we introduce the replacement of variables (k 4+ 1)z = ¢, the integral takes
the form

=Y o [reta=reen Y S e
k:O 0 k:O

Transpose the series entering into this expression. To do this in (A.42) add
and subtract a series consisting of k. As a result we get:
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o0 oo

Sy ey L (A.43)
(k + 1)n+ (b + 1)+ @m + 271 '

k=0 k=0

or

o C1\k >
> et~ 02 g~ 020

Substituting (A.44) into (A.42), we finally get
L,=1-2""T(n+1)¢(n+1). (A.45)

Note that at n = 0 expression (A.45) turns into uncertainty, inasmuch as
¢(1) = oo

However, at n = 0 integral (A.39) can be calculated immediately. Indeed,
atn=20

oo

T R
0 1
In particular cases from (A.45) we find
Lyjs = (1—27Y2)(3/2)¢(3/2) = 0.673, (A.47)
L = %m)g(z) - ’lr—; (A.48)
Ly=(1-2"2)I(3)¢(3) = 1.8, (A.49)
Ly = (1—2"3)T(4)C(4) 7 (A.50)
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Jacobian and Its Properties

The Jacobian, defined as

1.

@(911

o(u,y) 8_u
5 By (ax>
4 O(u,v) _ A(u,v) A(t,s)
S O(z,y) Ot s) Oz, y)

d O(u,v) _ 9 (Gv) 9w G)

Cdtd(z,y)  O(z,y) oz, y)

(B.1)

(B.6)

These properties of the Jacobian are frequently used when finding thermody-
namic relationships and calculating thermodynamic coefficients.



Bibliograpy

10.

11.

12.

13.

14.

L.D. Landau, E.M. Lifshitz, Statistical Physics of A Course of Theoretical
Physics, vol 5 (Elsevier, Butterworth-Heinemann, 1980) [L.D. Landau, E.M.
Lifshitz, Statistical Physics, vol 5 (Moscow, Fizmatlit, 2002) (in Russian)]

L.D. Landau, E.M. Lifshitz, Mechanics of A Course of Theoretical Physics, vol
1 (Elsevier, Oxford, 1996)

L.D. Landau, E.M. Lifshitz, Quantum Mechanics: Non-Relativistic Theory, of A
Course of Theoretical Physics, vol. 3 (Butterworth-Heinemann, Oxford, 2003)
[L.D. Landau, E.M. Lifshitz, Quantum Mechanics: Non-Relativistic Theory, vol
3 (Fizmatlit, Moscow, 2002) (in Russian)]

R. Kubo, Thermodynamics (North-Holland Publishing Company, Amsterdam,
1968) [R. Kubo, Thermodynamics (Mir, Moscow, 1970) (in Russian)]

R. Kubo, Statistical Mechanics (North-Holland, Amsterdam, 1965) [R. Kubo,
Statistical Mechanics (Mir, Moscow, 1970) (in Russian)]

L.P. Bazarov, Thermodynamics (Pergamon Press, Oxford, 1964) [I.P. Bazarov,
Thermodynamics (Vishaya School, Moscow, 1991) (in Russian)]

K. Huang, Statistical Mechanics (Wiley, New York, 1987) [K. Huang, Statistical
Mechanics (Mir, Moscow, 1966) (in Russian)]

E. Fermi, Thermodynamics. PH, 1973. [E. Fermi, Thermodynamics. Kharkov
(1973) (in Russian)]

J.W. Gibbs, Elementary Principles in Statistical Mechanics (Yale Unimpressed,
New Heaven, 1902) [J.W. Gibbs, Elementary Principles in Statistical Mechanics
(Moscow, Nauka, 1946) (in Russian)]

J.W. Gibbs, Thermodynamics. Statistical Mechanics (Nauka, Moscow, 1982) (in
Russian)]

F. Reif, Statistical Physics (McGraw-Hill, Moscow, 1970) [F. Reif, Statistical
Physics (Nauka, Moscow, 1972) (in Russian)]

J.S. Blakemore, Semiconductor Statistics (Pergamon Press, Oxford, 1962) [J.S.
Blakemore, Semiconductor Statistics (IL, Moscow, 1964) (in Russian)]

