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Preface

“More is different” is a famous aphorism of P.W. Anderson, who contributed
rather a lot to the development of condensed-matter physics in the latter
half of the 20th century. He claimed, by this aphorism, that macroscopic sys-
tems behave in a way that is qualitatively different from microscopic systems.
Therefore, additional rules are needed to understand macroscopic systems,
rules additional to the fundamental laws for individual atoms and molecules.
An example is provided by the various kinds of phase transitions that occur.
The state of a sample of matter changes drastically at a transition, and sin-
gular behavior is observed at the transition point. Another good example in
which quantity brings about a qualitative difference is the brain. A brain con-
sists of a macroscopic number of neural cells. It is believed that every brain
cell functions like an element of a computer. However, even the most sophis-
ticated computer consists of only a limited number of elements and has no
consciousness. The study of the human brain is still developing.

On the other hand, the paradigm for macroscopic matter, namely thermo-
dynamics and statistical physics, has a long history of investigation. The first
and second laws of thermodynamics and the principle of equal probability in
statistical physics have been established as laws that govern systems consisting
of a macroscopic number of molecules, such as liquids, gases, and solids (met-
als, semiconductors, insulators, magnetic materials, etc.). These laws belong
to a different hierarchy from the laws at the microscopic level, and cannot be
deduced from the latter laws, i.e. quantum mechanics and the laws for forces.
Therefore, a “theory of everything” is useless without these thermodynamic
and statistical-mechanical laws in the real world. The purpose of this book is
to explain these laws of the macroscopic level to undergraduate students who
are learning statistical physics for the first time.

In this book, we start from a description of a macroscopic system. We
then investigate ideal gases kinematically. Following on from the discussion
of the results, we introduce the principle of equal probability. In the second
and third chapters we explain the general principles of statistical physics on
the basis of this principle. We start our discussion by defining entropy. Then
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temperature, pressure, free energy, etc. are derived from this entropy. This
concludes Part I of the book. In Part II, from Chap. 4 onwards, we apply
statistical physics to some simple examples. In the course of this application,
we show that entropy, temperature, and pressure, when defined statistical-
mechanically, coincide with the corresponding quantities defined thermody-
namically. We consider only thermal-equilibrium states in this book. Most of
our examples are simple systems in which interaction between particles is ab-
sent. Interaction, however, is essential for phase transitions. For an illustration
of how a phase transition occurs, we consider a simple ferromagnetic system
in Chap. 7. At this point, readers will be able to obtain a general idea about
statistical physics: how a system in equilibrium is treated, and what can be
known. In Part III, some slightly more advanced topics are treated. First, we
consider first- and second-order phase transitions in Chaps. 8 and 9. Then,
in Chap. 10, we return to our starting point of the ideal gas, and learn what
happens at low temperature, when the density becomes higher.

Physics is one of the natural sciences, and the starting point of an inves-
tigation is the question “Why does nature behave like this?” Therefore, it is
a good attitude to ask “why?” This question should be aimed only at natural
phenomena, though. In this book, we give an explanation, for example, for
various strange characteristics of rubber. However, it is often useless to ask
“why?” about the methods used for solving these questions, or how an idea or
concept used to treat a problem was obtained. For example, it is not fruitful to
ask how the definition of entropy was derived. The expression for the entropy
was obtained by a genius after trial and error, and it cannot be obtained as
a consequence of logical deduction. Logical deduction can be done by a com-
puter. Great discoveries in science are not things that can be deduced. They
are rushes of ideas to the head. Some students stumble over these whys and
hows of the methods, and fail to proceed. We hope that you will accept the
various concepts that geniuses have introduced into science, and enjoy the
beauty of the physics developed by the application of such concepts.

Tokyo,
October 2005 Daijiro Yoshioka
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Symbols and Fundamental Constants

The symbols used in this book are listed alphabetically in Table 0.1. Funda-
mental constants are listed in Table 0.2.

Table 0.1. Symbols used in this book

Symbol Name Definition or meaning

Cp Heat capacity at constant pressure T(9S/9T)p

Cv Heat capacity at constant volume  T/(9S/0T)v

B Magnetic field wo(H + M)

D(E) Density of single-particle states

E Energy Total energy of the system

Er Fermi energy Chemical potential
of fermion system at T'=0

F(T,V,N) Helmholtz free energy —kgTInZ

FL(T,V,N,¥) Landau free energy Free energy for a given value
of the order parameter

f(E) Fermi distribution function 1/[ePE=1 11)

G(T,P,N) Gibbs free energy —kgTInY = F + PV

H Magnetic field (B/uo) — M

1 Moment of inertia

J Exchange interaction

(Chaps. 7 and 9)
J(T,V, ) Grand free energy (Chap. 10) —kgT'In=Z = —-PV
M Magnetization Total magnetic moment

ER TR

Number of particles

Bose distribution function
Pressure

Momentum vector

Fermi momentum

per unit volume

1/[eB(E—u) _ 1]
T(0S/0V)E,N

2mEF




XII Symbols and Fundamental Constants

Table 0.1 continued

Symbol Name Definition or meaning
Q Quantity of heat

S Entropy kgIn W

T Temperature (0S/OF) ;}N

T Critical temperature

Tr Fermi temperature Er/ks
U(S,V,N) Internal energy F+ ST

\%4 Volume

W Work J Fdz
Y(T,P,N) Partition function for fixed 7" and P

Z(T,V,N) Partition function >, exp(—BEy)
«@ Critical exponent of heat capacity

B Inverse temperature 1/ksT

1] Critical exponent of order parameter

¢(z) Riemann zeta function Yo nF

AT De Broglie wavelength h/\/2mksT

L Chemical potential —T(0S/ON)E,v
o Atomic magnetic moment

E(T,V, ) Grand partition function

X Magnetic susceptibility limp_.o(poM/B)
v Order parameter

2(E) Number of states

N(E) Density of states dy/dFE

Table 0.2. Fundamental constants. The numbers in parentheses indicate the stan-
dard uncertainty; for instance, 1.60217653(14) x 10~ '? means that the most probable
value is 1.60217653 x 10~ % and the standard uncertainty is 0.00000014 x 10~ . The
three constants ¢, g, and po are defined to have the values listed here, and so there
is no uncertainty in those values

Symbol  Value Name

c 299792458 ms ™t Velocity of light in vacuum
e 1.60217653(14) x 107 C Elementary charge

h 6.6260693(11)x103* Js~* Planck constant

h 1.05457168(18)x 10%* Js™* Planck constant divided by 27
ks 1.3806505(24)x 10723 JK~* Boltzmann constant

Me 9.1093826(16) x 103! kg Electron mass

mp 1.67262171(29) x 1072 kg Proton mass

Na 6.0221415(10) x 10%* mol ™+ Avogadro number

R 8.1314472(15) Jmol K ~! Gas constant

€0 1/poc? Permittivity of free space

1o 47 x 107" NA2 Permeability of free space
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General Principles
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Thermal Equilibrium and the Principle
of Equal Probability

In this chapter, a brief introduction to thermal and statistical physics is given.
We describe in general terms the systems to which this branch of physics
can be applied, the relationship of thermal and statistical physics to other
branches of physics, and the objectives of thermal and statistical physics. We
consider the kinetic theory of gas molecules, and thereby introduce the essence
of statistical physics.

1.1 Introduction to Thermal and Statistical Physics

It is well known that matter is constructed from atoms. The inner structure
of atoms, of nuclei, and of nucleons has been clarified; the forces that act on
these particles and the laws of motion for them are known. However, we cannot
understand the properties of the pieces of matter of moderate size around us on
the basis of these laws only. Ordinary matter consists of macroscopic numbers
of atoms, ions, and electrons. For such macroscopic matter, knowing the rules
of motion for individual particles is not enough to understand its properties.
We need additional laws to understand the properties of gases, liquids, solids,
and solid solutions of macroscopic size. Such additional laws are provided by
thermal physics and statistical physics.

Thermal physics, or thermodynamics, treats a macroscopic sample of mat-
ter such as a gas or a solid as a black box. It provides general laws for the
response of matter to actions from the environment. For instance, when we
exert a force on a volume of gas in the form of a pressure, the gas will contract.
When we give energy in the form of heat to a gas, it will either expand or
increase its pressure. There are general relationships between these responses.
Thermodynamics gives us such relationships. This branch of physics evolved
from the necessity to increase the efficiency of the conversion of heat to work,
which became important after the Industrial Revolution. The laws of thermo-
dynamics are quite general; they are independent of the species of the atoms
from which the matter is constructed, and independent of the interactions
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between the atoms. In fact, the laws of thermodynamics are not based on
the fact that matter is made of atoms at all; they were established before
the existence of atoms was verified. Without us knowing the microscopic laws
governing atoms, it can still give an upper bound on the work that can be
obtained from an engine, i.e. on the efficiency of the engine. It gives a general
framework for every phenomenon related to heat, including living organisms,
and thus it should play an important role in solving environmental problems.

In thermodynamics, the free energy, which is a function of the state vari-
ables such as the pressure, temperature, volume, and entropy, plays an impor-
tant role. If the free energy is given, all properties of the thermal-equilibrium
state can be known. However, in the framework of thermodynamics, the free
energy can be known from measurement only; it cannot be obtained by theo-
retical calculation. Statistical physics is the branch of physics where a scheme
to calculate the free energy is formulated. In statistical physics, we use the fact
that matter consists of atoms. On the basis of a knowledge of the microscopic
laws that govern the motion of atoms, and, most importantly, an additional
law of statistical physics, statistical physics gives a general expression for the
free energy. Since statistical physics starts from the microscopic level, it can
discuss not only thermal-equilibrium states, but also nonequilibrium states.
Small deviations from thermal equilibrium can be discussed by the use of lin-
ear response theory, and we can discuss such effects as electrical or thermal
conductivity. However, the statistical physics of nonequilibrium states is not
yet well established, especially for states far from equilibrium. It is an ac-
tively investigated branch of physics even today. In this book, we restrict our
discussion mainly to equilibrium states.

1.2 Thermal Equilibrium

1.2.1 Description of a System in Equilibrium

What do you feel when you enter a room? You may feel cool or hot, you
may feel motion of the air, or, if you happen to be an android equipped with
a pressure sensor, you may be able to measure the pressure. If the room has
been kept closed for a long time and if there is neither air conditioning nor
an electric fan, you will not feel any motion of the air, and for a small room,
the temperature will be the same everywhere in the room. Similarly, if you
dip your finger into a cup that has been left untouched for a while after tea
has been poured into it, you will be able to tell that the tea is still hot or has
cooled down, but nothing else. As in these examples, a macroscopic volume of
air or fluid left untouched for a while becomes motionless and reaches a state
with a common temperature throughout. We call such motionless, uniform-
temperature states thermal-equilibrium states.

An important thing is that states in thermal equilibrium are characterized
by only a few pieces of information. When two cups of water have the same
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temperature, we cannot distinguish between those cups of water, regardless
of the fact that the motions of the water molecules in the two cups are quite
different. Although statistical physics is aimed at understanding the properties
of liquids, solids, or gases on the basis of the laws of motion of atoms and
molecules, the information necessary for us to describe and treat matter in
thermal equilibrium is quite limited; what we need are only a few variables,
known as state variables, such as the temperature, the pressure, the volume,
or the concentration in the case of a solution.

It is true that in states of thermal nonequilibrium we need more variables,
since the temperature may depend on the position, or there may be a flow in
such a state, for instance. However, the number of variables needed is much
much smaller than the total number of degrees of freedom of the motion of
the molecules involved. We know that about 12g of carbon (i.e. diamond or
graphite) contains one mole of carbon atoms, namely N ~ 6x 10?3 atoms.! In
thermodynamics and statistical physics, we describe the state of matter using
only a small number of state variables. Such a description is in accordance
with our daily experience, and it is sufficient for utilizing matter.

1.2.2 State Variables, Work, and Heat

Let us elaborate a little more on state variables. Of the state variables, the
volume, written as V' in this book, is the easiest variable to understand. It
is defined geometrically. When a sample of matter occupies a rectangular
space whose three sides are equal to L., Ly, and L, its volume is given by
V = L, x Ly x L,. The volume is measured in units of cubic meters (m?) in the
SI system. It is classified as an extensive state variable, since it is a property
of the whole system and scales with the amount of matter. When two systems
with the same volume are put together to form a single system, the volume
doubles.

The pressure, written as P in this book, is defined mechanically. When
a sample of matter of pressure P is bordered by a rectangular wall of area
S = Ly x Ly, the wall is pushed by the matter with a force F' = PS. The
pressure is measured in Nm~2 = Pa (pascals). It is classified as an intensive
state variable, since it is defined in every part of the system and does not
scale with the amount of matter. At least one of these two state variables can
easily be assigned to the system as a boundary condition or constraint on the
system.

A system reaches thermal equilibrium when it is isolated from its envi-
ronment. In such a situation, the energy of the system must be conserved.
Therefore, the total energy of the system FE is a well-defined variable. When
a system is in thermal equilibrium with its environment, its energy may fluc-
tuate slightly. However, the average value (FE) is still well defined. In some
cases, the energy of the system contains mechanical energy of the center of

1 Na = 6.0221415 x 10?3 is called the Avogadro constant.
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gravity. In a gravitational field, a system has gravitational potential energy. If
the system is moving as a whole, or if it is observed by a moving observer, it
has kinetic energy. These mechanical energies, which can easily be converted
to other forms of energy, that is, they can be utilized easily, can be put aside
in a discussion of thermal equilibrium. Therefore, we remove the mechanical
energy of the center of mass from the total energy, and call the average of the
rest of the energy the internal energy U. If there is no mechanical energy of
the center of mass, the internal energy coincides with the average energy (E).
This energy determines the properties of the system in equilibrium, and it is
another extensive state variable.? By definition, U is the conserved energy E
itself for an isolated system in the absence of mechanical energy. The unit
for internal energy is the joule J=kgm?s~2. The actual value of the internal
energy is difficult to measure, but it is not necessary to know it. The only
thing that we need to know is the difference between the internal energies of
two equilibrium states.

The amount of internal energy can be changed by performing work on
the system or supplying heat to it. The work can be either mechanical or
electromagnetic. Mechanical work can be done on a system by compressing
the system. When the system is compressed sufficiently slowly that the system
can be considered to be in equilibrium at all times, the pressure of the system
is well defined during the compression. In this case the work W done on the
system is given by v

2
W =— pPdv, (1.1)
Vi
where V7 and V5 are the initial and final values, respectively, of the volume.
The minus sign on the right-hand side comes from the definition that the work
is positive when the energy of the system increases.

Heat is a general term for energy transferred between systems that cannot
be considered as work. For example, it can be given to a system by placing
an electrical resistance R in the system and passing a current I through it. In
this situation a quantity of heat @ = RI At is given to the system in a time
interval At because of Joule heating in the resistor. Heat and work can be
given to a system by various means. They can also be extracted from a system.
In all cases, the internal energy changes by an amount AU when a quantity
of heat @ is supplied and work W is done on the system:

AU=Q+W. (1.2)

This equation is known as the first law of thermodynamics.

At this point it is important to realize that heat and work are not state
variables. What we classify as state variables are those variables that are
uniquely determined when the system is in thermal equilibrium with fixed
boundary conditions. For instance, when the temperature and pressure of the

2 Strictly speaking, the pressure P is also defined as an average, and it fluctuates
slightly in space and time as U does.
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environment are fixed, a system in equilibrium has a certain pressure and
internal energy, which can be observed or measured in principle. However, we
cannot tell what is the amount of heat and work in the system. In fact, there
is no heat or work in thermal equilibrium; only the internal energy exists
in that situation. It is possible to extract all the internal energy as heat.
However, this does not mean that there is a quantity of heat @ equal to the
internal energy U. This is because we can also convert part of the internal
energy to work, and utilize it. The amount of work extracted depends on
the process. So quantities of heat and work are not uniquely determined in
thermal equilibrium, and therefore they cannot be classified as state variables.
We should not consider these variables to exist in thermal equilibrium. Heat
and work appear only when the system changes from one equilibrium state to
another.

1.2.3 Temperature and the Zeroth Law of Thermodynamics

A system with less internal energy is felt to be cool, and the same system
with more internal energy is felt to be hot. The temperature is an intensive
state variable used to describe quantitatively how cool or how hot a system is.
For a given system, the temperature is an increasing function of the internal
energy. The value of the temperature needs to be determined in such a way
that two systems with the same temperature are felt by us to have the same
hotness. For that purpose, two systems in mutual thermal equilibrium are
defined to have the same temperature. We mean by mutual thermal equilib-
rium the state of two systems kept in contact with each other for a long time
so that energy can be transferred between the systems, and the two systems
have reached an equilibrium state. It has been established, as the zeroth law
of thermodynamics, that this definition of equal temperature is consistent.
Suppose that two systems A and B are in mutual thermal equilibrium and
have the same temperature. Then, if another system C has the same temper-
ature as A, this law guarantees that C has the same temperature as B. From
this experimental fact, we can prepare a system to be used as a thermome-
ter. Any system can be used as a thermometer if there is a visible change in
the system as the temperature of the system changes, and there is a one-to-
one correspondence between the temperature and appearance of the system.
When such a system A is brought into thermal equilibrium with system B
or C, the temperature of system A that is known from the appearance of the
system gives the temperature of system B or C. The zeroth law guarantees
that when B and C have been measured to have the same temperature by
means of A, they are in mutual thermal equilibrium.

Since the temperature of a system is an increasing function of its internal
energy, one way to define a temperature scale is to make the temperature
a linear function of the internal energy of some standard sample of matter.
Historically, temperature was defined by means of this concept. The freezing
point and boiling point of water under ambient pressure were defined to be
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0 and 100 degrees Celsius, respectively, and temperatures between these two
fiducial points were determined such that the temperature became a linear
function of the internal energy. It was defined that the temperature of one
gram of water was raised by one degree Celsius when a quantity of heat of
about 4.2 J was supplied to the sample.? However, this definition that depends
on a specific material has been replaced by a material-independent definition
of the absolute temperature, which we shall explain later. The unit in which
absolute temperature is measured is the kelvin (K). A temperature ¢ °C cor-
responds to an absolute temperature T' =t + 273.15 K.

It should be noted that, for the definition of equal temperature, we have
used the experimental fact that two systems with different temperatures reach
a state of mutual thermal equilibrium when in energetic contact. During the
course of the approach to equilibrium, energy in the form of heat moves from
the system at higher temperature to the other system, so the equilibrium tem-
perature attained is somewhere between the two initial temperatures. The fact
that heat will not be transferred in the other direction without the interven-
tion of a third system is known as the second law of thermodynamics.

1.2.4 Heat Capacity and Specific Heat

We have stated that temperature was historically defined to have a linear
relationship with the internal energy of water. However, the precise defini-
tion of temperature is slightly different, and the internal energy of a general
system, including one consisting of water, is not a linear function of the abso-
lute temperature. How the internal energy of a system changes as a function
of temperature depends on the particular system, and the derivative of the
energy with respect to temperature is related to a quantity called the heat
capacity. More precisely, the heat capacity is defined as the ratio of a quantity
of heat AQ and a temperature difference AT in the limit AT — 0, where AQ
is the quantity of heat needed to raise the temperature of the system by AT.
Namely, the heat capacity C' is defined by

C = lim AQ

AT=0 AT (1.3)

In fact, the heat capacity depends on the boundary condition of the system.
When heat is supplied keeping the volume of the system constant, the heat
capacity is called the constant-volume heat capacity, written as Cy. In this
case, work related to a volume change is not done. In the absence of any other
forms of work, the increase in the internal energy AU is equal to AQ, and

thus AU (OU(T,V)

3 In the old system of measurement, a quantity of heat of 4.18605J was called
1 calorie.
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The subscript V' on the right-hand side of this equation indicates explicitly
that the partial derivative should be taken with fixed V. This is a standard
notation in thermodynamics.

On the other hand, when heat is supplied while the system is kept in
a constant-pressure environment, thermal expansion of the system extracts
work from the system to the environment, and so more heat is needed to raise
the temperature of the system. The heat capacity in this case is called the
constant-pressure heat capacity, written as Cp. From (1.2), AQ = AU+ PAV,
and thus

o (5,0 (3),
(), (), (30, (),

(), (), e

The heat capacity is an extensive quantity; the heat capacity per unit mass
or per mole is called the specific heat or molar heat, respectively. The specific
heat of a dilute gas is almost temperature-independent, and so the internal
energy of a sample of a gas is proportional to the temperature. On the other
hand, the specific heat of a solid decreases at low temperature. We shall discuss
these behaviors in the following chapters.

1.3 Kinetic Theory of Gas Molecules

Why is it all right to use only a few state variables to describe the state of
matter in thermal equilibrium? Knowing the answer to this question leads di-
rectly to the essence of statistical physics. To answer this question, we start by
considering an ideal gas from the standpoint of kinetic theory. The air around
us has an almost uniform density and temperature on a scale of a few meters.
The pressure P and the temperature T obey approximately the equation of
state of an ideal gas, namely the Boyle-Charles law,

PV =nRT. (1.6)

Here, n is the quantity of gas in the volume V measured in moles, and R =
8.314472 Jmol =t K~ is the gas constant. Let us see how this property arises
from the law of motion for gas molecules.

If we think naively, the gas molecules must cooperate to form such a state
of uniform density and uniform temperature. However, this expectation is
not true. We shall see that this result actually comes from the fact that
each gas molecule behaves independently of the others. The molecules can
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move freely with any velocity they like. Nevertheless, the Boyle-Charles law
is obtained.

1.3.1 The Spatial Distribution of Gas Molecules
Average Number of Molecules

First, we shall see that a uniform density is obtained even though each
molecule moves independently. There are several assumptions that we need
to obtain the results presented below:

e A gas consists of molecules.
The number of molecules in the volume that we are considering is enor-
mous. For example, in the standard state, there are approximately 2.7 x
1022 molecules in one liter of air.

e The gas molecules do not interact with each other.

The last assumption is an idealization, and so we are going to consider an
ideal gas. Strictly speaking, there are weak interactions between molecules in
real gases. In addition to these assumptions, we restrict ourselves to the case
in which the gas consists of a single species of molecules.

Since there are a huge number of molecules moving independently and
we cannot know the position or velocity of each molecule, what we discuss
is the probability distribution of the molecules. Since we cannot observe the
position of a molecule, we assume that it can be anywhere in a container
of volume V. This volume V is one of constraints we can assign to the gas.
We put N molecules into a box of this volume, and examine the probabil-
ity distribution of the number of molecules in a small volume V; in the box
as shown in Fig. 1.1. The fact that the density of the air is uniform means
that the number of molecules in the volume V;j is NV;/V. However, since
the molecules are moving independently, there should be temporal fluctua-
tions in this number. We examine this fluctuation on the basis of the prob-
ability p for one molecule to be found in the volume V;.% It is natural to
put p =WV /V.

Let us write the probability of finding n molecules in V; as Wy (n). This
probability is given as follows:

N! n _N—n

m? q ) (1-7)

WN (’I’L) =
where ¢ = 1 — p. In this expression, the first factor is the number of ways
in which n molecules can be taken from N, p™ is the probability that these

4 We neglect gravity here. A gravitational field makes the probability slightly higher
when V7 is placed near the floor of the box V' than when it is placed near the
ceiling. However, this effect is negligibly small when we consider a system whose
height is of the order of a meter.
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Fig. 1.1. A volume V and a part of it, V1. We put N molecules in the volume V,
and guess the number of molecules in V

n molecules are in Vi, and ¢V~ is the probability that the other N — n
molecules are somewhere outside of the volume V;. From this probability, the
expectation value of the number of molecules in V7, which we denote by (n),
is given by

- N2 (1.8)

as expected. Here we have used the binomial theorem, described in Appen-
dix A.

Variance of the Distribution

Next we calculate the mean square deviation, or variance, of this probability
distribution. This is calculated as follows:

= Npgq. (1.9)
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In the course of this calculation, we have used the binomial theorem again.
From this variance, the relative deviation is

W:\/lﬁ\/z«l' (1.10)

This deviation is unbelievably small. Let us see how small this value is. Con-
sider a sample of gas consisting of a macroscopic number of molecules. For
example, there are about 2.7 x 102° molecules in a volume of 1 m? of air in the
standard state. Let us take p = 0.1, or V; = 0.1m?. Then (n) = 2.7 x 10?4,
and the standard deviation v/Npq ~ 10'2. So the number fluctuates by +10'2
around the mean value. This fluctuation itself is quite large. However, it is
negligibly small compared with the mean value, ~ 10%4. To realize how small

1.0 + (a) 1 1.0+ (b)
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0.0 00l "
0.0 0.2 0.4 0.6 0.8 1.0 5x10 0.0 5x10
n/N (n-<n>)/N
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o6} =06
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0.0 s s s 0.0
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Fig. 1.2. The probability distribution of the number of molecules in a small part of
a system. The probability of finding n molecules in a volume Vi = 0.1m?®, Wy (n),
when there are 2.7x10%® molecules in V = 1m? is plotted. The vertical axis shows
V27w NpgWy (n), normalized such that the peak value is approximately unity. (a)
The whole range of possible variation 0 < n < N is shown. (b) The horizontal azis
has been expanded 10 million times, and only the region around the peak is shown.
(c) The horizontal azis has been expanded 7600 times further. (d) The horizontal
azis has been expanded 10° times from the situation shown in (b)
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it is, let us try to plot the probability distribution, taking n as the horizontal
axis and the probability Wi (n) as the vertical axis.

Figure 1.2a shows the case where the whole range of n is plotted on a sheet
of ordinary size. The peak is at one-tenth of the length of the whole horizontal
axis from the origin. The width of the distribution function is much smaller
than the width of the line; in fact, it is smaller than the size of a nucleus. Next
we imagine a larger sheet of paper 500 km wide, almost the distance between
Berlin and Vienna, or 1.5 times the distance between Paris and London. The
peak will then be somewhere between those cities. Figure 1.2b shows what
is plotted around the peak. The width of this peak is about 0.1 um, and is
still too small to be seen. Finally, let us imagine a sheet of width 3.8 million
kilometers, 10 times the distance between the earth and the moon. Then the
peak is situated on the surface of the moon. There, an astronaut can see
a distribution like that in Fig. 1.2c. Now we can see the width of the peak.
Figure 1.2d shows the shape of the peak expanded even further. You should
imagine the meaning of the size of the peak in Fig. 1.2¢ compared with the
vast distance to the moon. This sharpness of the peak of the distribution is
the essence of statistical physics. A sample of matter of ordinary size consists
of a macroscopic number of atoms or molecules. Because of this fact, the
probability distribution of every observable quantity shows a very sharp peak
around the mean value, and the mean value coincides with the peak of the
distribution, as we shall see next.

Details of the Distribution

We can rewrite the probability distribution Wy (n) around the peak using the
fact that IV and n are macroscopic numbers. For macroscopic numbers, the
factorial function can be approximated by Stirling’s formula,?

InNl~NInN - N (N> 1). (1.11)
Then we obtain
eJ\’ InN—-N N
WN(R) = enlnn—ng(N-n) lIl(N—TL)—N+7Lp q
— eN InN—nlnn—(N—-n) ln(N—n)pnqN—n
— " In(N/n)+(N—n) ln[N/(N—n)]pnqN—n

(Y () asm

5 See Sect. A.2 for Stirling’s formula. We use In for the natural logarithm log, in
this book.



14 1 Thermal Equilibrium and the Principle of Equal Probability

The position of the peak of Wy (n) is determined by the condition

d d N N
aanN(n)f dn{nln <pn) + (N —n)ln (qN—n>}
B pNY N
—ln<n) 1 1n<qN_n>+1

~0. (1.13)
Namely,
p q
== 1.14
n N-n’ (1.14)
or
Np=(p+qgn=n. (1.15)
Therefore the peak is positioned at n = (n).
Furthermore,
d2 d pN qN
e InWy(n) ~ — {ln (n) —1In (N—n)}
N
~ n N-n  Np Ng
1
= ——. 1.16
Npa (1.16)

Therefore, the Taylor expansion of In Wy (n) around the peak is

InWy(n) =InWy((n)) — %Nipq(n —(n))2 +O[(n — (n))?]. (1.17)

That is, the distribution function is a Gaussian around the peak:®
1
Wi (n) = Wx((n))exp | —=——(n— (n))?] . (1.18)

In summary, we have found the following for the probability distribution of
gas molecules:

e The distribution has a peak at the mean value.

e There is a fluctuation around the peak.

e However, the fluctuation is so small that a nonuniform distribution is not
observed in practice.

We can imagine that these properties will not be restricted to the spatial
distribution of gas molecules, but may be possessed by any distribution in
thermal equilibrium in which a macroscopic number of molecules are involved.

6 For details of the Gaussian distribution function, see Appendix B. The result
(1.17) is an example of the central limit theorem, described in Sect. B.1.
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1.3.2 Velocity Distribution of an Ideal Gas

In the previous subsection, we simply assumed that each molecule can be any-
where in the whole volume with uniform probability. Then we recovered the
experimental fact that the density of a gas is uniform in thermal equilibrium.
This assumption is one example of the principle of equal probability, which we
shall describe later. In this subsection, we consider the velocity distribution
on the basis of a similar assumption. The molecules change their velocities
owing to collisions with each other and with the walls of the container. We
cannot observe the velocity of every molecule; even if it were possible to know
it, it would be hopeless to attempt to record all the velocities of the molecules.
This situation is similar to that for the observation of the position of every
molecule. Thus, it might be a good idea to assume that every molecule can
have any velocity it likes, just as it can be anywhere in the container. Some-
one once thought that this should work, since the number of molecules is
macroscopic. You may think that this idea may be too optimistic. However,
to disclose the conclusion first, the idea worked! Moreover, this kind of idea
has been generalized into the principle of equal probability, which states that
“at the microscopic level, every possible state is realized with the same proba-
bility”. The statistical physics of the equilibrium state is constructed upon this
principle, and every consequence of this theory coincides with experimental
results.

The construction of statistical physics on the basis of this principle is
described in the following chapters. Here, we return to the problem of the

v
X

Fig. 1.3. Velocity space. The velocity of a molecule is mapped to a point in this
space. The velocity distribution of all the molecules is described by a distribution of
points representing each molecule in this space. The distribution is specified by the
numbers of molecules in infinitesimally small boxes of volume dv, dv, dv. around
each velocity v
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velocity distribution. In Sect. 1.3.1, the molecules must observe the constraint
that they should be in a container of volume V. In the present case of the
velocity distribution, there is an additional constraint that the total energy of
the molecules E should be a constant. These constraints, specified by V and E,
characterize the system when it is in thermal equilibrium. These constraints
are nothing but the state variables with which we describe the system in
equilibrium.

For the following discussion, we need to introduce velocity space, which
is shown in Fig. 1.3. The velocity of a molecule is mapped to a point in
this space. The fact that each molecule can take any velocity means that
the point representing the velocity of a molecule can be anywhere in this
infinite space with equal probability. Thus, if we divide this space into small
boxes of volume dv, dvy dv,, the probability g of finding a molecule in this
space is proportional to this volume, and g/(dv dv, dv. ) is independent of the
position of the small box. Each molecule is distributed with this probability in
this space, and the velocity distribution of all the molecules is described by the
numbers of molecules in all of the small boxes. Now we calculate a probability
for a particular distribution where the ith box has n; molecules, namely where
the first box has n; molecules, the second box has no, molecules, and so on.
This probability is given by

mny n2

NI
mng! - mgl -1 92

N\™ /N\™
~ v o . 2 . 1.19
<n1) (ng) 91 92 ( )

Here g; is the probability for a molecule to be in the ith box, and is propor-
tional to the volume of the box. Stirling’s formula, N! ~ NV¥e™V (N > 1),
has been used to derive the final form.

Now the total number of molecules N and the total energy F are expressed
as follows:

W(nl,ng,...) 0.8

N:TL1+TL2+"', (120)
E:n161 +’ﬂ262+"'7 (121)

where €; = (m/2)v;? is the kinetic energy of a molecule in the ith box, whose
center is situated at v;. The maximum probability W under the constraints of
fixed NV and F is the most probable velocity distribution. It should be almost
the unique distribution in thermal equilibrium, just as we have seen for the
spatial distribution of the molecules, because of the macroscopic number of
molecules involved. To find the maximum of W under the constraints, we ap-
ply Lagrange’s method of undetermined multipliers to In W.” The conditions
for the maximum are obtained as follows. Introducing A and [ as undeter-

" Lagrange’s method of undetermined multipliers is described briefly in Ap-
pendix C.
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mined multipliers, we require the following equations to be satisfied for each
ng, j=1,2,3,--

0
8n<an—)\Zm—ﬁZniei> =0. (1.22)
J i i
Differentiating, we obtain
O=InN—-Inn; —1+1Ing; — A — Ge;. (1.23)
Thus, the value of n; that gives the maximum probability is
= Nexp(—A —1—f¢j)g; - (1.24)

The undetermined multipliers A and 3 are determined so as to fulfill the
following equations:

N = ZNeXp(—)\ —1—fej)g; (1.25)

and
E=> ¢;Nexp(-A—1- f¢)g; - (1.26)
J
These summations are performed as integrals over velocity space. Since
g; is proportional to the volume of the box dv,dv,dv,, we simply put
gj = cdv, dv, dv,. Noticing that ¢; = (m/2)v; = (m/2)(v3, + v3, + v3,),
we calculate (1.25) as follows:®

N = Nexp A—1)exp ﬂ v +v +v cdv, dv, dv,
2 Yy

mp

This gives cexp(—1 — \) = (mB/2m)3/2. We input this result into (1.26) to
obtain F:

pen () T () e () v

_ 3N
=35
That is, § = 3N/2E. This § turns out to be equal to 1/kgT, as shown later,

where kg = 1.380650 x 10723 JK~! is called the Boltzmann constant, and is
equal to the gas constant R divided by the Avogadro constant Nj.

-N ( 2n )3/2 coxp(—A—1). (1.27)

(1.28)

8 For integrals of this kind, see Appendix B.
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As a result of these calculations, we find finally that the most probable
number of molecules in a box of volume dv, dv, dv, at v in velocity space is

mp)*/? mp
n(v) dvy dvy dv, = N <27r) exp (—21)2) dvg dvy do, . (1.29)
This most probable distribution is almost always realized in thermal equilib-
rium, and is called the Mazwell distribution. This distribution has been exper-
imentally confirmed in thermal equilibrium. It has a peak at v = 0. However,
the number of molecules whose absolute value of velocity lies between v and
v + dv is given by 4mv?n(v) dv = 47N (mpB/27)%/?v? exp(—mBv?/2) dv, and
this distribution of speed is peaked at v = \/2/mf as shown in Fig. 1.4.

0.40

0.30 + .

0.20 + .

4y n(v)/N(mB/2m)

00,3 1.0 . 2.0 3.0
(2/mB) v

Fig. 1.4. The distribution of the speed of molecules, 4mv*n(v). To make the figure
dimensionless, 47v?n(v) divided by N+/mB/27 has been plotted as a function of
/2/mpBv. The peak is attained at v = /2/mf3, or when the kinetic energy of
a molecule is equal to 1/8(= ksT)

1.3.3 The Pressure of a Gas

Gas molecules enclosed in a container of volume V collide with the walls
of the container repeatedly. These collisions are the origin of the pres-
sure. The pressure is independent of the material from which the walls are
made.? Therefore, for the calculation of the pressure, we can assume that the

9 If the pressure depended on the material, we could make a yacht that sailed
without any wind, if we were to make a sail for the yacht where the two sides
were covered with different materials. The second law of thermodynamics tells us
that such a sail cannot be realized.
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walls are perfectly flat and are so hard that a collision is a perfect elastic
reflection.

Let us assume that the gas is contained in a rectangular box whose three
sides have lengths L., L,, and L, as shown in Fig. 1.5. We calculate the
contribution of the ith molecule to the pressure on the wall that is perpendic-
ular to the z-axis. This molecule has a velocity whose z-component is v;,. In
a collision, this molecule gives an impulse 2muwv;, to the wall. Such a collision
occurs once in a time interval At = 2L, /v;,, so the impulse per unit time,
that is, the time average of the force on the wall, is

2
2muy; Moy,

T 2L v L,
Summation of this force over all of the molecules gives the force on the wall,
and when divided by the area S = L, L, it gives the pressure P:

fi (1.30)

N = N
fi muv?
P frd — = LT
> 5Ly
i=1 i=1
N N
! 9 9 oy 21 1 5
= W; (”iz+viy+”iz)—§vi§:;§m”¢
21 N
—Z_Fp=_—". 1.31
3V Vg (131)
In the third equality in (1.31), we have used the fact that the motion of the gas
must be isotropic, so that Y, v?, = vQy ;vZ. In the final equality, we

have noticed the fact that the sum of the kinetic energies is the total energy F,
and is equal to 3N/203 according to (1.28).

An ideal gas is known to satisfy the Boyle-Charles equation of state PV =
NkgT. Combining this with the present result gives 5 = 1/kpT, as mentioned
before. However, you should remember that we have not defined the absolute
temperature yet.

/

—> 2mvy,

L

X

Fig. 1.5. Collisions of molecules with the walls are the origin of the pressure of
a gas. In a collision with the right wall, a molecule gives an impulse 2muv, to the
wall
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1.4 The Principle of Equal Probability

In this chapter, we have succeeded in reproducing the properties of an ideal
gas in equilibrium. For the spatial distribution of the molecules, we assumed
that each molecule can be anywhere in the container with equal probability,
and obtained a uniform density. For the distribution in velocity space, we
assumed similarly that each molecule can move with any velocity it likes, and
obtained the Maxwell distribution, which has been confirmed experimentally.
In both cases we assumed equal probabilities for microscopic motions that
we cannot detect, except for imposing some obvious macroscopic constraints.
Namely, for microscopic motions that we cannot observe or control, we allowed
the molecules to do whatever they like. We then succeeded in obtaining the
correct thermal properties. This success leads us to state a principle of equal
probability, namely, “In thermal equilibrium under macroscopic constraints,
every possible microscopic state allowed by the constraints is realized with
equal probability.” Here the macroscopic constraints are what are called state
variables, such as the total energy or the volume of the system.

