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VIII INTRODUCTION

Introduction.

Thermodynamics and statistical mechanics are two aspects of the study of
large systems, where we cannot describe the majority of all details of that sys-
tem. Thermodynamics approaches this problem from the observational side. We
perform experiments on macroscopic systems and deduce collective properties
of these systems, independent of the macroscopic details of the system. In ther-
modynamics we start with a few state variables, and discuss relations between
these variables and between the state variables and experimental observations.
Many theorists find this an irrelevant exercise, but I strongly disagree. Thermo-
dynamics is the mathematical language of experimental physics, and the nature
of this language itself puts constraints on what kind of experimental results are
valid.

Nevertheless, true understanding needs the details on a microscopic level.
We need to describe the behavior of all particles in the sample. That is an
impossible task, and we need to resort to some kind of statistical treatment.
Discussions on the foundations of statistical mechanics are very interesting, and
help us understand the limitations of statistical mechanical treatments. This
is analogue to the situation in quantum mechanics. Textbooks in quantum
mechanics sue two approaches. One can simply start from Schrédinger’s equa-
tion and discuss the mathematical techniques needed to solve this equation for
important models. Or one can start with a discussion of the fundamentals of
quantum mechanics and justify the existence of the Schrodinger equation. This
is always done in less depth, because if one wants to go in great depth the discus-
sion starts to touch on topics in philosophy. Again, I find that very interesting,
but most practitioners do not need it.

In statistical mechanics one can do the same. The central role is played by
the partition function, and the rules needed to obtain observable data from the
partition function. If these procedures are done correctly, all limitations set by
thermodynamics are obeyed. In real life, of course, we make approximations,
and then things can go wrong. One very important aspect of that discussion is
the concept of the thermodynamic limit. We never have infinitely large samples,
and hence we see effects due to the finite size, both in space and in time. In
such cases the statistical assumptions made to derive the concept of a partition
function are not valid anymore, and we need alternative models. In many cases
the modifications are small, but sometimes they are large. Quantification of
small and large now depends on intrinsic time and length scales of our system.

The important difference between quantum mechanics and statistical me-
chanics is the fact that for all atomic systems quantum mechanics is obeyed,
but for many systems the finite size of a sample is important. Therefore, in
statistical mechanics it is much more important to understand what the as-
sumptions are, and how they can be wrong. That is why we need to start with
a discussion of the foundations. Again, we can go in greater depth that we
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will do here, which leads to important discussions on the arrow of time, for
example. We will skip that here, but give enough information to understand
the basic ideas.

In order to introduce the partition function one needs to define the entropy.
That can be done in many different ways. It is possible to start from chaos
and Lyaponov exponents. It is possible to start with information theory and
derive a fairness function. Although the latter approach is fundamentally more
sounds, it does not illuminate the ideas one needs to consider when discussing
validity of the theory. Therefore, I follow the old fashioned approach based on
probability of states.

Working with statistical approaches is easier when the states of a system
are labelled by an integer. Continuous variables need some extra prescriptions,
which obscures the mathematics. Therefore we start with quantum mechanical
systems. Counting is easiest. We follow the approach in the textbook by Kittel
and Kroemer, an excellent textbook for further reference. It is aimed at the
undergraduate level. Here we take their ideas, but expand on them. The toy
model is a two state model, because counting states is simplest in that case.
Almost every introduction to quantum statistical mechanics uses some form of
this model, with states labelled up and down, plus and minus, black and white,
occupied and empty, and so on. This basic model is simple enough to show
mathematically how we use the law of large numbers (ergo, the thermodynamic
limit) to arrive at Gaussian distributions. All conclusions follow from there.

The first few chapters discuss the definition of the entropy along these lines
(chapter one), the partition function (chapter two), and the grand partition
function, where the number of particles varies (chapter three). Remember that
in thermodynamics we use N for the number of mols in a material, and use the
constant R, the molar gas constant. In statistical mechanics we use N as the
number of particles, and use kg, the Boltzmann constant.

The first three chapters describe quantum states for the whole system. A
very important application is when the energies of the particles are independent,
in which case we can simplify the calculations enormously. This is done in
chapter four. In chapter five we apply this formalism to the important examples
of non-interacting fermions and bosons. The mathematical background needed
is also explained in the textbook by Huang. This chapter is a must read for
anybody who is going to work in solid state physics.

Chapters six and seven introduce different manners of describing the parti-
tion function. In chapter six we follow the density matrix formalism, which is
very useful for all kinds of theoretical models. In chapter seven we go to classical
statistical mechanics, which is simpler in terms of calculations, and is therefore
often used in models where quantum effects do not play a role.

Life becomes more complicated when phase transitions show up. How do
we know tat a system has a phase transition, how can we estimate the critical
temperature? In chapter eight we use mean field theory and its cousins to relate
values of the critical temperature to parameters in the microscopic model. We
use the Ising model as our example, because it is very simple, yet realistic. We
can actually perform all calculations in the Ising model. It is the best prototype.
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In chapter nine we discuss methods that go beyond the mean field theory,
and that allow us to calculate critical exponents as well. We give a very brief
introduction to renormalization group theory, just enough to understand how
it works. For more detail see the textbook by Plischke and Bergersen.

Missing from these notes is material on computational methods. The Monte
Carlo method is extremely suitable for investigating phase transitions. In its
simplest form it is very easy to implement. There have been many additions,
though, and the Monte Carlo method is very well optimized. But we leave
the discussion to a course on computational physics, since the Monte carlo
method has applications in many other fields as well. Similarly, one can perform
molecular dynamics calculations. Here, too, are many details that one needs to
know in order to perform efficient and reliable calculations. We leave these
discussions to the course on computational physics as well.

History of these notes:

1991 Original notes for first seven chapters written using the program EXP.
1992 Extra notes developed for chapters eight and nine.
2006 Notes of first six chapters converted to INTEX, and significantly updated.

2008 Notes of the remaining chapters converted to ITEX, and significantly up-
dated. Corrections made.



Chapter 1

Foundation of statistical
mechanics.

1.1 Introduction.

WHAT 1S THE DIFFERENCE?

In our study of thermodynamics we have derived relations between state
variables, response functions, and free energies. We have shown how a change
of variables affects the choice of free energy. We derived limitations on response
functions. Finally, we used equations of state to describe experiments. These
equations of state were either derived from experimental results (i.e. a good
guess of the functions) or from models of the free energy. At the heart of all
our derivations was the thermodynamic limit. Our systems have to be large
enough for fluctuations to be unimportant. In addition, we assume that we can
introduce the idea of reservoirs, which are external systems much larger than
the system we are investigating. In a manner of speaking, thermodynamics is
the theory of experimental measurements. It defines what we can measure, and
how results should be related.

In statistical mechanics we will try to derive these equations of state from
microscopic models. It is here where we introduce our knowledge of physics. We
might need a classical description of the motion of atoms in a gas, we could have
to use a standard quantum mechanical theory of the motion of electrons in a
crystal, or we might even have to introduce quantum electrodynamics for nuclei
or quarks. Sometimes relativistic effects have to be included. Depending on the
values of the state variables used to define the system different models could be
needed. For example, at room temperature the electrons in some semiconductors
behave like classical particles, but in other semiconductors quantum mechanical
effects are essential.
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DO WE HAVE TO KNOW WHY IT WORKS?

In a number of ways, statistical mechanics is like quantum mechanics. In the
latter case, if we assume that a system is described by Schrodinger’s equation,
we can very often find the eigenstates and verify that these eigenstates give a
good description of our experiments. Something similar is true in statistical
mechanics. If we take the standard recipe to calculate the partition function
and find all quantities of interest, often there is a good correspondence with
experimental results. Most textbooks in quantum mechanics follow the approach
mentioned above. They spend perhaps one chapter introducing Schrédinger’s
equation and mainly focus on solutions. Some text books covering statistical
mechanics are based on the same philosophy. They essentially introduce the
partition function and then show many techniques to obtain solutions for specific
problems.

Older textbooks on quantum mechanics spent much more time discussing
the fundamentals of quantum mechanics. There are still essential problems
in this area and one often has to be very careful in interpreting derivations
of Schrodinger’s equation. On the other hand, even today most textbooks on
statistical mechanics still try to justify and explain the fundamental assumptions
in statistical mechanics. Again many problems are present, but not always
discussed.

Traditionally, many textbooks start with classical statistical mechanics. It is
certainly true that most of the development of statistical mechanics was based
on classical physics. It turns out, however, that developing statistical mechanics
is much easier in a discussion based on quantum mechanics. The main focus
of this course is on equilibrium statistical mechanics, which means that we
only need the time-independent Schrodinger equation and talk about stationary
states. Non-equilibrium statistical mechanics and transport theory is in general
a harder subject to study.

EXTENSIVE AND INTENSIVE VARIABLES.

Thermodynamics is a study of the macroscopic variables of a large system.
The equations typically contain quantities like the volume V of the system, the
number of particles N, the magnetization M , etc. As we have seen before,
these quantities are extensive parameters. If the size of the system is increased
by a factor of two, but kept in the same state, all these quantities have to
become twice as large. In other words, if we combine two systems, initially we
have to add the quantities of the separate systems. In the last case, it is of
course possible for the total system to go through some process after contact
is made, resulting in a change of the parameters. The combined system is not
necessarily in equilibrium immediately after contact. Note the very important
difference in the usage of N in thermodynamics and statistical mechanics. In
thermodynamics we use IV as the number of moles of material. Correspondingly,
the chemical potential is an energy per mole, and the equations of state use the
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gas constant R. In statistical mechanics we use N for the number of particles
in the system. The chemical potential is now an energy per particle, and the
equations contain the Boltzmann constant k. We have the following simple
relation, R = Nakp, where N4 is Avogadro’s number, the number of particles
in a mole.

If we want to change the volume of a system we have to apply a pressure
p- The work done during a volume change is of the form pAV. In equilibrium,
the pressure is the same in the whole system, unless other forces are present. If
we take a system in equilibrium and separate it into two parts, both parts will
have the same pressure. Therefore, the pressure is not additive and it is called
an intensive parameter. There is an intensive parameter corresponding to most
extensive parameters (the energy, an extensive parameter, is the exception).
For example, the chemical potential p is a partner of N, the magnetic field H
pairs with M , etc. These intensive parameters correspond in many cases to the
external handles we have on a system and which can be used to define the state
of a system. The energy contains terms like pV', uIN, and H- M.

How IS TEMPERATURE DEFINED?

In thermodynamics we define the temperature T operationally, by how we
can measure it. It clearly is an intensive parameter. The corresponding extensive
parameter is called the entropy S and the energy contains a term of the form
TS. The transport of this form of energy is called heat. Entropy cannot be
measured directly like volume or number of particles, and this is often seen
as a major problem in understanding entropy. But there are other extensive
quantities that are often measured indirectly too! For example, the value for
a magnetic moment follows from the response of a magnetic system to a small
change in magnetic field. Measuring a magnetic moment this way is identical to
measuring the entropy by submitting a system to a small change in temperature.
It is true, however, that for all extensive quantities except entropy we are able to
find some simple physical macroscopic picture which enables us to understand
the meaning of that quantity.

WHAT IS THE REAL ENTROPY?

Entropy is associated with randomness or chaos, and these concepts are
harder to put into a simple picture. Nevertheless, this is the path followed in
statistical mechanics. Entropy is defined first, and then temperature simply
follows as the intensive state variable conjugate to the entropy. But how to
define entropy is not clear, and there are several approaches. In a technical
sense, the quantities defined in statistical mechanics are only entropy analogues.
For each proposed definition one needs to show that the resulting equations
are equivalent to those derived in thermodynamics, which in the end describes
experimental reality. We will only be able to do so in the thermodynamic limit,
where the system becomes large. Also, we need to keep in mind that we always
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have to be able to define an outside heat reservoir. Therefore, even though in
statistical mechanics we will be able to evaluate the entropy analogue for very
small systems or of the largest possible system, the universe, we cannot equate
this calculated quantity with the entropy used in thermodynamics.

MICROSCOPIC ORIGIN OF MODEL PARAMETERS.

In thermodynamics one postulates relations between all the parameters (equa-
tions of state) and formulas for different forms of the energy (state functions).
Typical equations of state are:

pV = NRT (1.1)
for an ideal gas, or the van der Waals form

2
(p+a%)(V—Nb) — NkpT (1.2)
Based on macroscopic considerations, the parameters a and b in the second
equation are simply parameters which could be fit to the experimental results.
They can only be given a definite meaning in a discussion of the microscopic
aspects of the models. For example, using experimental data one derives a
value for b of about 1 m3/atom. This is not a problem in thermodynamics,
but it is in statistical mechanics, where the parameter b is equal to the volume
of an atom. Having this statistical mechanics background available, one can
exclude certain ranges of parameter values as unrealistic. Next, the equations
of thermodynamics are used together with these equations of state to describe
the properties of the system. Phase transitions are possible when using the van
der Waals equation, but not with the ideal gas law.

1.2 Program of statistical mechanics.

WHAT DO WE DO?

Statistical mechanics aims to derive all these macroscopic relations from a
microscopic point of view. An atomic model is essential in this case; thermo-
dynamics can be derived without any reference to the atomic nature of matter.
Since the number of particles is very large in many cases (we always have to
take the limit N — oo ), one can only discuss average quantities. The program
of statistical mechanics can therefore be described by the following four steps:

1. Assume an atomic model.
2. Apply the equations of motion (Newton, Schréodinger, etc).

3. Calculate average quantities.
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4. Take the thermodynamic limit and compare with experiment /thermodynamics.

COLLECTIVE VERSUS RANDOM BEHAVIOR.

For example, if one could solve all equations of motion, one would find 7;(t)
and p;(t) for all particles ¢ = 1,---, N. It is then easy to separate collective
motion and random motion:

Pi(t) = Pav(t) + 0pi(t) (1.3)

Energy related to this average motion can easily be retrieved. For example,
the energy stored in moving air can be used to drive a windmill. The energy
stored in the random components 6p;(t) of the motion is much harder to get out.
Heat engines have a well defined upper limit (Carnot limit) to their efficiency!
Also, the amount of data needed to describe these random components is much
too large. This is where entropy and temperature play a role. In some sense,
entropy measures the amount of randomness in a system.

The energy stored in the random components of the motion, 0p;(t) is related
to thermal energy. It is hard to recover, it is hard to measure. The only
viable description we have available is a statistical one. we therefore define
entropy as a measure of this randomness. Entropy measures everything we do
not know easily, or therefore everything we do not know. Entropy measures
non-information.

ENTROPY FIRST!

In statistical mechanics we define entropy first, and then derive tempera-
ture. This is the opposite from the situation in thermodynamics. Randomness
involves the number of states available for a system, and states are much eas-
ier to count using quantum mechanics. This is the basic reason why quantum
statistical mechanics is so much easier than classical statistical mechanics. In a
quantum mechanical description we have to count numbers of states, in classical
mechanics we have to integrate over regions of phase space, which is harder to
describe exactly. Ideas similar to entropy are used in different fields like infor-
mation theory where the amount of information in a message can also be related
to a concept like entropy. In general, any system which contains many degrees
of freedom which we cannot know and are not interested in can be described
using a concept similar to entropy for these degrees of freedom!

1.3 States of a system.

ISING MODEL.
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In order to show how to count states of a system it is very useful to have a
definite example at hand. Although we derive basic results in this model, the
final conclusions will be general. We will consider an Ising system (in one, two,
or three dimensions) with atomic moments ji; of the form

ﬁi = Siﬁ (1.4)

with ¢ = 1,---, N. The variables s; can only take the values —1 or +1. A state
of the system is given by a specific series of values of the set of numbers {s;}, for
example {—, —, +,4,+,---}. Depending on our experimental abilities we can
define a number of quantities of interest for this system. Here we will restrict
ourselves to the total number of particles N and the total magnetic moment

M, with M = 3" s;. The real magnetic moment is, of course, M = Mii. One
i

could also include other quantities, like the number of domain walls (surfaces
separating volumes of spins which are all up from regions where all spins are
down). Or short range correlations could be included. Basically, anything that
can be measured in an experiment could be included.

How MANY STATES?

How many states are there for a system with a given value of N7 Obviously,
. How many states are there for this system with specified values of N and
M? The answer is g(N,M) and this function is called a multiplicity function.

2N

Obviously, the 2V mentioned before is an example of a simpler multiplicity
function g(N). If we define the number of spins up (with value +1) by Ny and
the number of spins down by N| it is easy to show that

N
svn) = () (15)
with M = N; — N|. One way of deriving this is to choose N; elements out of a
total of N possibilities. For the first one we have N choices, for the second one
N — 1, and for the last one N — Ny + 1. But the order in which we make the
choices is not important, and hence we need to divide by N;!. We then use the
definition

N\ N(N-1)---(N-N;+1) N
<NT> - N;! : NIV (L6)

where we have used N = N7 + N|. The multiplicity function is properly nor-
malized. Using the binomial expansion

(x+y)N = ZN: <N> ayN (1.7)

n
n=0

we find with x =y = 1 that
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S gl = 2 (15)
M
Note that if we can only measure the values of N and M for our Ising system,
all the states counted in g(N,M) are indistinguishable! Hence this multiplicity
function is also a measure of the degeneracy of the states.

THERMODYNAMIC LIMIT AGAIN!