A1 Anselm, Fundamentals of Statistical Physics and Thermodynamics (Nauka,
Moscow, 1973) (in Russian)]

AL Anselm, Introduction to Semiconductor Theory (Prentice Hall, Englewood
Cliffs, NJ, 1982) [A.L. Anselm, Introduction to Semiconductor Theory (Nauka,
Moscow, 1978) (in Russian)]



372

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bibliograpy

Yu.B. Rumer, M.Sh. Ryvkin, Thermodynamics, Statistical Physics and Kinet-
ics (Mir Pub, Moscow, 1980) [Yu.B. Rumer, M.Sh. Ryvkin. Thermodynamics,
Statistical Physics and Kinetics (Nauka, Moscow, 1977) (in Russian)]

B.M. Askerov, Electron Transport Phenomena in Semiconductors (World Sci-
entific, Singapore, 1994) [B.M. Askerov, Electron Transport Phenomena in
Semiconductors (Nauka, Moscow, 1985) (in Russian)]

Smirnov, A Course of Higher Mathematics, vol 3 (Pergamon Press, Oxford,
1964), part 2. [Smirnov,A Course of Higher Mathematics (Nauka, Moscow, 1974)
(in Russian)]

O. Madelung, Festkorpertheorie. 1, II. (Springer, Heidelberg, 1988)
[O. Madelung, Solid State Theory (Nauka, Moscow, 1980) (in Russian)]

K. Seeger, Semiconductor Physics (Springer, New York, 2004), 9th ed.
[K. Seeger, Semiconductor Physics (Mir, Moscow, 1977) (in Russian)]

L.I. Schiff, Quantum Mechanics (McGraw-Hill, New York, 1968) [L.I. Schiff,
Quantum Mechanics (IL, Moscow, 1957) (in Russian)|

C. Kittel, Quantum Theory of Solids. (Wiley, New York, 1987), 2nd ed.
[C. Kittel, Quantum Theory of Solids (Nauka, Moscow, 1980) (in Russian)|
R.E. Peierls, Quantum Theory of Solids (Clarendon Press, Oxford, 2001) [R.E.
Peierls, Quantum Theory of Solids (IL, Moscow, 2002) (in Russian)]

A.I. Anselm, B.M. Askerov, Thermomagnetic phenomena in semimetals in
strong magnetic field. Sov. Phys.-Solid State 2 2060 (1960) Chemical poten-
tial and criterion of degeneracy. Soviet Phys.-Solid State 2 2571 (1960). Fizika
Tverdogo Tela (ru) 2(9), 2310 (1960); (11), 2821 (1960)

A.I. Anselm, B.M. Askerov, Quantum theory of Nernst-Ettingshausen in
semiconductors. Fizika Tverdogo Tela (ru) 9 31 (1967)

B.M. Askerov, M. Cankurtaran, Isobaric specific heat and thermal expansion of
solids in the debye approximation. Physica Status Solidi (b) 185 341-348 (1994)
M. Cankurtaran, B.M. Askerov, Equation of state, isobaric specific heat and
thermal expansion of solids with polyatomic basis in the Einstein—Debye
approximation. Physica Status Solidi (b) 194 499-507 (1996)

B.M. Askerov, M.M. Machmudov, Kh.A. Gasanov, Equation of state of an elec-
tron gas and theory of the thermal voltage in a quantizing magnetic field.
J Semicond. 32(3), 261 (1998). Fizika i Tekhnika Poluprovodnikov (ru) 32
290 (1998)



Index

Absolute temperature, 4, 6, 12, 35-38,
40, 96, 150, 214, 298

Acoustic phonons, 291, 348-351, 353,
355

Adiabatic process, 34, 51, 55, 59, 73, 86,
112, 288

Band theory of solids, 265

Bohr magneton, 219, 258, 300

Boltzmann distribution, 99, 142, 214,
217, 219, 221, 230, 232, 237, 249,
254, 286

Boltzmann equation, 322-330, 332, 333,
336, 338-340, 344, 347, 359, 360

Bose-Einstein condensation, 232, 277,
280, 281

Bose—Einstein distribution, 213, 222,
231-233, 237, 283, 292

Boyle temperature, 163, 167

Caloric equation of state, 5, 49, 68, 69,
111, 138, 139, 163, 191, 236238,
312

Carnot cycle, 51-54, 78

Characteristic temperature, 123, 126,
129, 131, 132, 197, 199, 254

Classical systems, 6, 7, 12, 13, 21, 22,
24, 29, 56, 93, 94, 97, 99, 100, 102,
104, 106, 213, 214