Strictly speaking, this principle is not exact. For example, in the derivation
of the Maxwell distribution, molecules are allowed to move with speeds higher
than the speed of light. However, in the Maxwell distribution obtained in this
way, the probability of finding such high-speed molecules is so small that it
is practically zero. Because there are a macroscopic number of molecules, the
peak of the distribution becomes very sharp, and most of the microscopic re-
alizations belong to states around the peak. Thus, even if the principle is not
rigorously satisfied, the result obtained is essentially correct. In the following
chapters, we construct the statistical physics of equilibrium states on the basis
of this principle. The statistical physics thus constructed is then applied to
several examples. From these examples, you will learn the paradoxical fact
that as a result of every microscopic possibility being allowed, a unique ther-
mal equilibrium is realized macroscopically. The origin of this paradox is the
macroscopic number of molecules.

Exercise 1. Using the definition of a calorie and the fact that the mass of
1cm?® of water is 1 g, calculate the molar heat of water. Express the answer in
units of the gas constant R.

Exercise 2. Iron has a molar heat of about 25Jmol~'K~!. Calculate the
heat capacity of a block of iron whose volume is 1m?. Compare the result
with that for the same volume of water. (The relative atomic mass of iron is
55.845 and its density is 7.86 x 103 kgm—3.)

Exercise 3. Calculate the increase in the gravitational potential energy of
1mol of water when it is brought from sea level to an altitude of 100m.
Calculate the increase in the temperature of the water when this amount of
work is supplied to the water to increase its internal energy instead of raising
it in height.
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Exercise 4. The internal energy of an ideal gas depends only on its tempera-
ture, and is independent of the volume V. Use this fact and the Boyle—Charles
law to derive the relation between the constant-volume and constant-pressure
heat capacities of an ideal gas, Cp = Cy + Nkg. (This relation is known as
the Mayer relation.)

Exercise 5. The average velocity of a molecule of an ideal gas is given by
v = /2kpT/m. Evaluate this velocity for an oxygen molecule in a gas at
300 K. (One mole of oxygen molecules weighs about 32g.)



Entropy

In the previous chapter, we introduced the principle of equal probability. In
this chapter we define entropy on the basis of this principle. Temperature is
defined through this entropy. We develop a general theory here; in particu-
lar, we discuss the condition for thermal equilibrium under the constraint of
a given total energy. It is shown that this is the condition that the entropy is
maximized.

2.1 The Microcanonical Distribution

We consider a system enclosed by an adiabatic wall. By an adiabatic wall
we mean that energy cannot be transferred through this wall. The system
can be a gas, liquid, or solid. For this system, the volume V', the number of
molecules IV, and the total energy E are kept constant. These variables repre-
sent the only possible constraints for this system. Other than these constraints,
we cannot place any restriction on the microscopic motions of the molecules.
Therefore, according to the principle of equal probability, each molecule can
do anything that is possible under these macroscopic constraints, and various
microscopic states should be realized with equal probability in thermal equi-
librium. Among these microscopic states, some states may be quite special,
such that they will not be realized in reality. However, except for a few such
exceptional states, almost all microscopic states will actually be realized as the
state of the system changes temporally. Because of the vast number of possi-
ble microscopic states, the exceptional states will practically never be realized
anyway; this is the conclusion of the previous chapter. We call this situation,
where every possible microscopic state is realized with equal probability, the
microcanonical distribution.

We write the total number of microscopic states allowed under the macro-
scopic constraints as W (E, dE, V, N). Therefore, the probability of each mi-
croscopic state being realized is 1/W. Here we have allowed some uncertainty
0F in the total energy, and have counted microscopic states where the total
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energy is between E and E + §E. The reason for this will be clarified later.
Using this W, we define the entropy S(E,0E,V,N) as follows:

S(E,0E,V,N)=kgInW(E,éE,V,N). (2.1)
Furthermore, we define the temperature of the system as follows:

o _ [0S(E,0E,V.N) -t

o (2.2)

In this equation, the partial differentiation is done keeping JE, N, and V
fixed. As we shall see later, the temperature thus defined coincides with the
temperature defined by thermodynamics.

At this point you may have several questions.

e (Question 1: The uncertainty in the energy 0 F looks arbitrary. If so, can
the entropy and the temperature be defined without arbitrariness?

o (Question 2: How can we count the number of microscopic states? In the
case of a gas, the position and velocity of each molecule are continuous
variables. Do two molecules with slightly different velocities belong to the
same microscopic state or not?

e  (Question 3: Why is the uncertainty 6 F needed?

Before proceeding, let us answer these questions briefly.

First, we consider the effect of 6F. We can show that the entropy and
temperature do not depend on the choice of § E' as long as  E' is small enough.
When ¢ F is sufficiently small, W should be proportional to dE,i.e. W = wdFE,
where w is independent of § E. We can compare the value of the entropy for two
different choices of §F, §E1 and d Es. The entropies S; and S are calculated
using the uncertainties § 7 and 0 F, respectively:

Sl = kB In (w(SEl) (23)

and
SQ = ]fB In (’LU 6E2) . (24)

Now, the number of macroscopic states W is tremendously large when N is
large, and the entropy S; turns out to be proportional to N, as we shall see
later, i.e. S; = kgO(N). Here, O(N) means a number of the order of N. On
the other hand, the difference between S; and S5 turns out to be of the order
of unity:
Sl — SQ = kB In (6E‘1) = k‘BO(l) . (25)
0F,
Therefore, for macroscopic systems where N is of the order of 10?2, the dif-
ference between S; and S, is negligibly small compared with the value of S;,
and so the choice of §F is arbitrary. Because of this arbitrariness of JE, we
shall not write 0 E in the argument of S in the following equations.
Second, we consider question 2. It is true that we cannot count the num-
ber of microscopic states if we consider the motion of molecules in classical
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mechanics. In classical mechanics, the state of a molecule is described by the
continuous variables 7 and v. Therefore, we cannot give a reasonable definition
of the entropy. However, classical mechanics is not valid for the description
of the motion of microscopic particles. At the microscopic level, the motion
is governed by quantum mechanics. As we shall see in Chap. 4, the motion
of molecules is quantized, and we can count the number of microscopic states
even for a gas molecule in a container.

As a consequence of quantum mechanics, the energy is quantized also.
That is, the kinetic energy of a molecule is no longer a continuous variable.
This fact gives us an answer to question 3. Namely, we need a nonzero 6 F to
have a reasonable behavior of W. If we make JF arbitrary small, W ceases
to be a well-behaved function of E. It may happen for some energy E that
there is no microscopically allowed state, but in the vicinity of that energy, W
may become quite large. Finally, we remark on the derivative with respect to
energy. Even if W is not a wild function of E for nonzero § F, it will change
stepwise. However, each step is much smaller than the value of W there, and
therefore it is possible to approximate W by a continuous function of FE.
The differentiation should be considered to be performed on this continuous
function.

Example

For a better understanding of W and S, let us investigate a simple example of
the counting of microscopic states. We consider here a situation where a large
amount of money is distributed among a population of N people.! The total
amount of money and the total number of people are macroscopic variables,
which are fixed as constraints; that is, they are the state variables. If the
money is in the form of a bar of gold, it can be divided almost continuously,
and so it is hard to count the ways to distribute it among N people. This sit-
uation is similar to the situation where we treat a physical system by classical
mechanics. However, in the case of money there are units, for example yen or
cents, just as energy is quantized in quantum mechanics. If we use such units,
the number of ways to distribute the money is countable.

The number of ways of distributing F yen to N people is given as follows:

w= Gy~ (557) (55Y)

(2.6)

Here, to obtain the final result, Stirling’s formula has been used. Thus the
entropy and temperature are given by

S(E,N)=kgInW ~ kgEln (1 + g) +kpNn (1 + ﬁ) (2.7)

! This situation may seem unrelated to statistical physics, but the same equation
appears later when we consider the heat capacity of a solid.
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and o5 N
1
= =keln(1+=]. 2.
7= op _telo ( * E) (28)
Expressing F in terms of T', we obtain

N

T iRy 1 29

This form is known as the Bose distribution function, and we shall encounter
it when we consider the vibration of two-atom molecules, black-body radia-
tion, and the heat capacity of solids. A detailed discussion of this distribution
function will be given in Chap. 10. You should notice that to obtain these
results, we have implicitly taken § F to be 1 yen. Also, we have approximated
the stepwise function W(E, N) by a smooth function after using Stirling’s
formula, by treating E as a real number.

Remark

When two systems of the same size are united into one, £, N, and V are
doubled. In this case the entropy should also be doubled. Otherwise, the tem-
perature defined by (2.2) will change after the union. The entropy S (2.7) has
this property. Similarly, the entropies of all the systems that we consider in
this book have this property. If we want to define an entropy with this prop-
erty starting from W, taking the logarithm of W is necessary. Then what is
the reason why W was chosen as the starting point for obtaining S7 I think
that there is no a priori, logical reason to choose W. This choice was discov-
ered by the genius Ludwig Boltzmann, probably after much trial and error.
We can imagine how excited he was when he found that this entropy and the
thermodynamic entropy were the same.

2.2 Number of States and Density of States

The entropy is defined by the number of microscopic states for a given energy.
It can also be calculated from the number of states or from the density of
states, both of which we define in this section. Any system has a state that
has the lowest total energy out of all possible states. This is called the ground
state in quantum mechanics. We take the origin of the energy so that the
energy of the ground state is zero. We define the number of states 2y(F) as
the number of microscopic states that have a total energy less than or equal
to E. By definition, the number of states £29(F) is an increasing function of E.

As in the case of the distribution of money considered above, the energy £
may not be allowed to take a continuous set of values. However, since the total
energy is the result of a summation over a macroscopic number of molecules,
it should be tremendously larger than the unit of energy. Therefore it is legit-
imate to consider the number of states as a continuous function of F, and we
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can define the density of states as the derivative of the number of states with

respect to F, i.e.

Q(E) = %}é@. (2.10)

The number of microscopic states W is nothing but {2(E) multiplied by some
energy uncertainty dF, i.e. W = 2(E)E.

As seen in our example related to money, W increases exponentially
with E. Therefore 2(E) and {20(FE) also increase exponentially. Most macro-
scopic systems behave like this, and are called statistical-mechanically nor-
mal systems.? In this case we can use {25(FE) to calculate the entropy from
S = kp In[£2y(E)]. This is because of the following inequality, which can easily
be shown to be satisfied from comparison of the areas shown in Fig. 2.1:

S = kg In[R(E) 6E] < kp In[2(E)] < kg In[2(E)E] . (2.11)

If we calculate the difference between the right-hand and left-hand sides of
these inequalities, we obtain

E
kg{ln[Q2(E)E] — In[2(E)E]} = kg In ((SE) . (2.12)
Since the entropy is a macroscopic quantity proportional to IV, this difference
is negligibly small compared with the entropy itself. Even if E/0E is quite
large, such as a billion or a trillion, the logarithm of it is not large.> This

Q(E) SE
= <
I
I
[}

Q,

E

Fig. 2.1. Relationship between the energy and the number of states. The density
of states 2(F) is plotted. The number of states {2y is given by the shaded area below
the curve. It is larger than 2JFE but smaller than 2 x F

2 Under special conditions it can happen that £2(E) or W is not an increasing
function of E. In the case of our example related to money, this happens when
there is an upper limit on the amount of money that an individual can possess.
A physical example is provided by a model where only a finite number of electronic
states are taken into account.

3 When E/SE = 10°°, In(E/6E) = 71.4. This value is negligible compared with
N ~ 10%*.
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means that all the expressions in this inequality have effectively the same
value, and any of these expressions can be used to calculate the entropy.

2.3 Conditions for Thermal Equilibrium

We consider two systems that are separated. We then couple these two sys-
tems with a weak interaction. After we have waited for a sufficiently long
time, the two systems will reach a mutual equilibrium owing to the sec-
ond law of thermodynamics. We seek a condition to describe this equilibrium
state.

When the interaction is weak, the microscopic states of each system are
almost the same as when the systems are isolated. As a matter of fact, the
systems will interact through parts of their surfaces, and so the explicit effect
of the interaction will be restricted to a region around those parts. Thus,
we can assume that the density of states £2(F) of each system will remain
the same as in the isolated case. We distinguish the two systems by using
subscripts I and II, and so we write the variables as Fr, Ny, and V for system I
and as Fyp, Ny1, and Vi for system I1.

2.3.1 Equilibrium Condition when only Energy is Exchanged

First we consider the case in which Ny, Vi, Ny, and Vi are kept constant,
but energy can be transferred between the systems. In this case only the sum
of the energies £ = FEy + Fpy is conserved. We shall calculate the density of
states of the total system (2(F), or, more precisely, the number of microscopic
states f2(F)0E. This is expressed in terms of the corresponding quantities
for each system, (21 and {2;;. When system I is in one of the microscopic
states of energy Fp, system II can be in any of the microscopic states of
energy FEyp that satisfy F — Fy < Eyp < E — Er + dE. The number of such
states is Ny = 211(E — Er) 6 E. The number of microscopic states in the whole
system in which system I has an energy between Ey and Fp+ dFEy is then this
number Af; times the number of states in system I in this energy interval
M = QI(EI) dEIZ

-/\[I-/\[H = QI(EI) dEI X QH(E — EI) oFE . (213)

The number of states of the whole system (2(E) is obtained by summing this
number over the possible range of Er:

Q(E)$E = /E dE; (Ey) x Qu(E — Ey) 6E ., (2.14)
0

According to the principle of equal probability, all these 2(F) § E microscopic
states are realized with equal probability in thermal equilibrium for a total
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energy E. Therefore, the probability f(Er) dE; that system I has some energy
between Fy and Er + dEy is NNy divided by 2(E) §E:
QI(EI) dEy QH(E — EI) 0F
N(E)SE

Considering the fact that 21(Er) and £2;1(Erp) are rapidly increasing functions
of energy, we can expect that this product will show a very sharply peaked
structure. In that case the system will almost always remain at around the
position of the peak. That is, in equilibrium, the product 2;(Fr) 2 (E — Ey)
takes its maximum value. The way in which the peak becomes sharp for
a macroscopic system is illustrated in Fig. 2.2.

The position of the peak is given by the maximum of In [2;(Ey) 211 (E — Ey)):
4
dEy

f(E)dE = (2.15)

d
Oi
dE

= 711'(1]3 IH[QI(EI)QH(E — EI] =

[SI(EI) + SH(E — EI)]
_ 9Si1(Er)  O0Su(E — Ei)

OFE; OF
That is, the total entropy S(E) = Si(Er) + St(Enr) is maximized in ther-
mal equilibrium under the constraint that the total energy is fixed. Now we
recall that the temperature is defined by the derivative of the entropy with
respect to the energy, i.e. 9S/OF = 1/T. Therefore, (2.16) indicates that the

temperatures of the two systems become the same when they are brought to
equilibrium through exchange of energy.

. (2.16)

50.0

400 |

300 |

f(ENE

20.0

10.0 |

0.0 == w
0.40 0.50 0.60
E\/E

Fig. 2.2. The probability that system I has energy Fi, f(E1) = i(E1)Q2u(E —
Er)/2(E). To normalize the figure, what is actually plotted is f(Er)E as a function
of Er/E. This figure shows the probability when the two systems are ideal gases with
equal numbers N of molecules. In this case 21(Fr1) x Ef’ N/ 2 The dashed line and
solid line show the probability when N = 100 and N = 1000, respectively. The peak
narrows in proportion to v/N, so for macroscopic systems the peak is very narrow,
like that shown in Fig. 1.2
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2.3.2 Equilibrium Condition when Molecules are Exchanged

Next we consider the case in which two systems are connected by a small hole,
and molecules can be exchanged between them. Since the molecules carry
energy, energy is also exchanged. The energy and the number of molecules in
each system are not conserved, but the total number of molecules N = Ny+Ny;
and the total energy E = E;+ Eqy are conserved. We already know the density
of states of the total system when each of the two systems has a fixed number
of molecules. The density of states in the present case is obtained by summing
the density of states for a fixed number over the possible distributions of the
molecules, i.e. for 0 < N; < N. Thus, the density of states of the total system is

N E
QE,N)= Y /O 1 (Ey, N1) 2y (E — Er, N — Ny) dE; . (2.17)
N1=0

The probability for system I to have an energy between E; and Ej 4+ dE; and
N1 molecules is
1(Er, N1)2u(E — Er, N — Ny) dE;
NQ(E,N) '
Thermal equilibrium is attained when this probability reaches its maximum.
Since the logarithm of the numerator is the entropy of the total system
S(E,N) = Si(E1, N1) + Su(Erm, Nip), the condition is that the total entropy
is maximized under the constraint of fixed F and N:

<8S(E,N)) _ (8SI(EI,NI)) B (8SII(E—EI,N—NI)>
E,N,N; Nt N1

f(Er, Ni)dEy = (2.18)

OF; OF: OF
-0 (2.19)
and
<65(E,N)) o <8SI(E1,NI)> _ (aSH(E—EI,N—NI))
ON1 EN.Ey ON; B ON B

=0. (2.20)

Fig. 2.3. Two systems connected by a small hole
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We define the chemical potential p by the following equation:

a8 _p
(3%),, = 221

The conditions for thermal equilibrium are 71 = 711 and p; = pyr; that is, the
temperature and the chemical potential must both have equal values in the
two systems.

2.3.3 Equilibrium Condition when Two Systems
Share a Common Volume

This time we consider two systems that are connected by a movable wall, for
example two systems in a cylinder separated by a piston as shown in Fig. 2.4.
The motion of the wall transmits energy between the systems, but the numbers
of molecules are conserved in both systems. In this case we count the number
of microscopic states in system I under the condition that the system has an
energy between E7 and Ey 4 dFp and a volume between Vi and Vi + dVi. We
write the result as £21(Er, Vi) dEr dVi. The density of states of the total system
is then

E \%4
NEV)= / dEI/ dvi (B, V1) 2 (E — B,V — V1), (2.22)
0 0

and the probability of system I having an energy between F; and Ey + dFE;
and a volume between Vi and Vi + dVy is

(B, V1) 2u(E — E,V — Vi) dErdV;

E FE =
f(Er, Vi) dE d AEV)

(2.23)

The condition for thermal equilibrium is that this probability has its maximum
value; this is the condition that the total entropy Si(Er, Vi)+Su(E—E1, V—-W)
is maximized with respect to Ey and Vi. We define the pressure as follows:

(gi)E = g. (2.24)

The equilibrium condition is that the pressures of the two systems are equal,
together with the temperatures, namely 11 = Ty and P = Py

As we have seen, the total entropy is maximized in thermal equilibrium.
We have defined the entropy, and have defined the temperature, pressure,
and chemical potential as derivatives of the entropy. We have then rewritten
the condition for thermal equilibrium in terms of those variables. Are these
variables the same as those which occur in thermodynamics or mechanics, and
are measured in experiments? This is a natural question that you should have.
The answer to this question is given in Chap. 4, where we discuss an ideal gas
by using statistical physics. There we shall find that the statistical-mechanical
definitions of these variables coincide with the traditional definitions.
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Fig. 2.4. Two systems separated by a movable wall

2.4 Thermal Nonequilibrium and Irreversible Processes

We have seen that the entropy is maximized in a state of thermal equilibrium.
Here we consider the entropy in a state of thermal nonequilibrium. Thermal-
nonequilibrium states are caused by actions from outside the system. For
example, the earth as a whole is not in thermal equilibrium. There is a nearly
constant input of energy from the sun in the form of electromagnetic radia-
tion. This energy is radiated, in turn, from the earth to the cosmos. In the
presence of this flow of energy, the earth cannot be in an equilibrium state,
and various meteorological phenomena occur and life is supported. Another
example is a conductor connected to a battery. In this case an electric current
flows in the conductor. The systems in these examples are in quasi-stationary
nonequilibrium states. That is, energy is continuously put into the system,
and the nonequilibrium state lasts for a long time. On the other hand, there
are also situations where a nonequilibrium state is prepared by some means
or other, and after that the system is left to evolve by itself without further
input of energy from outside. One example is that of two systems at different
temperatures, placed in thermal contact at some time. Such a nonequilibrium
state, when left alone, approaches a thermal-equilibrium state as time elapses.
This process is irreversible. A thermal-nonequilibrium state changes into an
equilibrium state spontaneously, but not vice versa. We shall argue that in
such an irreversible process the entropy always increases.

For that purpose, we note that a thermal-nonequilibrium state can be cre-
ated by imposing various constraints on the system. One example of a typical
nonequilibrium state is a system in which the temperature depends on posi-
tion. Another example is that of a cup of water to which a droplet of ink has
just been added. In order to keep these systems in their initial condition, we
would need to divide the system into many small cells with adiabatic barri-
ers between them in the case of the first example, and to wrap the droplet
of ink in the case of the second example. A thermal-equilibrium state would
be approached after these constraints were removed. The molecules acquire
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more freedom when the constraints are removed. Thus, it is evident that the
number of microscopic states increases when this removal happens. Therefore,
we can conclude that the entropy, defined as the logarithm of the number of
microscopic states, is larger in the thermal-equilibrium state. That is, as the
system evolves from a nonequilibrium state to an equilibrium state, the en-
tropy increases.

In other words, the microscopic states allowed in a nonequilibrium state are
a subset of the microscopic states allowed in the equilibrium state. The prin-
ciple of equal probability tells us that any microscopic state in the nonequilib-
rium state is realized in the equilibrium state with some probability, in prin-
ciple. However, when the constraints that are needed to realize the nonequi-
librium state are removed, the number of microscopic states allowed increases
so tremendously that the probability that the system will return to a state in
the original subset is vanishingly small.

Exercise 6. Consider the problem of distributing F yen to a population of
N people, where, in this case, E < N and everyone is allowed to possess at
most 1yen. Calculate the entropy and temperature of this model. Express F
as a function of T
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The Partition Function and the Free Energy

In the previous chapter, we discussed a system under the constraint that the
total energy is conserved. However, this condition is difficult to achieve in
a real experimental situation. Therefore, in this chapter, we discuss a system
for which energy is not conserved. Instead of a system for which energy is
conserved, we consider a system in thermal equilibrium with a heat bath. In
this situation, the free energy plays an important role. We derive an expression
for the free energy. This chapter concludes our discussion of the basics of the
statistical physics of equilibrium systems.

3.1 A System in a Heat Bath

It is difficult to isolate a system energetically from its environment. Energy
may enter the system by thermal conduction, electromagnetic radiation (e.g.
light), or sound, for example. Therefore, it is more appropriate to allow the
energy of the system to fluctuate, and to discuss the probability of the sys-
tem having various values of its energy. In this case the state of the sys-
tem depends on its environment. Therefore, we must first prepare a well-
defined environment. In addition to the system under consideration, we pre-
pare a system that is itself in thermal equilibrium, and has a much larger heat
capacity than the system under investigation. This larger system is called
a heat bath, and we surround the system under consideration with it. The
heat bath forms a well-defined environment. Since the heat capacity of the
heat bath is much larger than that of the system under consideration, the
amount of energy exchanged between the systems is negligibly small com-
pared with the total energy of the heat bath. Therefore, the heat bath can be
considered to be at a fixed temperature. We are going to examine the prob-
ability distribution of the energy of a system surrounded by a heat bath at
temperature T'.
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3.1.1 Canonical Distribution

In this chapter, we consider a situation in which only energy is exchanged
between the system and the heat bath. Other situations, in which volume or
molecules are exchanged, will be treated in Chaps. 8 and 10, respectively.

In the previous chapter we discussed the condition for the thermal equi-
librium of two systems when energy is exchanged. To utilize that discussion,
we shall call the system under investigation system I, and the heat bath sys-
tem II. In Chap. 2, we found the most probable distribution of energy between
the two systems. Here, we discuss how the energy fluctuates around this most
probable distribution. In this case, system I need not be a macroscopic sys-
tem; it may be a microscopic system such as a single molecule. If system I
is macroscopic, the most probable energy is practically always realized; the
temperature of the system is defined and has the same value as that of the
heat bath. It should be noted, however, that a temperature cannot be defined
for system I if it is a microscopic system, and in that case the distribution of
the energy can be rather wide, as we shall see later.

First, we consider the probability f(Er) that system I is in a microscopic
state of energy FEp. The total system, i.e. system I plus system II, can be
considered by use of the microcanonical distribution for a total energy Ej.
The probability f(Fr) is proportional to the number of microscopic states
in which system I is in the given state. Since system I is already in a given
microscopic state, this number is given by the number of microscopic states
of system II at energy Er; = Ey — Ey. Therefore,

(B — Er)

f(EI) X QH(Et — EI) X _QH(Et)

(3.1)
Here (217 is the density of states of the heat bath (system II), and the de-
nominator in the final form is simply a constant that is introduced for later
convenience. Because system II is much larger than system I, the condition

E; > Ex should be satisfied.! We can expand the right-hand side with respect
to EIZ

n(Ey — En)

E) o« ————=

= exp k‘i {SH(Et — EI) - SII(Et)}:|
L KB

~ exp

[ B 9Su(Ey)
ks OF

— [ EI
= exp _ kBT} . (3.2)

! This is the condition that system II can behave as a heat bath.
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This gives the probability that system I is in a microscopic state with en-
ergy Fyp. This is called the canonical distribution.

3.1.2 Application to a Molecule in Gas

In Chap. 1, we derived the Maxwell distribution, which describes the probabil-
ity of a gas molecule having a particular velocity. If we consider one molecule
in a gas as system I and the rest of the gas as a heat bath, then the Maxwell
distribution (1.29) can be derived from the canonical distribution of the kinetic
energy of the molecule. Since system I is microscopic, the energy distribution
is quite broad.

When the gas is in a gravitational field, the energy of a molecule consists
of its kinetic energy and potential energy:

2

€= % + mgh, (3.3)

where h is the altitude and g is the acceleration due to gravity. Therefore, the

probability f(v, h) of finding a molecule at altitude h with speed v in a gas at
temperature T is

2
f(v,h) < exp {— (anZ;}T + Z;g]}f)} . (3.4)

We can estimate from this equation how the density of oxygen in the air
decreases as we climb a mountain. The mass m of an oxygen molecule is
5.33 x 10726 kg. Therefore, the ratio of the density of oxygen molecules at
h =3000m to that at b’ =0m at T = 300K is

h—h
exp (—mg(kBT )) = e~0378 = 0.68. (3.5)

Because of this decrease in the density of oxygen, you need oxygen cylinders
to climb Mount Everest.

You might think that this equation could be used to determine kg. Namely,
if we measure how the density or pressure of the air decreases with altitude,
we can determine m/kg, and then, if we know m, kg can be determined.
However, this is not a good idea, because the ratio m/kg is already known
from macroscopic measurements. If m and kg are multiplied by the Avogadro
constant Na, mNa ~ 32g is the molar mass of oxygen, and kgNy = R is
the gas constant, known from the equation of state of an ideal gas. Therefore,
to determine the value of kg we need to use something else, whose mass is
known independently.

In 1908, Perrin measured the vertical distribution of resin particles in
water and succeeded in determining the value of kg independently of the
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Avogadro number. He also showed that the values of these quantities were
consistent. To prepare many resin particles of the same size, Perrin dis-
solved a resin in alcohol. The solution was then mixed with water to pre-
cipitate out the resin as small particles. Since the particles had various sizes,
a centrifuge was used to separate the particles according to size. One kilo-
gram of resin was processed over several months, and Perrin obtained only
a tiny amount of resin particles with sizes that were sufficiently well matched.
The size and density of the particles were measured, and the particles were
then suspended in water. The vertical distribution was measured by count-
ing particles in the field of view of a microscope with a depth of focus
of 2um; that is, particles that were in focus, which floated at heights be-
tween h and h 4 2um, were counted. The dependence of the resulting num-
ber on h was plotted, and fitted to a dependence on h of the form (3.5).
Since the mass m of a particle could be determined from the mass den-
sity of the resin and the diameter of the particles, this fitting process gave
the value of kg. This experiment to determine kg brought Perrin a Nobel
Prize.

3.2 Partition Function

The probability of the canonical distribution (3.2) is not normalized. Let us
now normalize it. We number the microscopic states of system I, and write
the energy of the ith state as E;. It should be noted that it is possible that
different microscopic states may have the same energy E;. We first calculate
the following sum Z over all microscopic states:

Z(T,V,N) Zexp( kBT> (3.6)

The normalized probability is then

o—Ei/ksT

J(E) = (3.7)
The normalization factor Z introduced here is called the partition func-
tion. It is a function of the temperature, the volume, and the number of
molecules, and plays an important role, as we shall see in the next section.
However, before discussing its importance, we shall rewrite the above equa-
tion in a more convenient form. For a macroscopic system, there are infinitely
many microscopic states. Therefore, it is impossible to carry out the sum-
mation in (3.6). We need to calculate the sum by replacing the summation
with an integral. There are many microscopic states between energies F and
E + dE. The number of states in this range is given by (2(FE)dFE, where
21(F) is the density of states. On the other hand, for all the states with en-

ergy E; in this range, we can write exp(—FE;/kpT) as exp(—E/kgT). The
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summation over the states between F and E + dFE can then be written

as
E; E
Z exp <— kJBT) = exp <_kBT> Z 1

E<E;<E+dE E<E;<E+dE

E
= —— | (F)dE. .
exp (= ) (B (5.9)
Summing over all the whole range of energies, we obtain Z in the form of an
integral:

Z:/ e Pk (E)dE . (3.9)
0

3.3 Free Energy

We now introduce the free energy F(T,V, N), derived from the partition func-
tion Z(T,V,N):
F(T,V,N) = —kgTln Z(T,V,N). (3.10)

We shall show that this function is equal to U — ST for a macroscopic system,
where U is the internal energy of the system. Therefore, F' coincides with
the Helmholtz free energy of thermodynamics, and all possible information
about the equilibrium state is known once this function has been obtained.
To show this equality, we shall evaluate Z. We rewrite Z using the entropy
S =kpln({20FE):

Z(T,V,N) = / dE e P/kT 0 (E)
0

- /OOO dE exp {—kéT (E— S(B,V, N)T}] é 311

In this integral, E and S are both macroscopic variables proportional to N.
Thus, the integrand changes drastically around the minimum of £— ST, which
occurs at E*. Since the integrand becomes exponentially small once E deviates
from E*, the integral can be evaluated from the integrand in the vicinity of
E*. The position of the minimum E* is determined by the following equation:

o oS
0= 55 (B~ 5T) =1~ <5E>T,V,N T. (3.12)

It should be noted that the temperature in this equation is that of the heat
bath. When we discussed the microcanonical distribution, the temperature of

the system was given by
1
25 =—. (3.13)
OF )y T

Here, a similar equation determines E*.
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The integrand is the probability that energy of the heat bath, of tempera-
ture T, is E. So E* is the most probable energy of the system, and the sharp
peak means that the fluctuation in the energy is small for a macroscopic sys-
tem. Thus E* is also the average energy (E) of the system. The sharpness of
the peak is illustrated in Fig. 3.1.

To perform the integration, we expand F — ST around E*:

E— ST = E*— S(E*,V,N)T + (E — E*)

« 05 1 o2 028
~ E* - S(E* VN)T+1(E—E*)QL
n T 2 TC
+O[(E — E*)%]. (3.14)
Here (3.12), i.e. (0S/OE)T = 1, has been used, and we have put
9*S 1
557 =~ Tag (3.15)

C is a positive constant, which is actually the heat capacity of the system.
The integral reduces to a Gaussian integral in this approximation, and the
result is

L [ E =S ELVNT

Z = (2nknT?C) " — ex — (3.16)
B
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Fig. 3.1. The integrand of (3.11), exp[(E — ST)/ksT], and the argument of the
exponential, (E — ST)/ksT. The dashed line shows the behavior of (E — ST)/ksT
around the minimum for a system consisting of a sample of an ideal gas with 10000
molecules. The solid line shows exp[—(E —ST)/kgT). Since (E—ST)/ksT increases
in proportion to N, the number of molecules, the width of the integrand decreases
in inverse proportion to VN , and it becomes very narrow for a macroscopic system
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Hence,

F=—kgThhZ
(2nkpT2C) "

= [E* = S(E*,V,N)T] - kgTln =

(3.17)

In this equation, the first term is a macroscopic quantity proportional to N.
Compared with this term, the second term is negligibly small: even if the
argument of the logarithm is macroscopic, the logarithm is of the order of
one. As a result, we obtain

F=E*—ST. (3.18)

Namely, while F' is equal to —kgT In Z, it is also the minimum value of £ — ST
in the argument of the exponential in the integrand of (3.11), which gives Z.

The fact that the minimum of £ — ST gives the most probable distribution,
namely thermal equilibrium, under the constraint of a given temperature and
volume, is important. Here this function is minimized with respect to the en-
ergy E. However, we can extend this rule. It sometimes happens that a system
is characterized by an additional state variable, say X, in addition to T, V,
and N. An example of X might be the magnetization in the case of a ferro-
magnetic system. In this case, the summation over the microscopic states in
the calculation of Z can be done under the constraint of a given value of X,
and Z and F' are given by functions of T, V', N, and X. The value of X
in thermal equilibrium is given by the value at which F is a minimum. This
is because the partition function is a maximum for that value of X, which
means that the number of microscopic states is at its largest, and so one of
them is almost always realized owing to the principle of equal probability. In
Chap. 7, we apply this principle to discuss a phase transition in a magnetic
material. This principle is also used in Landau’s theory of second-order phase
transitions, discussed in Chap. 9.

3.4 Internal Energy

In thermodynamics, the internal energy is introduced, and is usually written
as U. It is the energy of a system after any mechanical energy associated with
the center of mass of the system has been removed. Since it is usually trivial to
remove such mechanical energy, we shall assume that “energy” in this section
means the energy without any such external energy.

In the microcanonical distribution, the energy FE is given and the temper-
ature is determined as a function of E. There is no fluctuation in the energy,
and the internal energy U is nothing but this energy E. In the canonical dis-
tribution, on the other hand, the temperature is given, and the microscopic
states, with energy F;, are distributed according to the probability (3.7). In
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this case U is given by (E;). Since the distribution function of the energy is
sharply peaked, the average coincides with the most probable value of the
energy, E*. Therefore, the relationship F' = U — ST can be established.

Let us now give a useful equation for U, and show that U = (E) actually
coincides with E*. From the definition of a thermal average in equilibrium,
U can be expressed and rewritten as

EieiEi/kBT 0
U_zi:?_—%an, (3.19)

where § = 1/kgT as usual. That is, U is obtained from the derivative of
In Z. Using F for In Z, we can show that this average coincides with the most
probable energy E*:

15) F
U:aza(kBT)

T kgT 83 ' 98 \kgT

OF .
Tos + F=TS+F=E". (3.20)

In the last line we have used a well-known relation from thermodynamics,
(OF /OT)y = —S. We shall derive this relation in the next section.

3.5 Thermodynamic Functions
and Legendre Transformations

The entropy that we defined in Chap. 2 is a function of the energy E, the
volume V', and the number of molecules N, and its total differential is

1 P W
ds = ?dE + ?dV — de' (3.21)

This equation is satisfied in thermal equilibrium. Thus we can use U instead
of E and rewrite the total differential of the entropy as a total differential
of U:

dU =TdS — PdV + udN. (3.22)

This equation means that we should consider the internal energy U as a func-
tion of S, V, and N.

On the other hand, the free energy F' defined in the previous section is
a function of T', V', and N by definition. We can obtain the total differential
of F using F=U — ST

dF = dU — d(TS) = dU — SdT — TdS = —SdT — PdV + pdN. (3.23)
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From this equation, we can obtain (0F/0T)y,ny = —S, for example, which
was used in the previous section. In this way, we can change the independent
variables from the set (S, V, N) to the set (T, V, N') by subtracting ST from U.
This operation is called a Legendre transformation.

A further Legendre transformation defines the Gibbs free energy G as
G = F + PV. This free energy is a function of (T, P, N):

dG = —SdT + V dP + pdN. (3.24)

This Gibbs free energy has an interesting property. Among 7, P, and N,
only N is an extensive variable. Therefore, the following relation should be
satisfied:

G(T,P,aN) =aG(T,P,N). (3.25)

This equation means that G(T, P, N) = g(T, P)N. Here g is the Gibbs free
energy per molecule. On the other hand, from the derivative of G, we know
that (O0G/ON)r p = p. Thus we can conclude that g(T, P) = py, i.e.

G(T, P,N) = u(T, P)N . (3.26)

U, F, and G are connected by a Legendre transformation and collectively
called thermodynamic functions. They have different sets of independent vari-
ables. The variables associated with each function are called its natural vari-
ables. It is important to realize that this association is not arbitrary: once
a thermodynamic function has been given as a function of its natural variables,
we can obtain the values of any state variables in thermal equilibrium, but this
is not so if the function is given in terms of another set of variables. For exam-
ple, once we have obtained F(T,V,N), S, P, and u can be derived by differen-
tiating F' with respect to T, V', and N, respectively. Furthermore, other ther-
modynamic functions can be obtained by Legendre transformations. On the
other hand, suppose that the internal energy U has been obtained as a func-
tion of (T, V, N); of these variables, T" is not a natural variable. In this case we
cannot derive S from an expression for U(T, V, N). In fact, it is known, and is
shown in the next chapter, that U(T,V, N) = (3/2)NkgT for an ideal gas com-
posed of monatomic molecules. We cannot derive S or P from this function.