What happens to multiplicity functions when N becomes very large? It
is in general a consequence of the law of large numbers that many multi-
plicity functions can be approximated by Gaussians in the thermodynamic
limit. In our model Ising system this can be shown as follows. Define the
relative magnetization x by z = % The quantity x can take all values between
—1 and +1, and when N is large x is almost a continuous variable. Since g(N,M)
is maximal for M = 0, we want to find an expression for g(N,M) for z < 1. If
N is large, and x is small, both N; and N| are large too. Stirling’s formula now

comes in handy:

N!~ V2rNNNe Nt r+0(52) (1.9)
Leaving out terms of order % and smaller one finds
1
log(N!) =~ Nlog(N) — N + B log(27N) (1.10)
and with

log(g(N, z)) = log(N!) — log(Ny!) — log(V,!) (1.11)
we find

log(g(N, ) = N log(N) — Ny log(Ny) — N log(N))

+- (log(27rN) — log(2mNy) — log(2nN |)) (1.12)

N

log(g(N, z) =~ (Nt + Ny)log(N) — Ny log(Ny) — Ny log(V})

f% log(27N) + % (2log(N) — log(Ny) — log(N))) (1.13)

log(g(N,2)) & —5 1og(2xN) — (N1 + 5)log(x1) — (N + ) log( %) (114)

Next we express Nt and N| as a function of x and N via
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_ Ny —N, _2N;-N

1.1
T I I (1.15)
which gives
1
N; = §N(1+x) (1.16)
1
N, = §N(1 —x) (1.17)

This leads to

log(g(N,z)) = —% log(2mN)

f%(N(l + )+ l)log(%(l +x)) — %(N(l —z)+ l)log(%(l —z)) (1.18)

Next we have to remember that this approximation is only valid for values
of x close to zero. Hence we can use log(l + z) ~ x — %xQ to get

log(g(N, 7)) ~ — 1082 N) — 2 (N(1 + ) + 1)(los(5) + 7 — 577)
5 (N(L—2) + 1)(log(3) ~ = — 207) (119

log(g(N,z)) ~ —%log(%’N) — (N + l)log(%) - %((N +1)+ Nz)(z — %xZ)

1 L o
—5((1\] +1) = Nz)(—z - 57 ) (1.20)

1 1
log(g(N,z)) ~ —3 log(2nN) + (N + 1) log(2) — i(N —1)a? (1.21)
which gives the final result

2
g(N,z) ~ \/mzNe—%”z(N—” (1.22)

Hence we have shown that the multiplicity function becomes Gaussian for
large values of N and small values of x. The Gaussian form is reduced by a
factor e from its maximum at x = 0 at a value x = x¢ with

To =4 (1.23)
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which also is much smaller than one when N is very large. In other words, for
all values where the Gaussian approximation to the multiplicity function has a
large value it is close to the original function! In that sense we can replace the
multiplicity function by a Gaussian form for all values of x. The relative errors
are large when x is not small, but so is the value of g(N,x). In other words,
when the relative difference between the actual multiplicity function and the
Gaussian approximation is large, the values of the multiplicity function are very
small and the absolute value of the error is very small. This result is general for
all multiplicity functions. In the thermodynamic limit the deviations from the
maximum value are always of a Gaussian nature in the area where the values
are large. This is one of the reasons that statistical mechanics works!
It also reinforces the importance of the thermodynamic limit! It is
directly related to the law of large numbers in mathematics.

In order to keep the normalization correct we replace the factor NV —1 in the
exponent by N and will use later

2
g(N,z) ~ 1/mzﬂve—%m (1.24)

> g(N,z) =2V (1.25)

Because we know that

and that the stepsize for x is % (which includes a factor of two since M can only
change in units of two!), we can write

QN% = Zg(N, z)Ax — [1 g(N,x)dx (1.26)

For the Gaussian approximation we find

1 VE ,
/ \ILQNe*%IQNdm:/ ’ \/l2Ne*tzdt\/E ~
1 V7N —VE TN 2
© 2 v o e [2 N2
/_oc”WNQ ety =2+ (1.27)

which is the correct normalization indeed.
WHAT IS THE PHYSICAL MEANING?

At this point we start to wonder what the multiplicity function means. Sup-
pose the parameter x in the previous example is an internal parameter of the
system. This would be the case in a system in zero magnetic field, where there
is no work involved when the magnetic moment changes. In thermodynamics
we have seen that the equilibrium state is the state of maximal entropy. Here
we see that the state with x = 0, which we expect to be the equilibrium state,
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has the maximal multiplicity function. Therefore, the question can be asked if
there is any relation between a multiplicity function and the entropy. We will
return to this question in shortly.

HOwW TO USE A MULTIPLICITY FUNCTION?

Average values can also be calculated easily in a number of cases. If all
states of the system are equally probable, the expected value for a quantity f is

states | (State
—Z tzt: ( 7 ) (1.28)
states

If f only depends on the magnetization x in a given state, this reduces to

< f>=

<f>= /f N;L‘d:c—Q N (1.29)

For the Ising model using the Gaussian approximation to the multiplicity
function we find

<z>=0 (1.30)
<a’>= L (1.31)
N .

which means that there is no net magnetization and that the fluctuations are
small. There is no net magnetization since for every state {s;} there is a corre-
sponding state {s;} with s’ = —s; which has the opposite magnetization. One
has to apply a magnetic field in order to produce a magnetic state in our simple
Ising model. In realistic models to be discussed later there are interactions be-
tween neighboring spins that lead to a net magnetic moment. The fluctuations
are small because the multiplicity function is very sharp as we have seen before.

1.4 Averages.

Once we have determined the eigenstates of a system, we have to describe in
which of these states the system actually is. The basic assumption in statistical
mechanics is:

All accessible quantum states are equally probable.

There is no a priori preference for any given state. One keyword in this statement
is accessible. This means that we only have to consider those states which have
properties consistent with the external constraints. For example, in a closed
system we know that the number of particles is fixed. If we start with 27
particles, we only consider quantum states with 27 particles.
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A different way of stating this basic assumption is that if we wait long
enough, a system will go through all accessible quantum states. This seems to
be in contradiction with ordinary quantum mechanics, which specifies that once
a system is prepared in a given quantum state, it will remain in that quantum
state unless there are external perturbations (i.e. a measurement). In statistical
mechanics we therefore assume that our system is always in contact with a large
outside world. This makes sense, since it is hard to shield a sample from all
external influences. For example, try to counteract gravity! The atoms in a gas
do collide with the walls of the container of that gas, and since the atoms in
this wall move in a random way (even at zero temperature due to zero point
motion), the wall adds a small random component to the motion of the atoms
in the gas.

This scenario also requires that the system we are considering is chaotic. In
a chaotic system a small difference in initial conditions growth exponentially
fast, and the random, small perturbations by the walls of the container are very
efficient in causing the system to cycle through all accessible states. An interest-
ing question is if all systems are chaotic when they are very large (remember, we
need to take the thermodynamic limit!). In addition, we do not know for sure
what chaos means in quantum mechanics. In practice, however, all macroscopic
systems seem to obey the laws of thermodynamics.

You run into a number of paradoxes when you want to calculate the entropy
of the universe in the standard thermodynamical way. The discussion above
shows you, however, that the entropy of the universe is not a conceptually
sound quantity. There is no outside reservoir which can cause the universe to
cycle through all possible states, and one can argue that the universe is in a
given quantum state for all eternity.

TAKE YOUR TIME!

The argument made in the previous paragraphs allows for a statistical me-
chanical description of the solar system. It is an almost closed system, but
there are weak interactions with the external world. Such a description is, of
course, not very useful. The keywords here are long enough. A system can be
trapped in a metastable state. Glass is a standard example of such a metastable
state and in order to give a meaningful statistical mechanical description of the
behavior of glass we have to exclude all crystalline states. If the duration of
the measurement would be millions of years we have, of course, to include all
those states. A solar system is actually a chaotic system and if we wait long
enough all kinds of weird things can happen. A planet could leave and go off
to infinity and beyond. Fortunately, the time scale of these phenomena is much
larger than the lifetime of a typical star. Therefore, we do not worry about this
happening. Should we?

TRULY ISOLATED?
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Finally, we can ask what happens in a truly isolated system. Is the time
evolution of such a system chaotic? This question is not easy to answer, since
we need to make a measurement in order to find out, and this measurement does
change the system! Another interesting theoretical question, but fortunately not
of practical importance. Nevertheless fun to think about.

WHAT CAN WE MEASURE?

The quantities one can measure are always average quantities. It is impos-
sible to determine the positions as a function of time of molecules number two,
three, and seven in a gas of distinguishable molecules. We can measure quan-
tities like volume V and magnetization M. These are average quantities, and
they correspond to external handles on the system. The corresponding ther-
rgodynamic variables are the intensive variables pressure p and magnetic field
H.

EVERYTHING INDEPENDENT.

Hence, we have to know how to calculate averages. There are three ways of
doing this. First, since all states are equally probable, we have that the average
value of a function f is given by

Lstates f(state)
Zstates 1

In our simple Ising model this would mean a sum over 2%V states, if we assume
that N is specified. If we can only measure N and M, this expression is too
complicated. In this case f has to be a function of N and M only, otherwise it
would imply the ability to measure an additional quantity. Consequently, the
average reduces to

< f >ensemble™= (132)

<f>=27N3 g(N,M)f(M) (1.33)

which only has IV 4 1 terms. We now have a sum over configurations of the
system, where a specific configuration is defined by the values of N and M. The
degeneracy of each configuration, or the number of states in each configuration,
is measured by the multiplicity function.

Averages taken this way are called ensemble averages. The formal justifi-
cation of this procedure in the old formulation of statistical mechanics is as
follows. Consider a set of L identical systems, in our case Ising systems with
N particles. The state of each system is chosen randomly from the accessible
states. If L > 2V, the number of systems with a configuration (N, M) is given
by Lg(N, M)2~" and hence the average of a function f(M) over all systems is
given by
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< f>= % > flsystem) = %ZLQ(N, M)f(M)2~N (1.34)

systems M

which reduces to our previous definition.
REALITY IS NOT UNCORRELATED!

In a real experiment we find average quantities in a very different way. If
there are no external probes which vary as a function of time, one measures f
over a certain time and takes the average:

T
< f >ume= 7 /0 F(t)dt (1.35)

The basic assumption is that if we wait long enough a system will sample all
accessible quantum states, in the correct ratio of times! Nobody has yet been
able to prove that this is true, but it is very likely. The alternative formulation
of our basic assumption tells us that all accessible states will be reached in this
way with equal probability. This is also called the ergodic theorem. Hence we
assume that, if we wait long enough,

< f >ensemble =< f >time (136)

In a measurement over time we construct a sequence of systems which are cor-
related due to the time evolution. The ergodic theorem therefore assumes that
such correlations are not important if the time is sufficiently long. Again, beware
of metastable states!

SPATIAL AVERAGES.

If the function f is homogeneous, or the same everywhere in the sample,
it is also possible to define a spatial average. Divide the sample into many
subsystems, each of which is still very large. Measure f in each subsystem and
average over all values:

< f >space: %/f(f)dgr (137)

The subsystems will also fluctuate randomly over all accessible states, and this
spatial average reduces to the ensemble average too. In this formulation we use
a sequence of systems which are again correlated. We assume that when the
volume is large enough these correlations are not important.

The difference between the three descriptions is a matter of correlation be-
tween subsystems. In the ensemble average all subsystems are strictly uncorre-
lated. In the time average the system evolves and the subsystem at time ¢ +dt is
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almost identical to the subsystem at time ¢. In a spatial average, a change in a
given subsystem is directly related to a change in the neighboring systems. The
time average only approaches the ensemble average when we measure very long,
or T'— oo. The spatial average only reduces to the ensemble average if we can
divide the system in an infinite number of subsystems, which reduces the rela-
tive effects of the correlation. This requires N — oco. In the ensemble average
we have to take L — oo, but that is not a problem for a theorist. The limit that
the system becomes infinitely large is called the thermodynamic limit and is
essential in a number of derivations in thermodynamics. Keep in mind, though,
that we still need an even larger outside world to justify the basic assumption!

1.5 Thermal equilibrium.

Isolated systems are not that interesting. It is much more fun to take two
systems and bring them in contact. Suppose we have two systems, A and B,
which are in thermal contact. This means that only energy can flow back and
forth between them. The number of particles in each system is fixed. Also,
each system does not perform work on the other. For example, there are no
changes in volume. Emnergy can only exchange because of the interactions of
the two systems across their common boundary. Conservation of energy tells us
that the total energy U of the combined system is constant. The big question
is: what determines the energy flow between A and B and what is the
condition for thermal equilibrium, e.g. no net energy flow. We invoke our basic
assumption and note that all accessible states of the total system are equally
probable. A configuration of the total system is specified by the distribution of
energy over A and B, and hence by the value of Us ( since Ugp = U — U, and
U is constant ). The most probable configuration, or most probable value of
Uy, , corresponds to the configuration which has the largest number of states
available. The energy U4 of this most probably configuration will be well defined
in the thermodynamic limit, since in that case multiplicity functions become
very sharp on a relative scale.

EXPLANATION BY EXAMPLE.

As an example, consider the Ising model in the presence of a magnetic induc-
tion B. Since the number of particles does not vary, we will drop the reference
to N in the multiplicity functions in this paragraph. It is easy to show that

U=-Y siji-B=-Mji-B=-zNji-B (1.38)

The energy of subsystem A is Uy = —xaNaji - B and of subsystem B is Ug =
—xpNpjii - B. Because energy is conserved we have xtIN = x4Ns + zpNp
and therefore the total relative magnetization x is the average of the values of
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the magnetization of the subsystems. Since the total magnetization does not
change, the only independent variable is x 4.

If we assume that the states of the subsystems are not correlated, we have
the following result for the multiplicity functions:

g(N,l‘):Zg(NA7$A)g(NB,$B) (1'39)

with 4 and zp related as described above.
Next, we introduce a short hand notation for the individual terms:

t(xa) = g(Na,z4)9(Np,7p) (1.40)

and notice that this function is also sharply peaked around its maximum value
when both N4 and Np are large. For our model the multiplicity function is in
that case

2 1
o(U) = | 2o b (141)
Therefore
2 1 N 1«3 Natz:Np) — L (23 Na+z4 NB)
t(xa) == NNQezAA BNB) — e~ 2(TaNatapNe (1.42)
i ALVB

If the number of particles is very large, x4 is approximately a continuous
variable and the number of states is maximal when the derivative is zero. It is
easier to work with the log of the product in t, which is also maximal when the
term is maximal. We find

1 1 1
log(t(za)) = log(to)—§(x?4NA+xQBNB) = log(to)—ixiNA—QNB (tN—2,4N4)?)
(1.43)
The derivatives are straightforward (thank you, logs)
dlog(t) Na
=—24Ng— —(xaNyg —zN 1.44
< wa raNa = - (zaNa - ) (1.44)
02 log(t) N3 NN4
———= | =—=Ny— %2 =— 1.45
< 81‘A2 ) A NB NB ( )

The second derivative is negative, and hence we do have a maximum when the
first derivative is zero. This is the case when

0=-24Np — (xaNa —xN) (1.46)

or

TA=x=21Ip (1.47)
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The last statement is intuitively correct. In equilibrium, any part of a magnet
has the same partial magnetization as the whole magnet.

Next, we approximate the form of the terms t(xz4) in the case that both
Na/ggl and Np/ggl. In that case we can write

—NaN (4 —2)2
t(xa) = t(x)e” 2B (1.48)

which has the right value and curvature at the maximum. For large numbers of
particles this form has a small relative error when the value is large, and a large
relative error when the value is very small (and hence does not matter). This is
again one of those cases where we rely on the thermodynamic limit. Statistical
mechanics can be applied to small systems, but in such a case one cannot make
a connection with thermodynamics.

The value of the term is reduced by a factor e for a fluctuation

2Np
NyuN
For a given ratio of N4 and Np this becomes very small in the limit N — oo.
Again, if system A is small, the relative fluctuations in energy are large and one
has to be careful in applying standard results of thermodynamics.
We are now able to do the summation over all terms:

0xs = (1.49)

No N
g(N,z) = Zt(xA) ~ t(x) Z ¢~ g A=) (1.50)
A A

or

Nao _ Ny, 1 [7NAN
g(N, z) %t(x)/dxATAe 2 (7a=2)° :t(z)y/”# (1.51)

Next, we use are familiar friends the logarithms again to get

log(g(N, z)) ~ log(t(z)) + log(%\ / %) (1.52)

The first term on the right hand side contains terms proportional to IV or Ny,
while the second term contains only the logarithm of such numbers. Therefore,
in the thermodynamic limit we can ignore the last terms and we find that the
logarithm of the sum (or of g) is equal to the logarithm of the largest term!
This might seem a surprising result, but it occurs in other places too. In a
mathematical sense, it is again connected with the law of large numbers.

1.6 Entropy and temperature.

The statements in the previous section can be generalized for arbitrary systems.
If two systems A and B, with multiplicity functions g4(N,U) and gg(N,U)
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are in thermal contact, the configuration with the maximum number of states
available follows from finding the maximal value of

t(Ua) = 9a(Na,Ua)gp(Np, U — Ua) (1.53)

where U is the total energy of the combined system. We assume that the
systems are very large, and that the energy is a continuous variable. Therefore,
the condition for equilibrium is

) (AM,UghnﬁA%yU—Lu)+QMAM,UA)(agB> (N, U—Ua)(~1)
N N

dt 0ga
ou
(1.54)

0=, = oo

or

1 69,4) 1 (593)
74 Na,Uy) = — Np,U-U
s (a0) (v = o g (3), e v =00
(1.55)
This leads us to define the entropy of a system by

S(U,N,V) = kglogg(U,N,V) (1.56)

where we have added the variable V. Other extensive variables might also be
included. The symbol kg denotes the Boltzmann factor. Note that the entropy
is always positive. The entropy is a measure of the number of states available
for a system with specified extensive parameters. We have to be careful, though.
Strictly speaking, this definition gives us an entropy analogue. We need to show
that we recover all the laws of thermodynamics using this definition. In this
chapter we will consider changes in temperature. In the next chapter we discuss
changes in volume and mechanical work. In the chapter after that changes in
the particle number and the corresponding work term.
The temperature of a system is defined by

1 oS
T‘(wan (157)

where the partial derivative is taken with respect to U, keeping all other exten-
sive parameters the same. Hence our criterion for thermal equilibrium is

Ta=Ts (1.58)

which is not unexpected.