Clausius postulate, 51, 54-56

Conductivity tensors, 340

Configurational integral, 158, 159

Conwell and Weisskopf method, 346

Current density, 322, 340, 341, 359, 362

Debye function, 199-202, 207-209, 211,
295

Debye model, 190, 194, 197, 199, 206,
293

Debye screening, 172

Deformation potential method, 348, 351

Degenerate electron gas, 255, 260, 261,
263-265, 304, 307, 308, 310-314,
317, 318, 326, 333-336, 347, 350

Density of states, 30, 98, 236, 263, 279,
303, 304, 308, 309, 358

Diamagnetic susceptibility, 298, 315,
317

Distribution function, 13-21, 23-30, 32,
33, 56, 93, 94, 96-100, 106, 107,
142, 213, 214, 216, 229-232, 240,
241, 244, 245, 249, 259, 268, 269,
284, 305, 306, 313, 315, 322, 324,
325, 328, 331, 333, 336, 346, 352

Disturbing force, 326, 331, 332, 336-339,
361

Dulong—Petit law, 193, 195

Effective mass approximation, 298
Einstein model, 196, 197

Equilibrium distribution function, 321
Ergodic hypothesis, 14

Fermi boundary energy, 230, 231, 242,
243, 246, 308, 311, 316, 319

Fermi—Dirac distribution, 213, 222,
230-232, 237, 249, 252, 259, 268,
321, 328



374 Index

Galvanomagnetic effects, 342

Gibbs canonical distribution, 19, 93, 97,
99, 101, 103, 108, 213, 215, 229

Gibbs paradox, 101, 112, 113, 115

Gibbs statistical ensemble, 16

Griineisen relationship, 194, 210

Harmonic oscillator, 8-11, 128, 129,
187, 196, 204, 205, 290, 299, 300

Impurity semiconductors, 267, 272

Intrinsic semiconductors, 267-270, 275

Irreversible processes, 31, 34, 53, 56, 61,
62, 113

Kelvin postulate, 51, 54-56
Kinetic coefficients, 322, 340, 342-344

Landau diamagnetism, 298, 314, 315

Langevin function, 136, 139, 143, 146,
316

Le Chatelier—Brown principle, 73

Liouville theorem, 13, 16, 18, 24, 25,
323

Magnetic length, 299, 301, 316

Magnetocaloric effect, 83, 86

Microcanonical distribution, 19-21, 26,
27, 32, 94, 95, 98, 102-104, 107,
108

Mixture of ideal gases, 112, 113

Negative absolute temperature, 150,
151, 154, 155

Nernst principle, 74-78, 83, 86, 195,
197, 210, 282, 288

Non-degenerate electron gas, 247, 255,
260, 268, 306, 307, 310, 311, 313,
315, 316, 318, 319, 326, 333, 336,
347, 350, 353, 357

Nonequilibrium distribution function,
321, 323-325, 330, 332

Nonpolar optical phonons, 332, 348,
351-354, 358

Paramagnetic susceptibility, 219, 258,
260, 261, 298, 317, 318

Pauli paramagnetism, 219, 220, 258

Planck formula, 196, 220, 221, 231, 285,
286

Polar optical phonons, 348, 354-357

Quantum limit, 302, 307-309, 311, 312,
314, 317-319

Quantum systems, 6, 9, 11, 22, 24, 26,
27, 56, 93-95, 97, 99, 102, 104,
213, 214

Quasi-classical approximation, 11, 12,
29, 146, 301, 306, 311, 314-316,
318, 321

Relaxation time, 3, 15, 31, 327-332, 338,
344-346, 348, 350-353, 355-361
Reversible processes, 31, 34, 35, 51-53

Scattering mechanisms, 325, 332, 344,
345, 354, 357-359

Schrédinger equation, 9, 213, 223, 224,
226, 265, 298, 299, 344

Statistical matrix, 22-25, 57

Statistical weights, 1, 27-30, 50, 75, 95

Temperature of degeneracy, 240, 243,
244, 247, 250, 251, 255-257, 261,
264, 279, 280, 326, 350