3.6 Maxwell Relations

From the fact that state variables are given by derivatives of thermodynamic
functions, we can obtain important relations between their derivatives. Con-
sider F' as an example. Since it is differentiable, its second-order derivative
can be calculated in two ways and the results should be the same. That is,
the following equation is satisfied:

0? 02
F = F.
ovor arov

(3.27)
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Putting (OF/0T)y = —S and (0F/0V)r = —P into the two sides of this
equation, we obtain the equation

),-(),

This kind of relation can be derived using other thermodynamic functions as
well. All such relations are called Mazwell relations.

One application of these relations is to the determination of entropy. En-
tropy cannot be measured by simply reading a gauge on an apparatus, as can
be done for temperature or pressure. Instead, (3.28) can be used to find out
how S changes when the volume changes at a given temperature. Similarly,
from an equation obtained from the derivative of G,

&)@,

we can find out how S changes when the pressure changes.

Finally, we remark on some relations for an ideal gas that can be derived
from such equations. For an ideal gas, PV = nRT. From that equation, the
right-hand side of (3.28) is equal to nR/V = P/T, and we obtain (95/0V)r =
P/T. On the other hand, the pressure is defined by (05/0V)g = P/T. This
gives (05/0V)r = (05/0V)g for an ideal gas. This is a consequence of the
special characteristics of an ideal gas that the temperature is proportional to
the energy and that the energy is uniquely determined by the temperature.

Exercise 7. Calculate by how much the density of oxygen is decreased at the
summit of Mount Everest (altitude 8848 m).

Exercise 8. Show that the constant C' in (3.14) is the heat capacity of the
system.

Exercise 9. Derive the Maxwell relation (3.29).
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Elementary Applications



4

Ideal Gases

Here, we shall apply statistical physics to an ideal gas. We calculate the tem-
perature and pressure as defined by statistical physics, and show that these
statistical-mechanical definitions give the same temperature and pressure as
do the thermodynamic definitions. We also discuss the thermal properties of
an ideal gas consisting of diatomic molecules.

4.1 Quantum Mechanics of a (Gas Molecule

Suppose that we enclose N molecules in a box of volume V with adiabatic
walls, and let them move with arbitrary velocities. If the influence of gravity
can be neglected, the molecules continue to move and they become distributed
uniformly, as we have seen in Chap. 1.! If there is no interaction between the
molecules, the speed of every molecule is conserved. In this case it is impossible
for the system to iterate through all possible microscopic states. Therefore we
allow a weak interaction between the molecules so that every microscopic state
can be realized. A model with this property describes an ideal gas, and also
describes a real gas in the dilute limit.

We shall investigate this model by the use of statistical physics in this chap-
ter. For this purpose, we must distinguish between microscopic states. This
task cannot be accomplished if we are discussing the motion of a molecule
using classical mechanics. In classical mechanics, the state of a molecule is
determined by its position r and its momentum p. These variables vary con-
tinuously, and so we cannot count the number of states that have energies
between E and E + 0F. The way out of this difficulty is to use quantum
mechanics, which is the correct set of laws governing the microscopic world.

The essence of quantum mechanics is that a molecule behaves both as
a particle and as a wave. A wave function (r), which is a continuous

! Note that since there is no energy transfer between the adiabatic walls and the
molecules, the energy of a molecule must be conserved in a collision with a wall.
The reflection must be perfectly elastic.
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function and takes complex values, is associated with a molecule, and the
probability of finding the molecule in an infinitesimal volume §V around
r is given by [¢(r)]?§V. The momentum of the molecule p is related to
the wave vector k of the wave function by p = hk, where h = h/27 ~
1.05 x 10734 Js is the Planck constant divided by 27.2 The energy of the
molecule E = p?/2m is related to the angular frequency of the wave w by
E = hw.

To illustrate quantum mechanics, let us consider a one-dimensional sys-
tem for simplicity. When a molecule moves along the z-axis with a definite
momentum p = hk, it is described by the following wave function:

w (.73) — Aei(kac—wt)
=|A |cos (kx —wt + a) +1|A |sin (kx —wt + «) . (4.1)
Here, Euler’s formula,
exp(iz) = cosz +isinz, (4.2)

has been used, and the coefficient A is assumed to be a complex number
of the form A = |Ale!®. This state, with a definite momentum, is a spatially
extended state, and the probability of finding a molecule is independent of the
position: [1(z)|? = |AJ?. This state is not appropriate for discussing molecules
in a box.

To discuss molecules in a box, we need to use standing-wave states. The
description of a state in classical and quantum mechanics is illustrated in
Fig. 4.1. In classical mechanics, molecules are reflected from the walls, and
their momentum changes sign when this happens, from p to —p. Likewise,
a molecule in a box is described by a wave that is a superposition of waves
with momenta p and —p. If the size of the box in the z-direction is L, and
the molecule can move in the region 0 < x < L, the wave function is

P(z,t) = Asin (ZE) e Wt — é (ei(px/h_“t) — e_i(px/m'“t)) ) (4.3)
h 2i
In order to satisfy the boundary condition that ¢(0,t) = ¢)(L,,t) = 0, p must
be equal to p,, = nh/2L,, where n is a positive integer.® In this way, the mo-
mentum in the z-direction is restricted to discrete values p,, when the molecule
is in a box. This restriction is called quantization of momentum. Owing to this
quantization, the kinetic energy in the x-direction is also quantized:

2 2 2
o h n
E,,=-==— . 4.4

’ 2m  2m (2L1> (44)

2 The Planck constant A is equal to 6.6260693 x 1073* Js. This constant divided
by 27, i = h/27 = 1.05457168 x 10~3* Js, is also used frequently.

3 There is no probability of finding the molecule outside the box. Thus, P(x,t) =0
for x < 0 and z > L,. The continuity of the wave function requires the boundary
condition specified here.
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Fig. 4.1. Motion of a molecule in a box. (a) Classical mechanics: a molecule of
momentum p is reflected at a wall so that after reflection it has a momentum —p.
(b) Wave function in quantum mechanics: the wave function ¢ (z) is a continuous
function and has a nonzero value only inside the box. In this figure, only the z-
component of the motion is depicted, for simplicity

Each of these states, indexed by an integer n, is a microscopic state in which
a molecule can be accommodated.

The extension of this standing-wave state to a molecule in a three-dimensional
box of size Ly x Ly x L is straightforward. The wave function and the allowed

momenta are
P(r,t) = Asin (%) sin (%) sin (p;z) e iwt (4.5)

and

nh mh lh)7 (4.6)

pP= (pvayvpz) = <2an E7 TLZ

where n, m, and [ are positive integers.

4.2 Phase Space and the Number of Microscopic States

In order to count the number of microscopic states of an N-molecule sys-
tem, we need to depict them. For this purpose, we introduce what is called
phase space. The phase space for a single molecule is the space spanned
by the real-space coordinate r and the momentum p. If we consider only
one-dimensional motion along the z-axis, the phase space becomes two-
dimensional, and a point in that space has coordinates (z,p,). What is
shown in Fig. 4.1a is this two-dimensional phase space. In classical me-
chanics, the state of a molecule at a given time is indicated by a point
in this space, and the molecule moves in this space along an orbit, shown
by the dashed line, as time elapses. On the other hand, in quantum me-
chanics, a standing-wave state is represented by a pair of parallel lines at
Py = +nh/2L, in this space, as shown in Fig. 4.2. The nth state has
a momentum p,, = hn/2L,, and the pair of lines enclose an area nh
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Px

3h2L,

2hi2L,
hr2L,

0 L, x
-hi2L,

2h/2L,

3h/2L,,

Fig. 4.2. Quantization of the momentum. The state of a molecule in quantum
mechanics is described by a pair of lines at p, = £nh/2L, in phase space. The
arrows indicate that each state is a superposition of right-going and left-going plane
waves

in the phase space. Since there are n states in this area, we can conclude
that an area of h in this phase space contains just one microscopic state of
a molecule.*

We have derived this relation on the basis of an inspection of the standing-
wave states. However, it is actually a general consequence of Heisenberg’s
uncertainty principle, which tells us that there is uncertainty in both the
position and the momentum of a particle; the position and momentum can
only be determined subject to the condition that Ax Ap > h. In the case
of a standing-wave state, the molecule can be anywhere in the box, so
that Ax = L,. Therefore, Ap > h/L, must be satisfied. This is the rea-
son that the lowest momentum is +h/2L,, which is nonzero and has un-
certainty of Ap = h/L,. A spatially more localized wave function can be
constructed in the form of a wave packet by superposition of wave func-
tions. If we mix waves with momenta from p to p + dp, we obtain a wave
which has a large amplitude between z and = + dx and with a mini-
mum dz determined by dp from dxdp > h, as shown in Fig. 4.3. The
Heisenberg uncertainty relation is a consequence of this general property of
a wave. A wave created in this way occupies an area of Ax Ap in phase
space. Thus, a microscopic state of one-dimensional motion can be con-
sidered to occupy an area h in two-dimensional phase space, as shown in
Fig. 4.4.

This result can be generalized to motions in real three-dimensional space.
In this case the phase space becomes six-dimensional, and a point in this

4 There are, for example, three states in the area between the lines for n = 3, with
po = £ h/2L,, £2h/2L,, and +3h/2L,, as shown in Fig. 4.2.
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Fig. 4.3. Wave packet. By superposition of waves with momenta in the range p +
h/(2 Az), we can create a wave packet of length Az

Py
[ 1ap
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X

Fig. 4.4. There is one microscopic state in each area of size Az Ap = h in phase
space

space is described by a vector (z,v, 2, Dz, Py, P>). A quantum mechanical state
of a molecule occupies a volume Az Ay Az Ap, Ap, Ap, = h3 in this space.

In statistical physics, we consider a system of N molecules. A microscopic
state in this case is depicted in a phase space of 6N dimensions. A point in
this space has coordinates (x1,y1, 21, P1z, P1y,s P12, T2, Y2, 22, - - .); that is, six
dimensions are assigned to the real-space coordinates and momenta of each
molecule. In classical mechanics, a point in this space describes perfectly the
state of all the molecules. In quantum mechanics, a microscopic state occupies
a volume of h3" in this 6 N-dimensional space.

4.3 Entropy of an Ideal Gas

Once we can count W(E), which is the number of microscopic states that
have energies between F and E+ §FE, we can obtain the entropy from S(E) =
kg In W (E). We can also use the number of states 2y(E) that have energies
less than E instead of W (E). In that case,

S(E) = kg [In 2 (E) + O (1)] . (4.7)
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For N molecules, the phase space is 6/N-dimensional, and the states with
a total energy less than E occupy a nonzero volume in this space. The number
of states (29(E) can be calculated by dividing the volume of phase space
by h3N.

We begin the calculation with the simplest case. We consider a system
of a single molecule where the motion of the molecule is restricted to a one-
dimensional space of le ngth L,. The phase space is two-dimensional, as shown
in Fig. 4.5a. If the energy of the system is F, the momentum of the molecule
must satisfy |p;| = vV2mE, where m is the mass of the molecule. Therefore,
the region of phase space for states with an energy less than E is the shaded
area in the figure, and the number of states is

_ 2xXV2mEL,

LN 3

(4.8)
Next, the momentum subspace for a molecule in a two-dimensional space of
area Ly x L, is shown in Fig. 4.5b, and the region corresponding to energies
less than E is the shaded circle, the area of which is 7(v/2mFE)?2. Thus,

2
20 (B) = ll 2mfz) B (49)

Similarly, in a three-dimensional space of volume V', the region of the momen-
tum subspace where the energy is less than E is a sphere of radius v2mFE,
and (2 is given by

A (2mE)*/?

2 (B) = 57—V (4.10)
(a) (b)
Py
(2 mE)1/2 py
@ mE)“Q
0 L, X 0 Py
_(2 mE)1/2

Fig. 4.5. The shaded area shows the region in phase space in which the energy of the
system is less than F. (a) One-dimensional system. (b) Two-dimensional system,
where only the momentum subspace is shown
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Finally, we consider N molecules in a three-dimensional space of volume V.
In this case the coordinate part of the phase space has a volume V. The
momentum part of the phase space is 3N-dimensional, and the region cor-
responding to energies less than FE is the inside of a hypersphere of radius
V2mE, namely the region defined by

Mo

The volume of this hypersphere is calculated in Appendix D, and is given by
a3N/2

3N
7P(3N/2+1)( 2mE) : (4.12)

where I'(n + 1) = n! is the gamma function. The number of states 25(E) is
then given by

VN 7.[.3N/2

2 (E) = ) ( 2mE)3Ni. (4.13)

h3N T (3N/2+1 N!

In this equation, the final factor 1/N! arises from the fact that the molecules
cannot be distinguished. That is, the microscopic state in which the ¢th and
jth particles are in the kth and lth quantum mechanical states, respectively,
is the same as that in which the ith and the jth particle have been exchanged
and are in the [th and kth quantum mechanical states, respectively, Therefore,
a microscopic state in which N molecules are in N quantum states «ay, as,

-+, apn, where the ith molecule is in the state «;, and a microscopic state
in which the ith molecule is in the state ap(;), where P(i) is any of the N!
permutations of the molecules, are the same microscopic state of the ideal
gas. To avoid counting the same microscopic states many times, we need the
factor N!. We shall come back to this point in Chap. 10. Without this factor
N!, the entropy has a strange N dependence, which is known as the Gibbs
paradox (see also Exercise 11 at the end of this chapter).

Now the entropy of an ideal gas is obtained:

S(E,V,N) = kgln £ (E)

(27Tm)3N/2 3kgN
=kgln - n n
NB3NT (BN/2+1) 2

2K 2 3/2,5/2
:NkB{an 31n—+1 (”m)e} .

N SN % (4.14)

In the final form, Stirling’s formula (In N! = NIn N — N) has been used. The
entropy is proportional to the number of molecules for a fixed number density
N/V and fixed energy density E/V = (E/N)(N/V), as it should be.
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Before closing this section, we examine the validity of using 2y(FE) in-
stead of W (FE). The latter is the number of microscopic states with energies
between E and E + §E. Therefore, it is proportional to the surface area of
a 3N-dimensional hypersphere of radius v2m£FE. This surface area is given by
the derivative of the volume with respect to the radius, as shown in Appendix
D. We obtain

VN 3mNm3N/2

1
~ B3N IT(3N/2+1) N!

W (E) -

(2mE)*N/2=15E (4.15)

The difference between the entropy obtained from this W (E) and from (4.14)
is negligibly small: apart from an unimportant constant term, the results differ
only in that the coefficients of In E' are (3N/2 — 1)kp and (3N/2)kp, respec-
tively. As N is a macroscopic number, these values for the entropy can be
regarded as exactly the same.

4.4 Pressure of an Ideal Gas:
Quantum Mechanical Treatment

In Chap. 1, we derived the pressure of an ideal gas as P = 2FE/3V using
classical mechanics. However, molecules are governed by quantum mechanics,
not by classical mechanics. The use of quantum mechanics to describe the
state of a molecule is essential for statistical physics. Therefore, we need to
calculate the pressure quantum mechanically, and verify that we obtain the
same result. The pressure obtained quantum mechanically is compared with
the pressure obtained from the entropy in the next section. There, we show
agreement between these two pressures.

In the situation shown in Fig. 4.6, the gas is pushing against a piston, and
the resulting force is balanced by an external force F. When the balance is
infinitesimally broken so that the gas expands, work is extracted from the gas.
The extracted work makes the internal energy of the gas decrease. From the
decrease in the internal energy as the gas expands slowly, we can calculate
the force F' and the pressure.

We take the z-axis in the direction in which the piston moves. We consider
a situation in which the initial length of the cylinder is L,, and the cross sec-
tion of the cylinder is a rectangle of area L, x L. Each molecule is in one of
the standing-wave states (4.5), with a momentum given by (4.6). The energy
of a molecule in this case is

h? n \? m \2 1 \?
E"’m’l:2m{<2Lm> +<2Ly> +<2Lz> }, (4.16)

where n, m, and [ are positive integers. When we change the length in the
z-direction slowly from L, to L, + 6L,, the wave function changes so that
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Fig. 4.6. A gas contained in a cylinder with a piston. The piston is pushed by
a force F' from outside to keep the gas at a given volume. The internal energy of
the gas decreases when it expands. When the piston is moved in the z-direction,
the wave function ¢ (z) is elongated in the z-direction and the energy of the state
decreases

the boundary condition that ¢(r) = 0 at the wall is maintained. This is
accomplished by a slow change in p,. When L, increases, p, = nh/2L,
decreases, and the energy of each molecule decreases. The energy decreases
by

OFn 2 B2 ([ 0\’
0By = — el s, = 2 L, . 41
ol dL, Lm2nz(2L1> (4.17)

We equate this decrease to a quantity of work:
w= fp0L,. (4.18)

The force f, that the molecule exerts on the piston is then obtained:

T —_— k (] ene y 1 € (]II‘e tion 4 19
m C g T C

Summing over all the molecules, and using the fact that the total kinetic en-
ergy in the z-direction is one-third of the total kinetic energy E owing to
the isotropy of the system, we obtain the force exerted on the piston by the

gas:
2

3L,
From this force, we obtain the pressure as P = F,/(L,L.) = (2/3)E/V. This

is the same result as that obtained from classical mechanics. The total kinetic
energy E is nothing but the internal energy of the (ideal) gas.

F, =

x E. (4.20)

4.5 Statistical-Mechanical Temperature and Pressure

In this section, we show that the temperature and pressure defined by statis-
tical mechanics are the same as those defined by thermodynamics. In order
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to avoid confusion, we add a subscript “s” to the symbols for these quantities
defined by statistical mechanics, and therefore write them as T and Ps. From
their definitions and the expression for the entropy in (4.14), Ty and P, are
given by

1 oS 3 1
T (w)m =3 Vke g (4.21)
P (aS\ . 1

By eliminating Ty from these equations, we obtain Py = (2/3)E/V. Therefore,
Py is the same as the pressure defined mechanically, which was calculated in
the previous section.

Next we examine the temperature. The thermodynamic absolute temper-
ature is defined through the efficiency of an ideal heat engine. This defini-
tion is independent of any material. Now, thermodynamics tells us that in
the case of an ideal gas whose internal energy depends only on the tem-
perature and whose state of equation is given by the Boyle-Charles law
PV = nRT = NkgT, the T in the right-hand side of that equation co-
incides with the absolute temperature. The ideal gas treated in this chap-
ter satisfies this necessary condition. Namely, (4.21) shows that F depends
only on Ty, and (4.22) tells us that PV = kgNTs. Therefore, the tempera-
ture defined by statistical physics coincides with the thermodynamic absolute
temperature.

From this comparison, we have found that the statistical-mechanical tem-
perature and pressure of an ideal gas are the same as the temperature and
pressure obtained from thermodynamics, as expected. This leads us to the con-
clusion that the definitions of temperature and pressure in statistical physics
are equivalent to the corresponding definitions in thermodynamics for any
system. This can be proved by the following consideration. Let an arbitrary
system I be in thermal and mechanical equilibrium with an ideal gas, which
we shall call system II. Then, as explained in Sect. 2.3, the principle of equal
probability makes Ty and P, the same for these systems, i.e. TS(I) = TS(H) and
PS(I) = PS(H). On the other hand, the thermodynamic temperature and the
mechanical pressure are also the same for the two systems, i.e. 71 = 7D
and PO = PUD_ Since TS(H) = 7 and PS(H) = P(H)7 we conclude that
70 = TS(I) and PO = PS(I). Namely, the statistical-mechanical temperature
and pressure coincide with the thermodynamic temperature and the mechan-
ical pressure for any system.

4.6 Partition Function of an Ideal Gas

Above, we calculated the entropy of an ideal gas using the microcanonical
distribution. We can also obtain the same result using the canonical distribu-
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tion, in which the temperature is fixed by a heat bath. The partition function
in this case is

Z(T,V,N) = Z exp(—E;)

1 dB3r, d3p, - --
— N /e*ﬁE(m,rz,'--,Phpzf") r1h3]\1[)1 ) (4.23)

Here, 3 = 1/kgT.5 The 6 N-dimensional phase space of N molecules has been
reduced by a factor of 1/N! by considering the exchange of molecules, and has
been divided into cells of volume h*" corresponding to microscopic states. The
energy of a microscopic state, E (71,72, -+, P1, P2, - - -) does not depend on the
position r;:

E= ﬁ (P1® + P22 +ps°--) (4.24)
The integral over the space coordinates gives V'V, and the integral over the
momentum gives

VN 1 2 2
Z(T,V,N) = ﬁhgi]\r/dgpl exp (—ﬁg}n) /d3p2 exp (—ﬁ;fn)

1 VN f2mm\ V2
~ NIV (ﬁ)

3N/2 N
~ [ 2mmksT Vo) (4.25)
h? N

From this partition function, the free energy F', the internal energy U, and
the entropy S can be calculated:

F(T,V,N) = —kgTIn Z

_ 3NksT (2”kaT> ~ NkpTln <‘]/;f> . (4.26)

2 )
0 9 [3N
= gNkBT» (4.27)

ser.vov) = - (57
V,N

2mmkgT
;NkB In (7””B> + Nkpln (Ve) + ;NkB . (4.28)

h? N
As T < U = E, this entropy coincides with (4.14).

5 In statistical physics, 3 is always used for 1/kgT.
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We can also verify that the pressure obtained from the free energy is the
same as before:

oF 1
P=—-|— = NkgT—. 4.29
(57 )., = 2
From the internal energy, we can calculate the heat capacity at constant vol-
ume: ou 3
Cy=|=— = —Nkp. 4.30
v <8T> vy 2 (430)

Since the internal energy U depends only on the temperature, and (0V/9T)p
=V/T, (1.5) tells us that the constant-pressure heat capacity Cp is given by

Cp =Cv + Nkgp. (4.31)

This relation is known as the Mayer relation. (see Exercise 4 in Chap. 1.)

The ratio Cp/Cy = = is known as the specific-heat ratio. In the present
case v = 1.67. This value coincides with the experimental value for helium
gas, but for air at room temperature, v is equal to 1.403. This discrepancy
arises from the fact that air consists of diatomic molecules, as explained in
the next section.

4.7 Diatomic Molecules

4.7.1 Decomposition of the Partition Function

The monatomic molecules that we have considered in the previous sections
have three degrees of freedom, associated with the motion of the center of
gravity. On the other hand, a diatomic molecule has six degrees of freedom,
since it consists of two atoms. Therefore, in addition to the three degrees of
freedom associated with the center of gravity, it has three degrees of freedom
associated with its internal motion. To describe the internal motion, we take
a coordinate system attached to the molecule as shown in Fig. 4.7. The three
degrees of freedom of the internal motion can then be divided into two kinds:

e Vibration in the z-direction. This has one degree of freedom.
e Rotation around the y- and z-axes. This has two degrees of freedom.

To be exact, there are also degrees of freedom associated with the motion of
the electrons and with the rotation and vibration of the nucleus, but these
degrees of freedom need not be considered at room temperature, for a reason
that will be explained later. So here we consider the statistical mechanics of
diatomic molecules taking account of the above six degrees of freedom.

Now, because of these internal motions, the calculation of the partition
function of a diatomic-molecule gas becomes a little complicated. To reduce
the complexity, we shall first show that the total partition function can be



4.7 Diatomic Molecules 59

Fig. 4.7. Diatomic molecule, and coordinate system attached to the molecule

obtained from a product of single-molecule partition functions in the case
of an ideal gas. This is because there is no interaction, and each molecule
is independent of the others. Let us write the energy of the jth quantum
mechanical state of the ith molecule as F;(j), where 0 < j < oo and 0 < ¢ <
N. When the ith molecule is in the j;th state, the total energy of the gas £ is

E(Jr,J2, -5 Jn) = ZEi(jz‘). (4.32)

The partition function is then

Z = %ZZ"'ZGXP [=BE(1,J2, -+ Jn)]

J1 o J2 JN

_ % S S [ exp [-BE: ()]

Jj1 J2 iN i

= 3 11§ 3 exp [-9E )

= e B | (433

In the last line, the function in the large braces is the partition function of
the first molecule zq,

2 = Zexp(—ﬂEl(j)) ) (4.34)

Since all the molecules are the same, z; = 25 = --- = 2. Thus the partition
function of an ideal gas can be written as a product of single-molecule partition
functions. It is easy to check that the partition function of a monatomic ideal
gas (4.25) can be obtained from this equation.
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For the calculation of the single-molecule partition function, it is a good
approximation to consider the six degrees of freedom independently. In this
case the energy of a microscopic state of a molecule is given by the sum of the
energies for each degree of freedom. Thus the energy of the ith molecule is

E;,=E°Y + gV + g™ (4.35)
where E;CG), Ei(v), and Ei(R) are the energies associated with the center of
gravity, the vibration, and the rotation, respectively, of the ith molecule. Since

the energy is the sum of the energies for each degree of freedom, z; can be
rewritten as follows:

7= Zexp [~BE1(5)]

= > exp [<BECV ()] Y exp -8B (1)) D exp [-8EM )]
J k J

= 7€) zV) z(®) (4.36)
The total partition function and the free energy are then
1 N
— — 176 z(V)z®R)
Z== {Z ZMz } (4.37)

and

F = —kgTN {m 78 41z 41y Z<R>} 4 kgT'In N

= FCS L V) 4 p(R) 4 LoTNIn N . (4.38)

In the following, we calculate each term in this equation.

4.7.2 Center-of-Gravity Part: Z(C®)

This part is the same as that for a monatomic molecule. Writing the center
coordinate, the total momentum, and the total mass as R, P, and M = 2m,
respectively, we can calculate this part as follows:

_ 1 . P?
7(CG) _ ZeXp [—ﬂE(CG)(])} = ﬁ/ddedPeXp (ﬂw>
J

- % (2rMkgT)*? . (4.39)

The free energy and the internal energy for this part of the partition function
are

F(CG) = _kgTN1n 2% = —ngTN In (2r M kgT) (4.40)

and ) 3
UG — _ N 1n7C% = 2 NEkaT. 4.41
86 n 9 B ( )
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4.7.3 Vibrational Part: Z(V)

To discuss vibration, we consider a diatomic molecule as two atoms of mass m
connected by a spring of spring constant k, as shown in Fig. 4.8. The equation
of motion for this system in classical mechanics is

ui = —k(x —d), (4.42)

where p = m/2 is the reduced mass, x is the distance between the atoms, and d
is the mean value of this distance. This is the equation of motion of a harmonic
oscillator, and the solution is = Asin (wt + «) + d, where w = \/k/u. The
energy is the sum of the kinetic energy

k
ga':Q = §A2 cos? (wt + a) (4.43)
and the potential energy
1 e koo
2k(x d)* = 2A sin® (wt + a) , (4.44)

and we obtain E(V) = (k/2)A%. The amplitude A can take any value, and so
the energy is continuous. We cannot count the number of microscopic states
in classical mechanics.

On the other hand, in quantum mechanics, the energy of a harmonic os-
cillator is given by

1 w 1
(V) = — —_— = —
E <n+2> h27r <n+2>hw, (4.45)

where n = 0,1,2,--- is a nonnegative integer. The lowest-energy state, the
ground state, is obtained when n = 0. Even in this case, the energy is nonzero.
This is because a zero-energy state is not allowed by the uncertainty principle:
EN) = 0 would mean that there was no vibration, and so the distance between
the atoms would be fixed at d without any fluctuation, which would mean that
the relative momentum must be completely uncertain, i.e. Ap — oo. This
means that the energy would be very large, in contradiction to the initial
assumption that E(Y) = 0. Therefore, even in the ground state, there must
be some vibration. This vibration is known as the zero-point vibration.

We cannot give a derivation of (4.45) here; that belongs in a course on
quantum mechanics. Here we shall simply accept the result and calculate the

m k m

@@

Fig. 4.8. Model of a diatomic molecule. To discuss vibration, we consider a diatomic
molecule as two atoms of mass m connected by a spring of spring constant k
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partition function. The partition function can be expressed in terms of the
hyperbolic function sinh :%

7(V) S ! hw e : 4.46
=D exp {6 (”*2) } = TP ~ 2wk (Bhwyy) 40

n=0

The free energy and internal energy associated with vibration can then be
obtained:

1
FV) = _kgTNIn ZY) = kTN In {2 sinh (25m)] (4.47)

v 0 v 0 1
( ) — [ ( ) f— [ ] —

N 1

N N hw
L F T L
2 +eﬁﬁ“’71

(4.48)
We now examine the temperature dependence of the internal energy. When the
temperature is low enough that Shw > 1, or hw > kT, is satisfied, we have
e > 1. In this case the second term can be neglected, and UY) = (N/2)hw.
This means that every molecule is in the ground state at low temperature. On
the other hand, at a temperature high enough that Shw < 1, or hw < kT,
is satisfied, we have /" ~ 1 4 Bhiw, and UV) ~ (N/2)hw + NkgT ~ NkgT.
The average energy of a molecule is now kgT’; namely, every molecule has
an average kinetic energy and an average potential energy of (1/2)kgT each.
The fact that the kinetic energy of a system at high temperature is equal to
(1/2)kpT for each degree of freedom is known empirically and is called the law
of equipartition, and the energy (1/2)kgT is often called the thermal energy.
This law is obeyed by the center-of-gravity part of the internal energy (4.41)
also. However, the law of equipartition is obeyed only approximately in the
high-temperature limit in the case of vibration. Owing to the temperature
dependence of the internal energy, the contribution to the heat capacity from
vibration, CV) = (8U V) /aT), has a temperature dependence of the form
shown in Fig. 4.9. Namely, CV) is exponentially small at low temperature,
but approaches Nkg at high temperature.

The temperature dependence described above arises from the discreteness
of the energy of vibration Ey(lv) = (n+1/2)hw. The integer n in this equation
is an example of a quantity called a quantum number. It indicates how much
vibrational energy a molecule has in units of fww. The average vibrational
energy of a molecule can be written as

(EV)Y = ((n) +1/2)hw, (4.49)

5 Hyperbolic functions are defined and briefly described in Appendix E.
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Fig. 4.9. Contribution to the heat capacity from vibration for a diatomic molecule.
CV /Nkg is plotted as a function of kpT/hw = kpT'/(hw/2m)

where (n) is the thermal average of the quantum number n, and is given by

i n exp {fﬂE,(LV)}

(n) = "= = ﬂh: : (4.50)
Sew-om] T
n=0

The result for UY) (4.48) can be recovered from these equations, since U(V) =
N(E(M)). This distribution of n is called the Bose distribution. It has already
appeared in (2.9), where we considered a distribution of money. There, the
unit of energy fiw was replaced by a unit of money, 1 yen.

When the thermal energy (1/2)kgT is much smaller than the unit of
energy hw, the system cannot accept energy from a heat bath. In such
a case, we can neglect the corresponding degree of freedom, and say that
that degree of freedom is “dead”; in this situation, that degree of freedom
makes a negligible contribution to any observable. For nitrogen or oxygen,
hw/kg ~ 2000K > T ~ 300K, and so the vibrational degree of freedom
is dead at 300 K. Likewise, the units of energy for the motion of electrons
in a molecule and for the motions within a nucleus are much higher than
the thermal energy. This is the reason we can neglect the degrees of free-
dom associated with those motions. The energy of the center of gravity is
also quantized, as can be seen from (4.4). However, the unit of energy in this
case, (1/2m)(h/2L)?, is very small for macroscopic values of L, and so the
translational motion of the center of gravity is not dead even at low tempera-
ture. Thus, the law of equipartition is obeyed in this case down to the lowest
temperatures.
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4.7.4 Rotational Part: Z(®R)

First we consider the system using classical mechanics. If the molecule rotates
about the z-axis with an angular frequency w, the velocity is given by v =
(d/2)w, where d is the distance between the centers of the two atoms. Thus
the energy is

(R) m d 2 1 2 2 1 2

where I = (1/2)md? is the moment of inertia of the molecule. Since w is a con-
tinuous variable, E® is also continuous, and we cannot count the number of
microscopic states.

The angular momentum associated with this rotation, L = r X p, has only
a z-component,

d d 1
L,=2x - —w=-md*w=Iw. 4.52
><2><m2w 2mdw w (4.52)

This is also a continuous variable in classical mechanics, but is quantized in
quantum mechanics:

L,=1w=1Ih, 1=0,1,2,---. (4.53)
In terms of this [, the square of the angular momentum is
L=1(+1)h?, (4.54)

and the energy is
2

®_ Lo -
E _2IL _l(l+1)2l.
For each value of [, there are 2] + 1 states owing to the freedom in the choice
of the direction of the axis of rotation.” If we accept this result of quantum
mechanics, the partition function can be calculated as follows:

(4.55)

®_N ol pr?
Z §(2z+1)ep{ 1(1+1) 21}. (4.56)

This summation cannot be done analytically. However, at high temperature
it can be done approximately. When (h%/2] < 1, the exponential factor
becomes small only at large I. The factor (2] + 1) makes the contributions
from large values of | more important than those from small values. In this
case it is a good approximation to calculate the summation as an integral. As
the variable of the integral, we take
2
E(Z)El(l+1)ﬂi. (4.57)
21
" When L? = I(I + 1)i?, L, takes 21 4+ 1 quantized values, which can be expressed
as L, = m_h, where m, is an integer that satisfies -l < m, <.
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Then 1 gr2
€
2041 4.
5 = @A+ 5, (4.58)
and the partition function can be approximated as
AR /dl 2041 exp{—l(l—i— 1) 52]}
0
of [ of
= W/dg exp (—5) = ﬁkBT (459)
0
From this Z(®)| the free energy and the internal energy are
1
F®) ~ kTN In <h2 kBT) (4.60)
and 9 N
U ~ N —Inz® == = NkpT. 4.61
= 5 = N (4.61)

This result for the internal energy can again be interpreted as a consequence
of the equipartition law. Namely, the thermal energy (1/2)kpT is given to each
of the two degrees of freedom of each molecule. In this limit, the contribution
to the heat capacity is
U (R)
c® = =kpN. 4.62
=k (462)
For an oxygen molecule, for which m = 2.66 x 10726kg and d = 2.8 A =
0.28 x 1072 m, the moment of inertia I is 1.05 x 10745 kgm?, and so
1R
— — =0.38K. 4.63
kg 21 ( )
Therefore, room temperature can be considered as a high temperature. The
situation is similar for a nitrogen molecule. Thus the law of equipartition is
obeyed for the rotation of air molecules at room temperature.
The total heat capacity of a diatomic gas is the sum of all of the above
contributions:

Cy =9 L oV L c® = ngN +0WY) 4 kgN = ngN. (4.64)

This applies at room temperature, where C(V) is negligibly small. Then, from
Mayer’s relation, we obtain Cp = Cy + kgN = (7/2)kg N, and the specific-
heat ratio 7 is equal to 7/5 = 1.4. This value agrees with experimental results
for air.

Exercise 10. Evaluate the lowest kinetic energy of an oxygen molecule in
a cubic box of volume 10cm?. Express the result in joules and calculate the
temperature at which the thermal energy kg1 corresponds to this energy.
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Exercise 11. Gibbs noticed that without the factor N!, the entropy of an
ideal gas has a strange behavior. Obtain an expression for S without this
factor. Use this expression and show that the total entropy of two identical
systems S(2F,2V,2N) is different from 2S(E,V, N).

Exercise 12. Calculate the entropy of an ideal gas using (4.15), and compare
the result with (4.14).

Exercise 13. The frequency v of vibration of an O, molecule is 4.74 x 103 Hz.
Evaluate the spring constant & = pw? of the bond between the oxygen atoms,
where p = m/2 is the reduced mass, m = 2.66 x 10~26 kg, and w = 27v.
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The Heat Capacity of a Solid,
and Black-Body Radiation

The molar heat of solids approach a common value at high temperatures,
whereas they decrease in proportion to T2 at low temperatures. To explain
this behavior, we introduce here the Einstein and Debye models as models
of the crystal lattices of solids, and investigate them. Black-body radiation
has the same mathematical structure as the Debye model. We shall derive
Planck’s radiation formula.

5.1 Heat Capacity of a Solid I — Einstein Model

In the previous chapter, we showed how we can understand the heat capacity
of an ideal gas. Now we shall try to understand the heat capacity of a solid
using statistical mechanics. First, we summarize the experimental facts:

e Around room temperature, ordinary simple solids have a molar heat' of
about 3kpN ~ 25Jmol~!K~!. This fact is called the Dulong—Petit law.
Some examples are listed in Table 5.1.

e At low temperatures, the molar heat decreases in proportion to T°3.

We shall explain these facts in this and the following section.

In this section, we investigate solids using the Einstein model. Just as the
motion of atoms contributes to the heat capacity of a gas, we expect that the
motion of atoms or ions will contribute to the heat capacity of a solid. The
ideal solid is a crystal, where atoms are arranged periodically in a lattice. In
a simple cubic lattice, eight neighboring atoms sit at the corners of a cube. The
atoms can move around their equilibrium positions, which are called lattice
points. Owing to the surrounding atoms, the potential energy of an atom is
lowest at its lattice point. We can depict this situation schematically as one
where atoms are connected by springs, as shown in Fig. 5.1. Einstein simplified

! The molar heat is the heat capacity per mole.
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Table 5.1. Molar heats of solids at 25°C in Jmol~* K~!. Note that diamond has
an exceptionally small value

Material Molar heat

Aluminum  24.34

Gold 25.38
Silver 25.49
Iron 25.23
Sulfur 22.60
Phosphorus 23.8
Diamond 6.115

the real situation by assuming that each atom is connected to its lattice point
by a spring independently of the other atoms.