The multiplicity function for the total system g;, is found by summing over
all possible configurations of the combination A plus B, but as shown before the
value of the logarithm of this sum is equal to the logarithm of the largest term.
If the energy of system A in equilibrium is U4 we have

10g(gr0t)(U) = log(ga(Ua)) + log(gp(U — Ua)) (1.59)
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and hence the entropy of the total system is

S=54+5g (1.60)

which shows that for two systems in thermal equilibrium the entropy of the total
system is equal to the sum of the entropies of subsystems. Hence the entropy
is an extensive quantity. Since U is also extensive, it follows from the definition
of T that T is intensive.

At this point we have two definitions of entropy. In thermodynamics we
defined entropy by making the differential for heat flow exact. In statistical
mechanics we define entropy related to the number of quantum states. In order
for statistical mechanics to be a useful theory, these definitions have to be the
same. This one can show as follows. The flow of energy between the two
systems we considered was not due to work, hence must be the exchange of
heat. Thermodynamics tells us that two systems are in equilibrium if they
have the same temperature, when only heat can flow between them. Therefore,
the quantity T defined in statistical mechanics must be a function of the real
temperature only, since equilibrium is independent of volume and number of

particles. Hence if we define
1 085M
NV

where the superscript SM denotes defined in statistical mechanics, we find

M = £(T) (1.62)

Also, by construction the entropy defined in statistical mechanics is a state
function. For each value of U,V, and N we have a unique prescription to calculate
the entropy. Therefore, the differential of this entropy is exact and we have

dQ = TdS = f(T)dsS*M (1.63)

As we saw in thermodynamics, the only freedom we have in making an exact
differential out of the heat flow is a constant factor. Hence

T5M = oT (1.64)
1
SoM — 8 (1.65)

The entropy is therefore essentially the same in both thermodynamics and
statistical mechanics. The factor « is set equal to one, by choosing the correct
value of the prefactor kp in the statistical mechanical definition. A change in
this value would correspond to a change in temperature scale. In order to show
this, we have to consider a simple model system. A gas of independent particles
is a good test case, and the calculations show that the equation of state derived
from a microscopic model is the same as the experimental version, if we take
NAvogadrokB =R
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1.7 Laws of thermodynamics.

Thermodynamics is based upon four laws or postulates. In statistical mechanics
these laws follow immediately from our previous discussion.

Zeroth Law.

If two systems are in thermal equilibrium with a third system, they are in
thermal equilibrium with each other. Trivial from T4 = TgUTg =T = Ty =
Tc.

First Law.

Heat is a form of energy. Trivial, since we defined thermal contact by an ex-
change of energy and used this exchange of energy to define entropy.

Second Law.

Entropy always increases. Also trivial, since if the combined system starts with
energies UQ and U% we automatically have g4 (UQ)gp(U%) < ga(Ua)gs(Up),
or after taking the logarithms S 4 Sinit < ghinal 4 glinal,

Third Law.

The entropy per particle is zero at zero temperature in the thermodynamic limit.
This is more a statement about quantum mechanics. In general, the degeneracy
of the ground state is small. Suppose the degeneracy of the ground state is
NP which is unusually large. Then the entropy per particle in the ground state
(and hence at T =10 ) is S(0) = k:Bp% , which is zero when N — oco. Only
when the degeneracy of the ground state is on the order of eV or N! does one
see deviations from this law. Such systems are possible, however, when we have
very large molecules!

We also see that the local stability requirements derived in thermodynamics
are fulfilled. Since the entropy is related to the maximal term in a product, we

. . 2
recover expressions like (gUi) < 0.
N,V

In summary, the first law is an assumption made in both thermodynamics
and statistical mechanics. The only difference is that the introduction of heat as
a form of energy is more acceptable when based on a microscopic picture. The
other three laws all follow from the definition of entropy in statistical mechanics.
Entropy is a more tangible quantity in a microscopic theory. It is still useful,
however, to be able to define entropy from a macroscopic point of view only. This
approach leads to generalizations in systems theory. For any complicated system
for which the state only depends on a small number of macroscopic variables
one can define a quantity like entropy to represent all other variables which are
not of interest. Such a system might not have a clear microscopic foundation
and therefore a generalization of the microscopic definition of entropy in terms
of states might be impossible.
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1.8 Problems for chapter 1

PROBLEM 1.

In an Ising model the magnetic moment of an individual atom is given by
iL; = s;fi with s; = £1. A state of this system is given by a particular set of
values {s;}. The total number of spins is N, and the relative magnetization x is
given by % >~ s;. The number of states g(N,x) with a given value of N and x is

[ 2 1
g(N,:v) ~ 7T-7J\[2N67§Ng;2

A magnetic induction Bis applied to this system. The energy of the system is

U({si})-
(a) Calculate U(x).

K3
approximated by

(b) Calculate S(N,U).
(c) Calculate U(T,N).

PROBLEM 2.

Two Ising systems are in thermal contact. The number of atoms in system

j is Nj = 10%*. The relative magnetization of system j is z; = 3~ >_ s, where
J .
(2

545 is the sign of the magnetic moment of the i-th site in system j. The average

relative magnetization of the total system is fixed at a value x.
(a) What are the most probable values of 1 and z5?

Denote these most probable values by 21 and &5. Since only the total magneti-
zation is fixed, it is possible to change these values by amounts d; and &s.

(b) How are 67 and 65 related?

Consider the number of states for the total system as a function of d1: gt (N, 61) =
g(N1, &1+061)g(Na, &2+ 92). Use the form given in problem 1 for the multiplicity
functions of the subsystems.

(c) We change the spins of 10!? atoms in system 1 from —1 to +1. Calculate
the factor by which g4, is reduced from its maximal value gyt (N, ).

(d) Calculate the relative change in the entropy for this fluctuation.
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PROBLEM 3.

A system has N sites. The probability that a given site is occupied by an
atom is £. Only one atom at a time is able to occupy a site.

(a) Find the probability p(M, N, £) that exactly M sites out of N are occupied.
Assume that on the average A sites are occupied, hence £ = %.

(b) Find the probability p(M,A) that M sites are occupied when the average
number of sites occupied is A in the limit N — oo. A and M remain finite!

(c) Show that > p(M,A) =1, < M >= > Mp(M,A) = A, and that
M= M=

0 0

<MZ>= S M2p(M,A) = A% + A,
M=0

When A is very large, the distribution p(M,A) becomes very sharp around A.

(d) Show that in that case the distribution near A can be approximated by a
Gaussian of width v/A.

PROBLEM 4.

Use the following approximations derived from Stirling’s formula:

~ Nlog(N) — N + 1log(N) + 1 log(2m)

For each of these approximations find the smallest value of N for which the
[Zap—Tex] )

el

relative error in N! becomes less than 1%. ( Relative error:
PROBLEM 5.

A standard game show problem is the following. You have to choose between
three doors. Behind one of them is a car, behind the others is nothing. You
point at one door, making your choice. Now the game show host opens another
door, behind which there is nothing. He asks you if you want to change your
choice of doors. Question: should you change? Answer: Yes!!!!l Question:
Calculate the ratio of the probabilities of your original door hiding the car and
the other, remaining door hiding the car.
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PROBLEM 6.

The atomic spin on an atom can take 25+1 different values, s; = —S5, -5 +

N
1,--+,4+5 — 1,+S. The total magnetic moment is given by M = > s; and

i=1
the total number of atoms is N. Calculate the multiplicity function g(N, M),
counting all states of the system for these values N and M. Define z = % and

calculate g(N, z) when N becomes very large.
PROBLEM 7.

Twelve physics graduate students go to the bookstore to buy textbooks.
Eight students buy a copy of Jackson, six students buy a copy of Liboff, and
two students buy no books at all. What is the probability that a student who
bought a copy of Jackson also bought a copy of Liboff? What is the probability
that a student who bought a copy of Liboff also bought a copy of Jackson?

PROBLEM 8.

For an ideal gas we have U = %N kpT, where N is the number of particles.
Use the relation between the entropy S(U, N) and the multiplicity function
g(U, N) to determine how g(U, N') depends on U.

PROBLEM 9.

The energy eigenstates of a harmonic oscillator are ¢, = hw(n + %) for
n=0,1,2,--- Consider a system of N such oscillators. The total energy of this
system in the state {nq,nq, -, ny} is

1
U=> en, = (M + 5 N)hw
i=1

where we have defined
N
i=1
Calculate the multiplicity function g(M, N). Hint: relate g(M, N) to g(M, N+

1) and use the identity
i n+k\ (n+l+m
n B n+1

k=0

Show that for large integers g(M, N) is a narrow Gaussian distribution in



Chapter 2

The canonical ensemble:
a practical way for
microscopic calculations.

2.1 Introduction.

WHICH STATE VARIABLES?

The state of a system depends on a number of parameters. In most measure-
ments it is a good idea to change only one of those parameters and to observe
the response of the system. Hence one needs a way to keep the other parame-
ters at fixed, prescribed values. The same is true in theory. So far we have only
considered the entropy S as a function of the internal energy U, the volume V,
and the number of particles N. If we specify U we can find T. Of course, this
is not what is happening in most measurements. It is easier to specify T and
to measure U (or rather the specific heat in calorimetry). The same is true in
our theoretical formalism. It is often easier to calculate all quantities at a given
temperature.

The formal development in the previous chapter was necessary to establish
that a thermodynamical and a statistical mechanical description of a large sys-
tem are the same. We argued that the entropy as defined in thermodynamics
and in statistical mechanics lead to the same equations describing the physics
of a system, but only if we work in the thermodynamic limit. What the differ-
ences can be for small systems is not clear. The formal definition of entropy is,
however, in many cases not the best way to attempt to obtain a quantitative
description of a system. In this chapter we develop a more practical approach
for statistical mechanical calculations.

23
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RESERVOIRS ARE WHAT WE NEED!

The theoretical way to specify temperature is similar to the experimental set-
up. We assume that the system S is in contact with and in thermal equilibrium
with a very large reservoir R with temperature T. Only heat can flow back and
forth between R and S. Volumes do not change, and no work is done between
the system and the reservoir. The number of particles in the reservoir is Ny
and is much larger than the number of particles in the system Ng. How much
larger?? In thermal equilibrium the fluctuations of the energy per particle in
the reservoir are

AUxr 1

— = X — 2.1

N o (2.1)
or with Ur = eg Nz we can write this in the form AUgr = exr+/Ngr. Suppose
the maximum energy of the system is Us = Ngeg. If we demand that

N > N§(€3/6R>2 (2.2)

the system can take all of its energy from the reservoir without noticeably
changing the state of the reservoir! In this case it is really allowed to assume that
the reservoir is at a constant temperature. In practice, this leads to impossibly
large reservoir sizes, but in theory that is, of course, not a problem. For example,
if we assume that a typical reservoir has 10?* particles, we could only consider
systems of about 10'? particles. This is too small. In reality, therefore, reservoirs
do lead to finite size effects. These effects are very hard to calculate, and depend
on the nature of the reservoir. We will therefore ignore them, and assume that
the reservoirs are very large, and that their only effect is to set the temperature.

PROBABILITIES.

We will now address the question: what is the probability of finding
the systemm S in a unique quantum state s if it is in thermal equi-
librium with a reservoir at temperature T7? The energy Uy of the total
combination, system plus reservoir, cannot change. Hence if the system is in
a state s with energy e, the reservoir has to have energy Uy — €5. The total
number of states available in this configuration for the combination of system
and reservoir is gr (Uy — €5). This does not depend on the multiplicity function
of the system, since we specify the state of the system. The multiplicity function
for the combined reservoir and system is

gs+=(Uo) =D gr(Uo — €) (2.3)

All states of the combination of system and reservoir are equally probably,
and hence the probability of finding the combination system plus reservoir in
the configuration with the system in state s is
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Ps(s) o< gr(Uo — €s) (2.4)

Therefore the ratio of the probabilities of finding the system in state 1 and 2 is

Ps(1) _ gr(Uo —€1)
Ps(2)  gr(Uo — €2)

Because the reservoir is very large, the difference between the entropies is

é(SR(Uofel)st(U07€2)) (25)

=€

S=(Uo — 1) = Sr(Us — &) ~ —(e1 — c2) (;ﬁ)w (Uo) = === (26)

The reservoir and the system are in thermal equilibrium, and have the same
temperature T. We drop the subscript on the temperature because is is the same
for both system and reservoir. We find

=e FBT (2.7
or in general

Ps(s) o ¢ TBT (2.8)

This is the well-known Boltzmann factor. The only reference to the reser-
voir is via the temperature T, no other details of the reservoir are involved.
Normalization requires Y P(s) = 1 and hence we define

Z(T) =Y e T (2.9)

Ps(s) = %e*k;‘? (2.10)
The probability Ps(s) depends on the temperature T of the system, and
although there is no explicit reference to the reservoir there is still an implicit
reservoir through T. Specifying T requires contact with an outside reservoir.
Also, the probability only depends on the energy e, of the state and not on
any other property of this state. All different states with the same energy have
the same probability. The quantity Z(T') is called the partition function. We
will see later that for a description of a system at temperature T the partition
function is all we need to know. The probability distribution Ps(s) of this form
is called the Boltzmann distribution. The partition function is also a function of
volume and number of particles. The dependence on all extensive state variables,
excluding the entropy, is via the energy of the quantum states. In general, the
energy eigenvalues €, are functions of the volume V and the number of particles
N. Note that the quantum states we consider here are N-particle quantum states.
The energy €5(V, N) is the energy of a collective state and is not equal to the
energy of a given particle!
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At this point we seem to have a contradiction. The basic assumption of sta-
tistical mechanics tells us that all accessible quantum states are equally prob-
ably. The Boltzmann distribution on the other hand gives the states unequal
probabilities! This will always occur when we specify some intensive parameter
like T. In such a case one always needs a reservoir, and the basic assumption
applies to the states of the reservoir plus system. If we specify the state of the
system, this corresponds to a configuration, i.e. a set of states, of the combi-
nation reservoir plus system. The basic assumption only applies to states, not
to configurations. For a configuration one always has to include a multiplicity
function counting the number of states available for that configuration.

The Boltzmann factor is not correct in the limit e, — oo, since that implies
taking a large fraction of the energy of the reservoir and putting it in the system.
The upper limit of €, for which the Boltzmann factor is valid can be derived
from the considerations in the beginning of this section. This is not a practical
problem, though, since we can make the reservoir very large. The probability
of finding states with an energy which is too large for our formalism to be valid
then becomes exponentially close to zero!

2.2 Energy and entropy and temperature.

The expectation value of the energy, or average energy, of the system is given
by

U= eP(s) (2.11)

where we have dropped the subscript S for system in the probability function.
This can be related to the partition function by

Olog(Z) 1 /0Z _ 1 _ e €
( T >V7N_z(aT>V7N_z§s:e kpT? (2.12)
or
U(T,V,N) = kpT? <M> (T, V. N) (2.13)
T )y

The entropy can be obtained from U(T) through

98\ _(9S\ (oU\ _1(oU _
oT V)N_ oUu VN oT V7N_T oT VN '

which leads to

S(T,V,N) = Se;(V,N) + /

r 1<8U
Tref T

— T 2.1
8T>V,Nd (215

since we assume that all other variables remain constant. It is useful to have an
explicit form for the entropy, however. Based on
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—kBLT = Z (- k;T> P(s) (2.16)
and
log(P(s)) = _k:T —log(2) (2.17)
we find
k:BT Z log(P(s)) +log(2 Z P(s)log(P(s)) +log(2) (2.18)

where we used > P(s) = 1. This leads to

8% <_I£T) — (m?T(Z)L,N ZP )log(P(s)) (2.19)

and using the partial derivative relation for the entropy

(ﬁ)u (’“BZP ) log(P )) (2.20)

The result of the integration is
S(T,V,N) = So(V,N) — kg ZP ) log(P(s)) (2.21)

where we still need to find the constant of integration Sy(V, N). This is easiest
if we take the limit that T goes to zero. In that case the system is in the ground
state. Suppose the degeneracy of the ground state is go. Then P(s) = go ! for
all states s with the ground state energy and P(s) = 0 for other states. The
logarithm of zero is not finite, but the product of the form xlog(zx) is zero for
z = 0. Hence we have

S(T=0,V,N)=So(V,N) —kp Y _ g5 " log(g5") = So(V, N) + kp log(go)
sing
(2.22)
From the formal definition of entropy we see that the second term is equal to
the ground state entropy, and hence we find So(V, N) = 0. As a result we have
the useful formula

S(T,V,N) = —kp ZP ) log(P(s)) (2.23)

Up to now we have considered three variables describing our system: S,
T, and U. These variables are not independent in thermal equilibrium. If we
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specify one of them, the other two are determined. We have found two recipes
for these functions. If the energy U is the independent variable, the entropy
S(U) is constructed by counting states with ¢, = U. The temperature T(U)
follows from (%)VN = T-!. On the other hand, if the temperature T is
the independent var’iable, we calculate the Boltzmann factor and the partition
function Z(T). The energy U(T) then follows from the derivative of log(Z),
while the entropy follows from a calculation of the probabilities P(s). Note that

in calculating the partition function we often use the multiplicity function, since
Z(T) =Y g(B)e For (2.24)
E

which is a simple Laplace transformation. This transformation can be inverted
and used to obtain the multiplicity function g(E) from the partition function,
but that requires an integration in the complex temperature plane. Interesting,
since complex temperature corresponds to time. We obtain factors like e'F?.
Field theory?? But that is for another course.

2.3 Work and pressure.

A system which remains in a given equilibrium state is rather boring. We would
like to change the state of a system. This can be done by varying some of the
external parameters. For example, if a system is in contact with a reservoir,
we can change the temperature of the reservoir. The system will adjust itself
until it is again in thermal equilibrium with the reservoir. This is an example
of a process in which the system is brought from an equilibrium state with
temperature T; to an equilibrium state with temperature T'y. What is happening
in between, though? If we suddenly switch the temperature of the reservoir, it
will take some time before thermal equilibrium is restored again. The states in
between are non-equilibrium states and the entropy of the system will increase.
We can also change the temperature very slowly, in such a way that at each time
the system is in thermal equilibrium with the reservoir. A process for which a
system is always in thermal equilibrium in all of the intermediate states is called
reversible. If we reverse the change in temperature of the reservoir, the system
will go back to its initial state. If we suddenly switch the temperature back and
forth, the system will end up in a different state with higher entropy. For the
latter to happen we have to allow other variables to change too, if only T,S, and
U can change the states are completely determined by T. Reversible processes
are nice, since they can easily be described in mathematical terms. It is much
harder to deal with irreversible processes.