Thermal equation of state, 5, 49, 50,
60, 61, 68, 102, 110, 117, 120,
138, 139, 162, 166, 191, 194, 204,
208, 209, 211, 234-238, 262, 295,
310-312

Thermodynamic inequalities, 68-71, 73,
75, 101

Thermomagnetic effects, 342

Transport phenomena, 338, 344

Ultra-relativistic electron gas, 262-265

Van der Waals gas, 72, 163-165, 167,
169
Virial coefficient, 162—-166, 170



	3642031706
	Thermodynamics, Gibbs Method and Statistical Physics of Electron Gases
	Preface
	Contents
	1 Basic Concepts of Thermodynamicsand Statistical Physics
	1.1 Macroscopic Description of State of Systems: Postulates of Thermodynamics
	1.2 Mechanical Description of Systems: Microscopic State:Phase Space: Quantum States
	1.3 Statistical Description of Classical Systems: Distribution Function: Liouville Theorem
	1.4 Microcanonical Distribution: Basic Postulate of Statistical Physics
	1.5 Statistical Description of Quantum Systems: Statistical Matrix: Liouville Equation
	1.6 Entropy and Statistical Weight
	1.7 Law of Increasing Entropy:Reversible and Irreversible Processes
	1.8 Absolute Temperature and Pressure: Basic Thermodynamic Relationship

	2 Law of Thermodynamics: Thermodynamic Functions
	2.1 First Law of Thermodynamics:Work and Amount of Heat: Heat Capacity
	2.2 Second Law of Thermodynamics: Carnot Cycle
	2.3 Thermodynamic Functions of Closed Systems: Method of Thermodynamic Potentials
	2.4 Thermodynamic Coefficients and General Relationships Between Them
	2.5 Thermodynamic Inequalities: Stability of Equilibrium State of Homogeneous Systems
	2.6 Third Law of Thermodynamics: Nernst Principle
	2.7 Thermodynamic Relationships for Dielectrics and Magnetics
	2.8 Magnetocaloric Effect:Production of Ultra-Low Temperatures
	2.9 Thermodynamics of Systems with Variable Number of Particles: Chemical Potential
	2.10 Conditions of Equilibrium of Open Systems

	3 Canonical Distribution: Gibbs Method
	3.1 Gibbs Canonical Distribution for Closed Systems
	3.2 Free Energy: Statistical Sum and Statistical Integral
	3.3 Gibbs Method and Basic Objects of its Application
	3.4 Grand Canonical Distribution for Open Systems

	4 Ideal Gas
	4.1 Free Energy, Entropy and Equationof the State of an Ideal Gas
	4.2 Mixture of Ideal Gases: Gibbs Paradox
	4.3 Law About Equal Distribution of Energy Over Degrees of Freedom: Classical Theory of Heat Capacityof an Ideal Gas
	4.3.1 Classical Theory of Heat Capacity of an Ideal Gas

	4.4 Quantum Theory of Heat Capacity of an Ideal Gas: Quantization of Rotational and Vibrational Motions
	4.4.1 Translational Motion
	4.4.2 Rotational Motion
	4.4.3 Vibrational Motion
	4.4.4 Total Heat Capacity

	4.5 Ideal Gas Consisting of Polar Molecules in an External Electric Field
	4.5.1 Orientational Polarization
	4.5.2 Entropy: Electrocaloric Effect
	4.5.3 Mean Value of Energy: Caloric Equation of State
	4.5.4 Heat Capacity: Determination of Electric Dipole Moment of Molecule

	4.6 Paramagnetic Ideal Gas in External Magnetic Field
	4.6.1 Classical Case
	4.6.2 Quantum Case
	Magnetization
	Entropy, Mean Energy and Heat Capacity


	4.7 Systems with Negative Absolute Temperature

	5 Non-Ideals Gases
	5.1 Equation of State of Rarefied Real Gases
	5.2 Second Virial Coefficient and Thermodynamics of Van Der Waals Gas
	5.3 Neutral Gas Consisting of Charged Particles: Plasma

	6 Solids
	6.1 Vibration and Waves in a Simple Crystalline Lattice
	6.1.1 One-Dimensional Simple Lattice
	6.1.2 Three-Dimensional Simple Crystalline Lattice