In this model, the motion of each atom is a harmonic oscillation. Let the
angular frequency of the oscillation be w in all three directions z, y, and z.
Each atom then has an energy

1 1 1
Enx,ny,nz = <nm+2+ny+2+nz+2)hw, (51)

where ng, ny, and n, are the quantum numbers of oscillation in the z, y, and
z directions, respectively. From this energy, the partition function of a system
of N atoms is

1 3N
- {6(1/2)Bhw — o—(1/2)Bhw }

B {2smh [(11/2)ﬂhw] }SN ’

where 8 = 1/kgT as usual.? The internal energy U and the constant-volume
heat capacity Cy are given by
0 3 hw
U=—-—1InZ = _-Nhwcoth
toJe] 2 (QkBT)
2 In this equation, we do not have a factor 1/N!. This is because each atom can be
identified by the position of its lattice point.

(5.2)

(5.3)
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Fig. 5.1. Crystal lattice. Atoms, shown by solid circles, are arranged periodically in
a lattice. The equilibrium position of each atom is called a lattice point. The atoms
can be considered as connected by springs

and
dU

“=ar

2
(Y Ly
2kgT ) sinh® (hw/2kgT)
The temperature dependence of the heat capacity is plotted in Fig. 5.2. When
T — oo, hw/2kgT — 0, and Cy approaches 3Nkg. The molar heat in this
limit is 3Nakg = 3R = 24.93 J/mol K. This is the Dulong—Petit law. We
can understand this result by using the equipartition law; namely, a thermal
energy of (1/2)kgT is given to the kinetic energy and the potential energy
in each of the x, y, and z directions in this limit. On the other hand, at low
temperature, i.e. when T — 0, Cy oc (1/T?)e”™/FsT that is, it decreases
exponentially.

3.0 T T T T T

C,/Nk,

10 B

0'00.0 0.5 1.0 1.5

ko T/(hw/2)

Fig. 5.2. Heat capacity due to lattice vibrations, calculated from the Einstein model.
Cv/Nkg is plotted as a function of kgT'/hw
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The expression for the heat capacity is essentially the same as that for the
vibration of diatomic molecules, CV). The difference is that here an atom can
move in any direction, whereas only vibration in the x-direction is possible in
the case of a diatomic molecule. The average energy of each atom is given by
the Bose distribution as before:

() = (1) + () + (n2) + 5 ) o, (5.5
where )
(nz) = (ny) = (n.) = oBhw _1° (5.6)

One quantitative difference between diatomic molecules and solids is that
whereas the vibrations of diatomic gases are dead at room temperature, ex-
perimental evidence tells us that the vibrations of atoms in solids are in the
high-temperature regime hw < kgT'. This difference arises from two factors.
One is a difference in the “spring constant”. The bond between the atoms
in a diatomic molecule is a covalent bond, which is a strong chemical bond.
On the other hand, the bonds between the atoms in a solid are rather weak.
In the case of metals, these are metallic bonds, mediated by the conduction
electrons. That these bonds are weak is reflected in the fact that metals are
easily scratched. The other factor is the difference in the mass of the atoms.
The atoms in the molecules of oxygen and nitrogen gas are rather light. In
contrast, atoms such as gold, silver, or iron are heavy. Considering these dif-
ferences, it is easy to understand why diamond has a small heat capacity at
room temperature; the reason is discussed in Sect. 5.2.4 after we have studied
the Debye model.

5.2 Heat Capacity of a Solid II — Debye Model
5.2.1 Collective Oscillations of the Lattice and the Internal Energy

The Einstein model was successful in explaining the Dulong—Petit law, but
failed to explain the low-temperature behavior. The heat capacity decreases
exponentially according to the Einstein model, much faster than the 73 de-
pendence observed experimentally. The failure arises from the fact that the
vibrations of atoms are not independent. The atoms move as coupled oscil-
lators, and the frequency of oscillation can be quite low when nearby atoms
move collectively. The collective oscillations of a solid behave as waves, as
shown in Fig. 5.3. This aspect of the oscillations is taken into account in the
Debye model.

The coupled oscillations of the crystal lattice are described by normal
modes; any oscillation can be represented by a superposition of normal modes.
A normal mode here is a plane wave, characterized by a wave vector k and
the direction of the displacement. A mode in which the displacement is par-
allel to the wave vector is called a longitudinal mode. A mode in which the
displacement is perpendicular to the wave vector is called a transverse mode.
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Fig. 5.3. Coupled oscillations of atoms. Here, one row of atoms aligned in the
x-direction is shown. The atoms (solid circles) are displaced along the y-axis from
the lattice points (open circles). In addition to the displacement in the y-direction
shown here, displacements in the z- and z-directions exist

To obtain a better understanding, let us consider a one-dimensional crystal
of length L first. We take the x-axis along the crystal. The atoms move in
the z-direction in a longitudinal mode. There are also two sets of transverse
modes, since the atoms can be displaced either in the y-direction or in the
z-direction. If we assume that the atoms at both ends of the crystal are fixed,
standing waves play the role of normal modes. Just as in the case of the wave
function of a molecule in a box, the allowed wavelengths A of the standing
waves are given by

én =1L,
2
where N = L/a is the number of atoms and «a is the spacing between the
atoms, or lattice constant. The allowed wave numbers are

n=1,23,--,N, (5.7)

k‘n = — = —N. (5.8)

In this case, the number of normal modes is finite. There is a shortest wave-
length, as shown in Fig. 5.4. Therefore, there are N different wave numbers
for each direction of displacement. Since there is one set of longitudinal modes
and two sets of transverse modes, the total number of normal modes is 3N,
which coincides with the number of degrees of freedom of the N atoms.

In a normal mode, every atom oscillates at the same frequency, by defini-
tion. The angular frequency and the wave number are related:

k
wi(k) = 2% sin ?a ~uk  (transverse wave), (5.9)

k
wi(k) = 2% sin ?a ~uk  (longitudinal wave). (5.10)

Here v, and v are the velocities (sound velocities) of the transverse and lon-
gitudinal waves, respectively, in the solid.> These relations between the fre-
quency and wave number are called dispersion relations. Although the dis-

3 A long-wavelength oscillation in a crystal lattice is nothing but a sound wave.
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(@)

(b) 4.
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Fig. 5.4. (a) An example of a standing wave in a one-dimensional crystal of length L.
The spacing between atoms, i.e. the lattice constant, is a. (b) The displacement of
shortest wavelength, i.e. the standing wave with the largest wave number

persion relations of a crystal lattice are not linear, we adopt a linear approx-
imation to the right-hand side of these equations, and use this linear disper-
sion in our subsequent calculations. This approximation is called the Debye
approximation.

For a real three-dimensional crystal, the wave number is replaced by the
wave vector k, where

s m s
The allowed values of k form a lattice in the wave vector space, shown in
Fig. 5.5. The angular frequencies are given as follows in the Debye approxi-
mation:

wi (k) = vk, (5.12)
wl(k) = U1|k| . (513)

When we treat the oscillations quantum mechanically, a normal mode of fre-
quency w behaves similarly to a harmonic oscillator of the same frequency.
Thus, the energy of a normal mode is quantized:

Fon (k) = <n + ;) e (k) | (5.14)
where n is the quantum number of the oscillation, and a(=1 or t) indicates
the direction of the oscillation. Since the expression for the energy is the same
as that for a harmonic oscillator, the thermal average of this energy is given
by the same equation as before: namely, we can replace n in the right-hand
side of (5.14) by (n). The total internal energy is obtained by summing this
thermal average (F,(k)) over o and k:

Uzk:za:<<n>+;) hwe (k)

- e () 1
_ zk: %: pr ST + gl )] (5.15)
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Fig. 5.5. Wave vector space. The allowed values of k = (7ns/Ls, mny/Ly,
mn/L.n.) form a lattice in this space

The final term in the right-hand side is the contribution from the zero-point
oscillation, which is independent of the temperature.

To evaluate this equation, we perform the summation over k as an inte-
gral in wave vector space. In the one-dimensional case k,, = (7/L)n, there
is one point corresponding to an allowed wave number for each interval
Ak = w/L. In the three-dimensional case, there is one point corresponding
to an allowed wave vector in each volume 73 /LzLyL,. Therefore, there are
dk, dk, dk. /(73 /V) allowed wave vectors in a volume of dk, dk, dk., and so
U is given in integral form by

U= Z / dk, / dk / Wgexp[ﬁhf;”ja((kz)]_ - -+ const.

w/ w/a Fiw (k’)
dk‘ dk, = st.
873 Z/w/a —n/a . —n/a exp [Bhwa (k)] — 1 * CODEE) 16)

In the second line of this equation, the integrals for each direction have been
extended to negative wave vector components, and the expression has been
divided by 23 = 8. This is allowed because the frequency is a function of
the absolute value of k. The last term is the contribution from the zero-
point oscillation, which is independent of temperature. On the basis of this
expression for the internal energy, we shall now investigate the temperature
dependence of the internal energy and the heat capacity.

5.2.2 Heat Capacity at High Temperature

The high-temperature region is defined as that in which Shw, (k) < 1 is
satisfied for all of the normal modes. In this case the following approximation
can be used:

hewa (k)

exp[Bhwa (k)] ~ 1 + Bhwe (k) = 1+ kpT

(5.17)
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Then, apart from a constant term, we obtain

w/a
=3 Z / » 1 » dk, 1 » dk. ksT

v 2 V
= x3x (=X k:BT =3 kpT = 3NkgT.  (5.18)
873 a

Here we have used the fact that V/a® is the total number of atoms N. The
equipartition law is satisfied, and the Dulong—Petit law is obeyed by the molar
heat.

5.2.3 Heat Capacity at Low Temperature

In the Debye model, the frequencies of the normal modes are distributed from
a7/ L to the highest frequency, of the order of vj7/a = wpax. We define the
low-temperature region such that the thermal energy kg7 is much smaller
than the energy unit for the highest frequency, i.e. Shwmax > 1. In this tem-
perature region exp[Shwmax] is huge, and so the integrand in (5.16) vanishes
beyond the boundary of the integral. Therefore, we can extend the integral to
the whole wave vector space. Then U can be calculated analytically, except
for a constant term:

Z/ dk:/ dk/ dk. - gh;;j)_l

hok
dmk? dk———
T8 Z/ k dkexp (Bhvak) — 1

3

27T2 54 Z fwa / dz zx_ 1° (5~19)

In the final line, Shv,k = = has been used. The final integral with respect to
x gives 74/15. This result shows that U oc 37% oc T%, and hence Cy x T3.

5.2.4 Heat Capacity at Intermediate Temperature

In this region, we need to perform a numerical integration of (5.16). If we
take the velocities of the longitudinal and transverse waves to be the same
for simplicity, and define Tp, which is called the Debye temperature, by
ksTp = hAwmax, the heat capacity can be expressed as a function of T/Tp.
The result of a numerical calculation is shown in Fig. 5.6. It is known that
this temperature dependence reproduces the behavior of the actual heat ca-
pacities of solids. The heat capacity starts to decrease below Tp. The values
of the Debye temperature for several solids are listed in Table 5.2. We remark
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that Tp of diamond is exceptionally high. This is the reason that diamond
does not obey the Dulong—Petit law at room temperature.

This high Debye temperature can be understood from the well-known
properties of diamond. The average frequency of the normal modes is the
same as the frequency in the Einstein model, and is given by w = /k/m,
where k is the spring constant and m is the mass of an atom. Diamond is
the hardest solid known, which means that the bonds (covalent) between the
atoms are strong, and so k£ must be large. Furthermore, the carbon atom is
one of the lighter atoms. Therefore, it is natural that diamond has a high
Debye temperature. Lead has properties opposite to those of diamond. It is
soft, and the lead atom is one of the heaviest atoms. Therefore, the Debye
temperature of lead is low. We can estimate the “spring constant” k from the
Debye temperature and the mass of an atom, and can compare the strengths
of various kinds of bonds. This is left as an exercise for readers at the end of
this chapter.

3.0 T T T T T

C, /Nkg

1.0 R

1 1 1 1 1
O'%.O 0.5 1.0 1.5

T,

Fig. 5.6. Heat capacity calculated from the Debye model. The horizontal axis shows
T/Tp, where the Debye temperature Tp is defined by ksTp = fiwmax

5.2.5 Physical Explanation for the Temperature Dependence

The Dulong—Petit law, obeyed at high temperature, is easy to understand.
In this case kT > hAwmax, and so the equipartition law is obeyed for all
normal modes, as in the Einstein model at high temperature. The behavior at
low temperature can be understood as follows. From our experience with the
diatomic molecule and the Einstein model, we know that the contribution to
the heat capacity from modes with frequencies w that satisfy iw > kT will be
negligibly small. For these modes, (n) ~ 0; these modes are dead, inert modes.
Now, we can divide the modes roughly into two parts at a frequency wr =
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Table 5.2. Debye temperatures of typical solids

Material T Remarks

Lead (Pb) 105K  Heavy, soft metal
Gold (Au) 165K  Heavy, soft metal
Sodium chloride (NaCl) 321K  Ordinary ionic crystal
Aluminum (Al) 428 K Ordinary metal

Iron (Fe) 467K  Ordinary metal
Diamond (C) 2230K  Light, hard crystal

kT /h. We neglect the contribution to the heat capacity from the modes with
w > wr. On the other hand, we assume that the equipartition law is obeyed
for the active modes, where w < wt. The number of active modes is given by
the number of points representing k values in wave vector space in a sphere of
radius kr = wr/vs. This number is proportional to the volume of the sphere,
which is proportional to k3% oc T3. The internal energy is this number of active
modes times kT, and so is proportional to T*. This is the reason why U in
(5.19) is proportional to 7%, and the heat capacity is proportional to 7.

5.3 Black-Body Radiation

5.3.1 Wien’s Law and Stefan’s Law

Iron heated in a blast furnace glows red at lower temperatures, and white at
higher temperatures. The temperature of the iron determines how it glows,
and so can be measured by analysis of the spectrum. The relation between
the spectrum and the temperature does not depend on the material at high
temperature. In this section, we investigate this relationship theoretically. The
electromagnetic energy emitted from a sample of matter at temperature T
between frequencies v and v+ dv is written as K, (T') dv. The behavior of this
function is shown in Fig. 5.7.
By the end of the nineteenth century, two laws were known:

o  Wien’s displacement law (1893). From thermodynamic considerations,
Wien concluded that the frequency dependence of the radiated energy
must have the form K, (T) = v*F (v/T). From this functional form, we
can conclude that the product of the wavelength A, at which the inten-
sity of the radiated energy reaches its maximum and the temperature is
a constant, i.e. \,,7 = constant.

o Stefan’s law (1879). From experiments, Stefan showed that the total energy
of the radiation in a cavity was proportional to 7. Boltzmann proved this
result in 1884 using thermodynamics. Therefore, this law is also known as
the Stefan—Boltzmann law.

In this section, we calculate K, (T'), and confirm these laws.
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Fig. 5.7. Frequency dependence of K, (T) at 7' = 2000 K, 4000 K, and 6000 K

0'8.0 200.0 400.0

Every sample of matter has its intrinsic color, which affects K, (T"), especially
at low temperatures. To remove the effect of this color, we first define a black
body. This is a sample of matter that absorbs all electromagnetic radiation
incident on it. Therefore, there is no reflected light, and the light emitted
from a black body originates from the fact that it has a temperature T'. Such
a black body can be realized by cutting a tiny hole in the wall of a cavity.
Light going into the cavity is reflected by the inside wall many times before it
comes out of the hole again. At each reflection, part of the light is absorbed,
and so when it comes out of the hole, it is substantially weakened. In fact,
when we look into the hole, it is dark inside, and we see no light. A small
window in a blast furnace is such a black body; when the temperature of the
furnace becomes sufficiently high, it begins to emit light.

5.3.2 Energy of Radiation in a Cavity

Light is emitted from a cavity because the space in the cavity is filled with
electromagnetic radiation that is in thermal equilibrium with the wall, at
a temperature T'. We consider a rectangular cavity whose size is L, x Ly x L.
If we assume a boundary condition such that standing waves are allowed, the
allowed wave vectors of the radiation are

k= (ky ky k)= <L7Tnx, 27@2@) ;o Mg, Ny, sy > 0. (5.20)
T Yy z

We can also use a periodic boundary condition, which gives the following
condition for the wave vectors:

o o1 2
" e, oy, 22 ) (5.21)

k = (kw7k/’y7k/’z) = (L’I’Lx, L—n%L—nz
T Yy z
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where —o00 < ng,ny,n, < oo. The angular frequency of the radiation, w, is
given by w(k) = c|k|, where c is the velocity of light. The following calculation
does not depend on the boundary condition, and so we can use either of these
conditions; the number of modes in the frequency range between w and w+Aw
is independent of the boundary condition. We summarize these boundary
conditions in Appendix F. We notice that the situation is quite similar to
that for the Debye model described in the previous section. A plane wave
with a wave vector k is a normal mode of the electromagnetic radiation, and
behaves as a harmonic oscillator. The main differences are

e clectromagnetic radiation has no longitudinal modes;
e there is no upper bound on |k;
e the velocity is not the velocity of sound but that of light.

Apart from these differences, we can apply statistical mechanics just as before.
There are two polarization directions for transverse modes, and so the internal
energy of the radiation is

U= 8% X Q[dew/_j;dky/_o;dkzemjzgz+const.
= % 000 dk 4ﬁk2% + const.
= % (?207)24 /Ooo Ak ekki . 4 const. = V%: (f2§34 + const.
= V% (]j;ff + const. (5~22)

Here, the constant is the contribution from the zero-point energy. This result
agrees with Stefan’s law. Since there is no maximum to the frequency, radia-
tion in a cavity is always in the low-temperature regime: co = Awmax > kT
Stefan’s law and the T2 dependence of the low-temperature heat capacity of
a solid are closely related.

5.3.3 Spectrum of Light Emitted from a Hole

The energy of the radiation of wave vector k, apart from the zero-point energy,
is hick (n), where (n) at T (= 1/kpf3) is given as follows:

1
If the cavity has a small hole of area S, part of this energy comes out of the
hole. As shown in Fig. 5.8, the energy contained in a volume of Sc At cos6
will come out during a time At, where 6 is the angle between the normal to
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cat

o S

Fig. 5.8. Light with wave vector k coming out of a hole of area S. We place the hole
(thick circle) in the xy plane, and take the z-axis perpendicular to the hole. The
radiation (with wave vector k) in the canted cylinder comes out of the hole during
a time interval At

the hole (z-axis) and k. Since the energy per unit volume is (n) hick/V, the
energy coming out of the hole is S cos fc At (n) hck/V, which is equivalent to
cos @ (n) hc?k/V per unit area per unit time.

We sum over the values of k whose energy lies between v and v + dv to
obtain K, (T)drv We express k by use of polar coordinates. The number of
modes in an infinitesimal volume in wave vector space defined by

k to k+dk
0 to 6-+db
0<¢<2rm

is [2V/(27)%]2n sin 6 d@ k2 dk. This number is multiplied by the emitted energy
n) hc’k cos§/V and integrated over the range 0 < 6 < 7/2. We then obtain
K, (T)dv, the energy in the interval k to k + dk:

7\'/2 1
K, (T)dv = / df (n) hc*k cos 02—2 sin Ok* dk
0 m

1 21.3 n
= Gk ) dk. (5.24)

Using the relation k = (27 /c)v and dk = (27/c) dv, we obtain

_ 2mh 4 1 3 v
K, (1) = 2’ exp(hv/kgT) —1 v (T) ' (5.25)

Thus we have obtained Wien’s displacement law, and also obtained the un-
known function as F(x) = (2rh/c?)/lexp(hz/kg) — 1].
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This distribution can be rewritten as the emitted energy between the wave-
lengths A and A + d, Iy d\. Using v = ¢/ and dv = —(¢/A\?) d), we obtain

2rh 3 1 c

[A(T) dA == CTﬁieﬂhc/A — lpdA
21hc? 1
= 5 e W (5.26)

This I, is shown in Fig. 5.9.
The value of A at which I, has its maximum, A, can be written as

he 2.90x1073 =

Am = 1.9TksT T

(5.27)

When T = 6000K, A\, = 4.8x10~"m = 480nm. This corresponds to blue
light. The surface temperature of the sun is about 6000 K, and so the spectrum
of the light from the sun is peaked in the blue. Our eye-and-brain system is
designed to perceive this spectrum as white light.
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Fig. 5.9. Wavelength dependence of I (T'), the energy emitted between A and A+dA
from a hole of unit area per second

5.3.4 The Temperature of the Universe

In 1964, Penzias and Wilson at Bell Laboratories discovered noisy microwave
radiation coming from the sky while they were developing a high-sensitivity
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antenna for microwave communication. The radiation was peaked at A, =
1.1mm. At about the same time, researchers at nearby Princeton University
thought that if the universe began with a big bang and had been expanding
and cooling down, it should be filled with black-body radiation. They had
a plan to observe this radiation to measure the temperature of the universe.
Penzias and Wilson heard of this plan, and realized that what they had consid-
ered to be noise was the black-body radiation of the universe. From the peak
wavelength, the temperature of the universe was found to be 2.7 K. Penzias
and Wilson were awarded a Nobel Prize in 1978.

Since its discovery, astronomers have investigated this microwave radia-
tion, known as the cosmic microwave background radiation. The cosmic space
is almost empty, but it contains stars and galaxies. Therefore, the cosmic mi-
crowave background radiation is not isotropic. In 1989 an artificial satellite
called COBE was put into orbit, and it observed that there was a tiny temper-
ature fluctuation of 67/T = 10~°. In 2001, another satellite, the Wilkinson
Microwave Anisotropy Probe (WMAP), was launched, and has been sending
us more detailed data with higher spatial resolution. From these data, the age
of the universe has been determined to be 13.7 = 0.2 billion years. Further-
more, the data indicate that the amount of ordinary matter in the universe
is only 4% of the total matter and energy, the rest being dark matter (23%)
and dark energy (73%). The data also show that the inflation theory of the
universe is consistent with observation [1].

Exercise 14. The Debye temperature Tp can be considered to give the av-
erage angular frequency w of lattice vibrations, i.e. kgTp = hw. The spring
constant of the lattice k can be estimated from this w using k = mw?, where m
is the mass of an atom or ion constituting the crystal. Obtain values of k for the
following crystals, and compare the results with that for the oxygen molecule
evaluated in Exercise 13 in Chap. 4. (1) Diamond: Tp = 2230K, relative
atomic mass 12.01. (2) Iron: Tp = 467 K, relative atomic mass 55.85. (3) Lead:
Tp = 105K, relative atomic mass 207.2. (4) Sodium chloride: Tp = 321K,
relative atomic masses 22.99 (Na) and 35.45 (Cl).
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The Elasticity of Rubber

In this chapter, we apply the microcanonical distribution to a simple model
of rubber, and explain its elasticity. It is shown that this simple model and
statistical mechanics reproduce several characteristics of rubber, such as the
fact that it obeys Hooke’s law. The elasticity of rubber looks similar to
the elasticity of a spring, but these two phenomena have different origins.
The elasticity of a spring arises from the forces between metal ions, and to
derive Hooke’s law we need to know about quantum mechanics, the the-
ory of electrons in metals, and so on. On the other hand, the elasticity of
rubber arises from entropy, and can be understood by the use of a simple
model.

6.1 Characteristics of Rubber

Rubber is distinct from ordinary solids. The special characteristics of rubber
are listed below:

It is easily deformed by weak forces.

It can be deformed heavily: it can be elongated by two to three times its
original length.

Its Young’s modulus is roughly proportional to 7.

It becomes warmer when extended rapidly, and shrinks when warmed.

Let us elaborate on these characteristics. The Young’s modulus of rubber is
compared in Table 6.1 with values for other typical materials to show its un-
usual smallness. Young’s modulus FE is defined as follows: when a sample of
a material of length L and cross section S is pulled with a force F' and elon-
gated by AL, AL/L is proportional to F//S as long as AL/L is small enough.
This relation is written as F/S = EAL/L, where E is the Young’s modulus.
When a metal sample is elongated beyond its elastic limit of a few percent, it
does not return to its original length after the force is removed, but a sample
of rubber will return to its original shape even if it is elongated by twice its
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length. The Young’s modulus of an ordinary material is almost temperature-
independent, but it is proportional to T for rubber. The fact that rubber
shrinks when warmed is opposite to the behavior of ordinary materials. You
can feel how rubber warms up when extended by pulling it between your lips.

Table 6.1. Young’s modulus E for typical materials

Material ~ Young’s modulus (MPa)

Steel 2.0 x 10°
Copper 1.3 x 10°
Glass 0.8 x 10°

Rubber 1-3

These characteristics of rubber remind us of those of ideal gases, except that
“extended” in the case of rubber must be replaced by “compressed” in the
case of a gas. Namely, gases have the following characteristics:

Gases can be compressed by a weak pressure.

It is possible to change the volume by a factor of several times.

The bulk modulus is proportional to the temperature.

A gas warms up when compressed adiabatically, and expands when heated.

Here, the bulk modulus K is defined by the equation AP = —K AV /V. This
K can be calculated using PV = nRT:

1 AV P

Therefore K = P, and at a fixed volume V, it is proportional to T. The
atmospheric pressure is about 102hPa = 0.1 MPa, and so is one order of
magnitude smaller than the Young’s modulus of rubber.

6.2 Model of Rubber

The characteristics of a gas can be reproduced by a simple model in which
molecules move freely and collide with the walls to create a pressure. Likewise,
we can construct a simple model for rubber. Rubber is a polymer; that is, it is
composed of a collection of long, chain-like molecules. We consider a model in
which the chains do not interact with each other, and their shape can be freely
changed without force. Since the chains are independent, we shall consider
only a single chain. We model a single polymer chain as being composed of
rigid rods of length a connected to each other at their ends. The angle between
two adjacent rods is assumed to take only one of two values: 0 or 7. These two
configurations are assumed to have the same energy. The model is depicted
in Fig. 6.1.
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Fig. 6.1. A simplified model of rubber. A rubber molecule is modeled by a chain
consisting of rigid rods. The rigid rods are shown as arrows with circles at both
ends. The rods are assumed always to be parallel to the z-axis

6.3 Entropy of Rubber

We shall now calculate the entropy of this model system, and obtain a relation
between force and length for the system. We assume that the total number of
rods is N. Therefore, the maximum length of the chain is Na. As shown in
Fig. 6.1, we treat the rods as vectors. When all the rods points in the positive
z-direction, the length is at its maximum. In an ordinary state of the system,
each rod can point in either the positive or the negative direction. When
there are N rods pointing in the positive direction and N_ (= N — N, ) rods
pointing in the negative direction, the total length is x = (Ny — N_)a. We
calculate the entropy when the total length is x. This is given by the logarithm
of the number W of microscopic states that realize this length z. This number
is equal to the number of ways of choosing N, objects from N. Noting that

Na+x Na —x
N = Nﬁ = .2
+ 2 and 2. ) (6 )
we obtain W (z):
N! NN
w (.1‘) =N C’N+ = (63)

N1 oNroN
NyIN-D o NN
The entropy is then given by

S(x)=kplnW () ~kg[NInN — Ny InN;, — N_InN_]

N T N x
N T N T
N N D I e
<2 2a> <2 2a>}



86 6 The Elasticity of Rubber

6.4 Hooke’s Law

To calculate the force needed to keep the chain at a length x, we consider the
situation shown in Fig. 6.2. The system is isolated thermally from its environ-
ment, and so the total energy E is conserved. The gas in the cylinder and the
sample of rubber (a chain) are in thermal equilibrium at a temperature 7.}
They are also in mechanical equilibrium: the chain is forced to have a length =
by the pressure of the gas. In this equilibrium, the length of the chain and the
volume of the gas are correlated, and are determined by the condition that
the total entropy of the gas and rubber is maximized. We write the entropy
of the gas as S, and let the cross section of the cylinder be A. The condition
that the total entropy Siot = S + Sq is maximized with respect to x is

- (53), (5, (), + (),

_ Ag L (“)E . (6.5)

ox

In this equation, P is the pressure of the gas. On the other hand, the condition
for mechanical equilibrium tells us that F = PA, where F is the tension in
the chain. Therefore, the derivative of the entropy is related to the tension:

(gi)E -7 (6.6)

We evaluate the derivative on the left-hand side and obtain the tension:

F=_-72=

or  2a (6.7)

~ Na2.’£,

oS o kBTl 1+$/NCL N kBT
1—-z/Na

where Na > x has been used.

Gas T,P

Vacuum

Rubber

Fig. 6.2. Mechanical equilibrium between forces exerted by rubber and gas pressure.
A gas at temperature T is confined in a cylinder by a force from a sample of rubber
that holds the piston in place

! The chain in this model has no internal energy. The temperature of the gas is
determined by the total energy of the system, which is equal to the energy of the
gas.
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This result reproduces the characteristics of rubber. The model chain obeys
Hooke’s law, i.e. F' < x, and the elasticity constant, or Young’s modulus, is
proportional to the temperature T. When the chain is extended, the entropy
S(x) decreases, and so the excess entropy must be given to the environment.
That is, the chain gives heat to its environment, which is the gas in this case.
On the other hand, if heat is given to the chain, its entropy increases, and so
it must shrink. In this way, we can explain the main properties of rubber with
this simple model. This is an example of the virtue of statistical physics.

The present model, however, has some defects arising from oversimplifica-
tion. One of them is that the total length of the chain is zero when no tension
is applied. The origin of this defect is that we have neglected the thickness of
the polymer chain, and have also neglected the fact that the chains are en-
tangled three-dimensionally. To incorporate these effects is not an easy task,
and can be done only approximately. The task of constructing a more realistic
model and investigating it statistical-mechanically is one of the frontline fields
of research in statistical physics [2, 3].
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Magnetic Materials

We have applied the methods of statistical physics to several systems in the
previous chapters. The systems that we have considered so far are simple, since
they are noninteracting systems. In this chapter we investigate the Ising model
as a model for ferromagnetic systems, in which interaction plays an important
role. A ferromagnetic system undergoes a phase transition at high temperature
to a paramagnetic phase. We discuss this transition by use of a mean-field
theory. We also calculate the exact free energy for a one-dimensional system.

7.1 Origin of Permanent Magnetism

Some kinds of atoms have a magnetic moment. That is, those atoms behave
as small permanent magnets. When a crystal contains such atoms, it is a re-
alization of a system in which tiny magnetic moments are placed regularly in
a crystal lattice. Under suitable conditions, these magnetic moments become
aligned in a common direction. The whole crystal then behaves as a permanent
magnet. When this alignment happens, the crystal is said to be ferromagnetic.
At higher temperatures, the moments in a ferromagnetic material cease to be
aligned, because of thermal fluctuations; it then becomes paramagnetic.

In this section, we explain what a magnetic moment of an atom is, and why
these magnetic moments become aligned. First, we shall explain the magnetic
moment. An atom consists of electrons and a nucleus. The nucleus consists
of protons and neutrons. These particles have a spin angular momentum S,
which can be considered as a rotation of the particle. The magnitude of S is
fixed at h/2 for these particles. This rotation leads to a circulating electric
current, and a magnetic moment . It is evident that this moment should be
proportional to the angular velocity and the charge of the particle. For the
same angular momentum, a heavier system rotates more slowly, and so we ex-
pect the magnetic moment of a nucleon to be smaller than that of an electron.
The size of u for the electron, proton, and neutron is given in Table 7.1. The
reason that the neutron has a nonzero p is that it consists of charged quarks.
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Table 7.1. Magnetic moments of elementary particles. The masses of these particles
are written as me, mp, and my for the electron, proton, and neutron, respectively

Particle Magnetic moment

Electron pe = 9.28 x 10724J/T ~ (1/2)(eh/m.)
Proton  pp = 1.41 x 10726J/T = 5.58 x eli/4m,
Neutron g = 9.66 x 10727J/T = 4.49 x eh/4mn,

We can see that e > pp, ptn as expected, and so the magnetic moment of
an atom originates mostly from the electrons. Although the orbital motion
of the electrons in an atom can contribute to the magnetic moment when
the atom is isolated, such moments are canceled in a crystal. In the case of
an iron atom, the configuration of the 26 electrons in the atom is as follows:
1522522p53523p53d%452. This means that there are two electrons in the 1s
orbital, two electrons in the 2s orbital, and so on. The part 1522522p%3523p° of
the configuration is the same as the configuration of the electrons in an argon
atom. Here all the allowed electronic states in the 1s, 2s, 2p, 3s, and 3p orbitals
are filled with electrons, and it is said that closed shells are formed. For a closed
shell, the total orbital and total spin angular momenta are zero, and there is no
magnetic moment. For an iron atom, however, there are additional electrons
in the 3d and 4s orbitals. The spins of the six electrons in the 3d orbitals
are mostly aligned, and therefore they contribute to the magnetic moment of
the atom. On the other hand, their orbital motion does not contribute to the
magnetic moment, because each d electron is in a state that is a superposition
of two counterrotating states. The two electrons in the 4s orbitals behave as
conduction electrons in metallic iron.

The reason why the spins align can be understood as follows. Within an
atom, electrons usually occupy orbitals from the lowest energy up. Owing
to the Pauli principle, electrons of the same spin direction cannot occupy the
same orbital, and so the two electrons in a 1s or 2s orbital have opposite spins,
and their magnetic moments cancel. However, in the case of the 3d orbitals,
there are five orbitals with energies that are almost the same. We say that
these orbitals are almost degenerate. In this case the Coulomb interaction
energy between the electrons is lower when the electrons have their spins
aligned. Therefore, in an iron atom five spin-aligned electrons occupy all of
the 3d orbitals, and the remaining electron has its spin reversed and occupies
the lowest-energy 3d orbital, as shown in Fig. 7.1. This fact is in accordance
with Hund’s rules. Therefore, the six electrons in the 3d orbitals of iron are
nearly all aligned in the same direction.

The Coulomb interaction between electrons, the Pauli principle, and the
existence of the conduction electrons cause an interaction between the spins
of nearby atoms. This effective interaction between spins is usually called
the exchange interaction. The sign of the exchange interaction may be either
positive or negative, depending on the material. It tends to align the spins
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Fig. 7.1. Spin configuration of d electrons in an iron atom. In an atom, shown
symbolically by the large circle, there are five nearly degenerate 3d orbitals, shown
symbolically by five horizontal lines. These orbitals are occupied by six electrons in
the case of an iron atom. The electrons are shown by closed circles with an arrow
showing the direction of the spin. The first five electrons occupy these five orbitals
one by one, and the spins are aligned in accordance with Hund’s rules. The sixth
electron must have a reversed spin to occupy one of the already occupied d orbitals,
and cancels the spin of the other electron in the orbital. As a result there remain four
aligned spins, and the total spin angular momentum is four times that of an electron

of nearest-neighbor atoms for some materials, such as metallic iron (Fe) and
chromium dioxide (CrOsz), whereas it has the opposite effect for some other
materials, such as iron(II) oxide (FeO) and cobalt(II) oxide (CoO).! The effect
of the exchange interaction is much stronger than the dipole—dipole interaction
between the magnetic moments of atoms.

7.2 Statistical Mechanics of a Free Spin System

7.2.1 Model and Entropy

We consider a model in which atoms of a single species are placed on a crystal
lattice. There are N atoms per unit volume, and each atom has a nonzero total
electron spin and a nonzero magnetic moment m. We write the magnitude of
the magnetic moment of an atom as p. In the present form of the model, we
assume that there is no interaction between the spins. Furthermore, we assume
that each spin can have only one of two directions, either parallel to the z-axis

! Magnetite (Fe3O4) is also an iron oxide, and was the first permanent-magnet
material that humans discovered. The three iron ions in a unit cell of the crystal
are on two types of sites: one ion is on an A site and two ions are on B sites.
The exchange interaction acts so as to make the spins of the ions on the A and
B sites antiparallel. Since there are more ions on the B sites, a nonzero total
magnetization appears in this material.
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or antiparallel to it. Therefore, the magnetic moment has only a z-component,
and is allowed to have only two quantized values, m, = +p. This model is not
as strange as it might appear, because the projection of the spin of an electron
onto any direction is known from quantum mechanics to have only two possible
values, +//2. We call the state of an atom that has a moment y the “up” state
and the state that has a moment —pu the “down” state. When interaction is
added to this model, we obtain the Ising model, which we consider in the next
section, but here we consider the noninteracting model.

The total magnetic moment of the system per unit volume is called the
magnetization, which we write as M. When all the moments are aligned in the
positive direction, the magnetization takes the value M, = N p. This value
M is called the saturation magnetization. The magnetization is bounded
by this value:

_Mmax S M S Mmax . (71)

We shall now calculate the entropy for a given value of M. We consider a sys-
tem of unit volume and write the numbers of atoms in the up and down states
as Ny and N_, respectively. The magnetization is

M = (Ny = N, (7.2)
where
N =Ny +N_ (7.3)
is the total number of atoms. That is,
1
Ni=— MpxEtM), 4
=35, ( ) (7.4)
o N. 1 M
+
— =—(1+ . .
v =3 () &

Here we notice that the situation is similar to that for rubber. There are the
following correspondences between the two cases:

Ny < Ny,
a< p,
T M,
Na < Mpyax .

Using the notation M/My.x = 2, we obtain the entropy per unit volume:

1
- 5(1—m)ln(1—m) . (7.6)

S(M)=kgN |In2 — %(1 +z)In(l 4 x)
In general, the entropy is a function of the external constraints, or state vari-
ables. When we differentiate .S with respect to these variables, we obtain other
state variables. For example, the derivative of S with respect to the volume
gives the pressure divided by the temperature, P/T. When we investigated
rubber, we showed that the tension could be obtained by differentiating S
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with respect to the total length x. In the present case, however, M is not
an external constraint that we can fix arbitrarily. Rather, it is induced by
applying magnetic field B in the z direction. Therefore, we should not ex-
pect to be able to obtain a state variable by differentiating S with respect
to M. However, this model is an exception. The total energy of the system
E = —MB is given by the interaction between the external magnetic field B
and the magnetization M. Thus,

ds dSdJdE B

O dEAM T T (77)
Differentiating (7.6) with respect to M, we obtain
kT 1+
B=—1 . .
o n <1 — x) (7.8)
This can be rewritten as
B
x = tanh (kf;T) . (7.9)

We must remember that this is a special result for a noninteracting system,
which cannot be generalized.?