An important extensive parameter of a system is its volume. We will in this
chapter still assume that the number of particles does not change. A change
in volume will in general affect the energy eigenvalues of the quantum states in
this system and we write €;(V). If we introduce changes in the volume of the
system, we need a force to produce these changes. We assume that this force is
homogeneous, and hence the only thing we need is an external pressure p. The
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pressure p is the natural intensive parameter which has to be combined with the
extensive volume. The work W performed on the system to reduce the volume
of the system from V to V — AV (with AV small) is pAV.

An example of a reversible process in which the volume of the system is
reduced is a process where the system starts in a given state § and remains in
that state during the whole process. It is clearly reversible, by definition. If we
reverse the change in volume we will still be in the same quantum state, and
hence return to the same state of the system at the original value of the volume.
The energy of the system is e€z(V) and the change in this energy is equal to the
work done on the system

PAV = Aes(V) = —AV <a€§> (2.25)
oV )y
Now consider an ensemble of systems, all with initial volume V and initial
temperature 7;. The number of subsystems in a state s is proportional to the
Boltzmann factor at T;. We change the volume in a similar reversible process
in which each subsystem remains in the same quantum state. The change in
energy is given by

AU =" Ae,P(s) = pAV Y P(s) = pAV (2.26)

because the probabilities P(s) do not change. Since AV is a reduction in
volume we find p = — (g—g) We are working with two independent variables,
however, and hence we have to specify which variable is constant. Since P(s)
does not change, the entropy does not change according to the formula we

derived before. The temperature, on the other hand, will have to change! Hence

p=- (gg)sw (2.27)

If we take other extensive variables into account we have to keep those the
same too while taking this derivative. The last formula is identical to the formula
for pressure derived in thermodynamics, showing that the thermodynamical and
the statistical mechanical description of volume and pressure are the same. In
thermodynamics we assumed that mechanical work performed on the outside
world was given by diW = —pdV. In general we have dU = TdS — pdV, but at
constant entropy this reduces to dU = —pdV and the formula for the pressure
follows immediately. In our present statistical mechanical description we used
the same formula, —pdV', for the work done by a system in a specific quantum
state 5. But now we assume that the probabilities for the quantum states do
not change, again leading to dU = —pdV. In thermodynamics the entropy is
always used as a mathematical tool, and in order to arrive at the formula for the
pressure we simply set dS = 0. In statistical mechanics the entropy is a quantity
connected to the quantum states of a system. The fact that the entropy did not
change in derivation for the formula for the pressure is a simple consequence of
the requirement that the quantum states keep their original probabilities.
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Another subtle point is that here we defined pressure via p = — (gij) N
This is a definition in a microscopic sense, and is the direct analogue of what
we would expect based on macroscopic considerations. Because we derive the
same work term as in thermodynamics, this microscopic definition is equivalent

to the macroscopic, thermodynamic one.
VERY, VERY SIMPLE MODEL.

An example of a process outlined above is the following. This model is much
too simple, though, and should not be taken too serious. Assume that the energy
eigenvalues of our system depend on volume according to e5(V) = eS(VO)%.
During the process of changing the volume we also change the temperature
and for each volume set the temperature by T(V) = TOVLO' In this case the
probabilities are clearly unchanged because the ratio % is constant. Hence in
this very simple model we can describe exactly how the temperature will have
to change with volume when the entropy is constant. The energy is given by
UV, T(V)) = > es(V)P(s) = VLOUO(TO) and hence the pressure is p = f‘U,—g.
This is negative!

WHY THIS IS TOO SIMPLE.

The partition function in the previous example is given by

Z(T,V) = sumge VoFsT = F(f) (2.28)
and hence the internal energy is
F'()
U= kv iz (2.29)
F(7)

Also, from the formula for the entropy 2.23 we see that S = G (%) and combining
this with the formula for energy we get

U=VH(S) (2.30)

which gives p = —% and hence for the enthalpy H = U+pV = 0. This is exactly
why this model is too simple. There are only two intensive state variables, and
only one (T in this case) can be independent. We will need an extra dependence
of the energy on another extensive state variable to construct a realistic system.
The easiest way is to include N, the number of particles.

In general, beware of simple models! They can be nice, because they allow
for quick calculations, and some conclusions are justified. In general, though,
we need a dependence of the energy on at least two extensive state variables to
obtain interesting results which are of practical importance.

VERY SIMPLE MODEL, REVISED.
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Suppose that in the previous model we replace the energy relation by €5 (V') =

«@ . . . .

es(Vo) (%) . Then we would find pVy = alUy. This is positive when « is
positive. For an ideal gas we have this form of relation between pressure and

energy, with a = % This value of « is indeed consistent with the form of the
h2k?

energy eigenvalues for free particles. The energy relation is of the form e = %=

and k is proportional to inverse length.

MORE ABOUT PRESSURE.

In summary, in the previous discussion we used the traditional definition of
temperature to evaluate the work done on the system in a volume change. We
linked this work to the change in eigenvalues in a particular process, in which
the entropy remaind the same, by using conservation of energy. In this way
the pressure could be directly related to the thermodynamic functions we have
available.

In order to find the pressure from the energy, we need U(S,V). This form is
usually not available. Counting states we derived S(U,V) and hence we would
like to relate the pressure to this function. A standard trick will do. A change
in the entropy due to changes in the energy and volume is given by

o) oS
dS=|(—-—| dU — | dV 2.31
(), @+ (), (230
It is possible to change both the energy and the volume at the same time in
such a way that the entropy does not change:

oS S
0= == AU — AV 2.32
(55) @os+(57) @ns (232)
After dividing by AV and taking the limit AV — 0 we get

(@), @), e

-1 () 30

which is a more useful expression. In the next section we will also give the
expression for the pressure if the temperature and the volume are specified. Of
course, these tricks have been discussed extensively in thermodynamics, where
changes of variables are the bread and butter of the game.

or

2.4 Helmholtz free energy.

The formula relating the differentials of the entropy, energy, and pressure is
simplified by introducing the pressure and temperature. We find, as expected,
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dU = TdS — pdV (2.35)

If other extensive parameters are allowed to change, we have to add more
terms to the right hand side. The change in energy U, which is also called
the internal energy, is equal to the work done on the system —pdV plus the
flow of heat to the system if the system is in contact with some reservoir, T'dS.
When the entropy of the system does not change, the complete change in inter-
nal energy can be used to do work. Therefore, the internal energy is a measure of
the amount of work a system can do on the outside world in processes in which
the entropy of the system does not change. Most processes are of a different
nature, however, and in those cases the internal energy is not useful.

An important group of processes is described by changes in the volume at
constant temperature. In order to describe these processes we introduce the
Helmholtz free energy F:

F=U-TS (2.36)
which has the differential

dF = —SdT — pdV (2.37)

Therefore, in a process at constant temperature the work done on the system
is equal to the change in the Helmholtz free energy. The Helmholtz free energy
measures the amount of work a system can do on the outside world in processes
at constant temperature. Since both the entropy and temperature are positive
quantities, the Helmholtz free energy is always less than the internal energy.
This is true in general. The amount of energy which can be retrieved from a
system is usually smaller than the internal energy. Part of the internal energy
is stored as heat and is hard to recover.

2.5 Changes in variables.

The variables we have introduced so far are S,T,U,V, and p. These variables are
not independent, and if we specify two the other three are determined. We can
choose, however, which two we want to specify. The cases we have considered
either use (U,V) as independent variables and calculate all other quantities from
S(U,V) or use (T,V) as independent variables and calculate all other quantities
through the partition function Z(7T,V) and U(T,V) as a derivative of log(Z).
This implies restrictions on functions like S(U,V). For example, if we know
S(U,V) the temperature follows from the partial derivative (32 ), . If we specify
the temperature, the energy U is found by solving

% — (gi)v (U, V) (2.38)

Since we know that this equation has a unique solution, there are no two
values of U for which S(U,V) has the same slope! Hence T is a monotonous
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function of U and U is an increasing function of T! The ability to switch back
and forth between different sets of independent variables implies constant signs
for certain derivatives, and for response functions. For example, a solid always
expands as a function of temperature. In thermodynamics we related these
properties in a rigorous way to criteria for stability.

2.6 Properties of the Helmholtz free energy.

For a system at constant temperature and volume, the Helmholtz free energy is
the state function determining all physical properties of the system. For exam-
ple, consider a system in thermal contact with a large reservoir at temperature
T. The volume of the system is V. Energy can flow back and forth between
the system and the reservoir; the energy of the system is € and the energy of
the combination reservoir plus system is Uy. In order to find the value of €
which corresponds to the equilibrium value for the system, i.e. which is equal
to U(T,V), we have to maximize the entropy of the combination system plus
reservoir. Since

Sior(€) = S (U — €) + Ss(€) ~ S (U) — % (e — TSs(e) (2.39)

this means we have to minimize ¢ — T'Ss(¢). In other words, if we specify the
temperature and volume of a system, we can give the energy e an arbitrary
value, but that value will in general not correspond to a system in equilibrium.
The equilibrium value of € is found by minimizing the Helmholtz free energy
€ — T'S(e). This equilibrium value is called U. Very often, notation is sloppy
and one tells you to minimize U —T'S(U). The Helmholtz energies in statistical
mechanics and in thermodynamics therefore have identical properties, and again
the statistical mechanical and thermodynamical descriptions are the same.

The pressure as a function of temperature and volume is related to the
internal energy U and the entropy S by

p(TV) = - <g‘[i)T +T (;‘i)T (2.40)

Both terms can be important, although in general in a solid the first term is
larger and in a gas the second. Beware, however, of the errors introduced by
approximating the pressure by only one of the terms in this expression.

HOW ARE THEY RELATED?

In thermodynamics we have seen that a system as a function of T and V (and
N) is described by the Helmholtz energy F(T,V, N). In statistical mechanics we
needed the partition function Z(T,V, N). These two functions must therefore
be related. It is possible to eliminate S from the definition of the Helmholtz free

energy F, since S = — (%)VN' This gives
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oF
Fever(5r) (2.41)
o)y y
which leads to the following differential equation for F
0o (F U
— (=) == 2.42
or (T) T2 (242)
Combined with the relation between U and log(Z) this leads to the simple
equation
oL <8log(2)>
== =—kp | —=— (2.43)
(or) = ("),
or
F =—kpT log(Z) +c(V,N)T (2.44)

The constant of integration ¢(V,N) is determined by the state of the system
at low temperatures. Suppose the ground state has energy ¢y and degeneracy
go- The only terms playing a role in the partition function at low temperature
correspond to the ground state and hence we have

. __co_
%13102 = goe *BT (2.45)
and hence in lowest order in T near T=0:

F(T,V,N) = —kgT log(go) + €0 + c(V, N)T (2.46)

which gives for the entropy
F
S=- or ~ kplog(go) — ¢(V,N) (2.47)
or )y y

and since we know that at T = 0 the entropy is given by the first term, we
need to have ¢(V, N) = 0, and

or
_ F(T,V,N)
Z(T,V,N)=e *8T (2.49)

In other words, we not only know that F can be expressed as a function of
T and V (and N) , we also have an explicit construction of this function. First
we specify the volume V, then calculate all the quantum states e;(V') of the
system. Next we specify the temperature T and evaluate the partition function
Z(T,V), the Helmholtz free energy F(T,V) and all other quantities of interest.
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The form of the relation between the partition function and the Helmholtz free
energy is easily memorized by writing the equation in the following form,

_ F(T,V,N)

e T =) e T (2.50)

which has Boltzmann like factors on each side.
The entropy follows from

g %(U—F) — kg <; k;sTP(s) + 10g(Z)) =kp ZS: (keBST + log(Z)> P(s)

(2.51)
which gives

S=—kp ZP(S) log(P(s)) (2.52)

as before.This is just an easier way to derive the entropy as a function of volume
and temperature in terms of the elementary probabilities.

2.7 Energy fluctuations.

A system in thermal contact with a large reservoir will have the temperature of
this reservoir when equilibrium is reached. In thermal contact, energy is allowed
to flow back and forth between the system and the reservoir and the energy of
the system will not be equal to U at all times, only as an average. Thermal
equilibrium implies only that there is no net flow of energy between the system
and the reservoir.

ARE THE FLUCTUATIONS REAL?

So far we have made the connection between thermodynamics and statisti-
cal mechanics in the following sense. Thermodynamics is a macroscopic theory
which is experimentally correct. Statistical mechanics is a microscopic theory,
and the averages calculated in this theory seem to be the same as the corre-
sponding quantities in thermodynamics. We have not addressed the concept
of fluctuations, however. Fluctuations are much more difficult to describe in
thermodynamics, although we have given some prescription how to do this.
Fluctuations are easy to describe in statistical mechanics. But are the fluctua-
tions described in statistical mechanics really what we observe experimentally?
How does the thermodynamic limit play a role here? These are very difficult
questions, but here we simply assume that the answer is that we have the cor-
rect description of fluctuations in thermodynamics, since the theory looks like
the thermodynamic form. The fact that in the thermodynamic limit all distri-
butions are Gaussian will have to play an important role.
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STATISTICS IS EASY.

In order to get the root-mean-square fluctuations Ae in the energy, we have
to calculate < €2 >. These fluctuations are related to the heat capacity at

constant volume, C'y, as can be shown in the following manner. By definition:

€s

1 _
U=<e>=— D e FBT (2.53)

_ s (0log(Z)
- 25 _ EpT 2
Cv e <6 > ES €se < 5T . (2.55)
U
Cy = 2> —<e 2.56
v k:BT2<€5> <e >kBT2 (2.56)
which gives with the relation U =< ¢, > that

kpT?Cy =< €2 > — < €5 >?= (Ae)? (2.57)

Two important conclusions are based on this formula. First of all, the right
hand side is positive, and hence the heat capacity is positive. Hence the internal
energy U is an increasing function of the temperature! Second, the heat capacity
is an extensive quantity and hence Ae o< v/N. This tells us that the fluctuations
in the energy increase with increasing system size. A more important quantity
is the energy per particle, % The fluctuations in the energy per particle are
therefore proportional to ﬁ The energy per particle is therefore well defined
in the thermodynamic limit, fluctuations are very small. Also, this formula
for the energy fluctuations is very useful in numerical simulations. In these
calculations one often follows the state of a system as a function of time at
a given temperature, and the fluctuations in the energy are a direct result of
the calculations. By varying the temperature, one also obtains U(T,V). Hence
there are two independent ways of calculating the heat capacity, and this gives
a very good test of the computer programs! Finally, the formula relating the
heat capacity and the fluctuations in energy is an example of a general class of
formulas. Response functions are always related to fluctuations in a system in
equilibrium. In our case, if the fluctuations in energy of a given system at a
given temperature are small, it is apparently difficult to change the energy of
this system. Hence we expect also that we need a large change in temperature
to make a small change in energy, and this implies that the heat capacity is
small.
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2.8 A simple example.

In order to illustrate the ideas developed in this chapter, we consider a simple
example, even though simple examples are dangerous. The energy eigenstates
of a system are given by two quantum numbers, n and 1. The possible values
for n are 1,2,3,---,00, but the values for 1 are limited by [ = 1,2,---,n. The
energy eigenvalues depend only on n:

€nt = nhw (2.58)

where w is a positive number. This problem is essentially a harmonic oscillator
in two dimensions. The partition function follows from

Z(r) =Y n(e Jg})" (2.59)

n=1

and since the factor in parenthesis is always between zero and one, this can be
summed to give

-
B
Z(r)=—S"_ (2.60)

(1 —e kBT)2

The Helmholtz free energy is

F(T) = hw + 2kpTlog(1 — ¢~ F57) (2.61)
The derivative with respect to temperature yields the entropy

2 1 _ _hw
S(T) = hwe ———— — 2kplog(l — e *57) (2.62)
T eFsT — 1

The internal energy is F'+ T'S and is given by

U(T) = hw coth( ) (2.63)

hw
2kpT
Note that the term with the logarithm disappeared in the formula for the en-
ergy U. This is characteristic of many problems. The Helmholtz free energy is
F = —kgTlog(Z) and hence the entropy is S = kplog Z + kBT% (g—%)
Therefore the terms with the logarithms cancel in F'+ T'S.

At this point it is always useful to consider the entropy and energy in two
limiting cases, small and large temperatures. In our problem the natural energy
scale is iw and the temperature is small if the thermal energy kgT is small com-
pared with the spacing between the energy levels, kT < hw. The temperature
is large if the thermal energy kpT covers many energy levels, kgT > hw. For
small values of the temperature we find

V,N"

T—0:U~rhwS~~0 (2.64)
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as expected. The system is in the ground state, which is non-degenerate. For
large values of the temperature we get

T o0 U m 2kpT, S ~ 2kp — 2k log(—-)
kT
This makes sense too. When the temperature is large, the details of the quantum
levels are unimportant and the internal energy should be proportional to kT
The number of quantum states at energy kgT is % and the entropy should
be proportional to log(%).
The heat capacity is also easy to get:

(2.65)

d hw (hw)? 1
C(T) = hw—— coth = 2.66
@) a7 M) = Sy sinh?(51) (2:66)
The heat capacity takes the simple limiting forms
T—-0:C=~0 (2.67)
T — o00:C =2kp (2.68)

In a later chapter we will derive the result that a classical harmonic oscillator
in D dimensions has an internal energy of the form DkgT . If the temperature is
large, our quantum system will mainly be in states with large quantum numbers,
and the correspondence principle tells us that such a system behaves like a
classical system. Our calculated value of the internal energy in the limit 7" — oo
is consistent with this idea.