	6.2 Hamilton Function of Vibrating Crystalline Lattice: Normal Coordinates
	6.3 Classical Theory of Thermodynamic Properties of Solids
	6.4 Quantum Theory of Heat Capacity of Solids: Einstein and Debye Models
	6.4.1 Einstein's Theory
	6.4.2 Debye's Theory

	6.5 Quantum Theory of Thermodynamic Properties of Solids

	7 Quantum Statistics: Equilibrium Electron Gas
	7.1 Boltzmann Distribution: Difficulties of Classical Statistics
	7.2 Principle of Indistinguishability of Particles: Fermions and Bosons
	7.3 Distribution Functions of Quantum Statistics
	7.4 Equations of States of Fermi and Bose Gases
	7.5 Thermodynamic Properties of Weakly Degenerate Fermi and Bose Gases
	7.6 Completely Degenerate Fermi Gas: Electron Gas: Temperature of Degeneracy
	7.7 Thermodynamic Properties of Strongly Degenerate Fermi Gas: Electron Gas
	7.8 General Case: Criteria of Classicity and Degeneracy of Fermi Gas: Electron Gas
	7.8.1 Low Temperatures
	7.8.2 High Temperatures
	7.8.3 Moderate Temperatures: TT0 

	7.9 Heat Capacity of Metals:First Difficulty of Classical Statistics
	7.9.1 Low Temperatures
	7.9.2 Region of Temperatures

	7.10 Pauli Paramagnetism: Second Difficulty of Classical Statistics
	7.11 ``Ultra-Relativistic'' Electron Gas in Semiconductors
	7.12 Statistics of Charge Carriers in Semiconductors
	7.13 Degenerate Bose Gas: Bose–Einstein Condensation
	7.14 Photon Gas: Third Difficulty of Classical Statistics
	7.15 Phonon Gas

	8 Electron Gas in Quantizing Magnetic Field
	8.1 Motion of Electron in External Uniform Magnetic Field: Quantization of Energy Spectrum
	8.2 Density of Quantum States in Strong Magnetic Field
	8.3 Grand Thermodynamic Potential and Statistics of Electron Gas in Quantizing Magnetic Field
	8.4 Thermodynamic Properties of Electron Gas in Quantizing Magnetic Field
	8.5 Landau Diamagnetism

	9 Non-Equilibrium Electron Gas in Solids
	9.1 Boltzmann Equation and Its Applicability Conditions
	9.1.1 Nonequilibrium Distribution Function
	9.1.2 Boltzmann Equation
	9.1.3 Applicability Conditions of the Boltzmann Equation

	9.2 Solution of Boltzmann Equation in Relaxation Time Approximation
	9.2.1 Relaxation Time
	9.2.2 Solution of the Boltzmann Equation in the Absence of Magnetic Field
	9.2.3 Solution of Boltzmann Equation with an Arbitrary Nonquantizing Magnetic Field

	9.3 General Expressions of Main Kinetic Coefficients
	9.3.1 Current Density and General Formof Conductivity Tensors
	9.3.2 General Expressions of Main Kinetic Coefficients
	Galvanomagnetic Effects
	Thermomagnetic Effects


	9.4 Main Relaxation Mechanisms
	9.4.1 Charge Carrier Scattering by Ionized Impurity Atoms
	9.4.2 Charge Carrier Scattering by Phonons in Conductorswith Arbitrary Isotropic Band
	Scattering by Acoustic Phonons, Deformation Potential Method
	Scattering by Nonpolar Optical Phonons, Deformation Potential Method
	Scattering by Polar Optical Phonons

	9.4.3 Generalized Formula for Relaxation Time

	9.5 Boltzmann Equation Solution for Anisotropic Band in Relaxation Time Tensor Approximation
	9.5.1 Current Density
	9.5.2 The Boltzmann Equation Solution
	9.5.3 Current Density


	Definite Integrals Frequently Met in Statistical Physics
	A.1 Gamma-Function or Euler Integral of Second Kind
	A.2 Integral of Type
	A.3 Integral of Type
	A.4 Integral of Type
	A.5 Integral of Type

	Jacobian and Its Properties
	Bibliograpy
	Index