7.2.2 Free Energy, Magnetization, and Susceptibility

We can also treat the system by use of the canonical distribution. We assume
that the system is in thermal equilibrium with a heat bath at temperature T'.
We also assume that the system is in a magnetic field B parallel to the z-axis.
Each atom has a magnetic moment m, = £u, and so it has an energy FuB
in the magnetic field. Thus, the partition function of an atom is

Z(T,B) = e#B 4 ¢=FrB (7.10)
and the average moment of an atom is

pelnB _ ye=BuB
<mz> = Z

The partition function, the free energy, and the magnetization of the total
system of N atoms are

= ptanh (BuB) . (7.11)

B N
Zn(T, B) = 2N = (P8 4 ¢=#B)Y = |2cosh 22| | (7.12)
kT
uB
F(T,B) = —NkgTIn |2cosh ——| , (7.13)
kT

2 The function tanhz is one of the hyperbolic functions. For the definitions and
properties of the hyperbolic functions, see Appendix E.
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and
uB
M(T,B) = N{(m,) = Nutanh [ — | . (7.14)
kT
The magnetic moment can also be obtained from the free energy:
oF 10
M(T,B)=—-|=—=] =N=—=—InZ
(T, B) (aB>T 3oB
uB
= Nputanh [ — | . 1
pranh (£2) (7.15)

Thus (7.8) and (7.9) have been reproduced.
The entropy as a function of 7' and B is

uB uB uB
= kN {In |2cosh — tanh . 1
B {n{ cos </<:BT>} T an (kBT>} (7.16)

As T — oo or B — 0, this entropy tends to kgN In2. The temperature
dependence is shown in Fig. 7.2. If we eliminate B from this equation using
(7.8), we return to the expression for the entropy (7.6). Thus, the expression
for the total differential of the free energy,

dF(T,B) = —S(T, B)dT — M(T, B)dB, (7.17)

has been confirmed.
The magnetic-field dependence of M (T, B) is shown in Fig. 7.3. This figure
shows that a magnetization is induced by the magnetic field. When B is small,

0-8 T T T T

0.6 - .

S Nk
o
~

0.2 4

0'00.0 2.0 4.0 6.0 8.0 10.0

ksT/uB

Fig. 7.2. Temperature dependence of the entropy at nonzero magnetic field B
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Fig. 7.3. Magnetization as a function of the magnetic field B

M is proportional to B. The proportionality constant defines the magnetic
susceptibility, written as x (7). Usually, the magnetic field H is used instead
of B to express the proportionality: x = (0M/0H)g—o. In the present model,
in which interactions between atoms are neglected, B = pgH, where pg =
47 x 10" Hm ™! is the permeability of free space.? Thus,

oM Nu?

I
s = Myax = Il
0B |5, ° HOGeT T

— (7.18)

X(T) = o
The susceptibility is dimensionless and inversely proportional to the tempera-
ture. This temperature dependence is known as Curie’s law, and is obeyed by
paramagnetic materials. From the coefficient, we can obtain experimentally
the magnitude of the magnetic moment p of an atom.

7.2.3 Internal Energy and Heat Capacity

Next, we shall calculate the average energy and the heat capacity. The average
energy F = (E) in a magnetic field can be obtained by means of a Legendre
transformation of F:*

E(S,B)=F +TS = —NuBtanh (:i) = _-MB. (7.19)
B

3 The correct relation between the magnetic fields H and B is B = uo(H +M). The
contribution from the magnetization M is due to the magnetic dipole interaction.
In the present model this interaction has been neglected. Thus B = poH has been
used here. For real materials, M is usually much smaller than H, except when
the material is ferromagnetic.

4 Since the energy here contains the effect of the external magnetic field, we cannot
call E the internal energy.
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This result can also be obtained from the general relation

_8anN
op

This result, E = —M B, is as it should be. From E, we obtain the heat capacity
at constant magnetic field:

_ OFE B uB 2 5 [ uB

The temperature dependence of the average energy and of the heat capacity is
shown in Fig. 7.4. The heat capacity is peaked around kgT ~ uB, and tends
to zero at high temperature. This behavior is quite different from that of the
heat capacity of a solid.

E(S,B) = (7.20)

0.0 T T T T
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1
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kgT/uB

0.0 1 1

Fig. 7.4. Temperature dependence of (a) the average energy and (b) the heat
capacity of a free spin system
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The average energy E(S, B) is a function of S and B, and the total differ-
ential is R
dE(S,B)=dF +TdS+SdT'=TdS - MdB. (7.22)

On the other hand, the true internal energy is obtained by removing the
contribution of the external field B:

U(S,M)=E(S,B)+ MB =0. (7.23)

This can also be considered as a Legendre transformation, and so this U is
a function of S and M. As the energy in this model comes solely from the
interaction with the magnetic field, this result U = 0 is reasonable. From the
differential of the internal energy, which is also zero, we obtain the following
relation:

AU (S, M) = T(S,M)dS + B(S,M)dM =0. (7.24)

In the present system S(M) is a function of M only, and so we obtain (7.7)
again from this relation between differentials:

dS B

dM ~ T

7.3 Ising Model — Mean-Field Approximation

In the previous section, we neglected the interaction of a spin with surround-
ing spins, and obtained the result that the magnetization vanishes as the
magnetic field goes to zero. However, when we take interactions between
spins into account, a ferromagnetic phase becomes possible. In this case the
magnetization remains nonzero even without a magnetic field. We shall in-
vestigate how a nonzero magnetization emerges by using an approximation
called the mean-field approzimation. This approximation gives a qualitatively
correct description of the phenomenon in a three-dimensional isotropic sys-
tem. It is known to be a better approximation in a fictitious four-dimensional
system.®

7.3.1 Links

We consider the same model as in the previous section except that here we take
interaction between nearest-neighbor spins into account. We draw fictitious

5 On the other hand, for lower-dimensional systems, the mean-field approximation
becomes worse. However, for some one- and two-dimensional model systems, an
exact treatment is possible. We shall study exact solutions of the one-dimensional
and two-dimensional Ising models in Sects. 7.4 and 9.3, respectively.
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lines between the members of every nearest-neighbor pair, and call these lines
links. For example, when atoms with spins are placed on a simple cubic lattice,
each atom has six nearest neighbors, and six links are attached to the central
spin. As shown in Fig. 7.5, there are two categories of links. One category is
that of parallel links, in which the two spins at the ends of the link are parallel
to each other. The other is that of antiparallel links, in which the spins point in
opposite directions. Owing to the interaction, the energy of a link depends on
whether it is parallel or antiparallel. In the model considered here, a parallel
link has an energy —J, and an antiparallel link has an energy +.J. If there are
N spins and each spin has z nearest neighbors,® the total number of links is
zN/2.

(a) (b)

Fig. 7.5. Two nearest-neighbor atoms (solid circles) and a link between them. The
spin of an atom is shown by an arrow. (a), (b) Parallel links in which the spins at
the ends of the link are parallel to each other. (c), (d) Antiparallel links

A microscopic state is described by arrangement of up and down spins.
As in the previous section, we use Ny and N_ to represent the numbers of
up spins and down spins, respectively. We also define Ny, as the number
of links in which the two spins at both ends are up. We define Ny_, N_,
and N__ similarly. We then have the following relations for the total number
of spins N, the total number of links zN/2, the magnetization M, and the
interaction energy Ej:

N=N,+N_,
1
§ZN:N+++N+_+N_++N__,

M = (N+ - N*)/J‘v
Ei = —J (N++ + fo - N+, - N7+) . (725)

6 For a simple cubic lattice, z = 6.
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7.3.2 Mean-Field Approximation

To proceed further, we assume that the N, up spins and N_ down spins
are distributed randomly. This is the mean-field approximation. The proba-
bility of finding an up-spin atom is then N, /N, and the probability of find-
ing a ++ link is (N, /N)?; the average numbers for the four kinds of links
are

(N_,) = %zN (ZXj = gN(l +1)?, (7.26)
(N_._y=ZN({1-=), (7.27)
)= o= e (B) () =20-a9 . 2

where & = M /Mpax as before. The average of the interaction energy is
(E) = —%JNQ:Q. (7.29)

In an external magnetic field, the average energy E is the sum of (E;) and the
average energy of the free spin system, —M B. In this approximation, the en-
ergy of a microscopic state depends only on M, and so the entropy, expressed
as a function of M, is the same as before:

S (M) :kBN{an—;(1+x)ln(1+a:)

f% (1—2)In(1 x)} (7.30)

Thus the free energy F(B,T,M) is given as follows as a function of B,
T, M:

F(B,T,M) = (E)) — MB — TS
- —%JN:UQ — MB
NkBT[lIIQ - % 1I+2)In(1+=x)

;(lz)ln(lz)] . (7.31)

Of the three variables B, T, and M, the first two, B and T, are ex-
ternal variables or constraints that we can fix arbitrarily. On the other
hand, we cannot fix M; it is determined by the system. In accordance
with the general principle that the most probable state is realized, the
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value of M at which the free energy becomes a minimum is also real-
ized. Therefore M (B,T) is determined by the condition that 0F/OM = 0.

Namely,
OF kgT 1
o:() S A N ln( “c)
oM B.T I 20 11—z

kgT 1+x
-B —1 . .32
i ter) (7.52)

Here we have defined the effective magnetic field as Bog = B + zJz/pu,
so that this equation has the same form as (7.8). Thus, the magnetization

1S
M :U/Beff
= tanh . 7.33
Mmax o ( kBT ) ( )

This equation for & = M/My,.x has the unknown z on the right-hand side
also. Therefore, we must determine z self-consistently. In the mean-field ap-
proximation, we usually obtain this kind of equation, called a self-consistent
equation.

Before solving this equation, we analyze the meaning of Beg. A parallel link
has an energy —J. We can imagine that the nearest link acts as if it induces an
internal magnetic field Biy = J/p at the position of the neighboring spin. The
interaction energy between the spin and Bjy: then reproduces the interaction
energy —J. When there are z neighboring spins, there are 2N, /N up spins
and zN_/N down spins among these z spins on average. The total internal
magnetic field is then

Biy, = zi (NJF — N) = zzx (7.34)
[ 1

Adding the external field, we obtain the effective field given in (7.33), i.e.
B + Biyy = Begr-

€Tr =

7.3.3 Solution of the Self-Consistent Equation

First we consider the situation in which there is no external magnetic field.
In this case the self-consistent equation becomes

zJ M
= tanh <M Mmax) . (735)

Mmax

This equation always has a solution M = 0. This is the paramagnetic state.
However, we have additional solutions at low temperature. In Fig. 7.6a, we
have plotted the right-hand side of (7.35) as a function of M/Myax. The
solution is given by the intersection of this curve with the dashed line, which
represents the left-hand side, M /M,ax. We define a critical temperature T, =
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Fig. 7.6. Behavior of the self-consistent equation and F' at several temperatures.
In (a), the right-hand side of (7.35) is plotted as a function of M/Mmax. In (b),
F(0,T, M) is plotted as a function of M/Mmax. In these graphs, T, = zJ/kp

zJ/kg. When T > T, there is only one crossing, at the origin. At T = T, the
solid curve touches the dashed line at the origin; at T' < T, the slope of the
solid curve near the origin exceeds unity, and an additional crossing appears
at nonzero M /M ax.

The self-consistent equation represents the condition that the free energy
has an extreme value. Therefore, the solution can be found also from the plot
of the free energy shown in Fig. 7.6b. At T' > T, there is only one minimum,
at M /Mpax = 0. At T = T, this minimum becomes very flat: around the min-
imum, F o< (M/Mpyax)*. Finally, at T < T¢, the extremum at M/Myay = 0
changes into a maximum, and the minimum at T" > T, separates into two min-
ima situated symmetrically around the origin at nonzero |M /My ax|.- There-
fore, when the temperature is lower than the critical temperature, a state with
a nonzero magnetization is realized even without a magnetic field.
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Table 7.2. Curie temperatures 7T, for typical ferromagnetic materials

Material Curie temperature
Fe 1043 K
Co 1400 K
Ni 637K
FesO4 (magnetite) 860 K

The critical temperature is also called the Curie temperature in the case of
the ferromagnetic phase transition. The Curie temperatures of some typical
ferromagnetic materials are listed in Table 7.2. These temperatures suggest
values of J several orders of magnitude larger than the values that can be esti-
mated from the dipole-dipole interaction between magnetic moments. This is
experimental evidence that J originates from a quantum mechanical exchange
interaction.

Below the Curie temperature, there are two possibilities, either M > 0 or
M < 0, but only one of them is realized.” At T > T, the two spin states,
up and down, are symmetric and interchangeable. Each atomic moment can
fluctuate between up and down equally, and the total magnetization fluctuates
around the origin. At T' < T, this symmetry is spontaneously broken. Once
either of these possible orientations has been chosen, thermal fluctuations of M
occur only around the corresponding minimum. We call this lack of symmetry
below T, spontaneous symmetry breaking, and call the change in the state at
the critical temperature T. a phase transition. The ferromagnetic state at
T < T, is created by cooperation of spins. At higher temperatures this order
is destroyed, since the —ST' term in the free energy favors a higher-entropy
state, which is obtained at smaller M.

The temperature dependence of M obtained from (7.35) is shown in
Fig. 7.7. Around T ~ 7T, the magnetization is small. Therefore, the self-
consistent equation can be expanded around x = M/Mpax:

M T T 1 /T, \*
=z = tanh (Cx> ~ S = (Ca:> , (7.36)

! (T;x)?’ _ (TT’ . 1) v (7.37)

i.e.

" Which of these two states is realized depends on subtle details of the history of
the system. For example, even at T" > T., M has tiny fluctuations. The sign of
M when the temperature of the system passes through the critical temperature
will determine the sign of the magnetization at T < Tc.
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Fig. 7.7. Results obtained from the mean-field approximation. Temperature depen-
dence of magnetization

From this equation, the magnetization just below the Curie temperature is
given by®

M LT
Mmax o TC '

On the other hand, M/My.x when T — 0 has the following temperature
dependence:

(7.38)

1.
~1—2exp (2) . (7.39)

7.3.4 Entropy and Heat Capacity

The entropy predicted by the mean-field theory is obtained by putting the
self-consistent solution for x = M/Mpyax into (7.30). The result at B = 0 is

8 Around the Curie temperature, 2> = (M/Mmax)2 can be expanded as a power
series in the reduced temperature ¢ = (T — T;)/T.. Equation (7.38) shows the
leading-order term in ¢. In order to obtain the next-order term, we need to expand
tanh(Tez/T) up to the fifth-order term in (Tea/T). Then, up to the order ?, x>
is given by z® ~ —3t — (12/5)t%.
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Fig. 7.8. Results obtained from the mean-field approximation. Temperature depen-
dence of the entropy

shown in Fig. 7.8. It increases gradually with temperature, and saturates at
the transition temperature.

Next we calculate the heat capacity at B = 0. This can be calculated
either from the entropy using C' = T'95/9T or from the internal energy using
C = 90U/OT. The internal energy at B =0 is

M 2
Uz—%JN (M ) . (7.40)

At T > T, and B = 0, M is equal to 0. Hence U = 0 and C = 0.
This result can also be obtained from the entropy. At T' < T, and B = 0,
a simple expression for the the heat capacity is obtained from the internal
energy:

M OM
M2 0T

max

C=—-z2JN (7.41)
The result is shown in Fig. 7.9. A numerical solution of the self-consistent
equation has been used to obtain the temperature dependence of M. The
value at T = T, can be calculated analytically from (7.38). Just below the
Curie temperature, the energy is

3
U= §kBN(T —T.). (7.42)
Thus, C(T,) = (3/2)kgN.%
9 If we use the expression for 2 given in footnote 8, C'(T) = (3/2)kpN[1+(8/5)(T—

T¢.)/Tc] is obtained. This expression reproduces the linear decrease of C for T' < T,
in Fig. 7.9.
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Fig. 7.9. Results obtained from the mean-field approximation. Temperature depen-
dence of the heat capacity

7.3.5 Susceptibility

The susceptibility x(T') at T > T is given by

8M 6 ,U,Beg
T)=po | == | = ptoMmax=— tanh
x(T) “0(8B>T Ho Mimax 5 tan (kBT)

M o ((1Besi \ OBes
— 1o My~ sech? ( K2
HOMmase o 56 <kBT> 0B
MUOMmax 2 /’LBeff J 1 oM
— HBoRmax oo oh 1422 e
kT  oC (k:BT>[ T Mo \ 9B ),

Mmax Be J Be
= MuziTsechQ (M H) + Z—xsechQ (H> . (7.43)
B

From this equation, we obtain

Mo Mmax 2 NBeff
—————sech
ksl ¢ ( kT )

X =
zJ o [ Bes
1 — ——sech
kg ¢ ( knT >

(7.44)

In the paramagnetic phase, sech?(uBeg /kgT) — 1 as B — 0. Therefore, x
can be expressed as
potto Minax WN 1

X(T) = 7= T-T) M by T-T (7.45)
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This temperature dependence is called the Curie-Weiss law. The divergence
of x at T' = T, is a general property of the ferromagnetic phase transition,
not a special consequence of the mean-field approximation. It means that
a nonzero magnetization is induced by an infinitesimally weak magnetic field
at the Curie temperature. At T < T,, no magnetic field is needed to obtain
a nonzero M.

7.3.6 Domain Structure

Iron or steel at room temperature is in the ferromagnetic phase, but a block
of iron as a whole does not usually have a nonzero magnetization. This is be-
cause it consists of many small ferromagnetic domains, in which the magnetic
moments of the domains are aligned such that they cancel when the total
moment is taken, as shown schematically in Fig. 7.10. We have remarked that
the dipole—dipole interaction between spins is too small to be the origin of the
ferromagnetic phase. However, once a system is in the ferromagnetic phase,
this interaction becomes important. This is because the dipole interaction is
long-ranged, and aligned spins make a large total moment. When two bar
magnets are put together, their north poles are attracted to the south poles
of the other magnet. As a result, they will stick together so that the north
pole of each magnet is in contact with the south pole of the other magnet. As
a result, the total moment is reduced. In this configuration, the energy of the
magnetic field is reduced, and the two magnets are in their most stable state.
Similarly, a block of iron is divided into many domains and the moments of
the domains cancel to reduce the energy of the magnetic field. If the magnetic
moments of the domains are aligned, the block becomes a permanent magnet.

<

Fig. 7.10. An example of a magnetic-domain structure. In this case the system is di-
vided into four domains. The magnetic moment in each domain is shown by an arrow

7.4 The One-Dimensional Ising Model

7.4.1 Free Energy

In the previous section, we investigated the Ising model by use of the mean-
field theory. The free energy obtained there was an approximation. An exact
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calculation of the free energy of an interacting system is impossible in general.
However, in one dimension, the free energy of certain systems can be calculated
exactly. The Ising model is one such system, and so here we calculate its free
energy exactly.

We investigate a system of unit length consisting of N spins aligned lin-
early. The ith spin is denoted by o;, which is equal to either +1 (up) or —1
(down). We impose a periodic boundary condition so that onxy+1 = o1. The
spins interact with their nearest-neighbor spins. A microscopic state given by
a spin configuration (01,09, --,0n) has the following energy E:

{Uz = _JZ 0101+1 l’LB Z 0-27 Ui = :l:]‘ ) (746)

where the magnitude of the magnetic moment p has been included in the cou-
pling constant J, and B is the external magnetic field. The partition function
is the following sum over the microscopic states:

Z=Y e PEde)

{0'1}
= Z Z Z HA 0'170-1-"-1 3 (747)
on 1=1
where
1 1
A(04,0i41) = exp |:,6'JO’Z'JZ'+1 + iﬁ,uBUi + 55/1,B0'i+1 . (7.48)

Let us consider the sum over the ith spin o;:

ZA(Gi—17Ui)A(Uiaai+l) . (749)

We notice that this can be considered as a matrix product of a two-by-two
matrix A with itself, where

— A(+7+) A(+v 7)
A (A0 A0 -

To simplify the treatment, we introduce the notation K = gJ and b = GuB.
The matrix elements of A are

A(+,+) = exp (ﬂJ + %ﬁuB + ;MB) S (7.51)
A(+a_) = A(_7+) = exp (_ﬂ']) :eiKa (752)

A(—,—) =exp (ﬁ.] — %5#3 — ;BNB> =el—0, (7.53)
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Thus the two-by-two matrix A has the following form:
oK+b o~ K
A= (e_K of—b | - (7.54)

This matrix A is called a transfer matriz.
The partition function can now be rewritten as follows:

Z="Tr(AY) . (7.55)

Since the matrix A is real and symmetric, it can be diagonalized:

i (A O
U AU_<0 R (7.56)

The partition function can be calculated as follows:
Tr (AN) = Tr (UT'AUUT'AU - - AU) =AY + A2 (7.57)

Since N is a macroscopic number, if A; > A_ then AY > A and Z = A}
for N — oo. The eigenvalues A1 can be calculated as the solutions of the
following equation:

A —eftb oK

oK \_ok-b| = A2 —2Xef coshb + 2sinh 2K = 0. (7.58)
The larger solution A is
A =ef coshb+ V2K cosh? b — 2sinh 2K . (7.59)
When B =0, i.e. when b= 0,
A=eff e =2cosh K, (7.60)
and the free energy is
F =—NEkgT1In(2cosh8J) . (7.61)

7.4.2 Entropy and Heat Capacity

The entropy at B = 0 can be calculated by differentiating the free energy
with respect to the temperature:

oF J J J

The result is shown in Fig. 7.11.
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The internal energy and the heat capacity are

F=F+ST = —N.Jtanh —— (7.63)
ksT

and dE  NJ? J
=—= | .64
U= T N T (7.64)
The heat capacity can also be calculated from C' = T'9S/9T. The temperature
dependence is shown in Fig. 7.12. The heat capacity has the same temperature
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Fig. 7.11. Exact result for one-dimensional Ising model: entropy plotted as a func-
tion of kgT/J
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Fig. 7.12. Exact result for one-dimensional Ising model: heat capacity plotted as
a function of kgT'/J
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dependence as that of a system of free spins in a magnetic field B = J/pu.
Compare this result with that obtained from the mean-field approximation,
which has a discontinuity at 7. = 2J/kp in the present notation.

7.4.3 Magnetization and Susceptibility

Here we allow the magnetic field to have a nonzero value; that is, b = GuB # 0.
The free energy F' and the magnetization M are now given by

F=—NkgTln [eK cosh b+ v/e2K cosh® b — 2sinh QKJ (7.65)
and
OF OF
=B~ o
2K o h sh
oK ginh b+ e“* sinh bcosh b

\/e2K cosh? b — 2sinh 2K

eX coshb + \/e2K cosh? b — 2sinh 2K

(7.66)

In the limit of a weak magnetic field, sinhb ~ b, coshb ~ 1, and
Nu? Ny?
b=t xe2Kp=H 2//keTp  (767)

eK +e2K/e—k

M~ N =
H el 4 e K % kT kT

Thus there is no spontaneous magnetization: when B = 0, M = 0. The
susceptibility is given by

2
X = uo%ew/kBT. (7.68)
The susceptibility of a free spin system, o Nu?/kgT, is enhanced by a factor
e2//k8T The temperature dependence is shown in Fig. 7.13.

The result of this exact calculation has shown that there is no phase tran-
sition in this one-dimensional Ising model. This is a special feature of a one-
dimensional system. The order in a one-dimensional system is quite fragile
with respect to thermal fluctuations. Since each spin has only two nearest
neighbors, a flip of a single spin can cause a spin flip of a neighbor with
a probability of 1/2, and so a spin flip can propagate and may cause flips of
the majority of spins. On the other hand, propagation of a spin flip is un-
likely in two dimensions if the spins are already mostly aligned. In fact, it
has been shown that there is a phase transition in the two-dimensional Ising
model, as we shall see in Chap. 9. The transition temperature in this case is
given by kT, = J/ sinh™' 1 = 1.13J for a square lattice. The investigation of
a one-dimensional system is sometimes fruitful, because we can obtain exact
solutions, but we must be aware that the results may be qualitatively different
from those for real three-dimensional systems.
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Fig. 7.13. Exact result for one-dimensional Ising model: susceptibility plotted as
a function of kgT'/J. Note that the vertical azis is logarithmic

Exercise 15. In order to estimate the strength of the magnetic dipole inter-
action between atoms, consider the interaction of the spin magnetic moments
of two electrons separated by a typical interatomic distance of 0.5nm. Cal-
culate the interaction energy for two cases: (1) the spins are parallel to the
line joining the electrons and point in the same direction, and (2) the spins
are parallel to the line joining the electrons but point in opposite directions.
Express the interaction energy as a temperature.



Part I11

More Advanced Topics



8

First-Order Phase Transitions

In the previous chapter we have seen that a magnetic material undergoes
a phase transition between a paramagnetic phase and a ferromagnetic phase
as the temperature is varied. There are various other kinds of phase transi-
tions in nature apart from this ferromagnetic phase transition. They can be
categorized into two kinds. One kind, first-order transitions, is characterized
by a discontinuous change in the internal energy. The general behavior of
this kind of transition is discussed in this chapter. The other kind is second-
order transitions, in which the internal energy changes continuously across
the transition point. This kind of transition is discussed in Chap. 9.

8.1 The Various Phases of Matter

Water has at least three different phases: liquid, solid (ice), and gas (vapor).t

At any given temperature and pressure, one of these phases exists, and for
some special combinations of temperature and pressure, two or all three phases
coexist. Likewise, other substances exist in various phases. For example, ni-
trogen at atmospheric pressure is in the gas phase at room temperature, but
it liquefies at 77.35 K and solidifies at 63.29 K. Helium gas is hard to liquefy,
but the helium isotope of mass number 4 liquefies at 4.2 K at atmospheric
pressure. Liquid helium can be divided further into a normal fluid phase at
T > Ty and a superfluid phase at T < T, where T, the lambda transition
temperature, depends on the pressure, and is 2.17 K under the saturated va-
por pressure. A solid can also have different phases. For example, as explained
in Chap. 7, iron is in a paramagnetic phase at T > T, and a ferromagnetic
phase at T < T¢.

As the pressure or temperature changes, one phase may be replaced by
another phase. This change of phase is called a phase transition. Phase
transitions can be divided into two classes. In a first-order phase transi-
tion, the internal energy per mole changes by a nonzero amount. On the

! Strictly speaking, ice has several different phases.
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other hand, in a second-order phase transition, the internal energy changes
continuously through the transition point. The phase transitions between
a gas and a liquid, between a liquid and a solid, and between a solid and
a gas are usually of first order. The magnetic transition and the normal-to-
superfluid transition of liquid helium are of second order. In this chapter, we
consider first-order phase transitions; second-order transitions are treated in
Chap. 9.

The reason why a gas liquefies or solidifies is the attractive interaction
between its atoms or molecules. Without such an interaction, a gas would
behave as an ideal gas, and would remain a gas at any temperature above ab-
solute zero. The interaction between the atoms or molecules is usually caused
by their electric dipole moments. A water molecule has a permanent elec-
tric dipole moment, since the three atoms in the H-O—H molecule are not in
a straight line, and the hydrogen atoms are slightly positively charged and
the oxygen atom is slightly negatively charged. Therefore, between suitably
oriented molecules, there is an attractive interaction. The nitrogen molecule,
oxygen molecule, and helium atom do not have a permanent electric dipole
moment. However, electron motion in a molecule causes a temporally vary-
ing dipole moment, and a fluctuating electric field around the molecule. This
fluctuating electric field can polarize nearby molecules and induce a dipole
moment in them, as shown in Fig. 8.1. Once a moment has been induced,
it in turn supports the dipole moment in the original molecule, and so the
average dipole moment of this pair of molecules becomes nonzero, and an at-
tractive interaction acts between the molecules. The potential energy between
these induced moments varies as r~%, and the force between them varies as
r7.

Fig. 8.1. Interaction between neutral molecules or atoms. Even if molecule A is
electrically neutral and does not have a permanent electric dipole, it has a fluctuating
electric dipole moment, which polarizes a nearby molecule B and induces an electric
dipole in it. These electric dipoles causes an attractive interaction between them
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The attractive interaction is replaced by a strong repulsive interaction
when the molecules begins to overlap with each other. This repulsive part is
called the hard-core repulsion between the molecules. The total interaction,
which is repulsive at short distances and attractive at long distances, is called
the van der Waals interaction. The typical behavior of the van der Waals
interaction potential is shown in Fig. 8.2.

At zero temperature, the lowest-energy state is realized. If there are only
two molecules, they will form a bound state where the distance between the
molecules is given by the position of the minimum of the interaction poten-
tial. Therefore, they can no longer behave as free molecules. Adding another
molecule will result in a bound state of three molecules. If we imagine the
addition of more molecules, we can arrive at a macroscopic system. Here the
state of lowest potential energy will be a crystal of molecules, in which the
molecules are placed in a lattice of some kind.

At zero temperature, there are small vibrations of the molecules due to the
quantum mechanical zero-point motion. For most substances, this zero-point
motion is not important. However, the case of helium atoms is an exception.
In this substance, the zero-point motion is so large that the crystal melts,
and helium remains liquid unless a pressure of about 25atm is applied. For
other solids, the lattice vibrations, which give rise to the lattice specific heat
considered in Chap. 5, become more violent as the temperature is raised. At
some particular temperature the crystal melts into a liquid state. The liquid
state has a similar density to the solid state, and so the distance between
the molecules is nearly the same as in the solid; therefore, the liquid is also
bound by the van der Waals interaction. Melting occurs when the temperature
is much higher than the Debye temperature, and so the equipartition law is

u(n)

Fig. 8.2. The van der Waals potential. This has a strongly repulsive part at short
distances (hard-core part), and an attractive part due to dipole—dipole interaction
which decreases as r % at long distances
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expected to be satisfied. This means that each molecule has an average kinetic
energy of
<1mv2> o~ §k‘ T (8.1)
2 — B '
When this average energy becomes of the same order as the binding energy
due to the van der Waals interaction, the molecules are no longer bound into
a liquid, and a gas phase is obtained.

This is a rough scenario for the phase transitions of a substance that
is in the gas phase at room temperature.? The strength of the attrac-
tion part depends on the polarizability of the molecules, which is a mea-
sure of how easily a molecule is polarized. The electrons in a helium atom
form a closed shell, and it is hard to change the configuration of the elec-
trons and therefore it is hard to polarize a helium atom. Because of this,
the interaction between helium atoms is weak, and the liquefaction tem-
perature is low. Compared with helium, oxygen molecules and nitrogen
molecules have a larger polarizability, and so oxygen and nitrogen liquefy
at higher temperatures. Needless to say, water, which has a permanent elec-
tric dipole moment, has higher transition temperatures than those of oxygen
and nitrogen.

30.0 — T T T T T T T T T T T T T

20.0r

P(MPa)

L solid

10.0f

O0.0 100. 200. 300.

Fig. 8.3. Phase diagram of water. There are two special points: the triple point
at T' = 273.16 K and P = 611.66 Pa, and the critical point at 7' = 647.31 K and
P = 22.106 MPa

2 There are also substances which are in a solid phase at room temperature. In these
substances, the attractive interaction between the atoms is stronger than the van
der Waals attraction. In ionic crystals, such as NaCl, positively charged Na™ ions
and negatively charged Cl™ ions attract as a result of the Coulomb interaction. In
metals, the positive ions are bound together by the negative conduction electrons
(metallic bonding). The carbon atoms in diamond are bound together by strong
covalent bonds.
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The temperature of a phase transition point is affected by the pressure.
Therefore, a phase diagram can be drawn in the plane of temperature and
pressure. As an example of a phase diagram, that of water is shown in Fig. 8.3.
This tells us which phase exists at any given temperature and pressure. There
are two special points in the phase diagram. One is the triple point, at which
the solid, liquid, and gas phases can coexist. This occurs at T' = 273.16 K and
P = 611.66 Pa.? Another is the critical point, beyond which the line separating
the gas and liquid phases disappears. This is the point at T = 647.31K
and P = 22.106 MPa. In the following sections, we discuss first-order phase
transitions with the help of statistical physics.

8.2 System in a Heat Bath at Fixed P and T

For the discussion of first-order phase transitions, we need to consider a system
of N particles in a heat bath, at a constant temperature 7" and pressure
P. Under these conditions, every possible microscopic state of the system,
with energy E and volume V, is realized with a probability determined by
the law of statistical physics, namely the principle of equal probability. We
can repeat the discussion in Chap. 3 with slight modifications to obtain this
probability.

Let the total energy of the system (system I) plus the heat bath (sys-
tem II) be F;, and let the total volume be V;. The probability that sys-
tem I is in a state with energy F; and volume V is proportional to the total
number of microscopic states of the whole system that allow system I to be
in that state. That is, the probability is proportional to the number of mi-
croscopic states in which the heat bath has an energy Fy — E7 and volume
V; — V1. This number is given by the entropy of the heat bath Sy (E, V). We
obtain

exp [Su(Ey — Er, Vi — V1) /ks]
exp [Stu(Ey, Vi) /kg]

Probability o

1
= exp {kB [Stu(Ey — Er, Vi — Vi) — Su(E, Vt)}}

1 S (L, Vi) ISu(Et, Vi)
~ exp |:kB <EI 8Et - ‘/i a‘/;
B Er PV
. ( 2 M) , (8:2)

where T and P are the temperature and pressure of the heat bath.

3 This pressure is so low that it looks as if the gas phase terminates at around
300K in this figure. In fact, the gas phase still exists on the low-pressure side of
the solid phase, and extends down to T'= 0 K.
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The relative probability that system I has an energy between Fr and Ey +
dEr and a volume between V; and V140V is then given by the density of states
of system I, £;(F1, Vi, N), or by the entropy of that system, Si(E,V, N):

Prel(EI; ‘/IaN) dEI d‘/I X 'QI(Elv‘/I)N) dEI d‘/I exp <_ - >

1
= dEId‘/IeXp{M [EI +P‘/I SI(EI,‘/EN)T}} .
B

(8.3)

The partition function in this situation, Y (T, P, N), is obtained by integrating
this relative probability over the energy and volume:

oo o0 1
Y(T,P,N):/ dVI/ dEy exp{[EIJrPVISI(EI,VI,N)T]}
0 0

kT

(8.4)
Because we are considering a macroscopic system as in Chap. 3, the integrand,
which is the probability of finding system I at F; and Vi, should be sharply
peaked at the minimum of Fy + PV; — SiT, at E*(T, P, N) and V*(T, P, N).
Therefore, the system will almost always be found with this energy and vol-
ume. The energy at the minimum FE* is the internal energy U of the system.
Since U + PV — ST = G(T,P,N) is the Gibbs free energy introduced in
Sect. 3.5, what is shown here is that under this condition of given 7" and
P, the state realized has the lowest Gibbs free energy with respect to E
and V.

A relation between the partition function Y and the Gibbs free energy G
can be obtained by evaluating Y through expanding the integrand around E*
and V*. Since the integrand decreases rapidly around the peak, expansion up
to the second order is sufficient. The integral then becomes Gaussian, and so
the result is

1
Y(T,P,N) = C(T,P,N)exp {—” [E* + PV* — Sy(E*, V*,N)T}}
B

— O(T, P, N) exp {—leG(T, PN (8.5)
B

where C(T, P, N) is some function of T\, P, and N, which is obtained from
the Gaussian integral; an explicit expression is not needed here. We obtain

G(T,P,N) = —kgT nY (T, P,N) — InC(T, P, N)]
= —kgTInY(T,P,N). (8.6)

Since G and InY are quantities of order N, InC' = O(1) has been neglected
in obtaining the second line of the equation above.
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8.3 Coexistence of Phases

As shown in the previous section, at given T and P a system is in the phase
which has the lowest value of E+ PV — S(E,V, N)T, and this lowest value is
equal to G. The phase may be a solid, liquid, or gas depending on the tem-
perature and pressure. Experimentally, these phase transitions occur as the
temperature or pressure is changed, and so the minimum should be transferred
from one phase to another at the transition point. That is, the coexistence
condition is the condition that the Gibbs free energy has the same value for the
two phases. Since the Gibbs free energy divided by the number of molecules
is the chemical potential u(7T, P) = G(T,P,N)/N, we can also say that the
chemical potentials of the two phases are equal when they coexist.

Let us see how the transfer of the minimum occurs. First, we consider
the solid-to-liquid phase transition. In general, the liquid phase has a slightly
larger molar volume and a slightly higher internal energy. The molecules in the
liquid require a larger nearest-neighbor distance to move around, and so the
volume expands, and the average potential energy of interaction is higher. The
molecules or atoms in the liquid phase can be anywhere in the volume, but in
the solid phase they can move only around their lattice points. Therefore, the
number of possible microscopic states is much larger in the liquid phase than in
the solid phase, and the entropy of the liquid phase should be larger. Near the
phase transition point, there should be two local minima of E4+PV —S(E, V)T
in the E-V plane. One of these minima corresponds to the solid phase and the
other to the liquid phase. The quantity E+4 PV is lower at the solid-phase local
minimum, as explained above. Therefore, at lower temperatures, where the
contribution ST is small, the solid phase has a lower value of E+ PV —ST. As
the temperature becomes higher, the liquid-phase minimum decreases faster
than the solid-phase minimum owing to the larger value of .S, and so a transfer
of the minimum from one phase to the other occurs at some temperature.