In order to introduce other extensive variables, we have to make assumptions
for w. Suppose the frequency w is a linear function of volume, w = oV, with
a > 0. In that case we have F(T,V) and the pressure is given by

hw
V = —hw coth(——= 2.69
p () (2.69)
This pressure is negative!l This is an immediate consequence of our relation
between frequency and volume, which implies that the energy increases with
increasing volume, opposite to the common situation in a gas of volume V.
The previous formula also shows that the pressure is directly related to the

temperature, as it should be when there are only two sets of conjugate variables.
The limiting values of the pressure are

T—0:pV ~—hw (2.70)

T — o0:pV = =2kpT (2.71)

We can compare these values with the formula for the pressure we derived before

), e



2.9. PROBLEMS FOR CHAPTER 2 39

If the temperature is small, only the first term is important. If the temperature
is large, the second term is dominant. This is true in general. At low tempera-
tures pressure is mainly related to changes in the internal energy, while at high
temperature it is mainly due to changes in the entropy.

Finally, note that in our example U = —pV. The Gibbs-Duhem relation is
U =TS — pV, and these two results are inconsistent. This is not surprising.
The Gibbs-Duhem relation is based on the assumption that the energy is an
extensive quantity. In our example this is not true. Neither the entropy nor
the energy double their value when the volume is increased by a factor of two.
This indicates that one has to be careful in introducing extensive parameters in
a quantum-mechanical formalism. Our example is too simple, again!

2.9 Problems for chapter 2

PROBLEM 1.

The quantum states of a system depend on a single quantum number n, with
n=20,1,2,---,00. The energy of state n is ¢, = ne (with ¢ > 0 ). The system
is at a temperature T.

1) Calculate the partition function Z(T)

(1)

(2) Calculate the energy U(T) and the entropy S(T)
(3) Calculate T(U)
(4)

4) Calculate S(U) and check that = = (g%)

PROBLEM 2.

The partition function of a system with quantum states n = 0,1,2,---,00
and energies f(n) is given by Z;(T") and for a system with energies g(n) by Z,(T).
The corresponding internal energies are Us(T') and Uy(T); the corresponding
entropies are S;(T) and Sy(T). The quantum states of a composite system
depend on two quantum numbers n and m, with n,m = 0,1,2,---,00. The
energy of a state n,m is €, , = f(n) + g(m).

(1) Find the partition function Z(7') for the composite system in terms of
Z¢(T) and Z,(T)

(2) Do the same for the energy and the entropy

PROBLEM 3.
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A system has only two quantum states available. State number one has
energy zero and state number two has energy € > 0.

(a) Calculate the partition function for this system.
(b) Calculate U(T) and S(T).

(c¢) Calculate the heat capacity as a function of temperature.

The heat capacity as a function of temperature peaks at a certain value of
the temperature. This peak is called a Schottky anomaly.

(d) Is this peak associated with a phase transition? Give an argument justi-
fying your answer.

PROBLEM 4.

(From Reif) A sample of mineral oil is placed in an external magnetic field
H. Each proton has spin % and a magnetic moment p; it can, therefore, have two
possible energies € = FuH, corresponding to the two possible orientations of
its spin. An applied radio frequency field can induce transitions between these
two energy levels if its frequency v satisfies the Bohr condition hv = 2uH. The
power absorbed from this radiation field is then proportional to the difference
in the number of nuclei in these two energy levels. Assume that the protons in
the mineral oil are in thermal equilibrium at a temperature T which is so high
that uH < kT. How does the absorbed power depend on the temperature T of
the sample?

PROBLEM 5.

(From Reif) A system consists of N weakly interacting particles, each of
which can be in either of two states with respective energies ¢; and e, where
€1 < €9.

(a) Without explicit calculation, make a qualitative plot of the mean energy
E of the system as a function of its temperature T. What is E in the limit of
very low and very high temperatures? Roughly near what temperature does E
change from its low to its high temperature limiting values?

(b) Using the result of (a), make a qualitative plot of the heat capacity Cy
(at constant volume) as a function of the temperature T.

(c) Calculate explicitly the mean energy E(T) and heat capacity Cy (T
of this system. Verify that your expressions exhibit the qualitative features
discussed in (a) and (b).

PROBLEM 6.
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(From Reif) The following describes a simple two-dimensional model of a
situation of actual physical interest. A solid at absolute temperature T contains
N negatively charged impurity atoms per cm3; these ions replacing some of
the ordinary atoms of a solid. The solid as a whole, of course, is electrically
neutral. This is so because each negative ion with charge —e has in its vicinity
one positive ion with charge +e. The positive ion is small and thus free to move
between lattice sites. In the absence of an electrical field it will therefore be
found with equal probability in any one of the four equidistant sites surrounding
the stationary negative ion (see diagram in hand-out).

If a small electrical field E is applied along the x direction, calculate the
electric polarization, i.e., the mean electric dipole moment per unit volume
along the x direction.

PROBLEM 7.

The probability of finding a system in a state s is Ps. In this case the entropy
of the system is S = —kp Y P;log(P,). Assume that the system consists of two

S
independent subsystems and that the state s is the combination of subsystem 1
being in state s; and system 2 being in state sy. Use the formula for the entropy
given above to show that S = S; + S5.

PROBLEM 8.

The energy eigenvalues for a single particle in a given potential are €,. These
energy values are independent of how many other particles are present. Show
that the partition function Z(T, N) obeys the relation Z(T, N) = (Z(T,1))".

PROBLEM 9.

The energy eigenvalues of a system are given by 0 and € + nA for n =
0,1,2,---. We have both € > 0 and A > 0. Calculate the partition function for
this system. Calculate the internal energy and the heat capacity. Plot the heat
capacity as a function of temperature for 0 < kT < ¢ for (a) A > ¢, (b) A=¢
,and (¢) A < e.
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Chapter 3

Systems with a variable
number of particles.

3.1 Chemical potential.

MORE STATE VARIABLES?

The extensive system parameters we have studied are S,V,N, and U. Until
now we have allowed for variations in S (defining temperature) and V (defining
pressure). In many processes the number of particles is also allowed to change.
The corresponding intensive parameter is the chemical potential, . In this
section we will discuss the meaning of the chemical potential. In addition, the
system could have other extensive variables. Changes in these variables lead
to new intensive variables. The recipes in those cases are constructed in a
straightforward manner by copying the steps in the development of T,p, and pu.

Two systems are in diffusive contact if particles can flow back and forth
between them. Consider two systems with temperature T, and fixed volumes.
The number of particles in system 1(2) is N1(N3). The equilibrium configuration
is found by minimizing the Helmholtz free energy of the total system, since the
total system is at constant temperature and volume. If AN particles flow from
1 to 2, the change in free energy is

AF = (gi})” (—AN) + (ij)m (+AN) (3.1)

We define the chemical potential by

W(T,V,N) = (gﬁ)” (T, V,N) (3.2)

43
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and the free energy is a minimum if the chemical potentials are equal, p; = ps.
This, of course, is similar to the conditions we found before for temperature and
pressure. Although we could have defined the chemical potential as an arbitrary
function of the partial derivative, the definition above is the only choice which
is consistent with the experimentally derived chemical potential. The definition
in terms of a derivative only holds for large values of N, in general one should
write

w(T,V,N) = F(T,V,N) — F(T,V,N — 1) (3.3)

which tells us that the chemical potential equals the free energy needed to sub-
tract one particle to the system. This is another reminder that of a difference
between thermodynamics and statistical mechanics. In thermodynamics, the
number of moles N of a material is a continuous variable. In statistical mechan-
ics, the number of particles N is a discrete variable, which can be approximated
as continuous in the thermodynamic limit (showing up again!). Finally, if dif-
ferent types of particles are present, on specifies a chemical potential for each
type according to

oF
:u’l(Tv‘/leaN27): (3]\7) (34)
v/ T,V,Njz;

CHEMICAL POTENTIAL, WHAT DOES IT MEAN?

What is this chemical potential? The following example will help you to
understand this important quantity. If the systems 1 and 2 are not in equilib-
rium, the Helmholtz free energy is reduced when particles flow from the system
with a high value of the chemical potential to the system with the lower value,
since AF = (u2 — pu1)AN. We can also add some other potential energy to
the systems. For example, the systems could be at different heights are have
a different electric potential. This potential energy is ®;. If we bring AN
particles from system 1 to system 2, we have to supply an amount of energy
AE = (P2 — ®1)AN to make this transfer. Since this is a direct part of the
energy, the total change in the Helmholtz free energy is given by

AF = (fiz + 2 — u — ®1)AN (3.5)

where [i is the chemical potential evaluated without the additional potential
energy. Therefore, if we choose ® such that

[1,2 + Py = ﬂl + P, (36)

the two systems will be in equilibrium. Of course, the presence of an external
potential ® leads to a term ®N in the internal energy U and hence in F. As a
result
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OF
T, V,N)=|—— =a+® 3.7
urvn = (55) =i (37)
This is called the totalchemical potential. Two systems are in equilibrium
when the total chemical potential is the same. Ordinary, standard po-
tentials therefore give a direct contribution to the chemical potential. But even
without the presence of external potentials, the Helmholtz free energy will still
depend on the number of particles N and we will find a value for the chemical
potential. The value of the chemical potential without any external forces is
called the internal chemical potential. Hence the total chemical potential is the
sum of the internal chemical potential and the external potentials! Confusion
arises when one uses the term chemical potential without specifying total or
internal. Some textbooks assume that chemical potential means internal chem-
ical potential, others imply total chemical potential. Keep this in mind when
reading articles, books, and exam problems!! There is even more confusion,
since we often call the quantity U the internal energy. If that would mean the
energy without the effect of external potentials, the total energy would be the
sum of these two quantities. We could define

Utotal = Uinternal + N® (3.8)
Finternal = Uinternat — T'S (3.9)
Fiotal = Finternat + N® (3.10)
p=j+® (3.11)

in order to be consistent. But I prefer to call Uyytq; the internal energy and only
use p and not fi.

ORIGIN OF INTERNAL CHEMICAL POTENTIAL.

The chemical potential is related to the partial derivative of the Helmholtz
free energy F' = U — T'S. Hence we have

oU oS
"= <azv>w T (azv)w (3.12)

If the particles are independent, the internal energy is linear in N and the first
contribution to the chemical potential is independent of N (but does depend
on T and V). In real life, however, adding particles to a system changes the
interactions between the particles that are already present. The energy depends
on N in a non-linear manner. This is called correlation. But even if the particles
are independent, the entropy will be non-linear in N, since adding particles will
change the number of ways the particles already present can be distributed over
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available states. Hence even for independent particles the chemical potential
will depend on N.

Simple models of chemical potential effects often ignore any volume depen-
dence. We already know from thermodynamics that this cannot be sufficient,
because in that case the chemical potential and the temperature are not inde-
pendent variables. This can be easily demonstrated, since in this case we need
to have:

U
S—Nf(ﬁ) (3.13)
for some function f(z). This gives
LU
=) (3.14)

or U = Ng¢(T) and hence S = N f(g(T')). In this case F' = Nh(T) is linear in N
and p = h(T). Even though such simple models are suspect, they can still be
useful in some discussions.

BASIC FORMULATION.
In summary we have:

The internal chemical potential is a thermodynamic variable which
is equivalent to a standard potential energy: the value of the differ-
ence in internal chemical potential between two systems is equal to
the magnitude of the potential barrier needed to bring these two
systems into diffusive equilibrium.

In other words, two systems are in diffusive contact are in equilibrium when the
total chemical potentials are the same.

3.2 Examples of the use of the chemical poten-
tial.

ELECTRICITY IS ALWAYS USEFUL.

As an example we consider a standard, old-fashioned battery. This simple
example is very useful to help us gain further understanding of what a chemical
potential is. The negative electrode is made of Pb, the positive electrode of
PbO, with a Pb core. The electrolyte is diluted H2SO,, in other words mixed
with water . The chemical reaction at the negative electrode is

Pb+ SO3~ — PbSO, +2¢~ +0.8¢V (3.15)
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and at the positive electrode

PbOy + 2H" 4 HyS04 + 2¢~ — PbSO4 + 2H50 + 3.2V (3.16)

We ignore free electrons in the electrolyte, and hence the only place where we
can take electrons or dump electrons is in the Pb of the electrodes. Therefore,
if the terminals of the battery are not connected by an external wire, these
reactions have as a net result a transport of electrons from the positive electrode
to the negative electrode. The amount of energy gained by transferring one
electron from the positive electrode to the negative electrode through these
reactions is 2 eV. Therefore, the internal chemical potential is higher at the
positive electrode, and fi; — fi— = 2eV. Of course, after a number of electrons
are transported from the positive electrode to the negative electrode there will
be a difference in electrical potential energy between the electrodes. Suppose
the potentials at these electrodes are V; and V_. The flow of electrons in
this unconnected battery will have to stop when the total chemical potential is
constant, or

fip 4 (—e)Vy =fi_ + (—e)V_ =V, —V_ =2V (3.17)

Do we know how much charge has been transferred? No, unless we know the
capacitance of the battery, which depends on the shape and geometry of the
plates and the space between them.

If we connect the terminals of the battery through an outside resistor, elec-
trons will flow in the outside circuit. This will reduce the number of electrons
in the negative electrode, and as a result the chemical reactions will continue to
make up for the electrons leaving through the outside circuit. The actual dif-
ference in potential between the electrodes will be less than 2V and will depend
on the current through the outside circuit. Of course, in real life the poten-
tial difference is always less than 2V because of internal currents through the
electrolyte.

GRAVITY AND ATMOSPHERIC PRESSURE.

A second example is a very simplified study of the pressure in the at-
mosphere. Consider a column of gas in a gravitational field. There is only
one type of molecule in this gas. The gravitational potential at a height A in
the column is mgh, where m is the mass of a molecule. We assume that the
temperature T is the same everywhere, in other words this is a model of a
isothermal atmosphere. Probably not very realistic, but not a bad start. The
density n = % of the molecules is a function of h. Next, we focus on a slice
of gas at a height h with a thickness dh. The value of dh is small enough that
the density n(h) does not vary appreciably within this slice. But it is also large
enough that the slice of the gas contains many molecules. This is possible only
because the gravitational potential doe not very much on the scale of the inter-

atomic distance! We assume that the gas inside this slice through the column
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is an ideal gas. This is again an idealization. The internal chemical potential
for an ideal gas with density n and temperature T is

f(n, T) = kpTlog(n) + po(T) (3.18)

which only depends on n via the logarithm. The gas in this column in the
atmosphere is in diffusive contact, and equilibrium requires that the chemical
potential is the same everywhere. Therefore we find:

kpTlog(n(h)) + mgh = kpT log(n(0)) (3.19)
which leads to
n(h) = n(0)e” FET (3.20)

Because the gas inside a small slice is ideal, we can use the ideal gas equation
of state, pV = NKT, to obtain the isothermal atmospheric pressure relation

p(h) = p(0)e F&T (3.21)

3.3 Differential relations and grand potential.

The six most common basic variables describing a system are the extensive para-
meters entropy S, volume V, number of particles N, and the intensive parameters
temperature T, pressure p, and chemical potential p. Every new measurable
quantity adds one extensive parameter and one intensive parameter to this list.
The free energy is measures by the internal energy U or of a quantity derived
from the internal energy by a Legendre transformation. Of the six basic vari-
ables only three are independent, the other three can be derived. As we have
seen before we need at least one extensive parameter in the set of independent
variables, otherwise the size of the system would be unknown.

If our choice of basic variables is T,V, and N, the way to construct the other
functions is via the partition function and the Helmholtz free energy, using
partial derivatives to get S,P, and p and using U = F + T'S to get U. If our
choice of basic variables is U,V, and N, we calculate the entropy first. Remember

that
1 oS
- [ Z=Z .22
T (aU)V,N (322
and
p_ (08
P ( 6V>U7N (3.23)

The third partial derivative can be obtained in the following way. A general
change in the entropy as a result of changes in the basic variables is
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a8 08 oS
as = (aU)W au + <8V>U,Ndv+ <8N>U7VdN (3:24)

Consider a reversible change in the state of the system in which we keep T
and V constant but change S,U, and N:

@9 =(55), G+ (53), @My 629)

After dividing by (AN)r,y and taking the limit of the variations to zero we find

os\  _(os\ (au) (oS 226)
ON )1y - \oU vin \ON /)y INJyy '
08 1 /oU oS
PR _—— — = _— 3.27
(), 2 lw),, = (o), o
1 (6‘F) < 08 >
— (= === (3.28)
T \ON )y ON )y
from which we get, using the definition of the chemical potential,
oS I
— =—= 3.29
(), =1 620

The relation between the differential changes in dS and dU,dV, and dN is
now very simple and is usually written in the form

dU =TdS — pdV + udN (3.30)

This is the standard formulation of the first law, as expected. It confirms the
point we learned in thermodynamics, that with S;V,N as independent variables
the partial derivatives of U give the remaining dependent variables. The set
S,V,N is therefore a natural set for U. Of course, if we for example use T,V,
and N as independent variables we can also calculate U(T,V,N) and the relation
between the differentials. In this case, however, the coefficients are not simple
functions of the dependent variables, but more complicated response functions:

aS oU
=Cydl + [ —p+T (22 = N 31
dU = Cyd +< P+ <5V>T,N) dV+<8N)T’Vd (3.31)

The Helmholtz free energy F was introduced exactly for that reason, because it
has T,V,N as natural independent variables:

dF = —SdT — pdV + pdN (3.32)

One important class of processes are those which occur at constant T,V, and
N. A second group keeps T,V, and p constant. This is certainly true in many
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chemical reactions! How do we describe the equilibrium state of a system where
the values of u, T, and V are specified. A simple observation is based on the
relations between the differentials. If we define 2 = F — uN we find

dQ = —SdT — pdV — Ndu (3.33)

Hence ) has as natural variables T,V, and p. This is exactly what we need.
Also, for a process at constant p and T the change in 2 is equal to the work
performed by the system. In other words, 2 measures the amount of energy
available in a system to do work at constant chemical potential and temperature.
The free energy 2 is called the grand potential.