Next we consider the liquid-to-gas phase transition. In this case the energy
is higher in the gas phase because there is practically no energy gain from the
attractive interaction of the molecules. The volume and entropy are much
larger in the gas phase. Therefore, both temperature and pressure can be
effective in causing a transition between the phases. The liquid phase is favored
at high pressure because of the PV term. The gas phase is favored at high
temperature because of the —ST term. These tendencies are in accordance
with our everyday experience.

The coexistence condition defines lines in the P-T plane. On the coexis-
tence line, the volume and the internal energy of the system are somewhat
arbitrary. For example, let us consider the case of a gas—liquid transition,
where the system consists of one mole of molecules of some kind. When the
system becomes a liquid it has a smaller molar volume V}, and when it becomes
a gas it has a larger molar volume V. At the coexistence point, the volume
can take values between 1§ and V. Namely, if a mass fraction z is in the liquid
phase and the remaining fraction 1 —x is in the gas phase, the total volume is
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V =a2Vi+ (1 — 2)V,, as shown in Fig. 8.4. What determines the fraction z is
the total internal energy, given by U = zU; + (1 — x)Ug, which can be varied
between U; and U,. Since the Gibbs free energies per mole are the same on
the coexistence line, the differences in the molar entropy AS = S, — 51, in the
molar volume AV = V; — W4, and in the molar internal energy AU = U, — U,
are related:

TAS =AU+ PAV. (8.7)

When we add a quantity of heat @) to this system the total entropy increases
by T'6S = Q. Some of the liquid evaporates because of this heat, and the
fraction x increases to x + dx, where dx = 6S/AS. The total energy then
increases by dU = AU dx, and the total volume increases by dV = AV dzx.
The quantity of heat needed to convert one mole of liquid into one mole of
gas, Qr, = T AS, is called the latent heat. Since the entropy changes across
the coexistence line, i.e. the line of the first-order phase transition, a latent
heat is always needed for a first-order phase transition.

In equilibrium statistical physics, we consider equilibrium phases that are
realized after waiting for a long time for the system to stabilize. Therefore,
at given T and P there is only one stable phase, except on the coexistence
line. However, in reality it can happen that a phase continues across the co-
existence line. That is, a liquid may continue to be a liquid above the boiling
point or below the freezing point. These phenomena are called superheating
and supercooling, respectively, and can occur at any phase boundary. The
reason for these phenomena is that there are two local minima of the quan-
tity £ + PV — ST in the E-V plane. One of them, the true minimum, is
realized in thermal equilibrium, but the other one can also be realized in
a metastable state. In a supercooled or superheated state, the system is in

Fig. 8.4. Coexistence of liquid and gas phases. The system is assumed to be in
a heat bath at temperature T" and pressure P, on the coexistence line in the phase
diagram. The total volume Wi + (1 — z)V; can be anywhere between ¥ and Vj
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such a metastable state. Interaction with the heat bath makes the system
fluctuate around the corresponding minimum with a probability given by the
canonical distribution. A rather large perturbation is needed from the heat
bath to make the system move to a configuration around the other (true)
minimum. Therefore, the system can remain around the higher minimum for
some time.

8.4 The Clausius—Clapeyron Law

The slope of the coexistence line in the phase diagram, dP/dT, can be related
to measurable quantities. Along the coexistence line, the Gibbs free energies
of the two phases are the same. Therefore, we have two equations that apply
at adjacent points on the coexistence line:

G1(T,P,N) = Gu(T, P,N),
Gi(T + AT, P+ AP,N) = Gu(T + AT, P + AP, N), (8.8)

where I and II are labels used to distinguish the two phases. We expand both
sides of the second equation with respect to AT and AP to the lowest order
and, using the relation in the first line, obtain

AT(aGI> +AP(8GI> AT<8GH> +AP<8GH> .
T ) pn P Jp N 9T ) pn OP )N

(8.9)
Since
0Gy
e = -5 8.10
(5F),0 =5 (510
0Gt
—_— =W 8.11
(5, (510
and so on, we obtain
ATAS = APAV, (8.12)

where AS = Sip — St and AV = Vip — V4. Since T'AS = (1, is the latent heat
of the transition,
dpP . AP QL
— = lim — = .
dT" aT—=0 AT TAV
Thus the volume change and the latent heat determine the slope of the coex-
istence line.

In the case of a gas-liquid transition, where phase I is the liquid and
phase II is the gas, AV > 0 and AS > 0. Therefore, the slope is positive. As
we increase the temperature, the saturated vapor pressure increases. In the
case of water, the vapor pressure reaches atmospheric pressure at 100 °C, and
water begins to boil at that temperature at sea level.

(8.13)
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Usually, the entropy and volume of the liquid phase are larger than those
of the solid phase. Therefore, the slope of the coexistence line is usually also
positive in the case of solid-liquid phase transitions. However, there are ex-
ceptions. One such exception is the case of water. As we know, ice floats on
water: the volume of a sample of ice is larger than that of a sample of water of
the same mass. On the other hand, ice has a lower entropy, which is evident
because we need heat to melt ice. Therefore, the slope of the phase boundary
between ice and liquid water is negative. Ice melts when pressure is applied.*
A rough value for the slope can be estimated from our daily experience. To
make iced coffee, we first almost fill the glass with ice at 0°C. Since there
is space between the blocks of ice, we can pour nearly the same amount of
boiling coffee into the glass. Then most of the ice melts, and we get cold cof-
fee. This tells us that the latent heat, the quantity of heat required to melt
a sample of ice, is nearly the same as the quantity of heat required to heat
the same amount of water from 0°C to 100°C. The latter quantity of heat is
about 100 calg™!, as this can be related to the definition of the calorie, which
is equal to 4.18 J in ST units. The volume change can be guessed from the way
ice floats on water. About 10% of the ice is above the surface of the water,
and so the volume change is about 10%, or 10~7 m?g~!. Using these values,
we can obtain the estimate

apP 418

— = =15x10"PaK ™', 14
T~ 9mKx107ms  1ox1l0ba (8.14)

Thus the freezing temperature decreases by 0.007 K when a pressure of 1 atm
is applied.®

Another exception is the coexistence line between liquid and solid 3He,
the isotope of helium with mass number 3. Liquid helium-3 remains liquid
even at zero temperature when the pressure is below about 3.4 MPa. Above
that pressure, it solidifies. The phase diagram is as shown in Fig. 8.5. In
the low-temperature portion of the coexistence line, between T' ~ 1 mK and
T ~ 0.316 K, the slope is negative. How is such a behavior possible? The solid
phase has a smaller volume. This is evident because the solid phase is on the
high-pressure side. This is the normal behavior. Therefore, the entropy must
behave abnormally. Namely, the entropy of the solid must be larger than that
of the liquid. The larger entropy of the solid cannot originate from the motion

4 This melting of ice under pressure was once considered to be the main reason
why we can enjoy skiing or ice-skating. However, this is not correct. The lowering
of the melting temperature under a skater’s blade is estimated to be only about
3K, which is too small to explain the fact that we can skate or ski even when
the temperature of the ice or snow is —30°C. The true reason is the existence of
a thin liquid layer covering the ice, although the reason for the existence of this
liquid is not fully understood [4].

5 The correct values for the latent heat and the molar-volume difference at ambient
pressure are Qr, = 6.01 x 103 Jmol ™! and AV = 1.62 x 10~ m3 mol~*. Therefore,
dP/dT = 1.36 x 10" PaK™".
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Fig. 8.5. Phase diagram of helium-3 below 1 K. The solid-liquid coexistence line
has a minimum pressure of 2.9 MPa at 0.316 K. The phase boundary between the
gas phase and the liquid phase is on the low-pressure side of the liquid phase

of the atoms. In fact, it arises from the nuclear magnetic moments. In the solid
phase, the atoms are confined around lattice points. If the atoms did not move,
the interaction between the nuclear moments would be only the magnetic
dipole interaction, which is small because of the small magnetic moment of the
nuclei. In reality, cyclic exchanges of atoms are possible even in the solid phase,
which leads to an interaction between nuclear moments through quantum
mechanical effects. This interaction is larger than the magnetic interaction.
However, at the temperatures that we are considering, even though they are
low, the interaction is not enough to cause a magnetic phase transition, and
the solid He is in a paramagnetic phase. The moment of each atom has two
possible orientations, and so for IV atoms the contribution to the entropy from
the magnetic moments is

Sy =kgNIn2. (8.15)

On the other hand, in the liquid phase, the moments cannot be so free. They
are restricted so as to make the total moment zero for a reason explained
in Chap. 10, and the resulting entropy is therefore much smaller than that
for the solid. This difference in the entropy due to the magnetic moments
exceeds the difference in the entropy due to the motion of the atoms, and the
slope therefore becomes negative. The solid loses this large entropy below the
magnetic transition at T' ~ 0.92 mK. Thus, below this temperature, the slope
of the coexistence line returns to the normal behavior.

The fact that the entropy of the solid phase is larger means that when
the liquid is compressed so that it is changed into the solid, heat is absorbed.
Thus, if it is compressed on the coexistence line, the system moves to lower
temperatures. This phenomenon is called Pomeranchuk cooling, and was used
to demonstrate the superfluid transition in liquid helium-3 at around 1mK
for the first time in 1972 [5].
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8.5 The Critical Point

Let us go back to the phase diagram of an ordinary gas—liquid transition.
In Fig. 8.3, the coexistence pressure increases as the temperature increases
until the coexistence line terminates at the critical point. Above this point,
there is no distinction between the liquid and the gas. What happens here is
schematically depicted in Fig. 8.6, where the value of F + PV — S(E, V)T
that appears in the integrand of the partition function Y is plotted as a func-
tion of V for three pairs of values (7T, P) on the coexistence line, where
E can be approximated by U(T, P). Therefore, at the minima, this inte-
grand coincides with the Gibbs free energy. As we move to higher tem-
peratures, the two minima corresponding to the liquid phase and the gas
phase approach each other, and finally merge into a single minimum at
the critical point. Therefore, above the critical point there is no distinc-
tion between the two phases. This behavior is similar to what we have seen
in the mean-field treatment of a magnetic material described by the Ising
model.

The behavior around the critical point can be considered as a kind of
phase transition. At higher temperatures, the system is in a phase where
there is no distinction between the liquid and the gas. At lower temperatures,
it is in a “phase” where there is such a distinction. Again, this is similar to
a magnetic phase transition. For a magnetic material, there is a distinction
between two directions in the ferromagnetic phase: the direction parallel to the
magnetic moment and the direction opposite to it. The distinction disappears
above the Curie temperature. These phase transitions are second-order phase
transitions, which we discuss in Chap. 9.

E-PV-ST P

v T

Fig. 8.6. The left panel shows the V dependence of the integrand E4+PV —S(E, V)T
of the partition function near the critical point. The lines are displaced vertically
by arbitrary amounts. A, B, and C correspond to the points in the phase diagram
shown in the right panel. Points A and B are on the coexistence line, and point C is
the critical point
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The reason for the existence of the critical point is that the difference
between the liquid and the gas lies only in the density. The difference is
qualitative, and can be reduced to zero continuously. On the other hand,
a solid differs from a liquid or a gas qualitatively. The atoms or molecules in
a solid are on lattice sites, and so there is what is called long-range order.
That is, from a knowledge of the configuration of the molecules in one part
of the solid, the positions of molecules far from that part can be known. This
long-range order is the hallmark of a solid.

The existence of the critical point is useful in that it makes it possible to
achieve some things that might look difficult. One of these is the production of
aerogels. Aerogels are solids of very low density, which are made by replacing
water in a gel with air. You might think that they would be easy to make: take
a gel and simply evaporate the water from it, and that would be it. However,
aerogels cannot be made in this way. Because of the surface tension of the wa-
ter, the gel is destroyed in the course of the evaporation. This difficulty can be
avoided by taking advantage of the existence of a critical point. The gel is put
into a pressure cell together with water. The water is placed under a pressure
higher than the critical pressure, the temperature is raised higher than the
critical temperature, the pressure is reduced below the critical pressure, and
the temperature is then reduced, as shown in Fig. 8.7. Now that the water in
the gel has been replaced by vapor, air can be introduced safely, and an aero-
gel can be made. The trick is that during this process there is no coexistence
of liquid and gas, and therefore there is no surface and no surface tension.

Water above the critical point is called supercritical water. It is useful be-
cause it has the properties of both a liquid and a gas. In addition to being
used to make aerogels, it is used in various other situations. For example, it

30.0f

super critical water

PMPa)

700

T(K)

Fig. 8.7. Liquid water can be changed continuously into vapor by going around the
critical point
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is a good solvent, like ordinary water, but the solute can diffuse rapidly in
the solution like gas molecules. Therefore, chemical reactions can be carried
out efficiently in supercritical water. It is also powerful for decomposing or-
ganic molecules by hydrolysis. Therefore, it can be used to decompose harmful
substances such as dioxins and polychlorinated biphenyls (PCBs).

8.6 The van der Waals Gas

The equations of state of real gases deviate from the Boyle-Charles law. The
van der Waals equation is often used to describe the equations of state of real
gases. The equation for one mole of gas contains parameters a and b, which
are specific to each gas:

a

(P + W) (V —b) = RT. (8.16)

This equation can also be written in the form

RT a

P=—"_ -
V-b V?

(8.17)
In this equation, a describes the attractive interaction between molecules, and
b describes the hard-core part of the repulsive interaction. Because of the at-
tractive interaction between the molecules, a molecule at the boundary of the
system is pulled inwards, and therefore the pressure on the wall is reduced.
This effect is taken into account by the parameter a, which makes the pres-
sure lower than in the ideal-gas case. Since V=2 is proportional to the mean
distance between the molecules to the sixth power, it reflects the r—6 depen-
dence of the van der Waals potential. The parameter b is easier to understand.
Because of the hard-core repulsion, the system cannot have a volume smaller
than the volume at which the molecules are closely packed together. This
minimum volume is b, and at this volume the pressure diverges. The values
of the parameters for typical gases are listed in Table 8.1. The van der Waals
equation is interesting because it predicts a critical point and a gas-liquid
phase transition.

The isothermal P-V relation predicted by the van der Waals equation is
shown in Fig. 8.8. At higher temperatures, the pressure decreases monoton-
ically as the volume increases. However, at low temperatures, the pressure
first decreases rapidly, then begins to increase, and decreases again at larger
volumes. The temperature T, that separates these two distinct behaviors can
be determined from the equation of state. At higher temperatures, (OP/9V )
is always negative, but at lower temperatures it becomes zero at two values
of V. Therefore, at T = T, (0P/0V)r x —(V — V.)? close to the point at
which it is zero. From this condition, T, = (8/27)a/Rb and V, = 3b can be
deduced. (See Exercise 16 at the end of this chapter for a hint about to derive
these relations.) This temperature is the critical temperature, and the critical
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Fig. 8.8. Isotherms of a van der Waals gas. The temperature, volume, and pressure
are scaled by Te = (8/27)a/Rb, V. = 3b, and P. = (1/27)a/b?, respectively

pressure P, is equal to (1/27)a/b*. If T, V, and P are scaled by these values
to obtain t = T/T,, v = V/V,, p = P/P., the equation of state can be written
in a material-independent form,

st 3
T 3w—1 2

p (8.18)
The values of T; calculated from the parameters in Table 8.1 and the actual
values are compared in that table.

Table 8.1. Parameters a and b used to describe typical gases by means of the
van der Waals equation. (From Epstein [6]; 1atm = 1.01325x10° Pa.) The critical
temperatures predicted from these values, 7€, and the actual critical temperatures
T2*™ are also shown

Gas a (atm m® mol™2) b (m® mol™!) T (K) T2 (K)

He  0.03415 x 10~ 23.71x107% 520 5.25
Ne  0.2120 x 107 17.10 x 1078 44.8 44.8
Hy  0.2446 x 107¢ 26.61 x 107%  33.19 33.25
N, 1.346 x 1076 38.52x107%  126.1 126.1
O,  1.361 x 107 32.58 x 107%  150.8 154.4
CO2 3.959 x 107° 42.69 x 107%  334.8 304.3

H2O 5.468 x 107¢ 30.52 x 107%  646.8 647.3
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8.6.1 Coexistence of Gas and Liquid

There is no distinction between the gas and the liquid above T.. On the other
hand, below T, part of the isothermal line describes the equation of state
of the gas and the other part describes that of the liquid. Let us consider
an isotherm at T' < T, and draw a horizontal line at P = P,ocx, as shown
in Fig. 8.9. The pressure P = P,.ox has been chosen such that the shaded
areas above and below the line have equal areas. This P.,cx is the coexistence
pressure at this temperature. The lowest-volume intersection of this line with
the isotherm gives the volume of the liquid phase V] at the coexistence point,
and the highest-volume intersection gives the volume of the gas phase V.
The part of the isotherm at V' < V| describes the P-V relation for the lig-
uid phase, and the part of the isotherm at V' > V, describes P-V relation
for the gas phase. The other parts of the isotherm with a negative slope de-
scribe a metastable supercooled or superheated state; the part with a positive
slope is unstable and can never be realized. This method of determining the
coexistence condition is known as Mazwell’s rule.

The fact that P.oex gives the coexistence pressure can be shown by calcu-
lating the difference in the Gibbs free energy between the liquid phase and

the gas phase. Since
oG
— | =V 8.19
(57) -V (819)

the difference between the free energies at (W, Peoex) and (Vg, Peoex) should
be given by the integral along the isotherm:

PCOEX
G(va’ PCOGX) - G(Via Pcoex) = / VdP. (820)

coex

P

coex [

I
I
I
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4 Vg 74

Fig. 8.9. An isotherm below the critical temperature and a method to determine
the gas-liquid coexistence pressure
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Here the integration is performed from Vi to V,;. We separate this integral
into four parts and consider the meaning of each part. The first part is from
Peoex to Py, the minimum of the isotherm. This integral gives the negative
of the area bounded by two horizontal lines at P.oex and Py, the vertical
axis at V' = 0, and the isotherm. The negative sign arises from the fact
that Peoex > Pn. The next part is the integral from P, to Peoex, namely
to the point where the coexistence pressure intersects the isotherm in the
unstable region. This integral also gives the area to the left of the isotherm,
but this time the sign is positive. Therefore, the sum of the first and the
second part gives the shaded area below the coexistence pressure. Similarly,
the third and the fourth part give the negative of the shaded area above the
coexistence pressure. As a result, the whole integral gives zero when the two
shaded regions have the same area, and then the Gibbs free energies have the
same value. A similar consideration tells us that when the Gibbs free energies
are compared at a pressure higher than Pe.,ey, the Gibbs free energy of the
liquid phase has a lower value, and when the Gibbs free energies are compared
at a pressure lower than P,gex, the Gibbs free energy in the gas phase has lower
value.

The van der Waals equation of state was written down phenomenologically
by considering the attractive and repulsive parts of the interaction between
gas molecules. It is not a rigorous equation of state, but it captures the essence
of the effects of interaction, and predicts a gas-liquid transition. A Nobel Prize
was awarded to van der Waals in 1910 for the discovery of this equation of
state.

Exercise 16. When the temperature is fixed at the critical temperature T,
the equation of state of a van der Waals gas behaves as P — P, oc —(V — V)3
close to the critical point. Therefore, at (T¢, V¢),

(gi)T =0 (8.21)

<22V]Z)T =0 (8.22)

are satisfied. Determine V., T,, and P. from these equations.

and
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Second-Order Phase Transitions

Besides first-order phase transitions, there are other kinds of phase transitions.
Here, we consider second-order phase transitions, in which the internal energy
changes continuously, and there is no latent heat at the transition. The mag-
netic phase transition considered in Chap. 7 is an example of such a transition.
To describe the transition, we introduce a variable called the order parameter,
which characterizes one of the phases. As an example of a second-order phase
transition, we investigate the two-dimensional Ising model.

9.1 Various Phase Transitions and Order Parameters

A typical example of a second-order phase transition is the magnetic phase
transition in the Ising model that we considered in Chap. 7. At tempera-
tures higher than the Curie temperature T;, the system is in the paramag-
netic phase, in which the magnetization is proportional to the magnetic field,
whereas at temperatures lower than the Curie temperature, the system is in
the ferromagnetic phase, where the magnetization has a nonzero value even
without a magnetic field. At the Curie temperature, the magnetization in the
absence of a magnetic field changes continuously, and so does the internal
energy.

The spins in the Ising model are allowed to point in the + z directions
only. If we relax this restriction, we can consider other, more realistic models.
The XY model is a model in which the spins can point in any direction in the
xy plane. The Heisenberg model is a model in which the spins can point in any
three-dimensional direction. These models can also undergo a second-order
phase transition. The higher-temperature phase is a paramagnetic phase, and
the lower-temperature phase is a ferromagnetic phase with a nonzero magnetic
moment, which is a vector in these models.

Another example is provided by the critical point of the gas-liquid phase
transition described in the previous chapter. Above the critical temperature,
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there is no distinction between the gas and liquid phases, but below the crit-
ical temperature, the densities of these phases are different. The difference
in the density develops continuously, like the magnetization, at the criti-
cal point, and the internal energy changes continuously. The normal-metal-
to-superconductor phase transition and the normal-fluid-to-superfluid phase
transition are also examples of second-order phase transitions.

Since the transition is continuous, there should be something which allows
us to make a distinction between the phases above and below the transition
temperature, otherwise we would not be able to detect the existence of the
transition. In many cases the distinction appears in the symmetry of the
system. In this case the higher-temperature phase has the higher symmetry,
and the lower-temperature phase has the lower symmetry. For example, in
the case of the Ising model, the original system has no preference between
the up and down directions of each spin. This symmetry is retained in the
paramagnetic phase. The up direction and the down direction have equal
probabilities of being realized, and so the average magnetic moment vanishes
in the absence of a magnetic field. In the ferromagnetic phase, this symmetry
is spontaneously broken. The system has a nonzero magnetic moment pointing
either in the up direction or in the down direction.

These two possibilities for the magnetization have the same total energy,
and so, from the viewpoint of the canonical distribution, should be realized
with equal probability. However, in real systems only one of these possibilities
is realized. This is because the low-temperature phase is created by the cooper-
ation of the spins. Each spin has a favored direction, because the surrounding
spins are ordered. Therefore, most of the spins must change direction simulta-
neously for the system to move from one choice of direction to the other, which
is impossible for a macroscopic system. The creation of a symmetry-broken
state is called spontaneous symmetry breaking.

Although spontaneous symmetry breaking signals the phase transition in
most cases of second-order phase transitions, and it is appropriate to make
use of this concept to understand the transition qualitatively, for quantitative
discussion of a phase transition it is better to introduce a quantitative variable
called the “order parameter”. For magnetic systems, the order parameter is
the total magnetic moment, which is generally a vector; for the gas—liquid
transition, it is the difference in the density; for superfluid helium, it is the
wave function of the Bose-Einstein condensate; and for a superconductor,
it is the wave function of the Cooper pairs. These order parameters vanish
continuously as the temperature approaches the transition temperature from
below, and remain zero in the higher-temperature phase.

9.2 Landau Theory

Here we consider the general structure of a second-order phase transition. For
simplicity, we consider the case in which the order parameter ¥ is a real scalar.
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Every microscopic state that is realized in the system under consideration has
some value for this ¥. For a system in a heat bath, each microscopic state
is realized with a probability that is given by the canonical distribution. The
value of the order parameter that is obtained at a given temperature is the
most probable value of the order parameter at that temperature.

To calculate the probability distribution of the order parameter, we define
the density of states 2(E,¥) for a given value of the order parameter ¥.
Namely,

N(E,¥)dEd¥ (9.1)

gives the number of microscopic states that have an energy between E and
FE + dF and an order parameter between ¥ and ¥ + d¥. We then define the
partial partition function z(¥) by

2(¥) = /OOO dE Q(E,w)e PE . (9.2)

The total partition function Z is given by the integral of z(¥):

Z:/ dz/J/ dE Q(E,w)e PF
—00 0

- / "y (). (9.3)

— 00
The probability of a particular value of ¥ being realized is given by
2(¥)
7
To discuss this probability, Landau expressed the partial partition function in
terms of a free energy Fy,(T,V, N,¥), where

F(T,V,N,W) = —kgTIn [2(¥)] . (9.5)

(9.4)

Landau expected that near the phase transition point the order parameter ¥
would be small, and so the Landau free energy Fy, can be expanded as a power
series in W. There should be no terms containing odd powers of ¥, since
we are considering a system in which states with order parameters +¥% and
—¥ are equally probable at high temperature, although this symmetry is
spontaneously broken below T¢.. The general form is

FL(T,V,N,¥) = Fo(T,V,N) + aW? + b¥* + ... . (9.6)

The most probable, and almost certainly realized, value of the order parameter
at (T, V, N) is determined by the minimum of this free energy. Since ¥ is small
near the transition point, we can safely neglect the terms of higher order than
¥4 in the expansion of (9.6).

This Landau free energy has a minimum at ¥ = 0 if the coefficients a
and b are positive. Therefore, a > 0 and b > 0 describes the phase above the
critical temperature. On the other hand, if a < 0 and b > 0, minima occur at
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U=xog,——. (9.7)

Therefore, this situation describes the ordered phase below the critical tem-
perature, and only one of the two possible choices of the order parameter is
realized. It is natural to assume that the coefficient a has the following T
dependence near the critical temperature T¢:

a(T) =ao(T —T¢). (9.8)

The order parameter then has the following temperature dependence:

T=T,

Fig. 9.1. Dependence of F1,(T,V,N,¥) — Fo(T,V,N) on ¥ at T < T (dash-dotted
line), T =T, (solid line), and T > T¢ (dashed line)

7

T, T

Fig. 9.2. Temperature dependence of the order parameter around 7c. The order
parameter is proportional to /Tc — T for T' < T¢
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0 (T>T.),

SR %(Te ~T) (T<T). (59)

The fact that the order parameter is proportional to 1. — T for T < T is
the same behavior as in the mean-field result for the Ising model. The behav-
ior of the Landau free energy and the order parameter is depicted in Figs. 9.1
and 9.2.

9.2.1 Free Energy

Now we consider the behavior of various thermodynamic variables around the
transition temperature. The total partition function Z, which gives the true
free energy F(T,V, N), is obtained from an integral containing Fy,(T,V, N, ¥):

Z(T,V,N) :/d![lz(W) :/dwe—ﬂFdT»VvN*”). (9.10)

The integrand is expected to be sharply peaked at the most probable value of
¥ for a macroscopic system. Thus, the integration can be done as a Gaussian
integral. For T' > T, we obtain

Z(T,V,N) = e AFo(T.V.N) / " awepart _ . /ﬁle—ﬁFo(T’va (9.11)
a

— 00

and

F(T,V,N) = —kgTIn Z = Fo(T,V,N) — %kBTln (ﬁ”) ~ Fy(T,V,N).
a

(9.12)
The last approximation is justified because Fj is a macroscopic quantity of
order O(N) x kgT but the neglected term is of the order of kgT', unless a ~ 0.
For T < T, only one of the two possibilities for the order parameter is
realized. Once one value has been chosen by the system, the broken symmetry
does not allow the other value to be realized in the ordered phase. Thus,
only microscopic states around the selected order parameter are counted in
the partition function. Here we choose ¥ = /—a/2b. Around this value, we
expand Fy, as follows:

a2

F(T,V,N,¥) ~ Fo(T,V,N) = & — 2a(A0)" (9.13)

—a
A@:@—,/Q—b. (9.14)

A Gaussian integral around this minimum gives the partition function and
the free energy for T' < T¢:

where
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Z(T,V,N) ~ /OO d(AW®) exp [—5 (FO(T, V,N) — ZLZ —2a (Aw)zﬂ
2
- _;Taﬁ exp [—ﬂ (FO(T, V,N) — Zbﬂ (9.15)
and
a? 1 T
F(T,V,N) = Fo(T,V.N) = 2 = 5 kpTn (—2aﬁ>
~ Fy(T,V,N) — Z—i(TC —T)%. (9.16)

The last approximation is valid except close to the transition temperature,
where a =~ 0. In this approximation, the free energy changes continuously
through the critical temperature.

9.2.2 Entropy, Internal Energy, and Heat Capacity

Here we consider how the thermodynamic variables behave in the ordered
phase compared with the normal phase that exists when 7" > T.. The en-
tropy S is given by the derivative of F. For T' > T,

V,.N V,N

= So(T,V,N). (9.17)
The internal energy U is given by
U(T,V,N)=F(T,V,N)+ S(T,V,N)T
= Fo(T,V,N) + So(T,V,N)T. (9.18)

The constant-volume heat capacity C' is given by

U\ .. (BS(T.V.N)
C(T’V’N)‘<6T>V,N‘T< oT )V,N

= Cy(T,V,N). (9.19)

The concrete behavior of these quantities above T, depends on the actual
system.

Next we calculate these variables for the low-temperature phase. The en-
tropy and the internal energy have the following forms below T¢:

o aF o 8.F() a%
SITV.N) = (aT)V,N‘ (aT)V,N o Te 1)

(T. = 1) (9.20)
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and
U(T,V,N) = F(T,V,N) + S(T,V,N)T

2
= Fy(T, V,N) + So(T, V, N)T + Z—z (T2-T2) . (9.21)

The entropy and the internal energy are continuous at the transition temper-
ature.
The heat capacity C'is not continuous. It has the following form for 7' < T¢:

8S 850 a%
TV.N) =T (22 el % p
CEYN) <6T>V,N (6T>V,N+2b
2
= Cy(T,V,N) + ‘QLZ T. (9.22)

The behavior of C' is depicted in Fig. 9.3; it has a discontinuity of magnitude
(a2/2b)T. at the transition temperature.

c T

Fig. 9.3. Temperature dependence of the heat capacity around 7Tt

9.2.3 Critical Phenomena

The Landau theory predicts the general behavior of the thermodynamic vari-
ables around the transition temperature, as described above. In the present
section we have restricted the discussion to the case in which the order param-
eter is a real scalar. The theory is easily generalized to cases where the order
parameter is a vector, as in the case of the Heisenberg model of a ferromagnet,
or where it is a complex scalar, as in the case of a superfluid, and so on. So this
theory is quite powerful as a means of helping us to understand second-order
phase transitions in general. It is known that, for various systems, the Landau
theory gives the same behavior as the mean-field theory around the critical
temperature.
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However, the Landau theory fails to describe systems when the tempera-
ture is very close to the transition temperature. The reason is easily under-
stood. As we have remarked, close to the transition point, the coefficient a(7")
becomes small. Thus, it is no longer appropriate to take into account only
the quadratic term and to neglect the higher-order terms in the expansion
of the Landau free energy in terms of the order parameter. Neglect of the
higher-order terms leads to a divergence of the free energy at a = 0, which
does not occur in reality. Around the transition temperature, we need to treat
the system more carefully.

The investigation of the behavior of systems close to the transition tem-
perature is an active area of research in statistical physics; it is referred to
as the study of critical phenomena. The main theme of such investigations is
the determination of critical exponents. That is, the most dominant temper-
ature dependences of various variables around 7, are assumed to have a form
|T — T¢|*, and the exponent x is called the critical exponent. Critical expo-
nents are denoted by Greek letters: for example, the critical exponent for the
heat capacity is represented by «a, and that for the order parameter is rep-
resented by 3. In the Landau theory, the order parameter has the behavior
¥ o (T.—T)?, where 8 = 1/2, and so the critical exponent 3 for the order pa-
rameter is 1/2. In the Landau theory, the heat capacity shows a discontinuous
change and does not show a power-law behavior, and so o = 0. Since the Lan-
dau theory fails at the transition temperature, the critical exponents obtained
by this theory do not agree with experiment in general. Therefore, critical phe-
nomena have been investigated intensively. Going beyond the Landau theory
is beyond the scope of this book, however. In the next section we give the ex-
act free energy for the two-dimensional Ising model, and see how the system
behaves at the transition point, as an example of a critical phenomenon.

9.3 The Two-Dimensional Ising Model

We consider a two-dimensional Ising model on a square lattice. In this model,
the spins are placed at lattice points as shown in Fig. 9.4. The ¢th spin o; can
take a value of either 1 or —1. The energy of a configuration {o;} is given by

E = — Z Jiij'in 5 (923)
0,J

where the interaction energy J; ; is either J or J', depending on whether
the ¢th and jth spins are nearest neighbors in the horizontal direction or in
the vertical direction, respectively. Onsager calculated the free energy for this
model analytically in 1944 [7]. The result is

F = —kgTN {; In [4 cosh(23.J) cosh(23J")]

1 s ™
+— / dw/ dw'In (1 —2Kkcosw — 2k" cosw’) p,  (9.24)
272 J, 0
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where
_ tanh(26J)
~ cosh(26.J)
and
, _ tanh(28J")
= cosh(23J) -
This model reduces to a one-dimensional model when J’ is zero. In this case

2k = tanh(264J), 2’ = 0, and cosh(25J’) = 1. The free energy then reduces
to

F = —kBTN{ln [4 cosh(28J)] / dw/ dw' In 1—2/<acosw)}

(9.25)

— kTN {m (4 cosh(28.7)] + / dw n (1 — 2mosw)} (9.26)

™ Jo

The integral here is known to have the following value:

1 (7 1 1 1
%/0 In (1 — 2k cosw) dw:2ln<2+2 1—4/@2>. (9.27)

Since 2k = tanh 23.J, 1 — 4k? = 1/ cosh(2/3.J). We then obtain
1 1 1 1
F = —kgTN < —1In |4cosh(2 -t
wot N { g [4eosh9) (3 + 3 iz )}

—kgTN B In [2 cosh(283J) + 2]]

= —kgT N In[2cosh(5J)] . (9.28)

J’

t

Fig. 9.4. Ising model on a square lattice. Each lattice point (solid circle) has a spin o
which can take a value of either 1 or —1. The spins interact with their nearest-
neighbor spins. The interaction energy is —Jo;0; if the ith and jth spins are nearest
neighbors in the horizontal direction, and —J'o;0; if the ith and jth spins are nearest
neighbors in the vertical direction
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The final result agrees with that obtained in Chap. 7.

Now we return to the main theme of this section, the square-lattice Ising
model. For a square lattice, J = J' and 2x = 2k’ = tanh(28J)/ cosh(28J).
The free energy can be transformed as follows:

F =—-kgTN <1n [2 cosh(26.])]

1

+— dw/ dw’ In (1 — 2k cosw — 2k cosw'’)
27T2 0 0

= —kgTN <ln [2 cosh(203J)]

1 ™ ™
+— / dw/ dw’ In[1 — 4k cos(w + w') cos(w — w’)]
2772 0 0

= —kgTN (ln [2 cosh(283.)]

1 s s
+— dw, dws In[1 — 4k cos wy cos ws]
272
0 0

= —kgTN (hl [2 cosh(26.])]

1 (" 1 1
+—/ dw In { +-v1- (4/<cosw)2}) . (9.29)
o J, 272

We have used the formula (9.27) to obtain the final result. In this expression
for the free energy, we notice that if  is larger than 1/4, the square root has
a negative argument around w ~ 0 and w ~ 7. However, x can be expressed
in the form

1 sinh(28J)

2 1 +sinh?(26J)

which has a maximum at sinh(25J) = 1, the maximum value being 1/4.
Therefore, the free energy behaves normally over the whole temperature
range, although we may anticipate that something special will happen at
sinh(268J) = 1.

Our expectation of something special at sinh(28J) = 1 is confirmed when
we calculate the heat capacity C. First, we calculate the internal energy

(9.30)

olnZ

U=-"35

= —NJcoth (28J) [1 + imKl} ) (9.31)

where
k1 = 2tanh?(26.J) — 1 (9.32)
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and K is the complete elliptic integral of the first kind, defined as follows:!

/2 dd)
K1 =K(4k) = / —_— . (9.33)
0 /11— (4ksin¢)?
The heat capacity is then obtained as follows:
ou
“=ar
2 us
= NkB [ﬁJCOth(QﬁJ)]Q ; |:2K1 — 2E1 — (1 — '%1) (5 + KIKI)] .
(9.34)

Here E; is the complete elliptic integral of the second kind, defined by

/2
E,=E(4k) = /0 V1 — (4ksing)?de. (9.35)

Let us write the temperature at which sinh(25J) becomes 1 as T,. Since
sinh(0.881374) = 1, T, = 2.269185.J/kp. At this temperature, 4x = 1, and the
complete elliptic integral K; diverges:

1 1 2J
K(4r) ~ -1 ~ —1 T-T.| . .
@9 = g0 (= ) = - (gl - T (9.36)

T, is the transition temperature, i.e. the Curie temperature, for this model.
At T,, k1 = 1 and coth(26..J) = /2. Thus, the heat capacity diverges around
this temperature logarithmically:

2 2
C~—=Nkg ( > In|T — T (9.37)
T

kBTC
The temperature dependence of the heat capacity is shown in Fig. 9.5. This
dependence is quite different from the that in the Landau theory, although
the critical exponent « in this case is equal to 0 also.?
Since C = T 9S/0T, the peak of C indicates a temperature at which
a large increase in the entropy occurs. It is instructive to plot the entropy to
see how it increases from S =0at T =0to S = Nkgln2 as T' — oco. It can
be obtained from U and F using S = (U — F')/T, and is shown in Fig. 9.6.
An analytical expression for the spontaneous magnetization below the
Curie temperature has been obtained by Yang [9]. This expression is as fol-
lows:
1 1/8
M = Mpyax (1 sinh4(26J)> . (9.38)
! For more information about the complete elliptic integrals, see [8], for example.
2 The divergence of In |T' — Te| at T ~ T is weaker than |T' — T¢|* for any « > 0.
Thus the exponent « of the logarithmic divergence is 0.
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Its behavior just below the Curie temperature is
M x (T, —T)"/® (9.39)

Therefore, the critical exponent 3 is 1/8. The temperature dependence of the
magnetization is shown in Fig. 9.7.

As we have seen, the critical exponents for the Ising model differ from
those for the Landau theory. There are many models which show a second-
order phase transition. Even though an exact calculation of the partition func-
tion has not been done for most of these models, the critical exponents have
been investigated by various methods, including numerical methods. It has

2.0

15

C /Nkg

1.0 |

0.5

0.0 .
0.0

T/T

(¢}

Fig. 9.5. Temperature dependence of the heat capacity for the square-lattice Ising
model. The heat capacity diverges logarithmically at the transition temperature
T. = 2.269185.J/kp

O‘O 1 1 1 1 1 1

0.0 0.5 1.0 1.5 2.0
T/T,

c

Fig. 9.6. Temperature dependence of the entropy for the square-lattice Ising model.
The entropy tends to NkgIn2 as T' — oo
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0'08.00 025 050 0.75 1.00
T/T,

Fig. 9.7. Temperature dependence of the magnetization for the square-lattice Ising
model

been shown that these models can be classified into several groups, known as
universality classes. Within the same universality class, the critical exponents
are the same, and the models behave similarly around the transition tempera-
ture. The detailed theory of and explanation for these universality classes are
beyond the scope of this book. For those wishing to study critical phenomena
further, the books by Stanley [10] and Ma [11] are recommended.



10

Dense Gases — Ideal Gases at Low Temperature

We considered the statistical physics of an ideal gas in Chap. 4. There, we
introduced a factor 1/N! to reduce the phase space of N molecules, since
the atoms or molecules are indistinguishable and an interchange of molecules
gives the same microscopic state. However, this procedure is not exact, and
this becomes important when the density of the gas becomes sufficiently high.
In this chapter we consider what happens in such a system. We shall see that
a gas can be classified as either a Fermi gas or a Bose gas depending on the
properties of its atoms or molecules.

10.1 The Phase Space for N Identical Particles

In Chap. 4, we introduced the phase space for N particles,’ which is a 6N-
dimensional space spanned by the three-dimensional space coordinates and
three-dimensional momenta of all N particles. The volume of this phase space
is reduced by a factor 1/N!, since any interchange of particles gives the same
microscopic state. The number of microscopic states is obtained by dividing
this reduced volume by h3Y. This reduction of the phase space is almost
exactly correct at high temperatures, as we shall show later, but becomes
incorrect at low temperatures.

We shall explain the reason for this incorrectness using a very simple sys-
tem, namely a two-particle system in which each particle has only two possible
states, a and b. If the particles are distinguishable, there are four microscopic
states: (a,a), (a,b), (b,a), and (b,b), where (a,b) means that the first particle
is in state a and the second particle is in state b, and so on. What we did
in Chap. 4 was to divide this number of microscopic states, four, by 2! = 2.
Thus, we consider the number of states as two when the particles are indis-
tinguishable. However, of these four states, only two of them, namely (a,b)

L In this chapter, we use the word “particles” to represent both atoms and
molecules. Later, we shall consider the conduction electrons in a metal as a gas of
electrons. Therefore, “particles” is more appropriate than “atoms” or “molecules”.
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and (b, a), are the same state when the particles are indistinguishable. Hence,
the number of microscopic states is not two but three. The discrepancy arises
from the fact that there are states in which two particles occupy the same
state a or b. An interchange of the particles in (a,b) makes an apparently
different state (b,a), but an interchange of the particles in (a,a) or (b,b)
does not make a different state. Therefore, division by 2! is not correct in
this case, in which double occupancy of the same state by two particles is
allowed.

Now let us consider what happens if the states that lead to the discrepancy,
those with double occupancy, are not allowed. In this case there is only one
allowed state, (a,b) = (b,a), and so the number of microscopic states is not
two but one. So even if the origin of the discrepancy is removed, the division
by 2! is still not correct. Our present task is to construct a scheme to count
the number of microscopic states correctly.

For that purpose, we must have a rule that states whether we allow double
occupancy of a state or not. Of course, this rule is determined by nature. It
turns out that both possibilities occur. Particles have a characteristic called
their “statistics” that determines which possibility. Some particles are called
fermions, and obey Fermi statistics. For these particles, it is not allowed for
a single state to be occupied by more than one particle. That is, for each
state, there is only the possibility that it is not occupied or that it is oc-
cupied by one particle. This rule for fermions is called the Pauli exclusion
principle. The remaining particles are classified as bosons, and obey Bose
statistics. For these particles, any number of particles can occupy the same
state.

There is a relation between the spin of a particle and its statistics. A par-
ticle with a half-integer spin is a fermion. The electron, proton, and neutron
have a spin of one-half, and so they are fermions. On the other hand, a par-
ticle with an integer spin is a boson. Electromagnetic radiation can be con-
sidered as a collection of particles, called photons. The photon has a spin
of 1, and so it is a boson. Lattice vibrations, which contribute to the spe-
cific heat of a solid, can also be considered as a collection of particles, called
phonons. The phonon has no spin, and so it is a boson. The spin of an atom
or molecule is determined by the spins of its constituent particles. An atom
or molecule composed of an even number of fermions has an integer spin,
and so is a boson, whereas an atom or molecule with an odd number of
fermions has a half-integer spin, and so is a fermion. Most helium atoms
have a mass number of 4 (*He): each atom of this isotope is composed of
two protons, two neutrons, and two electrons. Thus it is a boson. On the
other hand, another isotope of helium, 3He, has only one neutron, and so is
a fermion.

All particles can be classified as either bosons or fermions. How do we
count microscopic states for these particles and how do we justify what we
did in Chap. 47 To answer this question, let us consider the general case
of a system of N particles, each of which can take one of M states, where
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M > N. If the particles are fermions of the same species, the number of
microscopic states is the number of ways to choose N states from M states,
mCn. The chosen states are those which accommodate a fermion. In the limit
of large M > N > 1, the number of microscopic states can be approximated
by

M! MN
N\(M - N)! — N!'°

On the other hand, if the particles are bosons of the same species, the number
of microscopic states is the number of ways of distributing N particles among
M states without restriction. This is the same as the number of ways to give NV
yen to M people, which we considered in Chap. 1, and is given by a4 nv-1Cn-
It can be approximated as follows when M > N > 1:

mCn = (10.1)

(M+N-1)! M~
N/(M —1)! — N!'°

M+N-1CN = (10.2)

These limiting values are the same, and are also equal to the value which was
used to count the number of microscopic states in Chap. 4. There, the particles
were treated independently; for each particle there are M possibilities and so
the total number of ways is MY, and division by N! gives the same result
as above. Therefore, the result in Chap. 4 is justified when M > N. A gas
at normal temperature and pressure satisfies this condition. We shall see this
later. On the other hand, this condition is not satisfied at low temperature. Of
course, at low temperature the attractive interaction causes the gas to become
a liquid, as we saw in Chap. 8. However, there are several systems which can be
considered as a gas of particles even at zero temperature. Electrons in metals,
liquid helium, and alkali metal vapors are some such systems. We begin our
consideration of models for these systems in the next section.

10.2 The Grand Canonical Distribution

Counting the number of microscopic states or calculating the partition func-
tion for fermions or bosons is not easy when the total number of particles is
fixed. It becomes much easier if we allow fluctuations in the number. Thus, in
this section, we consider a system (system I) in a heat bath (system II), with
which system I can exchange energy and particles. The heat bath has a fixed
temperature T and a fixed chemical potential . We shall first describe our
general scheme for calculating the partition function and free energy in this
case.

First, we consider the probability that system I is in a microscopic state
with an energy E1 and a number of particles N1. To determine this probability,
we consider the total system, i.e. the system plus the heat bath, by use of the
microcanonical distribution just as we did in Chap. 3. In this case, the total
energy F; and the total number of particles Ny are fixed. The probability



150 10 Dense Gases — Ideal Gases at Low Temperature

f (E1, Np) is proportional to the number of microscopic states of the heat
bath:

O (B — Er, Ny — Ny)
1 (B, Ny)

f (Er, Ni) o

1
= exp s {51 (Ex — E1, Ny — N1) — St (Ex, Nt)}]

>~ exp i {—Elasn - NIaSH}:|

1
= exp T (Ey — MNI>:| . (10.3)
That is, the chemical potential p of the heat bath controls the probability
and hence controls the number of molecules in system I. The corresponding
distribution is called the grand canonical distribution.
The normalized probability is
f(E,N) =

éexp {—kBlT (E - MN)} . (10.4)

The denominator of the normalization coefficient,

2(T,p) = Niio /000 exp [(E];B;N)] 1 (E,N)dE

_ i /OOO exp [— [E = il = II(E’N)T]} dE,  (10.5)

kg

is called the grand partition function. If system I is macroscopic, the integrand
is sharply peaked around the minimum of the argument of the exponential
function in the last line, and the system should almost always be found at the
values F = E* and N = N* for which the minimum is realized. Furthermore,
since system I and the heat bath (system II) are in thermal equilibrium, the
temperature T and the chemical potential y are also those of system I.

The free energy associated with this grand partition function can be writ-
ten as

J=—kgTIn=(T,u). (10.6)

The value of J can be formally evaluated by expanding the integrand around
the maximum at (E*, N*) up to second order in the deviation, neglecting
terms of order one with respect to terms of order N. The result is

J =E*— S(E*,N*)T — uN*. (10.7)

Since E* = U is the internal energy and ulN* = G = U — ST + PV is the
Gibbs free energy, we arrive at the conclusion that

J=-PV. (10.8)
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10.3 Ideal Fermi Gases and Ideal Bose Gases

10.3.1 Occupation Number Representation

Now we shall apply this scheme to an ideal gas of fermions or bosons. Because
we are considering an ideal gas, we can treat each particle independently, ex-
cept for the limitation due to the Pauli exclusion principle. Therefore, we can
define single-particle states for the system. These are states in which indi-
vidual particles can be accommodated, with energies specific to each state.?
To describe the microscopic state of a system of many particles, we have
considered above a method in which we specify the one-particle states that
are occupied by particles. This description tells us which particle is in which
single-particle state. However, the same many-particle state can be described
by specifying the number of particles accommodated in each single-particle
state. That is, we make a table of single-particle states and write down the
number of particles in each of these states. This method is called the occupa-
tion number representation, and is very suitable for the description of fermions
and bosons.

Fermion Gases

In this occupation number representation, we can consider each single-particle
state, with energy F; (i = 1,2,3,--+,00), as system L. For a fermion gas, such
a state can contain only one particle at most. Therefore, the grand partition
function for this single-particle state is

Ei=e e PN (10.9)

where 8 = 1/kgT and u have values determined by the heat bath. The prob-
ability that this state contains no particle is

el 1
E = T e A E (10.10)
and the probability that it contains one particle is
—B(Ei—p) 1
e
Z, = FE T (10.11)

Therefore, the expectation value of the particle number in this state is

() = 30— (1012)

i) = eBEi—p) 117 '

2 For a system in which the particles interact, we cannot define single-particle
states. The state of a particle is affected by all the other particles owing to the
interaction, and therefore an individual particle cannot have a definite energy.
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For a state with an energy F; < u — kgT, we have (n;) ~ 1, and for a state
with an energy E; > u+ kg7, this expectation value is vanishingly small, i.e.
(n;) ~ 0. If we consider the right-hand side of the above equation as a function
of E, we obtain the Fermi distribution function f(FE), where

1

1(B) = Sy (10.13)

The behavior of f(FE) as a function of E is shown in Fig. 10.1.
The total number of particles in a macroscopic system is given almost
exactly by

N = Z(ni>. (10.14)

This equation can be used to determine the value of u when we consider
a situation in which the total number of particles N is given. The grand
partition function of the total system is

==I[=-=]] (1 + e—%?(Ei—M)) . (10.15)
[ i

Fig. 10.1. The Fermi distribution function f(E) = 1/[e®*®~#) 4 1]. The thin dashed
line shows f(E) at T' = 0. The solid and dash-dotted lines show f(E) at kgT = 11/20
and kgT = p/10, respectively

Boson Gases

For a boson system, the ith single-particle state can accommodate any number
of particles. The grand partition function for the ith state is

= = eO + e*ﬁ(Ei*l’«) + e*ﬁ(in*QP«) + e*ﬁ(?’Ei*?’P«) —+ ..

7

— , (10.16)



10.3 Ideal Fermi Gases and Ideal Bose Gases 153

Here, we have used the fact that the energy of the ith state, when it contains
n particles, is nE;. The probability of having n particles in this state is

1

—
=
—

e~ BnEi—np) _ {1 _ emeifu)} o~ BEi—np) (10.17)
The expectation value of the number of particles in this state is
(ni) = 3 nemAEw) [1 _ e—ﬁ(Ei—m}

n=1

e B(Ei—p)
1-— e*B(Ei*H)

1

= SE— =T (10.18)

If we consider the right-hand side of this equation as a function of F, we
obtain the Bose distribution function

1

n(E) = BE—) _ 1"

(10.19)
We have already encountered this form, with 4 = 0, in various situations,
namely the harmonic oscillations of diatomic molecules, the oscillations of
a crystal lattice, and electromagnetic waves in a cavity. The behavior of the
Bose distribution function is shown in Fig. 10.2. The grand partition function
of the total system is

— - 1
‘::H:’:Hm' (10.20)

n(E)
|\ === T=20\ukg
15
10
5
|
H E

Fig. 10.2. The Bose distribution function n(E) = 1/[¢*®~#) —1]. The chemical
potential g must be negative; n(F) at kgT = 10|u| and 20|u| are shown by the solid
and dash-dotted lines, respectively
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10.3.2 Thermodynamic Functions

The free energy J has similar forms for the fermion gas and the boson gas:
J = —]{JBThlE

= kT Y In (1 + e_ﬂ(E"'_“)) , (10.21)
%

where the upper sign applies to fermions and the lower sign applies to bosons.
The entropy can be obtained from this .J:

oJ
(%)
or),

1 E;—pu
— B(Ei—p) v
= +kp E In (1 +e F ) + g BE— 11 (10.22)

i %

Since the internal energy is given by

E;

this entropy can be rewritten as

~J U Ny
S=—Ft5— (10.24)

This is a relation expected from the general principle of thermodynamics
U = ST — PV + uN. The entropy can also be written as

§ = —kp Y [(n) In(n) + (1F (n)) In (1 F (ni))] - (10.25)

10.4 Properties of a Free-Fermion Gas

In this section, we examine the properties of a Fermi gas using an explicit
form for the single-particle energy E;. It is known that liquid *He and the
conduction electron systems in metals behave like a free-fermion gas. In fact,
the interaction between helium atoms is not negligible and the electrons in
metals interact quite strongly with each other through the Coulomb interac-
tion, and so they themselves cannot behave like a free-fermion gas. However,
each particle together with its influence it gives to the surroundings can be
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considered as a kind of a particle. This is a particle dressed with interac-
tion effects, and usually called a quasiparticle. These quasiparticles can be
considered as weakly interacting fermions [12].
We consider such quasiparticles and neglect the interaction between them.
In a box of size L, x L, x L, a quasiparticle has the following energy:
2
Ei=2i 4 gupsB, (10.26)
2m
where m is the mass of a fermion, p; is its momentum, g is the gyromagnetic
ratio, also called the Landé g-factor,® up = eh/2m is the Bohr magneton,
s = £1/2 is the spin of the fermion in units of , and B is the magnetic field
applied to the system. The momentum is quantized such that it is specified
by integers (ng, ny,n.):

27h 27h 27h
p; = <Lmnx’ Tynyv LGz) . (10.27)

Using the resulting energy spectrum, we define the density of single-particle
states D(F), such that D(E)dFE is the number of single-particle states for
each spin state in which the kinetic energy Ex = p?/2m is in the range E to
FE + dE. Note that we have also defined a density of states in Chap. 2. The
density of states in Chap. 2 is for an entire system, but that defined here is
for single-particle states, and so instead of 2(E) we write D(E).*

Let us calculate the density of single-particle states. First we calculate
the number of states for which the absolute value of the momentum p; is in
the range p to p + dp. The volume of this range of p in momentum space is
47p? dp. On the other hand, the momentum is quantized, and the separation
between adjacent momenta is Ap, = 27h/L,, and so on. Thus, there is one
state in each volume (27h)3/L, L, L, = (2wh)®/V. Therefore, 4p? dp divided
by (27h)2/V gives the number of states in the momentum-space volume that
we are considering, where V is the real-space volume of the system. That is,
there are

47tp? dp 1%

= 2d 10.2
@rh)3/V ~ 2zl P (10.28)

states. Using dE/dp = p/2m and p = v2mE, we obtain

D(E)dE = Lmv 2mEdE . (10.29)
2m2h3
3 As explained in Sect. 7.1, the magnetic moment of a particle is expected to be
proportional to the angular momentum. However, the classical relation is not
correct for elementary particles. The gyromagnetic ratio expresses the correction
factor to be applied to the classical relation between these two quantities.
* Both the D(E) defined here and £2(E) are commonly called the density of states
in the literature. It should not be difficult to determine from the context which
density of states is meant.
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Various thermodynamic variables can be written as a function of T, V', pu,
and B in an integral form in terms of this single-particle density of states.
We first note that in a magnetic field, a fermion with energy E; has a kinetic
energy Fx = E; — gugsB. Therefore, the density of single-particle states at
E; is D(E; — gupsB). We also note that the minimum value of E; is gugsB.
Thus, the total number of particles N, the average energy in the magnetic
field E, the total spin magnetic moment M, and the internal energy U are
given by

N(T,V,u,B)=>_ > eﬁ<E m—

i s=+1/2
= > /oo dE D(E — guBsB)ﬁ, (10.30)
s=+1/27 9HBsB Mt

E(T,V,u,B) Z Z eﬁ(Eq u)+1

i os=+£1/

~ E
N dED(E — gupsB)—m—s—r, (10.31
s—%ﬂ /WBsB ( e )eﬂ(E—u) +1 ( )

> Y sEemad

i s= :t1/2

M(T,V,p, B)

h —guBs
dE D(E — gppsB) 5=y (10.32
s=+1/2 /g”BSB ( ghe )eB(E*u) +1 ( )

and

U(T,V,pu, M) = E(T,V,u,B) + MB

o0 E
=y / dED(E — ngsB)#. (10.33)
s=+1/2 7/ 9nBsB Mt

Finally, the pressure can be obtained from J, but it can also be written in
terms of the internal energy U:

P(T,V,,B)V = —J = kgTIn =(T,V, p, B)

= kBTZ Z In [1 + e*B(Ei*u)}

© os=+£1/2

=kT > / dE D(E — gupsB)In {1 4 efﬁ(Efu)}
s=+1/2” 98B
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ksT o 2h3mv Z / E~E —gussB

s=41/2 WBSB
x In [1 + efﬁ(E*“)}

/2
2 am [ ap 2= guns B

3 2 2h3 s=+1/279rBsB efE-m) 41

= 22h3m\/ Z/ dE D(E — gupsB)

s=+1/2 7 91BsB

E —gupsB
eﬁ(Ef:U') +1
2
= §U . (10.34)

This relationship between U and PV is generally satisfied for an ideal gas.

From (10.30), we can calculate u(7T,V, N, B), the chemical potential for
a given value of the particle number N. Using this chemical potential, we can
obtain the internal energy U(T,V, N, M), the magnetization M (T,V, N, B),
and the pressure P(T,V, N, B).

10.4.1 Properties at T'=0
B=0

We can evaluate these variables analytically at T = 0. First we consider
the case where there is no magnetic field, i.e. B = 0. In this case the spin-up
(s = 1/2) and spin-down (s = —1/2) fermions have the same energy spectrum.
The Fermi distribution function

1

f(E) = BE— 11 (10.35)

is unity for 0 < E < p and zero for £ > p. Therefore, the total number of
fermions N is given by

I
N=2[ dED(E)=2 “ap Y amE
0 0 253

Vv

At T = 0, p has the meaning that it is the energy of the highest-energy
occupied state when there are N fermions and the system is in the ground
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state. This highest energy is usually called the Fermi energy and written as
Er. That is, Fp = p at T = 0. It can be expressed as follows:

R (3m2N\*°

The absolute value of the momentum of a fermion with energy £ = FEp is
called the Fermi momentum and written as pg; it is equal to v/2mFEg. The
condition that |p| = pr defines the surface of a sphere in momentum space.
This sphere, which is shown in Fig. 10.3, is called the Fermi surface. Inside the
Fermi surface, every single-particle state is occupied, and outside the surface,
no state is occupied, at T' = 0. The total number N can be expressed in terms
of Fr and pp as

4 32V /pr\3
N = s (2mEp)*/? = ( ) . (10.38)

3n2 \ h

Fig. 10.3. The Fermi surface in momentum space. Every state with |p| < pg is
occupied

We can now change the variable from p to N, and consider a system
containing a fixed number of fermions. In the calculation, it is convenient to
use an expression for D(E) in terms of the Fermi energy Er,

3 E1/2
F

The internal energy of the system is calculated as follows:

Er Ex 3 E 3/2
U = 2/ dEED(E) = / dE =N | —
0 0 2 Er

3
= SNEr. (10.40)
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From the internal energy, we can calculate the pressure P at T'= 0 and B = 0:
33U 2N
Taov sV

Therefore, kgT for the classical ideal gas is replaced by 2Ew /5, and the pres-

sure is nonzero even at 7' = 0. These results for U and PV are consistent with
(10.24):

(10.41)

2 3

—~0. (10.42)

To obtain the value of S at T' = 0, we use (10.25): at T =0, (n;) = 0 or 1,
and so (n;)In(n;) =0 and (1 — (n;)) In(1 — (n;)) = 0. Thus we conclude that
S=05

B>0

Next we consider the effect of a magnetic field. Without a magnetic field, the
up-spin states and down-spin states are equally occupied, and so the total
magnetization of the system is zero. However, in the presence of a magnetic
field, the single-particle energies for the same momentum p are split owing to
the Zeeman term gupsB. A magnetization is then induced by the magnetic
field B. At T' =0, (10.30) reads

m
NOVB = Y [ dEDE - gusb)
s=+1/27 98B

i 3 N
[ B (B guns)”
s=+1/27 9HBsB Ey

1 N
= > 37 - gnesB)””
s=t1/2 = Er

3/2
- N (“) +O(B?). (10.43)
Er
Thus, u = Er +O(B?). For the calculation of the magnetic moment, we need
only terms linear in B, and so we can neglect the dependence of the chemical
potential p on B.
Now we calculate the total magnetic moment. From (10.32), we obtain

Er
M = Z / dE (—gups)D(E — gupsB). (10.44)
s=+1/2” 98B

5 The fact that liquid 3He has a very small entropy at low T, even though each
atom has a magnetic moment, has been remarked on in Sect. 8.4.
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In order to obtain the magnetic susceptibility, we evaluate this integral up to
only the first order in B. We obtain

1 5 3/1 >N

M~ — D(Ep)B==|= —B. 104

5 (9uB)” D(Ep)B = 3 (QQALB) o (10.45)
Thus the magnetic susceptibility per unit volume is
2
3 /1 wolN

=== 10.4

X =3 (29u3> VEn (10.46)

where o is the permeability of free space.

10.4.2 Properties at Low Temperature
The Fermi Temperature

At nonzero temperatures, thermodynamic variables such as the internal en-
ergy and the magnetic susceptibility deviate from their values at T'= 0. The
amount of deviation depends on whether we consider the system at a fixed
number of particles or a fixed value of the chemical potential. Here, we cal-
culate the deviation at a fixed number of particles in the lowest order of the
temperature T'. Since the Fermi distribution function is expressed in terms of
the chemical potential, we first calculate how the chemical potential changes
at nonzero temperature, and then calculate the temperature dependence of
the internal energy, the heat capacity, and the magnetic susceptibility of the
system at a fixed number of particles.

In order to present the results in a transparent form, we need a natural
scale for the temperature. This scale is provided by the Fermi temperature T,
which is defined as the Fermi energy divided by the Boltzmann constant kg:

Ee R (37T2N>2/3

Tp = = =
P ks 2mkg \ V

(10.47)

The Fermi energy or the Fermi temperature is a function of the particle density
N/V. If the conduction electrons in a metal are considered as free fermions,
we can estimate the Fermi temperature of the metal. From the mass density
of the metal and the mass number of the constituent atoms, we can calculate
the number density of atoms. From the valence of the metal, we know how
many conduction electrons are provided to the metal by each atom. We can
then estimate the conduction electron density N/V. The effective mass m is
usually of the order of the vacuum mass of an electron. So, by assuming that
the effective mass is equal to the vacuum mass, we can estimate the Fermi
energy and the Fermi temperature. For most metals, this procedure gives val-
ues of Tk between 10* and 10° K. Some values of the Fermi temperature for
typical metals are given in Table 10.1. In this subsection, “low temperature”
means that T < Tx. Therefore, metals at room temperature can be regarded
as being in the low-temperature regime.
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Table 10.1. Fermi temperatures T of typical metals

Metal ~ Valence  Fermi temperature (10* K)

Li 1 5.48
Na 1 3.75
K 1 2.46
Cu 1 8.12
Ag 1 6.36
Au 1 6.39
Mg 2 8.27
Al 3 13.49
Pb 4 10.87

Formulas for the Temperature Dependence
of Thermodynamic Variables

The calculation of the temperature dependence of the thermodynamic vari-
ables for a system with a fixed number of particles is done in two steps. First,
the temperature dependence for a system at a given chemical potential p is
calculated. One of the thermodynamic variables is the particle number N.
Then N(T,p), considered as a function of T" and p, is inverted to obtain
w(T,N). In a second step, this (T, N) is put into the expressions for the
other variables to obtain the temperature dependence for fixed V.

The first step is performed by use of a general formula derived below. For
simplicity, we first consider a system in the absence of a magnetic field. In
this case thermodynamic variables such as N and U are given by integrals of
the following kind:

F(T,V,u) = /00 dE g(E)f(E), (10.48)

€0

where F is one such variable, ey = 0 is the lowest single-particle energy,’ g(F)
depends on which variable we want to calculate, and f(FE) is the Fermi dis-
tribution function. This type of integral can be evaluated at low temperature
as a power series in the temperature 7T'. In order to obtain the desired result,
we first define a function G(FE), which is the integral of g(FE):

G(E) = / ) g(E"dE' . (10.49)

€0

The value of F(T,V,u) at T =0 is the value of G at E = pu:

F0,V, 1) = G(p) . (10.50)

5 We write the lowest energy as ¢ in these equations. At B = 0, ep = 0. However,
at finite magnetic field, this energy becomes finite, because €y = gussB.
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Therefore, G(u) is the zeroth-order term in the expansion of F(T,V,u) as
a power series in T'. Using this G(E), we can rewrite the integral for F(T,V, u):

F(T,V,p) = /Oo dE [dG(E)] F(E)

. dE
- [G(E)f(E)E - /OO dE G(E)%. (10.51)

The first term in the last line is zero, because at E = €y, G(ep) = 0 and
f(eo) ~ 1, and as E — oo, f(E) ~ e PF=1 vanishes exponentially. To
evaluate the second term, we notice that df(F)/dE is sharply peaked around
E = p and vanishes rapidly as FE deviates from p, as shown in Fig. 10.4. This
fact enables us to do the following;:

1. Extend the lower bound of the integral to —oo.
2. Expand the function G(F) around p and retain only the low-order terms.

Since
GE) ~ Glu) + (B~ p)C'(n) + 5(B — wP G+, (10.52)

we need to evaluate the following integral for n =0,1,2,-- -
e df(E) _ /°° d 1
dE(E —p)"———==p38"" dea""— | —— ) . 10.
/,oo E—w' =g =0 | "o (10.53)

For n = 0, this integral is easily evaluated, and the result is —1. For odd n,
the integral vanishes, since

d 1 1 0T
4 ) = lseen2® 10.54
da (ef’3+1> 17N g (10:54)
-df(E) /dE
—-—- :T=w10k,
:T= W20k,
- ’ N.

Fig. 10.4. The derivative of the Fermi distribution function, df(F)/dE;
—df(F)/dFE is shown for kgT = p/20 and p/10 by the solid and dash-dotted lines,
respectively. This derivative is sharply peaked around E = p at low temperature
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is an even function of x. For even n, it can be calculated as follows:

o d 1 o d 1
—-n n < — 93" n_—
h /_oodwx dz (e1+1) g 0 dww dx (el’Jrl)

o] n—1
= 2nB" d
ns ; T 1
= —2nﬁ_"Z(—l)k/ da g le= (kH)z
k=0 0

— _9n 777,00 (_1)k
= —2n1p3 gi(lﬁ 0

= —2n137"(1 - 2'"")¢(n). (10.55)

Here ((n) = >_po, k™ is the Riemann zeta function, which has the following
values:”

w2 t
2)=— 4) = —. 10.
(2)=", =g (10.56)
From these equations, (10.48) can be expanded as a series in T
wkgT)? 7(nkgT)*
F(r) =600 + T g TERD gy 4 o

We shall calculate the heat capacity and the magnetic susceptibility as func-
tions of the number of fermions N and of T at low temperature using this
formula.

Chemical Potential at B = 0

Now we shall calculate the particle number N (T, V, i) to obtain (7, V, N) in
the absence of a magnetic field. The magnetic-field dependence is considered
later, when we calculate the susceptibility. From (10.30), we obtain

N(T,V,u) = 2/00 dED(E)f(E). (10.58)
0
Thus, in this case
N | FE
g(E) =2D(E) = g 2\ B (10.59)
1 3/2
G(u)=N <EF> , (10.60)

7 The Riemann zeta function is described in Appendix G.
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and s N 1
/
9 W)=~ =515 (10.61)
4 g2t

Using these equations, we obtain N(T,V, ) up to the second order in T":

3/2 2
1 N(rkgT
“) L NirkpT) (10.62)

N(T,V,u) ~ N | — —
( ) 7/"’) (EF 8 E]:;/Qlu,l/Q

As we expect that p/FEr = 1+O(T?), u in the second term on the right-hand
side can be replaced by Er. Then u/Er can be obtained as follows up to the
2/3 )

second order in T'/Tp:
72 (T\> 72 [T\
1—— | = ~1l—— =] . 10.63
8 (TF) 12 (TF> ( )

In this equation, we have used the relation that Fr = kgTg. This temperature
dependence and the correct temperature dependence of p up to T' = 3Ty are
shown in Fig. 10.5.

HoL
Er

Fig. 10.5. Temperature dependence of u/Er as a function of T'/Tk. The exact result
is shown by the solid line, and the dash-dotted line shows the approximation to the
chemical potential (10.63)

Internal Energy, Pressure, and Heat Capacity

The internal energy in the absence of a magnetic field is

U(T,V,u) :/ dE2ED(E)f(E). (10.64)
0
Thus, in this case
3 _(E\?
g(E)=2ED(E)==-N|— , (10.65)
2 Er
3 M5/2
G(p) 3 Ik (10.66)
F
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and "
9 1
g'(1n) = N7 - (10.67)
4~ g/
F
Using these relations, we obtain U(T,V, u):
3 5/2 3 2 knT 2,,1/2
UV, ) = SNy 37 e D) 7 (10.68)

5 E;/z 8 E;’/2

The internal energy at a given value of N, U(T,V, N), is obtained by using
the expression for the chemical potential (10.63):

- 5/2 9

3 w2 [T\ 372 T
U(T,V,N) ~ SNEp |1 — — ( = = NEp =
(T.V,N) = g N Er 12 (TF> g F(TF>
3 [ 5x2 (T\?] 32 T\?

~SNEp [1-2 (= = NEp =

50 24 (TF> T3 F<TF)

3 [ 52 (T
= SNEBp |1+ 2 (TF) (10.69)
The pressure of the system is related to U by PV = (2/3)U:
PIT, VNV ~ 2NFe |14 22 (L 2 (10.70)
T T 12 \ Tr '

PV/NKkgT,

1 2 3 .

Fig. 10.6. Temperature dependence of PV/NkgTr as a function of T/T¢. The
solid line shows the correct temperature dependence, the dash-dotted line shows
the approximation (10.70), and the dashed line shows PV = NkgT, which is the
relation for a classical ideal gas
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The temperature dependence of PV is shown in Fig. 10.6, where the solid
line shows the correct temperature dependence, the dash-dotted line shows
the approximation (10.70), and the dashed line shows the classical result
PV = NkgT.

The fact that the correction to the internal energy is proportional to T2 is
easily understood. The Fermi distribution function deviates from the distribu-
tion function at 7" = 0 only near the Fermi energy. Only particles with energies
near the Fermi energy can have a thermal energy kg7, and the number of such
particles is of the order of kgT times the density of states D(FEr). Therefore,
the increase in the internal energy at finite temperature is proportional to T2.

Now that we have obtained the internal energy, we can calculate the heat
capacity of a free-fermion gas at low temperature:

2
CT.V.N) = (aU(T,V,N)> N T
V,N

m
I Nkp—. 10.71
T 5 kT (10.71)

Since C' = T'(05/9T), and S(0,V,N) = 0 at T' = 0, we can also obtain the
entropy at low temperature:

2

T

S(T,V,N) ~ C(T,V,N) ~ L; Nkp— . (10.72)
F

We can compare this result with that obtained from the Debye model of lattice
vibrations. The latter model predicts a value of 3Nkg at temperatures higher

1 2 8 T,

Fig. 10.7. Temperature dependence of Cy /Nkg as a function of T'/Tw. The solid
line shows the correct temperature dependence, the dash-dotted line shows the
lowest-order approximation (10.71), and the dashed line shows the classical result,
Cv = 1.5Nks
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than the Debye temperature. For ordinary solids, this high-temperature con-
dition is satisfied at room temperature. On the other hand, a conduction elec-
tron system has a Ty of the order of 10* K, and room temperature (~ 300 K)
is much lower than Tw. Therefore, the contribution to the heat capacity of
a metal from the conduction electrons is negligibly small at room tempera-
ture. We note also that at temperatures much higher than 7%, a fermion gas
behaves as a classical ideal gas. Therefore, at such temperatures the constant-
volume heat capacity tends to (3/2) Nkg. The temperature dependence of the
heat capacity is shown in Fig. 10.7.

Magnetic Susceptibility

The magnetic susceptibility due to the spins is obtained from

1 .LLOM(Ta‘/aNaB)
e L

Thus we need to calculate the total magnetic moment M (T,V, N, B) and
w(T,V,N,B) up to first order in the magnetic field B. First, we need to
examine how the chemical potential depends on the magnetic field. For that
purpose, we write down an equation for the number of particles at given y in
the presence of a magnetic field:

NEVuB) = Y [ apE-gmsB)E).  (1073)

s=+1/2 7/ 9nBsB

The right-hand side of this equation is clearly a continuous even function of B.
Therefore, without actual calculation, we can guess the following result:

N(T,V,u,B) = N(T,V,11,0) + O (B?)

3/2 2
~ H 1 (mkgT) 2
~ N (EF> + 8NE§/2/,L1/2 +0(B*) . (10.74)

The correction to the chemical potential then also starts from the second order
in B, namely

w(T,V,N,B) = u(T,V,N,0) + O (B?)

T (T
12 \ Tf
Therefore, for the calculation of the magnetic susceptibility, we need not con-

sider the magnetic-field dependence of the chemical potential.

~ Efp +0(B?) . (10.75)
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Next we calculate the total spin magnetic moment to the lowest order
in B. First, we calculate it at a given chemical potential u. It is given by the
following equation:

M(T,V,1,B) = ) / dE (—guss)D (E — gussB) f(E)
s=+1/27 9nBsB

p—gpBssB
~ —gup Y / dE sD(FE)
0

s=+x1/2

2
™
+5 (ksT)? sD' (1t — gupsB) + O (T*)

3/1 2BN [/ u\Y? 72 T\?[Ex\*?
~> o) — =) —-5(=) (— :
2<2 ) L (EF> 24 (TF> (M)

(10.76)

Inserting the expression for the chemical potential, we obtain the total mag-
netic moment up to the term linear in B and up to terms in T2:

3 /1 * BN 2 (T
M(T,V,N,B)= - | = — |1 - = = . 10.77
(T.V,N,B) = 3 (2WB) B B (TF) (10.77)
Finally, we obtain the magnetic susceptibility per unit volume:
L poM
a0 i (3
3/1 > uoN w2 [T\
=—(= 1—— | = . 10.78
2 (29"‘3) EpV 12 \ T (1078)

The susceptibility decreases quadratically as (T/Tr)? from its value at T = 0.
Again, the deviation from the zero-temperature value is small for ordinary
metals at room temperature. At temperatures much higher than 7%, y tends
to the classical value for N independent particles in a volume V', (7.18):

1 > woN
— (2 _ 10.
X (29u3> (kBTV> (10.79)

The reason that y saturates at a finite value as T — 0 can be understood from
the behavior of the Fermi distribution function. Namely, only particles that
have energies around the Fermi energy are active at low temperature and can
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change their spin state in response to an external magnetic field. The number
of particles can be estimated as 2D(Ew)kpT. We should replace N in (10.79)
with this estimate. The correct value at T' = 0,

_3 (L kol
X—2 29MB EpV

is then obtained.

10.5 Properties of a Free-Boson Gas

10.5.1 The Two Kinds of Bose Gas

As we have seen in Chap. 5, the Bose distribution function n(E) with g =0
appears when we consider either the Debye model of a solid or black-body
radiation. In these cases, a wave with a wave vector k and angular frequency
w(k) = c|k| is allowed to have quantized energies

E(k) = (n - ;) hw(k)

and the expectation value of n is given by the Bose distribution function
with g = 0. This result can be interpreted as showing that lattice vibrations
and electromagnetic radiation behave as Bose particles, which have a mo-
mentum p = ik and an energy E = hw(k). The particles for lattice vibra-
tions are called phonons, and those for electromagnetic radiation are called
photons.