3.4 Grand partition function.

One way of calculating 2 is via the Helmholtz free energy F(T,V,N), obtained
from the partition function. If we solve u = (%)TV for N(u, T, V) we can
construct Q(u, T, V) = F(T,V,N(u, T,V)) — uN(p, T, V). This assumes that
we are able to invert the formula for u(T,V, N) and solve for N uniquely. That
this is possible is by no means obvious from a mathematical point of view only.
Of course, in thermodynamics we know that the relation between p and N
is never decreasing, and hence if we did thermodynamics there would be no
problem. Here we are doing statistical mechanics, though, and we have to show
that the statistical mechanical description is equivalent to the thermodynamical
one.

We will now describe a procedure to calculate the grand potential directly,
and hence in this procedure we find the inverse relation for N. The procedure
is the analogue of what we did to construct the partition function. It is a very
general construction, which works for all types of free energies! Consider a
system S in thermal and diffusive equilibrium with a very large reservoir R.
Both energy and particles can be exchange. The total energy Uy of R + S
and the total number of particles Ny in R + S are constant. Therefore, the
probability of finding the system S in a particular quantum state s with energy
€s and number of particles n, is again proportional to the number of quantum
states gr (Up — €5, No — ns) the reservoir has available with energy Uy — €5 and
number of particles Ny — ns. Or

Prob(1) _ gr(Up — €1, No — n1)
Prob(2)  gr(Up — €2, No — n2)

(3.34)

The multiplicity function is the exponent of the entropy. If we assume the the
reservoir is very large, the presence of the system causes only small perturba-
tions, and in first order we find

Prob(1) 1 99 1 Py
Prob(2) exp(g(nz —n1) (8]\772)1]7‘, + 5(62 —€1) (J)VN) (3.35)
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The partial derivatives are —‘7‘1—2 and ﬁ for the reservoir. Since we assume
thermal and diffusive equilibrium, both © and T are the same for system and
reservoir, T'r = Ts = T and pugr = ps = p, and hence we the probability of
finding the system with temperature T and chemical potential p in a quantum

state s is equal to

11 (un,—e
Prob(s) = gek;T(“ aea) (3.36)

The exponential factor is called the Gibbs factor in this case and is an obvious
generalization of the Boltzmann factor. The normalization factor 3 is called the
grand partition function or grand sum and is defined by

3T,V = Y ermr (o) (3.37)
states
The probabilities are again a ratio of an exponential factor and a normalization
sum. We saw before that the partition function contains all information needed
to describe a system. The grand partition function also contains all information
needed. Sometimes it is easier to work with the partition function, sometimes
with the grand partition function.
Since both partition functions contain all information, it must be possible
to construct one from the other. The grand partition function is related to the
partition function by a sum over particle numbers:

3TV = 3 BT E(TLV, ) (3.38)
N

This follows when we split the summation over all states in the grand sum into
two parts, a summation over all possible number of particles and for each term in
that summation a sum over all states with the corresponding number of particles.
The latter gives the partition function. In a later chapter we will give a more
formal justification why this is allowed even in systems where the number of
particles is not conserved. It is related to the invariance of the trace operator in
quantum mechanics. The transformation above is a standard Laplace transform,
and can be inverted. This requires, however, a analytic continuation of the
grand partition function in the complex p plane. Mathematically, that is not a
problem, but what does that mean in terms of physics?

How do we extract information from the grand partition function? One case
is easy. The average number of particles in the system, < ng >= Y ns;Prob(s):

03 _ 1 L (una—es) 1
(8;11)1‘, =7 Zne = kBTg, <ng > (3.39)

Therefore, the average number of particles ( now described by the function
N(T,V,pu) ), is directly related to the grand partition function by

N(T,V,p) = kgT (W)TV (3.40)
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Since the temperature in many formulas appears as ks% , this combination
is often abbreviated by defining § = ,CB% Using § simplifies many superscripts
to simple products in stead of ratios. Of course, this § should not be confused
with the critical exponent describing the disappearance of the order parameter
near the critical temperature! Also, the chemical potential often occurs in the
combination e*s7. This exponential is called the absolute activity (often de-

noted by A = e’ca%T) or the fugacity (often denoted by z = eka%T). The notation
in the latter case is not the same in all books, unlike the conventional abbrevi-
ation (3, which is used almost uniformly. In terms of 3, one finds immediately
that

<85> = (uns — €)W = 3(uN — U) (3.41)
86 w,V s
since U =< €, >. This gives
N (Qle@)  _(pO O
U= (7 >W = (55~ 35 s 34

The recipe for calculations at specified values of u, T, and V is now clear. Cal-
culate the grand partition function 3(u, T, V') and then the number of particles,
internal energy, etc. The construct the grand potential. There is a better and
direct way, however, as one might expect.

Since the grand potential is the correct measure of energy available to do
work at constant V, y and T, it should be related to the grand partition function.
The correct formula can be guessed directly when we remember that:

After comparing this partial derivative with the expression for N in 3.40 we
conclude that:

O =—kpTlog(3) + f(T,V) (3.44)

where the function f('T,V) is still unknown. We will show that it is zero. This
last formula can be inverted to give an expression for log(3). Inserting this
expression in the formula for U leads to

U= (ga‘z - (,fﬁ) log(3) = (g;’u - 8%) G -9) (345

9
a6

o0 (0% _4(9f o9
v=e-f “(m)w ﬂ(aﬂ%ﬁﬁ(éw)#,v (3.47)

U=Q—f+<u;u—ﬁ )(f—m (3.46)
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Next we use the following thermodynamical relations, (g—ﬂ> = —N and
KJv,T
(%)w =I5 (51)y,, = TSB7" to get
of
U=Q—-f+uN-01+:5 + TS (3.48)
ap R
and with U = Q + TS + pN this gives
of apf
0=f+3 () = ( (3.49)
g PR op R
or
F(T,V) =kpTg(V) (3.50)

The partial derivative of the grand potential with respect to T yields the entropy:

In the limit 7" — 0 the grand partition function approaches log(gg) where g is
the degeneracy of the ground state. Therefore, the first term on the right hand
side approaches kp log(go), which is the entropy at zero temperature. Therefore,

%1Lnog(V) =0 (3.52)

but, since g(V') does not depend on T, this shows that g(V) = 0 and hence

Q = —kpTlog(3) (3.53)

or

3= P (3.54)

This form is very similar to the one we found for the relation between the
canonical sum and the Helmholtz free energy.

Working with the grand canonical ensemble is necessary in every situation
where the number of particles is allowed to vary. Besides for systems in diffusive
contact, it is also the ensemble of choice in quantum field theory, where particles
are destroyed and created via operators a and a' and the quantum states are
elements of a Fock space with variable numbers of particles.

Once we have found the grand potential, we are also able to evaluate the
entropy. A simple formula for the entropy is again obtained in terms of the
probabilities of the quantum states. We have

U-Q—puN 1 M
S = — =5 ; esProb(s) + kplog(3) — — ZnsPTOb(S) (3.55)
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€5 —
kaZ kBT & 7 s prob(s) + kg log(3 meb (3.56)

where we used the fact that the sum of all probabilities is one. This then leads
to:

S =—kp Z (F‘”kaTG kg log(3)) Prob(s) (3.57)
=—kp Z Prob(s)log(Prob(s)) (3.58)

just as we had in the canonical ensemble. Note, however, that the similarity is
deceptive. The summation is now over a much larger set of states, including
all possible values of N. So how can the result be the same? The answer is
found easily when we introduce the independent variables. The result of 3.58
is S(T,V,u), while for the canonical case we get S(T,V,N). Like in thermo-
dynamics, we are doing calculus of many variables, and keeping track of the
independent variables is again important!

The fluctuations in the number of particles follow from a calculation of the
average square of the number of particles, just as in the case of the energy in
the canonical ensemble. We start with

< N? >= "n2Prob(s) (3.59)

which is equal to /6’*2% (gffg). Using with < N >=Y"n,Prob(s) = 3711 (8—“)
S

we find
a5 (5) 5 ((3)
<8u >T,V =3 (a/ﬂ 75 (3.60)
or
kgT (%JZ) =<n?>— <n,>?=(AN)? (3.61)

All the partial derivatives are at constant T and V. This formula shows that N is
a monotonically increasing function of 4, and hence p a monotonically increasing
function of N, at constant T and V. This also followed from the stability criteria

in thermodynamics. The quantity (au> v is a response function, just like

Cy. The formula above again shows that this type of response function is
proportional to the square root of the fluctuations in the related state variable.
If the fluctuations in the number of particles in a given system are large, we
need only a small change in chemical potential to modify the average number
of particles. In other words, if intrinsic variations in N at a given value of u
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occur easily, it is also easy to induce a change in the average by external means,
e.g. changing p. Finally, the fluctuations AN are proportional to v/N. In the
thermodynamic limit the fluctuations in the number of particles are infinitely
large, but the fluctuations per particle become infinitesimally small.

3.5 Overview of calculation methods.

The development of the ideas used in statistical mechanics starts with the dis-
cussion of a closed system, with extensive parameters V, U, and N (and possibly
more), which can be set at specified values. These extensive parameters are the
independent parameters describing the system. The link between the micro-
scopic world and thermodynamics is obtained by calculating the entropy. There
are several ways of doing so (more about that in a later chapter), but here we
start with the multiplicity function, g(U, V, N). This function gives the number
of microscopic states available to the system at given U, V, and N. Next, we
define the entropy analogue by S(U,V, N) = kglog(g(U,V,N)). We then take
the thermodynamic limit, making the system infinite, and all variables become
continuous. The thermodynamic limit is always needed, no matter which formu-
lation of statistical mechanics one is using. Sometimes people try to hide it, and
calculate statistical mechanical functions for small systems. But those results
are suspect, because only in the thermodynamic limit can we prove that the
entropy analogue defined above is equivalent to the entropy defined in thermo-
dynamics. Once we have shown that the entropy analogue is indeed equivalent
to the thermodynamical entropy, we can use all results from thermodynamics,
and we are in business.

The path followed above is a good path for theoretical development, but
often not a good way for practical calculations. Using the temperature T as an
independent variable makes life much easier (most of the time). In our model
system we can now choose the following combinations of independent variables:
(T,V,N), (T,V,u) , and (T,p,N). Note that we need at least one extensive
variable. Other combinations are possible to, but do not lead to useful free
energies (see thermodynamics). Next, we construct the Hilbert space of all
possible quantum states which are consistent with the values of the extensive
parameters in the combination. This space is, for the three cases above, S(V, N)
, S(V) , and S(IV), respectively. Next, we calculate the partition sum for these
situations:

Z(I,V,N)= Y P (3.62)
seS(V,N)
3T, Vou)= Y erflernm) (3.63)
seS(V)
(T,p,N)= Y e fleatrms) (3.64)

SES(N)
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where in the last case (which we did not discuss here) the volume of the state
is vs. This last formulation is only included for completeness, and to show how
other transformations are made. The argument of the exponent in the sum is
easy to find if we think about the free energies that are used in the situations
above. In the first case it is F, in the second case Q) = F' — uN, and in the last
case G = F + pV. The relations with the free energy follow from:

F(T,V,N) = —kyTlog(Z(T,V,N)) (3.65)
Q(T> v, :U’) = _kBTIOg(S(Ta Vi :U’)) (366)

or in exponential form, which resembles the sum in the partition functions,

Z(T,V,N) = ¢ AFTVN) (3.68)
3(T,V,p) = e PV (3.69)
((T,p, N) = e FTPN) (3.70)

Once we have the free energies, we can revert to thermodynamics. We
can also do more calculations in statistical mechanics, using the fact that the
probability of finding a state is always the exponential factor in the sum divided
by the sum. This is a generalization of the Boltzmann factor. We can then
calculate fluctuations, and show that certain response functions are related to
fluctuations. For example, we would find:

(AV)? = kT (av> (3.71)
9 ) 1N
The example with changing V to p is a bit contrived, but shows the general
principle. A practical example involves magnetic systems, where we can either
use the total magnetization M of the applied field H as an independent variable.
There we would have:

Z(T,V,N,M)= Y e P = ArRIVNM (3.72)
seS(V,N,M)
or
Z(T,V,N.H)= Y e Pleemtime) - o=fG(TV.N.H) (3.73)
seS(V,N)

where G is a generalized form of a Gibbs energy. We have used the same symbol
for the partition function (sorry, I could not find a new and better one). This
is also very commonly done in the literature. Fluctuations follow from



3.6. A SIMPLE EXAMPLE. o7

oM
(AM)? = kpT () (3.74)
OH ) 1y N
Finally, the different partition sums are related by Laplace transformations.
For example, we have

3(T,Vyu) =Y N Z(T,V,N) (3.75)
N

We can also do the back transformation, but that involves an integration in the
complex p plane. Although we can relate complex temperature T to time, I
have no idea what the physical meaning of complex p would be.

3.6 A simple example.

A very simple example of the use of the grand canonical ensemble is a study of a
one-dimensional photon gas where all the photons have frequency w. The energy
€, of the quantum state n is nfiw, while the number of particles in that state is
N, = n. The values for n are 0,1,2,.... This example is oversimplified, since one
quantum number controls two quantum states. Also, there are only two sets of
thermodynamic variables. We should therefore only use it as an illustration of
how we sometimes can do calculations, and not draw strong conclusions from
the final results. The grand partition function follows from

o0
3Ty = 3 eBlutein (3.76)
n=0
This series can only be summed for p < Aw, leading to
3T, p) = - 3.77
(T.) =+ (3.77)

All thermodynamic quantities can now be evaluated from the grand potential
and we find

Q(T, 1) = kpTlog(1 — ePr=l)) (3.78)
1 hw-—
- _ _Blu—hwyy 2 W H
S(T, 1) = —kplog(l —e )+ T 1= ofli—h) (3.79)
N(T,pu) = fracle?m==r _q (3.80)
U(T, ) = Q+ TS + uN = Nhw (3.81)

We have followed all steps in the statistical mechanical prescription for the
grand canonical ensemble, and we obtained reasonable answers. Nevertheless,
thermodynamics tells us that for a system with only T, S, x4, and N as state
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variables U = T'S + uN (Gibbs-Duhem), and hence Q = 0. Also, T = (gU)N
which is zero according to the formula U = Nhw. What went wrong?

There are two problems. First of all, in a T,S,u ,N system we cannot choose
T and p as independent variables in thermodynamics. We have to introduce an
extensive parameter. Second, we have to take the thermodynamic limit. The
formula for N can be inverted to yield a formula for u:

0

1
pu=hw—kgTlog(1+ N) (3.82)

which tells us that for a given value of N the chemical potential and the tem-
perature are related. In the thermodynamic limit N — oo we find p = hw. For
this value of the chemical potential the series for the grand partition function
does not converge anymore, hence we have to perform all calculations for finite
values of N and take the limit only in the end. The grand potential per particle
is

AT N) (3.83)

and this quantity is zero in the thermodynamic limit. Hence we retrieved the
result anticipated from thermodynamics. We also find

1
S(T,N) = kplog(N +1) + Nkglog(1 + ) (3.84)

which shows that in the thermodynamic limit % = 0. In other words, temper-
ature is not well-defined for this system. This problem is independent of the
thermodynamic limit, but is inherent to our simple model where we use only
one quantum number for both energy and number of particles. For a given
number of particles the energy is fixed! Hence we really only have two indepen-
dent variables in our system and thermodynamically our system is completely
characterized once we know the value of N. In realistic physical models the pa-
rameters N and U have to be independent. An example is found in the next
section.

3.7 Ideal gas in first approximation.

The ideal gas is the first realistic and complete model we encounter. There are
three sets of thermodynamic variables. We have volume and pressure, entropy
and temperature, and chemical potential and number of particles. Therefore,
we can choose T and p independently, after which the value of p is fixed.

In the original experiments with a gas as a function of pressure, volume,
and temperature it was noted that the relations between these thermodynamic
quantities were very similar for many different gases. Therefore, one postulated
the so-called ideal gas laws and tried to explain why a real gas shows small (or
large) differences from these ideal gas laws. Of course, we now know that the
most important parameter for ideal gas behavior is the density n = %, and that
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the ideal gas laws are simply the limits of the correct functional dependencies to
zero density. It is just fortunate that almost every gas is close to ideal, otherwise
the development of thermal physics would have been completely different!

The quantum mechanical model of an ideal gas is simple. Take a box of
dimensions L x L x L, and put one particle in that box. If L is large, this is
certainly a low density approximation. The potential for this particle is defined
as 0 inside the box and oo outside. The energy levels of this particle are given

by

R omN? 2 2
€(ng,ny,ny) = 37 (f) (ng +mny +n3) (3.85)
with ng ,ny, and n, taking all values 1,2,3,..... The partition function is easy to

calculate in this case

zZ = Z e Pe(nanynz) —

NgNyNz

Z(;%(%)Q”i Ze*%(%)%z 267%(%)2@ (3.86)
Nz

Ne Ny
Define o? = ﬁ and realize that the three summations are independent.
This gives

o 3
Z = (Z ea2”2> (3.87)

We cannot evaluate this sum, but if the values of a are very small, we can use
a standard trick to approximate the sum. Hence, what are the values of a?
If we take h ~ 1073%Js, M ~ 5 x 1025kg (for A around 50), and L = 1m,

we find that a? ~ 1%;3;J, and a < 1 translates into kgT > 1073%J. With

kp = 10723JK ! this translates into T > 10~ K, which from an experimental
point of view means always. Keep in mind, though, that one particle per m? is
an impossibly low density!

In order to show how we calculate the sum, we define z,, = an and Az = «

and we obtain

> _a2n? 1 > 2
Z e == Z e “nAx (3.88)
n=1 n=1
In the limit that Az is very small, numerical analysis shows that
= e s 1 !
Z e " Arx & / e ¥ dr— iAx +0 (efﬂ> (3.89)
n=1 0

where the integral is equal to 3+/7. The term linear in Az is due to the fact that
in a trapezoidal sum rule we need to include the first (n=0) term with a factor
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%. The remainder of the error converges very rapidly in this case, because of
the special nature of the integrant. Therefore, for T > 101K we can replace

the sum by an integral and we find:

Z ~ (ﬁ>3 (3.90)

2a
Note that in the case o < 1 we have Z; > 1. Since this sum appears in the
denominator of the probability for a state, the probability of being in a given
state is very small.

The volume V of the box is L and the quantum concentration ng(7T') is
defined by

3
MkgT\?
ng(T) = ( 512 > (3.91)
Combining these formulas leads to
Z1(T,V) =Vng(T) (3.92)

Since we have one particle only, the density is n = % and the condition Z; > 1

is equivalent to n < ng(T). For a normal gas (which is very dilute), this
is always obeyed, and we can replace sums by integrals. This is called the
classical limit. Discontinuities due to the discrete energy spectrum in quantum
mechanics are not important, and everything is smooth. On the other hand, if
n = ng(T) we need to do the sums. This is the case when the density is large
or the temperature is low.

We note that Z; oc T2. The factor three is due to the presence of three
summations, one for each spatial coordinate. If we would be working in D
dimensions, this would be Z; T%. Therefore, the internal energy is

5 (021 D
UT,V,N=1)=kgT < o7 )V =3 kpT (3.93)
as expected for one particle.

What do we do with N particles? We assume that the energy states of
the particles are independent, and hence the energy of all particles together
is the sum of all one particle energies. This would suggest that Z(T,V,N) =
ZN(T,V). If the particles were distinguishable, this would be correct. But we
know from quantum mechanics that the particles are not distinguishable. Hence
we do not know which particle is in which state! Therefore, we propose that the
partition function for IV particles in this box is given by

Z(T,V,N) = 1 (20 (3.94)

The presence of a power of N can be easily argued for, as we did above, but the
factor N! is not clear. If we assume that the particles are indistinguishable, it
makes sense to divide by N!. This factor N! did lead to a lot of discussion, and
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the more rigorous treatment which will follow will indeed justify it. Before this
more rigorous theory had been developed, however, experiments had already
shown that one needed this factor! Using this formula we obtain the results for
an ideal gas:

1
E(T,VN) = 5 (Vag(1)™ (3.95)
0log(2) 3
_ 2 - =
U=kpT ( - >V7N S NkpT (3.96)
F = —kpTlog(2) = kgTlog(N!) — NkgT log(ngV) (3.97)

Using Stirling’s formula and only keeping terms in F which are at least propor-
tional to N, we obtain

F = NkgT (1og(nQ7zT)) - 1) (3.98)
p=— (gi)ﬂv = N?T (3.99)
S=(2) k(20 5)

This last formula is called the Sackur-Tetrode relation.

If one ignores the N! in the definition of the partition function for N particles,
several problems appear. First of all, the argument of the logarithm in all
formulas would be ng(7")V, and quantities like F and S would not be extensive,
i.e. they would not be proportional to N (but to Nlog N)! Also, the second
term in S would be %NkB. S can be measured precise enough to show that we
really need g Hence these experiments showed the need of a factor N! (or at
least for an extra Nlog N — N).

The formula for the entropy is valid for an ideal gas, or for a gas in the
classical limit. Nevertheless, it contains factors A (through ng(T)). That is
really surprising. In many cases the classical limit can be obtained by assuming
that 7 is small. Here that does not work. So why does A show up in a classical
formula? Interesting indeed.

The chemical potential follows from the Helmholtz free energy:

w=kpT log( ) (3.101)

nq(T)

A calculation of the grand partition function is also straightforward. We
find

3T V)= 2N L(z)N = B (3.102)
N

NI
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and the grand potential is

AT, p1, V) = —kpT22) = —kpTe Vg (T) (3.103)

The average number of particles is — (‘g—g) , leading to
KT v

N = PVng(T) (3.104)

which is consistent with 3.101.
We can also check the Gibbs-Duhem relation. We find

no(T) 5\ NkpT n
TS — N = NkgT (log(————~ 4+ = | — ——— Tlog(———)N
S—pV+upu kp (og( - +2 v V+kp Og(nQ(T))
(3.105)
3
TS —pV + uN = SNkpT (3.106)

which is equal to U indeed.

In the previous formulas we have assumed that we can replace the summa-
tions by integrations. Is that still valid for N particles? Could anything go
wrong? In replacing the sum by an integral we essentially wrote

Zy =I(1+¢) (3.107)

where the constant I represents the result obtained using the integral and e
is the relative error. This error is proportional to «, which is proportional to
(Vng(T))~3. We can replace the summation by an integral is Ving(T) > 1.
For N particles we need to calculate

ZN =11 +e)N =~ IV(1 + Ne¢) (3.108)

as long as the error is small, or as long as Ne < 1. This implies

N3 < Vng(T) (3.109)

or

n < ng(T)N~? (3.110)

and in the thermodynamic limit this is never obeyed!! That is strange. The
formulas that resulted from our partition function are clearly correct, but the
error in the partition function is not smalll! What went wrong? The answer is
that we are not interested in the error in the partition function itself, but in the
error in the Helmholtz free energy, because that is the relevant quantity for all
physics. In the Helmholtz free energy we have:

F = Figeat — NkpTlog(1 + ¢) (3.111)
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Our new condition is therefore that the second term is small compared to the
first term, or

[log(1+¢)| < |log(m) -1

We now take the same requirement as in the one particle case, and assume
that

(3.112)

n < ng(T) (3.113)

which also implies Vng(T') > N or ¢ < 1. This means that the left hand side
of 3.112 is much smaller than one. Since the right hand side is much larger
than one (note the absolute sign, the logarithm itself is large and negative!), the
Helmholtz free energy is indeed approximated by the formula we gave.

The inequality n < ng(T") inspired the name quantum concentration. If
the concentration is comparable to or larger than the quantum concentration,
we have to use the series. Also, at that point quantum effects like the Pauli
principle will start to play a role. If the condition above is fulfilled, we are in
the classical limit

Hence everything seems OK. But there might be one last objection. We
need to take derivatives of the free energy, and is the derivative of the error
term small? The two terms in the free energy are:

n
Figeat = —NkpT (log - 1) 3.114
st = =N T (108 ) (3114
and
Fipune = —NkpTe = —NkgT f(V,T)(Vng(T)) ™5 (3.115)

where f(V,T) is some function of order one. As an example, we take the deriv-
ative with respect to V, in order to get the pressure. The ideal gas result is
N ’%fT, and the derivative of the truncation error in the free energy has two

terms. One part comes from the last factor, and gives

1 NkgT 1
5 VD (Vig(T) ™+ (3.116)
which is again small if Vng(T) > N. The second part gives
N/{BT 6f 1
— V= V,T)| (Vng(T 3.117
2|V (5), v vae(r) S (3.117)

and could be large if f(V,T) is an oscillating function. This is fortunately not
the case. Formula 3.89 tells us that f(V,T) is equal to —% plus terms that are
exponentially small. The first part gives zero derivatives, and the second part
gives derivatives which are exponentially small.

The error analysis above is typical for fundamental questions in statistical
mechanics. In many cases it is ignored, and often without consequences. In



64 CHAPTER 3. VARIABLE NUMBER OF PARTICLES

the next chapter we will see that Bose-Einstein condensation is an example of
a natural phenomenon that would not be described at all if we ignored such an
error analysis. In fact, in the description of many phase transitions one needs
to be careful!

3.8 Problems for chapter 3

PRrROBLEM 1.

The Helmholtz free energy of a system at an appropriate temperature is given
by F(V,N) = Nlog(%)— N.

1. Calculate the pressure and chemical potential.

M such systems, all with volume V, are in diffusive contact and in equilibrium.
In addition, there is a potential energy per particle ®; in system i. The total
number of particles in the M combined systems is N.

2. Find the number of particles in each of the subsystems.

PROBLEM 2.

The quantum states of a given system have a variable volume. The energy of

state n is €,,, while the volume of state n is v,,. This system is at a given pressure

p.

a) Show that the probability of finding the system in state n is proportional to
_B(En“"pl’n)

e .

b). In this case we define a partition function Z(T,p, N) = 3" e~ Plentrrn) Show

n
that the Gibbs energy G = U — T'S + pV is related to Z by G = —kpT log(Z).
c¢) Find a formula relating the fluctuations in volume to the isothermal com-
pressibility.

PROBLEM 3.

A system contains an ideal gas of atoms with spin % in a magnetic field

B(7). The concentration of the spin up (down) particles is nq(7) ( ny () ). The
temperature is T.

(A) Evaluate the total chemical potential for the spin up and down particles.

(B) These two chemical potentials have to be the same and independent of 7.
Explain why.

(C) Calculate the magnetic moment of this gas as a function of position.

(D) Show that the concentration of magnetic particles is high in regions with
a large magnetic field.
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PROBLEM 4.

The state of a many body system is characterized by two quantum numbers,
n and m. The possible values of the quantum number n are 0, 1,2, - - -, co, while
the values of m are in the range 0, 1, - - -, n. The energy of the system in the state
(n,m) is nfw and the number of particles is m. Evaluate the grand partition
function for this system.

PROBLEM 5.

An ideal gas of atoms with mass m is contained in a cylinder that spins
around with angular frequency w. The system is in equilibrium. The distance
to the axis of the cylinder is r. The radius of the cylinder is R. Calculate the
density of the gas as a function of r.

PROBLEM 6.

Extremely relativistic particles obey the relation E(k) = fic|k|. Assume we
have a gas of these identical particles at low density, or n < ng(T).

(A) Calculate the partition function Z;(T,V) for N=1.
(B) Calculate Z(T,V, N).
(C) Calculate p(T,V,N), S(T,V,N), and u(T,V,N).

PROBLEM 7.

The chemical potential of an ideal gas is given by 3.101. Suppose n <
ng(T). In this case we have p < 0. A bottle contains an ideal gas at such an
extremely low density. We take one molecule out of the bottle. Since p < 0 the
Helmholtz free energy will go up. The equilibrium of a system is reached when
the Helmholtz free energy is minimal. This seems to favor molecules entering the
bottle. Nevertheless, we all know that if we open the bottle in an environment
where the density outside is lower than inside the bottle, molecules will flow
out. What is wrong with the reasoning in this problem?

PROBLEM 8.

The only frequency of the radiation in a certain cavity is w. The average

_hw
number of photons in this cavity is equal to {e kpT — 1] when the temperature

is T. Calculate the chemical potential for this system.

PROBLEM 9.
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A system can be in one of four states. These are

1) No particles, zero energy

2) One particle, energy €;

3) One particle, energy es

(1)
(2)
(3)
(4) Two particles, energy €; +eo + I

where €5 > €1 > 0 and I < 0. This sign of I is unusual. The temperature
is T and the chemical potential is g. This is a very simple model, and in order
to make this realistic we should really consider many of these systems together.
That is not asked in this question, though.

(A) Calculate the grand partition function
(B) Calculate N (T, p)

(C) Calculate (%)u and show that this can be negative. What does that

mean?



Chapter 4

Statistics of independent
particles.

4.1 Introduction.

PARTICLE STATISTICS.

If you think about the consequences of assuming a low density limit for a gas,
it comes to mind immediately that the interactions between the particles must
be very small. An ideal gas is defined as a gas of non-interacting particles in the
low density limit. If we leave out the low density, but still assume that there are
no interactions between the particles, quantum effects will start to play a role
and in that case the gas is a Bose or Fermi gas. Although one might object that
in this case it it not correct to ignore the inter-particle interactions, there are
enough systems where these interactions are small and a non-interacting gas is
a very good first approximation. This explains why it is useful at all to discuss
Fermi or Bose gases.

The treatment of the ideal gas in the previous chapter is useful, but it is not
a good starting point for more precise calculations. In this chapter we discuss
an approach which is very versatile, and can be used to include the effects of
particle statistics and interactions.

ORBITALS.

The energy levels used in the previous section were the energy levels of a sin-
gle particle in a large box. What happens when we add a second particle to this
box? If the particles are really independent, the presence of this second particle
will not alter the energy levels of the first. Neither will the first particle influence
the energy levels of the second, and hence both particle will have the same set

67



68 CHAPTER 4. STATISTICS OF INDEPENDENT PARTICLES.

of energy levels available. These energy levels are called single particle states.
In order to avoid using the word state in two different meanings, we will follow
a standard approach and call these single particle states orbitals. One is used
to the word orbital for systems of electrons, but here it is generalized to systems
of arbitrary particles.

An example will help to describe this. Consider an atom, for which the
states of the electrons are given by the quantum numbers n, [, m. We lump these
quantum numbers together and use the symbol o, for orbital. The corresponding
energies depend, however, on the states of all other electrons. In Helium, for
example, the energy of an electron in the 1s state is different in the 15%22s°
configuration and in the 1s'2s! configuration. It is larger (more negative) in
the second case, because the 2s electron does not screen the nucleus as well as
the 1s electron. In this case there are many body effects, often described by the
word correlation. The energy levels are of the form €, where s stands for the
state of the whole system.

ORBITAL ENERGY OF INDEPENDENT PARTICLES.

In an ideal gas we have a special situation. Here the particles do not interact,
and the energy of a particle is independent of the states of the other particles.
We say that there is no correlation, or no screening, and we can write

€

S =¢ (4.1)

for all orbitals o and in all states s of the total system. We say that the particles
are independent.

This is a useful approximation to make, but is it realistic? In a Helium
answer the answer is clearly no. But it turns out that for electrons in a metal
the independent electron approximation is not a bad starting point. Well, more
or less, as long as we replace the electrons by quasiparticles, that is electrons
with a corresponding empty space around them, out of which other electrons
have been repelled. For details, see books on solid state physics.

TOTAL ENERGY OF INDEPENDENT PARTICLES.

A general many body state of a system with N particles is completely known
if we know how many particles are in each orbital. This defines a function of
the single particle orbital index o for each many body state s, nS. The energy
of this many body state in terms of the single particle orbital energies ¢, is

E(state s) = aneo (4.2)
and of course we have

N(state s) = an, (4.3)

o
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If we add one particle to the system, we assume that the orbital energies for this
particle are the same as for the other particles. For most practical applications
it is not necessary that this is true for an arbitrary number of particles in the
system. Fluctuations in the number of particles are never very large and if the
two formulas only hold for a certain range of values of N around the equilibrium
value < N >, they are already useful and the subsequent discussion is valuable.
This is the case in metals. The energy levels of the conduction electrons in
a metal are in first approximation independent of the state of the electronic
system for many changes in N which are of importance, but certainly not for
changes starting with zero particles! Even for small changes in N one has to be
aware of processes where the orbital levels do change because the correlation
between the particles changes.

INCLUSION OF CORRELATION.

For atomic systems, as mentioned before, these correlation effects are always
important and a typical formula for the energy of a rare earth atom with ny
electrons in the 4f shell is

1
E(ny) = E(0) + npes + 5nﬁcU (4.4)

which introduces a Coulomb interaction U, which is of the same order of mag-
nitude as e (a few eV). This also shows why a starting point of independent
particles can be very useful. The previous formula can be generalized to

S 1 S8
E(state s) = E(0) + zo: noe, + 3 Z nong Up. o (4.5)

0,0’

If the Coulomb interactions are small, we can try to find solutions using pertur-
bation theory, based on the starting point of the independent particle approx-
imation. Of course, it is also possible to extend the equation above to include
third and higher order terms!

INCLUSION OF QUANTUM STATISTICS.

How many particles can there be in one orbital? That depends on the nature
of the particles! If the particles are Fermions, we can only have zero or one
( no = 0,1). If the particles are Bosons, any number of particles in a given
orbital is allowed. Hence in the independent particle formalism the effects of
quantum statistics are easy to include! This is another big advantage.

CALCULATION FOR INDEPENDENT SUBSYSTEMS.

Suppose a gas of non-interacting particles is in thermal and diffusive contact
with a large reservoir. Hence both the temperature T and the chemical poten-
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tial p are specified. The volume V of the gas determines the orbital energies
€,(V). We will now divide this gas in a large number of subsystems, each of
which contains exactly one orbital. If all these subsystems are in thermal and
diffusive equilibrium with the reservoir, they are in equilibrium with each other.
Therefore, the properties of the total system can be obtained by adding the
corresponding properties of all subsystems and the total system is really the
sum of the subsystems! The properties of each subsystem, or each orbital o,
follow from

?
n(p—co)

3T V) = 3 et (4.6)
n=0

because the energy of a state of the subsystem with n particles in the orbital
o is simple ne,. Quantum effects are still allowed to play a role here, and they
determine the upper limit of the summation. The Pauli exclusion principle for
fermions tells us that we can have at most one particle in each orbital and hence
for fermions there are only two terms in the sum. For bosons, on the other hand,
there is no such a restriction, and the upper limit is oo.

FERMIONS.

We will first consider the case of Fermions. The grand partition function for
an orbital is

3(T, V) =1+e57 (4.7)

Once we have the partition function for each orbital, we can calculate the average
number of particles < n, > in that orbital. In terms of the probabilities P, of
finding n particles in this orbital we have < n, >= 0Fy + 1P;. Hence we find

eFBT 1
< no >= e = = (48)

1+e*8T  ekBT 41

Hence the average number of particles in a subsystem depends on T and p and
€,(V). The only quantity of the orbital we need to know to determine this
average is the energy! No other aspects of the orbital play a role. In general,
the function of the energy e which yields the average number of particles in an
orbital with energy e is called a distribution function and we have in the case
of Fermions:

1
fro(6T, ) = ———— (4.9)
efsT +1

This function is called the Fermi-Dirac distribution function. The shape of this
function is well known, and is given in figure (4.1).
The Fermi-Dirac distribution function has the following general properties:
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Figure 4.1: Fermi Dirac distribution function.

lim frp(eT,pu) =0 (4.10)

lim frp(&T,p) =1 (411)
1

frp(e =T, p) = B (4.12)

and the horizontal scale for this function is set by the product kgT. In the limit
T — 0 the Fermi-Dirac function becomes a simple step function, with value 1
for e < p and value 0 for € > p. Note that at € = p the value remains % !