The total number of these bosons is not fixed. They are created by the
energy of the heat bath, and absorbed as energy into the heat bath. This non-
conservation of the total number of particles is the origin of the condition that
1 = 0 for these bosons. The chemical potential u is defined as the derivative
of the entropy of the heat bath with respect to the number of particles in the
heat bath. Once phonons or photons have been absorbed into the heat bath,
they lose their identity, and so the entropy of the heat bath does not depend
on the number of particles absorbed. Thus the chemical potential must be
zZero.

We have already studied the properties of a gas made up of these noncon-
served particles in Chap. 5. What we consider in this section is a second kind
of Bose gas, made up of particles for which the total number of particles is
conserved. An ordinary gas for which the constituent atoms or molecules are
bosons is a natural example of such a Bose system.

The characteristic properties of a Bose gas appear at low temperature. So
we need a system that behaves like a free-boson gas even at low temperature.
One candidate is helium-4. The helium-4 atom is a Bose particle, and helium
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gas is hard to liquefy. At 1atm, it liquefies at 4.2 K. This is the lowest gas—
liquid phase transition temperature of any substance except for helium-3. At
atmospheric pressure, all other substances solidify at much higher tempera-
tures. However, 4.2 K is still not low enough for a Bose gas to show its most
peculiar characteristics. On the other hand, liquid helium-4 remains a liquid
down to T'— 0 below about 25 atm. Even though it is a liquid and the inter-
actions between the atoms are not negligible, some aspects of the liquid, such
as the superfluid phase transition, can be understood as a property of a Bose
gas. Other, much better examples of Bose gases have recently been realized:
these are provided by vapors of alkali metals, cooled down to temperatures
in the microkelvin range. We are now going to study the properties of such
a Bose gas at low temperature.

Since the Bose distribution function diverges if the chemical potential co-
incides with a single-particle energy of the Bose gas, ;1 must be lower than
the lowest single-particle energy, which is zero for gas of atoms. Therefore,
the chemical potential must always be negative at finite temperature for the
second kind of Bose gas.

10.5.2 Properties at Low Temperature
Bose—Einstein Condensation

The energy spectrum of an atomic Bose particle is the same as that for a Fermi
gas, and so the density of single-particle states has the same form:

\%
A Bose particle has an integer spin. Here we consider the simplest case, namely
that of particles with spin zero. In this case the number of particles is given
by the following equation:

1
N = Z FE T (10.80)

At high temperature, we can calculate this summation as an integral with
respect to the energy:

1

(10.81)

However, at low temperature, this replacement is not permissible. This is
a special property of a Bose gas. We shall see in the following why this re-
placement is not correct.

The Fermi distribution function is finite for any energy, and is less than or
equal to one. On the other hand, the Bose distribution function can diverge as
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u — E;, whereas it becomes vanishingly small when E; —p > kgT'. Therefore,
at T' = 0, almost all the states satisfy F; — pu > kgT' = 0, and all the particles
are accommodated in the lowest-energy single-particle state at E; = 0. The
chemical potential is vanishingly small, and the internal energy is zero. That
is,u —=0and U =0at T =0.

When the temperature is low enough, we can expect that the majority of
the bosons will still occupy the single-particle state at £ = 0, and only some
of the bosons will be excited to finite-energy states. This phase, where a finite
fraction of the bosons occupies the lowest-energy single-particle state, is called
a Bose—Einstein condensed state, and this phenomenon is called Bose-Einstein
condensation. The bosons in the lowest-energy single-particle state are called
the Bose—Einstein condensate.

In a Bose—Einstein condensed state, it is not permissible to replace the
summation in (10.80) by the integral form (10.81). This is because the den-
sity of states D(E) vanishes at E = 0, in spite of the fact that the lowest-
energy single-particle state exists at F = 0. In (10.81), the contribution from
the state at £ = 0 has not been counted, even though most bosons are ac-
commodated in this state. However, we need to replace the summation by
an integral to perform an analytical investigation of boson systems at low
temperature.

This is accomplished by treating the state at F = 0 separately, and treating
the contribution from the other states by means of an integral. That is, we
calculate the summation as follows in the case of a Bose-Einstein condensed
phase:

1
N=2> Frq

= No+ /OOO dE D(E) (10.82)

PE 1"

In this equation, Ny is the number of bosons in the E = 0 state, or the number
in the Bose—Einstein condensate. We have put p = 0 in this equation, because
it has only a small negative value in the condensed phase. The actual value
is given below. A very small value of p is necessary to give us Ng = O(N) at
E=0.

For a better understanding of Bose—Einstein condensation, let us consider
the system at higher temperature, and then see what happens as the tem-
perature is lowered. At high temperature, the bosons are distributed among
various single-particle states, and no state contains a macroscopic number of
bosons. Thus, for any state, E; is higher than p, and hence p must have a finite
negative value, which is determined by (10.81) for a given particle number N.
Now, what happens when the temperature is lowered? The right-hand sides
of (10.80) and (10.81) are monotonically increasing functions of y, and also
increasing functions of T'. Thus, as the temperature is lowered at fixed N, the
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chemical potential increases towards zero. If we use the original summation in
(10.80) to determine the chemical potential, we can always find a solution: the
right-hand side tends to zero as p — —oo, and it diverges as p — 0. However,
it turns out that the right-hand side of the integral in (10.81) remains finite
even at p = 0, and the limiting value decreases as the temperature is lowered.
The temperature at which the limiting value coincides with N is the critical
temperature 7. for Bose-Einstein condensation. For T" > T, the right-hand
side of (10.81) at p = 0 is larger than the number of bosons, and the finite
negative chemical potential can be determined. On the other hand, for T < T,
the right-hand side is less than N and we must put g = 0 and use (10.82)
with a finite Ng.

Now let us determine the critical temperature T.. From the considerations
above, we know that it is determined by the following equation:

e 1
N = EDE)————:r 10.
| D e (10.83)

where 8. = 1/kgT.. The right-hand side is

Vv 32 [T VE
r.h.s = 47r2h3 (2m) A dE m

4 om\ >/? °°d x1/?
 4m2h3 <ﬁc> /0 e 1
ANEANNEAWE
T Am2R3 O\ S 2 2

L (mksT N\ (3
v () (3 oy

where the integral representation of the zeta function (G.2) has been used.
Using the value of the zeta function ((3/2) = 2.612..., we can determine the

critical temperature:
oach? ([ N\
T. = . 10.

mkp <2.612V> (10.85)

Below T¢, the number of particles in the Bose-Einstein condensate becomes
of the order of N:

B mksT\*?  (3\ T\*?
NO_N_V<27rh2) ) =Ntz

(10.86)
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From this value of Ny, we can determine the value of the chemical potential
at T < T.. It satisfies the condition that

1 kT
No= g™ (10.87)
Here we have used the fact that |3y < 1 and e ™#* ~ 1 — Bu. Thus,
kgT
= L . (10.88)

N (1 - (/)]

That is, the chemical potential is of the order of kgT/N. Therefore, for any
positive-energy single-particle state, it is justifiable to replace p by 0.

Let us estimate T, for the case of helium. Helium gas liquefies at T = 4.2K
under atmospheric pressure. For simplicity, let us assume that the gas satisfies
the equation of state of an ideal gas down to this temperature. In this case
we obtain N/V = P/kgT = 1.74 x 10** m~2 at P = 1.01 x 10° Pa and
T = 4.2K. Using this value, we obtain 7, = 0.58 K. Thus we cannot expect
Bose—Einstein condensation of helium gas at ambient pressure. Next, let us
consider liquid helium, which has a molar volume V/N = 27.6 cm® mol~!. This
gives T, = 3.13 K. Therefore, if the interaction between helium atoms in the
liquid phase is negligible, we can expect to have Bose—Einstein condensation at
this temperature. In fact, the interaction is not negligible, but liquid helium
undergoes a phase transition to the superfluid phase at Th = 2.19K. This
is the Bose—FEinstein condensation transition that occurs in the presence of
interaction between atoms.

For a long time it was thought that Bose-Einstein condensation could not
be realized in any substance other than helium. However, in 1995, it became
possible to cool vapors of alkali metals, such as Li, Na, and Rb, to below 1 uK.
The densities of these gases were in the range 10'® to 102°m—3, and at the
expected T, of about 30 nK to 300 nK, evidence of condensation was obtained
[13, 14]. Since then, these Bose-Einstein condensates have been intensively
investigated. A Nobel Prize was awarded in 2001 to Cornell, Ketterle, and
Wieman for the realization of these condensates.

Internal Energy, Pressure, and Heat Capacity

The internal energy can be written as

E
U(T,V,p) = anE /dED (=

v 3/2 o E3/2
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The pressure can be calculated from the partition function J, and related to
the internal energy:

P(T,V,p)V = —J = —kgT Y In {1 - e—ﬂ(Ei—m}
[

= —kBT/ dE D(E)In [1 - e—ﬁ(E—u)}
0

= %U(T7 V). (10.90)
This relation is easily verified by partial integration, just as in the case of the
Fermi gas. In fact, the relation PV = (2/3)U is a property common to all
noninteracting gases.

To proceed, we need to consider the cases of T' < T, and T' > T, separately.
In a Bose—FEinstein condensed phase at T' < T, the chemical potential is fixed
at 4 = 0, and so in this region calculation is easy. Since the Bose—FEinstein
condensate does not contribute to the energy, U can be calculated as follows:

%4 32 [ E3/2

3/2

_ Vv 3/2 52 [ x
= g )7 0 T)*% [ e Sy

- 47r‘§h3 (2m)*? (kgT)** I (g) ¢ <g) . (10.91)

This can be rewritten using the relation between the particle number N and
T. given by (10.84),

1% 3 3
N =N(T..V,u = 0) = o (2m)** (ke T)"* T <2) ¢ (2) ,

as

3 ¢(5/2) T\*?
v vy =3 G (1)

3/2
= 0.7703NkgT () . (10.92)
T.

The pressure is then given by

3/2
P(T,V,N)V = %U(T, V.N) = ngZ;NkBT (;)

3/2
= 0.5135NkpT <T> . (10.93)

C
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Thus, at T = T, the pressure is reduced to about one-half of the classical
value given by PV = NkgT. From this equation, it might be thought that
Boyle’s law, PV = constant at fixed temperature, is obeyed. However, this is
not correct. Since T, oc (N/V)?/3, the pressure at T < T, is independent of
the volume and depends only on T*:

B mksT\*? (5

From the internal energy, the heat capacity at constant volume can be
calculated:

o (UTVN)
" or V,.N

_ 15¢(5/2) T\** 7\
= K67 Nkg <T> = 1.926Nkp <T> . (10.95)

That is, it decreases in proportion to 73/2.

Thermodynamic Variables at T > T,

At T > T, calculation becomes difficult. In order to proceed, we introduce
a function F, (), where

1 > U ! — —O' —nx

For o > 1, the value at x = 0 is given by the zeta function: F,(0) = ((o)
(o > 1). The derivative with respect to z is related to F,_1, i.e.

%Fa(x) — _F, 1(2). (10.97)

In terms of this function, the thermodynamic functions can be written as

\%
N(T.V. 1) = 5 2mkeT)* Fyjo(—0p). (10.98)
14 3/2
U(Ta ‘/,,LL) = 47T2h3 (2kaT) kBTF5/2( ﬂ/l)
3 Fs/2(—Bu)
= —NkgT —"——=, 10.99
27 P Fyo(—pBp) ( )
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and Fyo(—B10)
5/2\—PH

P(T,V, )V = NkgT /2" 10.100

( 2 E F3/9(—Bu) ( )
Using the expression for T;, we can rewrite (10.98) as

T\%? Fyo(—pBp)
N(T,V,u)=N (=) 23220 10.101
v =¥ (7)) o400

This equation can be used to determine the chemical potential as a function
of T/T.. Namely, p is determined by solving the equation

T\ 3/2
Fyya(—Bp) = ¢ <T> . (10.102)

An analytical solution of (10.102) cannot be obtained. Thus, here we shall
show only that the heat capacity is continuous at T.. We first calculate the
derivative of p using (10.102). As T¢ is given by the ratio N/V, the derivative
at fixed V and N gives

52(—Bu) (a(gﬁm>w= ;’T F3/o(—Bp) . (10.103)

This can be rewritten as follows:

Fayo(—6p) (8&;?” )VN = D BB, (10100

Now we can calculate the heat capacity:

oU
v = (aT)V,N

F F!, Fy/o — Fy/oF! _
:§Nk}3 5/2+T 5/213/2 _ /24'3/2 (3( 5#))
2 F3/9 iy oT VN

:§NkB F5/2 73 3/2 — F50F 2
F3/9

2 2 F3/2F1/2
3 5F5/2 3 Fz2

= —Nk — - = . 10.105
o B (2 Fyp 2 Fip ( )

In this equation, the argument of F,, —Gu has been omitted for simplicity.
When the temperature approaches T, the chemical potential vanishes. In this



10.5 Properties of a Free-Boson Gas 177

limit, Fy /o diverges, and F, — ((o) for o = 3/2 and 5/2.8 Thus, the second
term of the heat capacity vanishes at T' = T, and the first term coincides
with the value for the Bose-Einstein condensed phase, (10.95).

In Figs. 10.8-10.10, we show the temperature dependence of various vari-
ables: the chemical potential (solid line) and the fraction in the Bose-Einstein
condensate (dashed line) are shown in Fig. 10.8, the pressure is shown in Fig.
10.9, and the heat capacity is shown in Fig. 10.10.

N
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Fig. 10.8. Temperature dependence of the normalized chemical potential u/ksTec
and the fraction in the Bose—Einstein condensate, shown by solid and dashed lines,
respectively. The horizontal azis shows the reduced temperature T7'/T;
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Fig. 10.9. Temperature dependence of PV/NkgT., plotted as a function of the
reduced temperature T'/T,. The thin dashed line shows the classical value, given by
PV/NkgT. =T/T.

8 F,(0) = ¢(o) is true only for ¢ > 1. When o = 1/2, ¢(1/2) = —1.4603545 is
finite, but F}/2(0) = oo.
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C,/Nkg
I
|
|

1 2 87,

Fig. 10.10. Temperature dependence of the constant-volume heat capacity normal-
ized by Nkg, Cv/Nkg, plotted as a function of the reduced temperature T'/T¢.. The
thin dashed line shows the classical value, given by Cv/Nkp = 3/2

10.6 Properties of Gases at High Temperature

From Figs. 10.5-10.10, we can see that both the Fermi gas and the Bose gas
approach the classical ideal gas at T" > Tg or T > T.. Here we discuss this
crossover from a quantum gas to a classical gas. We have seen that a typ-
ical Fermi gas, namely the system of conduction electrons in a metal, has
a high Fermi temperature, while the Bose-Einstein condensation temperature
of a typical Bose gas, namely liquid helium or an alkali metal vapor, is low.
However, this difference arises from the difference in the mass of the particles
and in the number density. In fact, if the mass and the density were the same,
these temperatures would be of the same order. These temperatures are given
by

2 N 2/3
kpTp = 9.572% <V> (10.106)
and 2/3
n* (N

These are of the order of the kinetic energy of a particle with a wave number
(N/V)1/3, or a particle with a wavelength of the order of the mean interpar-
ticle distance.

Now let us see what happens when the temperature is higher than these
temperatures. As shown in the figures, the chemical potential decreases as the
temperature is increased. This behavior is easily understood. If the chemical
potential is fixed and the temperature is raised, the occupation probability
of each single-particle state increases and the total number of particles N
increases. Thus, to keep N fixed, p must decrease. Since a higher tempera-
ture causes higher-energy single-particle states of the system to be populated,
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the decrease of the chemical potential must occur in such a way that the
occupation probability of each single-particle state is decreased. That is, for
a fixed energy, the exponential in the denominator of the distribution func-
tion (=1 must increase as the temperature is increased. Therefore, at
sufficiently high temperatures, the condition e®F=#) >> 1 is satisfied, and the
distribution functions of both a Fermi and a Bose system can be approximated

as follows:
1

(n(E) = ST ™ e PE—H) (10.108)

In this limit, both Fermi and Bose gases behave like a classical ideal gas.
Let us determine the chemical potential in this limit, and calculate U(T, V, N)
and P(T,V, N). For simplicity, we consider spinless particles here.” The total
number of particles at a given chemical potential is

N = /OOO dE D(E)(n(E))
Vv

~ —— (2m)*/? / dEVE e PE-H
0

Y
kpT %/
-V ("21 22 ) P (10.109)
7T
Thus,
oV (mhaT\YE 1 (TN (10.110)
N \ 27h2 (B2 \T.) '

where the definition of the Bose—Einstein condensation temperature has been
used. Therefore, the assumption e®(F=#) > ¢=Br > 1 is justified when
T > T.. The way in which the chemical potential approaches the classi-
cal value as the temperature is raised is shown in Fig. 10.11.

Now that the chemical potential has been determined, we can calculate
the internal energy:

U= /0 dE D(E)E(n(E))

~ Y (om)? / T B (B)? e
0

An?
_V 3/2 —pup (9) 1L
= g )T S ) G
3
= NI (10.111)

9 For a spinless or spin-polarized Fermi gas, the Fermi temperature is given by
Tr = (h?/2mkg) (672 N/V)?/® = 15.19(h%/2m)(N/V)?/3.
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-30-

Fig. 10.11. The chemical potentials of Bose and Fermi gases are shown by the solid
line and dash-dotted line, respectively, and that of a classical ideal gas obtained
from (10.110) is shown by the dashed line. The temperature has been scaled by
the Bose—Einstein condensation temperature 7. The Fermi temperature is given by
Tr = 2.2937T¢

This is the correct result for a classical ideal gas. The pressure can be seen to
satisfy the Boyle—Charles equation, PV = NkgT, from this internal energy,
since PV = (2/3)U is satisfied. This result can also be obtained from the
partition function J:

J

~PV = kT In (1 - e_ﬂ(E’i_“)>

12

_kBTZe_B(Ei_H) = —kpT Z<nl>
= —NkgT. (10.112)

The condition under which the treatment of a Fermi or Bose gas as a classical
gas is valid, namely e P > 1 or (n) < 1 for any single-particle state, is un-
derstandable. We discussed at the beginning of this chapter how the reduction
of the phase space by a factor of N! becomes invalid when the possibility of
occupancy of the same state by more than one particle becomes important.
For (n) < 1, such a possibility is negligible, and the classical approximation
becomes valid.

It is instructive to derive this condition in other ways. At a temperature T,
the particles have an average energy of about kg7, and so the magnitude of
the average momentum will be pr = /2mkgT. The volume of the single-
particle phase space within this momentum pr is (47/3)p3.V, and the number
of single-particle states in this region of the phase space is (47/3)p%V/h3. The
classical approximation should be valid if this number is much larger than N.
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The condition for this to apply is

A /3)pRV
% >N, (10.113)
or "
4 kT
%% <mh]§ ) >1. (10.114)

This is the same condition as before, except for an unimportant numerical
factor. The Planck constant divided by pr is the wavelength of a particle with
momentum pr, and is called the thermal de Broglie wavelength and given by

h
AT = ——— . 10.115
T 2mksT ( )
The condition above can be written as
AV 1/3
<§r N) > Ar. (10.116)

Since the left-hand side gives the mean distance between the particles, this
condition can be interpreted as follows. As momenta up to pr are available, the
wave functions of the particles can be constructed as wave packets of size Ar.
When the interparticle distance is much larger than the size of these wave
packets, there is no interference between waves, and no quantum mechanical
effects appear. Once the wave packets overlap, however, interference between
the waves leads to quantum mechanical effects, and the gas must be treated
as a Fermi gas or Bose gas.

I started this book with an introduction to the principles of statistical
physics based on consideration of a classical ideal gas. Now we have learned
how statistical physics can be applied to various other systems; we have also
learned that an ideal gas should actually be described either as a Fermi gas
or as a Bose gas, and we have clarified the question of when an approximate
treatment of an ideal gas as a classical system is allowed. More topics exist
in the field of thermal-equilibrium statistical physics, to which the discussion
in this book has been restricted. However, I think that this is an appropriate
point at which to end this book on elementary statistical physics. For those
who want to learn about more advanced concepts and topics, I recommend
several standard books on equilibrium statistical physics [15, 16, 17, 18].

Exercise 17. Estimate the Fermi temperature of copper. The relative atomic
mass of copper is 63.546, the density is 8.93x10° kg m ™3, and the valence is 2.
For the mass of a conduction electron, use the value for an electron in vacuum.

Exercise 18. Derive (10.25).
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Appendices



A

Formulas Related to the Factorial Function

A.1 Binomial Coefficients and Binomial Theorem

If we have a set of IV identical particles, there are

NCn = (]\/viv?'l)'n' (Al)

ways of choosing n particles from the set; these ways are called combina-

tions, and nC,, is called a binomial coefficient. The following equation can be
proved:

(p+q)~ ZNCnp AR (A.2)

which is known as the binomial theorem.

A.2 Stirling’s Formula

The factorial of a large integer N can be approximated as follows:
N!~V2rNNVN e ™V, (A.3)

This is called Stirling’s formula. For example, for N = 50, the right-hand and
left-hand sides of (A.3) are 3.041 x 1054 and 3.036 x 10%*, respectively. Taking
the logarithm of both sides, we obtain

1
lnN!:(N—i—Q) InN—-N+0919~NInN —-N. (A.4)
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A.3 n!!

The notation n!! does not mean the factorial of n!. When n is an odd integer,
nl=nxm—-2)x(n—4)x---x3x1, (A.5)

and when n is even,

nl=nx(n—2)x(n—4)x--x4x2=2"%n/2)!. (A.6)
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The Gaussian Distribution Function

B.1 The Central Limit Theorem

Consider a situation in which a variable z is realized randomly with some
probability. If the probability of observing a value of this variable between x
and x + dz is given by

T — )2
P(x)dx = \/2:;76}(13 {(205)] dz, (B.1)

it is said that the probability distribution function of x is a Gaussian distri-
bution function, or normal distribution function. If z is observed many times,
the average is i, and o2 gives the variance; using a Gaussian integral of the
kind described below, we can see that

(x) = /OO dzaP(z)=p (B.2)

— 00

and

o]

(@-w?)= [ ol p?Pla) = o, (B3)
— 00

Gaussian distributions often appear in statistical physics. The reason arises

from the central limit theorem. This theorem says that if there are N random

variables z, (n = 1,2,3,---,N), whose distribution functions need not be

Gaussian, the probability distribution function of the sum of these variables

N
> an (B.4)

becomes Gaussian in the limit N — co. Since many thermodynamic variables,
such as the internal energy, pressure, free energy, and magnetization, are given
by a summation over contributions from a macroscopic number of particles of

X
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the order of the Avogadro number, it is expected that the probability distri-
bution functions of these macroscopic variables will be given by a Gaussian
distribution function.

Let us state the theorem more precisely. Let us write the average and the
variance of each random variable x,, as (z,) = e, and {(z, — €,)?) = vy,
respectively (n = 1,2,---, N). We write the sums of the averages and of the
variances as

N
n=1
and
N
VN=) vn. (B.6)
n=1

Then, if Vy — oo and v,/Vy — 0 as N — oo for all n, the probability
distribution of

N
X=) =, (B.7)

is given by a Gaussian distribution function with an average p = En and
a variance 02 = Vy as N — oo:

1 (X—EN)Q] -

P(X) = -
X) = Zorm eXp[ W

(B.8)

B.1.1 Example

As a simple example, let us consider a situation in which each random variable
x, takes values of +1 with equal probability. This is the situation that exists in
our toy model of rubber under zero applied force (Chap. 6), in the Ising model
in the case of the paramagnetic phase (Chap. 7), and in a one-dimensional
random walk, where a person walks back and forth randomly (not treated
in this book). In this case the average e, is equal to 0, and the variance vy,
ie equal to 1. Therefore, the probability distribution function of X = ",
P(X), tends to
1

P(X) = ——exp [_ﬁ] (B.9)

as N — oo.

B.2 Gaussian Integrals

Integrals of the following form are called Gaussian integrals, and appear in
various situations in physics:

e . 2n — !
/ dz 2%"e %" = ( nzn ) ’/U2Z+1 . (B.10)
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Here n is an integer. In particular, the Gaussian integrals forn =0 and n =1

are o
/ dze o = \/? (B.11)
oo o

/ dz2%e %" = VT (B.12)

203/2 "

and

— 00

Equation (B.11) can be proved in the following way. First we consider the
following double integral:

/ dm/ dye 7@ +v7) (B.13)

The integrals with respect to  and y are independent, and so we can write

this equation as
o 2 o0 2
/ dze™ " / dye 7Y . (B.14)

This means that this double integral is equal to the square of the left-hand
side of (B.11). On the other hand, we can consider the double integral as
a surface integral in the zy plane. Using polar coordinates (r,) and noting
that 22 + 92 = 2 and dz dy = rdr df, we can rewrite the double integral in

the following form:
e} 27 R
/ dr/ dfre™" . (B.15)
0 0

This integral is easily evaluated, and the result is 7/0. Thus (B.11) has been
proved. Equation (B.10) can be derived from (B.11) by differentiating both
sides n times with respect to o.

B.3 The Fourier Transform
of a Gaussian Distribution Function

The Fourier transform of a Gaussian distribution function also has the form
of a Gaussian distribution function. To show this, we consider the following
integral:

> - > k\° k2
/ dz eFre=o7" = / dr exp |—0o (x — ) + —
oo oo 20 4o
o0 k‘2
= / dz exp [—oxz + 40] = \/jekz/“. (B.16)
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In the above equation, we have used the fact that we can replace (z — k/20)
by x, as the limits of the integral extend to infinity. This integral can also be
evaluated by expanding e*® in a Taylor series as follows:

oo

00 n 2n o]
/ dr ekwe—oac _ Z k / dz z"e —ox? — Z k / dz xQne—axz
2n — 1 I k;?n 1
V3% S =V S (5e)
_ T k0 B.17
\/;e . (B.17)

The Fourier transform of a Gaussian distribution function is obtained by re-
placing k in these equations by ik:

1 e ; 1
—/ dzehre=ov" = || ek /40 (B.18)
2 J - 20

Equation (B.17) tells us that it is permissible to replace (x — k/20) by x in
(B.16), even if k is a complex number. Those who are familiar with complex
integrals will be able to prove the validity of this replacement directly using
Riemann’s theorem. The Fourier transform of a Gaussian distribution function
does not appear in this book. However, it appears in various situations in
physics, including situations in quantum mechanics and advanced statistical
physics.



C

Lagrange’s Method
of Undetermined Multipliers

This is a method for finding an extremum of f(x,y) under the condition that
g(x,y) = ¢, where ¢ is a given constant. Suppose that the equation g(x,y) = ¢
has been solved to obtain y = h(z,c). The problem then reduces to finding
an extremum of f(z,h(x,c)), and so the condition is

Of (x, h) n Of (z,y) dh(z,c)
Ox Jy dx

d
af(x,h(a:,c)) = =0. (C.1)

On the other hand, from the derivative of ¢ = g(z,y) = g(z, h(z,c)) with

respect to x, we obtain
_0g  0Ogdh

=5 + aydr (C.2)
Thus,
dh 0g/0x
— = : C.3
dz 0g/0y (C-3)
We can use this equation to eliminate dh/dx in (C.1), and obtain
of(x,h) 0Og/0x Of 0 (C.4)

dr  9g/oy oy

as the condition for an extremum.

However, the equation g(x,y) = c is usually difficult to solve. In such
a case we can try to find an extremum of f(x,y) — Ag(x,y) with respect to
z and y, where we have introduced an undetermined multiplier A\. We obtain

two conditions:
o7 A 0 A 0 (C.5)
Ox or 7 Oy oy '
By eliminating A from these equations, we obtain the following equation:

dg of dg

af 0g/ox of

ox  dg/oy Oy

(C.6)
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This is the same equation as (C.4). This agreement gives us a strategy for
finding an extremum of f under the condition g = ¢. We solve the coupled
equations (C.5), and find (z(A),y(A)) at which f has an extremum, where A
is a parameter. Then we choose the value of A such that g(a()\),y(\)) = cis
satisfied. This is Lagrange’s method of undetermined multipliers.

C.1 Example
To illustrate the method, we consider an easy example here. Let us find an

extremum of the function f(x,y) = ax+ by under the condition that g(x,y) =
22 + 4% = 1. We calculate the following derivatives:

_9f 99 _
O_Bx )\ax—a 2z,
of g
0 ay )\ay b—2\y (C.7)

From these equations, we obtain the values of x and y at which the function f
has an extremum: z = a/(2A) and y = b/(2)). The undetermined multiplier
A is determined from the condition that g = 1. Namely, from

a b a? + b?

we obtain A\ = ++/a2 + b2/2. Thus, we find that under the condition z? +
y? = 1, the function f(z,y) = ax + by has extremal values of £v/a2 + b? at
x = +a/va*+b% and y = +b/va? + b2.

A slightly harder example may be obtained by changing the function f to
f = xy + ax + by. The solution is left as an exercise for the reader.

C.2 Generalization

Up to this point, we have considered the case of two variables x and y. The
method can easily be generalized to the case of many variables. To find the

extrema of a function of n variables f(x1, s, -, x,) under the condition that
g(x1,22, -+, x,) = ¢, we first solve the following coupled equations for z;:
of dg :
- =0 =1,2,--- . C.9
AL =0 (=12 (C9)

The solution z; is put into the function g to determine the values of A that
satisfy g = ¢. The extrema of f can then be calculated.



D

Volume of a Hypersphere

We need to know either the surface area or the volume of a hypersphere in
6/N-dimensional phase space to determine the entropy of an ideal gas. This
hypersphere is defined by the condition of constant energy. Here we derive its
surface area and volume.

A hypersphere in an n-dimensional space is defined by

fo =72, (D.1)

where z; is the ith coordinate in the n-dimensional space, and r is the radius
of the hypersphere. The volume of the hypersphere is proportional to ", and
so we write it as Vj, (r) = ¢,r™. A hypersphere is a circle in two-dimensional
space and an ordinary sphere in three-dimensional space. Therefore,

o= (D.2)
and
cg = 1 (D.3)
3 = 377 . .

The surface area of an n-dimensional hypersphere is given by
Su(r) = ne,r™ ! (D.4)

since the following equation is satisfied:

Vo (r) = /07’ Sp (r)dr. (D.5)
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Now let us consider the following integral:

I= / e S, (r)dr = ncn/ e o =1y
0 0

= ncn%%mf’ (g) . (D.6)

In the second line, the variable of integration has been replaced by z = 2.
The gamma function I” in the last line is defined as follows:

atyb o
/0 et = — S (D.7)

It can be shown that I'(x + 1) = 2I'(x) and that I'(n) = (n — 1)!, by partial
integration of the defining equation (D.7). We can also show that I'(1) = 1
and I'(1/2) = y/m. On the other hand, the integral I can be interpreted as
a volume integral of e~ in the n-dimensional space, and can be rewritten
using the relation r? = 2% + 23 + 23 + .- - + 22:

Iz/ dxl/ dm2~--/ dxnexp{—a(xf—i—x§~-+mi)}

_ {/Z exp (~az?) dx}n _ ( Z) . (D8)

From (D.6) and (D.8), we obtain

27.(.71/2 ,n_n/2
S T mj2)  T(n2+1) (D-9)
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Hyperbolic Functions

The functions sinh x, cosh x, tanh x, and their inverses are known as hyperbolic
functions. These functions have an intimate relationship to the trigonometric
functions. The definitions of the hyperbolic functions are

€T —T

sinhz = i, (E.1)
2

coshz = # ) (E.2)
sinh x

tanhx = e (E.3)

cothz = ! , (E.4)
tanh

sechz = L , (E.5)
coshx

cosechz = — L . (E.6)
sinh

Therefore, when these functions are used with imaginary arguments, they
become trigonometric functions:

cosh(iz) = cosz, sinh(iz) =isinz (E.7)

Figure E.1 shows the behavior of these functions.
The hyperbolic functions satisfy the following relations:

cosh? z —sinh?z =1,

1 — tanh? z = sech’®z. (E.8)
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Their derivatives are given by

(sinh )" = coshz,
(coshz)’ = sinhz,

(tanh z)" = sech’z, (E.9)

and they have the following series expansions at small x:

b g — 1, 1 45 15
sin :I:—x—&—ﬁx +aaﬁ +ﬂx +e

_ I o, 1 4 1 6
coshzf1+§1 +Iz ++El e

1 2 17
tanhz = o — =2 + —2° v

_ LT E.10
3 15 315" (E.10)

6- ) T T T T T T T T
y I\ d
4 s cosh(x) i
AN J
\ r’
2 I~ ~\~ /¢/ -
~ 3
i ‘~e_ L. tanh(x)
0.
_2. - .
L sinh(x) |
4. | .
_6. | | | | | | | |
-2.5 0.0 X 2.5

Fig. E.1. Graphs of the hyperbolic functions sinh z (solid line), cosh x (dash-dotted
line), and tanh z (dashed line)



F

Boundary Conditions

Waves in a rectangular box can be described by means of a superposi-
tion of normal modes. Particles behave as waves, according to quantum
mechanics, and so they can also be described by normal modes. A nor-
mal mode is characterized by its wave vector or momentum. In this book,
the molecules of an ideal gas, considered in Chaps. 4 and 10, and lattice
vibrations and electromagnetic waves, considered in Chap. 5, are treated
as waves in a box. The wave vector k and momentum p are related by
de Broglie’s relation p = hk, and the allowed values of the wave vector
are determined by the boundary condition. Here we summarize the rela-
tion between the boundary condition and the allowed values of the wave
vector.

F.1 Fixed Boundary Condition

One typical boundary condition is the fixed boundary condition. In this con-
dition, the displacement of the wave must be zero at a wall. For example,
a sound wave in air is a longitudinal wave, and the motion of the air perpen-
dicular to the wall must be zero at the boundary. The wave function of an
electron or atom also vanishes at a wall.
First, we consider the one-dimensional case. When a wave is confined in
a region 0 < x < L,, the wave must have the following form for it to vanish
at x =0:
Y(x,t) = Asin(kx) cos(wt + ) . (F.1)

Here A is the amplitude of the wave, and « is the phase. The condition that
¥(Lz,t) =0 at @ = L, must also be fulfilled. As a result, the wave number &
must be one of the following k,,, where n is a natural number:

o = (2) n. (F.2)
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Here n must be positive, because a wave with a negative value of k is the
same wave as one with a wave number |k|. If there is an upper limit on the
wave number k so that k < ky, the number of allowed values of k is ky L, /7.

This result can be extended to the three-dimensional case. If the wave is
confined in a box of dimensions L, x L, x L., the allowed wave vectors are

given by
™ ™ ™
k= T a3 s 7 Iz ) F.3

where n,, ny, and n, are natural numbers.

F.2 Periodic Boundary Condition

In the case of the fixed boundary condition, the existence of the walls is
considered explicitly. In this case the situation near the walls is somewhat
different from that in the interior, far from the walls. However, there is another
boundary condition that can be used, for which we need not consider the
existence of the walls explicitly. This is the periodic boundary condition. For
a one-dimensional system, we impose the condition that

1/1(1? + L, t) = 1/1(1”7 t) . (F4)

A wave satisfying this condition now has the form of a propagating wave
instead of the standing wave described by (F.1), namely

P(z,t) = Acos(kr —wt + ). (F.5)

From the boundary condition (F.4), the allowed values of the wave number &,
are given by

kn,=—n, (F.6)

where n is an integer. In this case the wave is a propagating wave, and the
direction of propagation depends on the sign of n. The interval between ad-
jacent values of k,, in the present case is twice that for (F.2). However, since
a negative value of n describes a different wave, the number of waves that
satisfy |k| < kps is kprL, /7, as before.

In the three-dimensional case, the allowed wave vectors are given by

2 27 27
k= T Txy 7 y 1 Itz ) F.7

where n,, ny, and n, are integers.
A periodic boundary condition is difficult to realize experimentally. On the
other hand, it is often more convenient for theoretical considerations. When
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we are dealing with the properties of a bulk sample, the result should be
independent of the boundary condition. This is because the contribution from
regions near the wall is negligible compared with that from the interior of the
sample, which represents most of the volume. In fact, the number of states
that satisfy |k| < kum does not depend on the boundary condition. Since the
energy of a wave is determined by the frequency of the wave, which depends on
the absolute value of the wave vector, the density of states is independent of
the boundary condition. Therefore, the properties of a bulk sample calculated
by use of statistical mechanics do not depend on the boundary condition.
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The Riemann Zeta Function

The Riemann zeta function {(z) at Rez > 1 is defined by the infinite series:

oo

C(z):Z% (Rez >1). (G.1)
n=1

The value at Rez < 1 is given by the analytic continuation of (G.1) to

Re z < 1. This function appears in statistical physics because of the following

two integral representations. One of these representations is related to the

Bose distribution function:

I A
(=755 /0 Tt (Rez> 1), (G.2)
The other is related to the Fermi distribution function:
((z) = ! /Oo P4 (Rez>0). (G.3)
(1-21=5)I'(2) J, et +1

In these equations, I'(z) is the gamma function, defined in (D.7).
It is easy to verify these representations. For example, (G.2) can be trans-
formed to

1 / z—1 - —(n+1)t
= t e dt
I'(2) Jo 7;)
-yt
n=0 (n + 1)Z
=1
=y = (G.4)
n=1 n®

Equation (G.3) can be verified similarly.
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For z = 2 and 4, the zeta function can be calculated analytically. The
results are

@) =%
(@) =55 (G.5)

The following asymptotic expansion is convenient for calculating ((z) for an
arbitrary value of z:

1 1 1 z
¢=) = mz::l m? + (z—Dn*—1  2n* + 12n#+1
2z 1)(2+2) n 2(z+1)(z+2)(z+3)(z+4)
720n>+3 30240n**5

. (G.6)

Using this expansion, we can obtain the following values, used in Sect. 10.5.2
in relation to the ideal Bose gas:

¢ (3) = 2.61237535, (G.7)

C(;) = 1.34148726. (G.8)
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