Bosons.

In the case of Bosons the summation in the grand partition function goes
from zero to infinity and we have

P nu—co) 1
30(T7Na V) = Ze ’gBT = = (4.13)
n=0 GW —_— 1

which is only valid when p < €,, or else the series diverges. This is an important
difference with the previous case, where p could take all values. Here the possible
values of the chemical potential are limited! The average number of particles
follows from

310g(30)>
o >=kpT | ———— 4.14
<ne>=kp ( o . (4.14)

which gives
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1
<np>=———

o— I

ekfsT —1

(4.15)

Again, this only depends on the values of the temperature and chemical potential
(as given by the external reservoir) and the energy of the orbital. No other
properties of the orbital play a role. The distribution function for Bosons is
therefore

feE(6T, 1) = % (4.16)

e*sT — 1

This function is called the Bose-Einstein distribution function. The only dif-
ference with the Fermi-Dirac distribution function is the minus sign in the
denominator. This is a small difference, but with large consequences. The
Bose-Einstein distribution function has the following properties:

lim frp(e;T,p) =0 (4.17)
lim fipp(e; T, ) = oo (4.18)
elp

and it is the last infinity that is the cause of all differences. The big difference
between the two different distribution functions is the maximal value they can
attain. For fermions the distribution function never exceeds the value of one,
while for bosons there is no upper limit.

LIMIT OF SMALL OCCUPATION NUMBERS.

It is possible to choose T and g in such a manner that the value of the distri-
bution function is always much less than one for all orbital energies. In order to
use this argument it is essential that the orbital energy has a lower limit (which
is zero in our case of particles in a box). This requirement is quite natural.
All realistic Hamiltonians are bounded from below, and the energy spectrum
always has a minimum. The only exception is the Dirac Hamiltonian in first
quantization, but in that case the existence of negative energy states is easily
resolved in second quantization, where the negative energy states correspond to
positrons with normal positive energies.

The requirement for small occupation numbers is that

w(T) < €min — kT (4.19)

Note that this does not mean that in the limit 7" — oo this inequality is not
obeyed! The chemical potential also has a temperature dependence which needs
to be taken into account. When the inequality above is valid, we have

etET > 1 (4.20)
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and hence in the distribution functions the terms +1 can be ignored. In that
case both distribution functions reduce to the same form

e

fup(eT, pn) = e*s™ (4.21)
which is the Maxwell-Boltzmann function. Quantum effects do not play a role
anymore, since in this limit there is no distinction between Fermions and Bosons.
This is therefore the classical limit and an ideal gas is also called a Boltzmann
gas.

USE OF DISTRIBUTION FUNCTIONS.

Once we have chosen the appropriate distribution function for our system,
it is easy to calculate thermodynamic variables. A general property Q of a
independent gas as a function of T, u, and V follows from the values of Q,(V)
for all orbitals from

QUTV,i) =Y ol V)i T, 1)Qo(V) (4.22)

orb

Two important examples are the number of particles and the internal energy

N(T,V,p) = feo(V); T, 1) (4.23)
orb
U(T,V,p) = fleo(V); T, p)eo(V) (4.24)
orb

These two equation are sufficient to derive all of thermodynamics, although
we later will see that there is a better way of doing that. From the first equation
we can find by inversion u(7,V,N) and then by integration F(T,V,N). The
second equation can be written as a function of T, V, N too when we substitute
1. But in many cases we do not need that, and the strength of this approach is
really when we can use equation 4.22 directly. Note: in order for these sums to
converge, we always need p < €,. In other words we need u < €in.-

What have we gained by introducing this formulation of independent parti-
cles? The formulas we need still look very similar to those we used before. The
important difference, however, is the number of terms involved. If the number
of orbitals N, is finite, the number of N particle states in the partition func-

tion is N, for bosons and (JX;’) for fermions. Since in practice N, > N the

numbers are very similar for bosons and fermions. This indicates that the sum
over many particle states in the general formalism is much more complicated
than the sum over orbitals in the independent particle systems! In many cases
the sum over orbitals reduces to an integral over a single variable, and these
integrals are easy to analyze. Ouly for very small systems (e.g. 3 orbitals, 2
particles) is the complexity of the general approach similar to the independent
particle formalism. But keep in mind that using distribution functions implies
independent particles!
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4.2 Boltzmann gas again.

An ideal gas is defined as a system of (1) free, (2) non-interacting particles in
the (3) classical regime. Restriction (1) means that there are no external forces,
beyond those needed to confine the particles in a box of volume V. Restriction (2)
means that there are no internal forces. Restriction (3) means that we can ignore
the quantum effects related to restrictions in occupation numbers. This means
that we use the Maxwell-Boltzmann distribution function. Restrictions (1) and
(3) are easy to relax. Most of solid state physics is based on such calculations,
where electrons can only singly occupy quantum states in a periodic potential.
Restriction (2) is much harder to relax, and many discussions in physics focus
on these correlation effects.

IDEAL GAS AGAIN.

In this section we derive the results for the ideal gas again, but now from
the independent particle point of view. This implicitly resolves the debate of
the factor N! The energy levels of the particles in the box are the same as we
have used before. The ideal gas follows the Boltzmann distribution function
and hence we find

N=> fusle)= Ze% = eFoT 2, (4.25)

orb orb

We again introduce the quantum concentration ng(T") and solve for p :

no(T) = (Ai]:;;T)z (4.26)
= kpTlog (nJET)) (4.27)

The requirement y < —kgT is indeed equivalent to n < ng(T). The internal
energy is also easy to obtain:

U = z;foei;? = ekBLTkBCZQ@% z;e— ToT (4.28)
NkgT? (02 3

U= —_— = —NkgT 4.29

Z ( oT )NV 2P (429)

as we had before. To get to the last step we used that Z; is proportional to T%.
ALWAYS THE SAME STRATEGY.

In many cases one uses the formula for N in the same way we did here.
From it we solved for p(7, N,V) and we also obtained U(N,T,V) accordingly.
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Although the distribution functions depend on u, it is often possible to use
this approach to obtain functions of N,T,V. Also note that for the ideal gas

(%)T ~ = 0 and hence that the pressure in an ideal gas is completely due to
the derivative of the entropy, as we have stated before. This is due to the fact
that

oF oU a8
P <aV)T,N <aV)T,N+ (aV)T,N (4:30)

In a real gas system, of course, a change in volume will change the average
distance between particles and hence the inter-particle interactions. This will
give a small correction to the formula for U, and hence a small contribution to
the pressure. In solids, on the other hand, the pressure is mainly due to the
change in interaction energy.

SUMMATION OF THE CHEMICAL POTENTIAL.

We have transformed our independent variables to the set T, V, N and there-
fore need to find the corresponding free energy. The Helmholtz free energy is
the important quantity and can be calculated as soon as u(7T, N, V) is found, be-
cause p = (%)T,V' The Helmholtz free energy for a system with zero particles

is zero, and hence we have

N
F(N,T,V) = / pdN' =
0

N N/
/ kgT log <> dN' = NkgT <log(
0

o) ) — 1) (4.31)

n
nq(T)
where we used fON log(¢N')dN' = Nlog(c) + Nlog(N) — N.

Formally, there is an objection against using an integral over the number of
particles when this number is small. Remember that the chemical potential is
the free energy needed to add one particle to the system, and hence a correct
expression for F is

N
F(N,T,V) =Y u{N,T,V)=
N=1

N .
> kpTlog <VnZ(T)> = kpTlog(N!) — N log(ng(T)V) (4.32)
N=1

Here we used the fact that Z%:l log(¢N) = Nlog(C) + log(N!). If N is very
large we can again use Stirling’s formula to show that this form really reduces
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to the previous expression. We replace log(N!) by Nlog(N) — N only, since all
other terms vanish in the thermodynamic limit.

BACK TO THERMODYNAMICS.

Once the Helmholtz free energy is known, the entropy and pressure can be
calculated and we obtain again

p=— <Z€)TN = el (4.33)
S=— (Zi)m = Nkg <log(nQ1§T)) + ;) (4.34)

Note that since n < ng(T') the entropy is positive. This shows that we expect
differences if the density becomes comparable to the quantum concentration.
That is to be expected, because in that case there are states with occupation
numbers that are not much smaller than one anymore. Also note that this
classical formula for the entropy contains 7 via ng(7"). This is an example of a
classical limit where one cannot take A = 0 in all results! The entropy in our
formalism is really defined quantum mechanically. It is possible to derive all of
statistical mechanics through a classical approach (using phase space, etc), but
in those cases h is also introduced as a factor normalizing the partition function!
We will discuss this in a later chapter.

CHECK OF EULER EQUATION.

The Gibbs free energy is defined by G = F' + pV and is used for processes
at constant pressure. For the ideal gas we find

G =uN (4.35)

This result is very important as we will see later on. We will show that it holds
for all systems, not only for an ideal gas, and that it puts restrictions on the
number of independent intensive variables. Of course, from thermodynamics we
know that this has to be the case, it is a consequence of the Euler equation.

HEAT CAPACITIES.

Important response functions for the ideal gas are the heat capacity at con-
stant volume Cy and at constant pressure Cj,. These functions measure the
amount of heat (T'TAS) one needs to add to a system to increase the tempera-
ture by an amount AT":

oS 3
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a8 5
=T () = Vs (4.37)
g ), n 2
where we have used
ar) . \or ), \av = (4.38)
(8T p,N oT V,N oV TN oT DN
with (%)T,N = N‘]/ch and (%)P,N — N;B _ %

It is obvious that we need C), > C'y, since at constant pressure we have to do
work against the outside world. This is an example of an inequality in thermal
physics which relates two functions and holds in general for all systems. This
relation was derived in thermodynamics based on equilibrium principles, and
our current microscopic theory is in agreement with those general observations.

RATIO OF HEAT CAPACITIES.

The ratio of the heat capacities is often abbreviated by v and is used in a

number of formulas. For the ideal gas v = g—"; = g From an experimental point

of view this is a useful ratio, since it can be measured directly. From equation
(4.38) we see that

-1
oS oV oS
=1 (), (o) ((aT>V,N> 439
oS oV oT
=1 (50),, (5, (55, o

oT ov
N W

In any system where the ideal gas equation of state is pV = NkpgT obeyed we
find

(g?;)w _a _7)§ (4.42)

or in regions where + is constant we see that for adiabatic processes T oc V177,
which is equivalent to say that (again using the ideal gas law) for adiabatic
processes pV'7 is constant.

4.3 Gas of poly-atomic molecules.

INTERNAL MOTION IS INDEPENDENT.
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In our discussion of the ideal gas we have assumed that the orbitals are
characterized by three quantum numbers n,, n,, and n.. These three quantum
numbers describe the motion of the center of mass of the particle, but did not
include any internal degrees of freedom. Therefore, the previous formulas only
are valid for a gas of mono-atomic molecules. A gas of poly-atomic molecules is
easily treated if we assume that the energy associated with the internal degrees
of freedom does not depend on (1) the presence of other particles and (2) the
motion of the center of mass. Hence the rotation of a diatomic molecule is not
hindered by neighboring molecules or changed by its own motion. In that case
we can write, using int for the collective internal degrees of freedom:

2 2
;LW (%) (n? + ni +n2) + €int (4.43)

Then internal degrees of freedom represent the rotational quantum numbers
(of which there are at most three) and the vibrational quantum numbers. If
we have a molecule with N atoms, there are 3N internal degrees of freedom.
Three are used for the center of mass, r for the rotations (r is 2 or 3) and hence
3(N — 1) — r for the vibrational state.

€(Nzy Ny, Nz, INt) =

CHANGES IN THE PARTITION FUNCTION.

In the classical regime 1 < —kpT and hence A = e™sT < 1. In the partition
function for a given orbital terms with A\? and higher powers can be neglected
for bosons and in all cases we find

_ fot€int _ _€o_
3o(To, V) =1+ XY e F51 =14 A3jpee” P27 (4.44)

int

where the internal partition function is defined by

3int(T) = Z e FET (4.45)

int

The average number of particles in orbital o, independent of its internal
state, is therefore given by
Ae Fot e FET _ <o
cn= Y AN T (146)

where we used the fact that the denominator is approximately equal to one
because A is very small. Hence in the Boltzmann distribution function we have
to replace A by A3;,:(T) and we find

N = A3 (T)ng(T)V (4.47)
0= kT (log<nQ ) - log<3,»m>) (4.48)
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F = NkgT <10g(nQ (T)) — 1) + Fint (T, N) (4.49)
Fini(T,N) = —NkpT1og 3in:(T) (4.50)

EXPERIMENTAL ACCESS TO THE INTERNAL DEGREES OF FREEDOM.

For the entropy and internal energy we also find formulas that show that
these quantities are the sum of the entropy/energy for the motion of the center
of mass plus a term pertaining to the internal degrees of freedom. Since we
have assumed that the energy of the internal motion does not depend on other
particles, Fj,; does not depend on volume and the ideal gas law pV = NkT
remains valid! The heat capacities do change, however, since the internal en-
ergy is different. Therefore, the value of the ratio v is different. As we will
see later, the value of this ratio is a direct measure of the number of active
degrees of freedom. Hence by measuring the pressure-volume relation in adia-
batic expansion gives us direct information about the internal structure of the
molecules!

DO WE HAVE THEM ALL?

The entropy is the sum of the entropy associated with the center of mass
motion and the entropy of the internal state of the molecules. Hence the en-
tropy is now larger than the entropy of mono-atomic molecules. We need more
information to describe the state of large molecules, and hence we have more
"un-knowledge”, which translates into a larger entropy.

How do we know if we have all internal degrees of freedom accounted for?
In principle, we do not know, because there could always be hidden degrees of
freedom. For example, do we have to separate electrons and nuclei? Neutrons
and protons? Quarks? Hence the real value of the entropy could even be larger
as what we calculated here. We can also ask the question from an experimental
point of view. In that case, the answer is simple, cool the system down to a low
temperature. But what is low? Sometimes we see phase transitions at very low
temperatures, and we are never sure if we went low enough. For example, the
nuclear spins could order below a certain temperature, and the values of such
temperatures are small indeed.

4.4 Degenerate gas.

The entropy of an ideal or Boltzmann gas is given by the Sackur-Tetrode for-
mula. The temperature enters this equation through the quantum concentra-
tion. In the limit 77— 0, the entropy is approximately 3 Nkplog(T) and ap-
proaches —oo, which is obviously incorrect. The Sackur-Tetrode formula is not
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valid anymore, because the condition n < ng(T) oc T will not be true for
small temperatures. Every gas will show deviations from ideal gas behavior
at low temperatures. A gas is called a quantum gas or degenerate gas when
n ~ ng(T). In a degenerate gas the differences between fermions and bosons
become important.

At these higher densities the interactions between the particles also play a
role, but the independent particle description is still a very good first approx-
imation for most quantities. Inter-particle interaction can be included using
perturbation theory. Of course, when n >> ng(T) that approach does not work
anymore, and one really has to start with a model including inter-particle in-
teractions.

An estimate of the temperature T, where these effects start to play a role
comes from solving the equation n = ng(Tp). We will calculate some typical
examples of Ty. A gas of helium atoms has a density of about 2.5 x 10%°m=3.
With M =~ 4 x 10727kg, h ~ 10734Js, and kp ~ 10723 J K~ we get Tp ~ 1K.
Although helium is a liquid at these temperatures, special effects are seen in *He
and also there are big differences between * He and 3He at these temperatures.

Electrons in a metal have much higher densities that normal gases. A typical
number is n ~ 10%2m~3. With M ~ 1073°kg we find Ty ~ 10°K. Such an
electron gas is always degenerate, and the Pauli principle has to be taken into
account. This is clearly seen in the physics of metals. The famous exchange
energy for the electrons in a solid has to be taken into account. The conduction
electrons in a semiconductor, on the other hand, have much lower densities.
A typical range is 1023 ---10%6m =3, and hence Ty ranges from 10K to 1000K.
At room temperature the electron gas in a semiconductor can be classical or
degenerate, depending on the doping. This leads to interesting effects in these
semiconductors.

4.5 Fermi gas.

Quantum gases come in two varieties, named after Fermi and Bose. There are
some other cases of theoretical interest, but they are probably not important
from a practical point of view. If the particles in a gas have integral spin we
need Bose-Einstein statistics, if the spin is half-integral Fermi-Dirac statistics.
We will first study a gas of identical, independent particles obeying Fermi-
Dirac statistics. Kittel’s book has a number of simple examples and is a good
source of information for simple techniques. The same techniques are used in
Sommerfeld’s theory of the conduction electrons in a metal, and hence any text
book on solid state physics will also be useful.

FERMI ENERGY.

The average number of particles in an orbital with energy ¢ is given by the
Fermi-Dirac distribution function
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frp(e) = — !

—_—
ekBT + 1

(4.51)

The chemical potential @ depends on the temperature and the value of p at
T = 0K is called the Fermi energy pu(T = 0) = ep. It is easy to show that in
the limit 7' — 0 the Fermi-Dirac function is 1 for ¢ < p and 0 for € > u. The
chemical potential follows from

N=> frole) =g > fro(e(ng,ny,n.)) (4.52)

orb NNy Nz

where g = 25+1 is the spin degeneracy; g = 2 for electrons. The spin factors out
because the energy levels do not depend on spin, only on the spatial quantum
numbers. Note that we use the fact that the particles are identical, we only
specify the number of particles in each orbital, not which particle is in which
orbital! The description is slightly more complicated when magnetic fields are
included, adding a dependency of the energy on spin.

CONVERGENCE OF SERIES.

When we have an infinite sum, we always need to ask the question if this
series converges. This means the following:

o0
> an=5 (4.53)
n=1
if we can show that for Sy = Zf:[:l z, the following is true:
lim Sy =S (4.54)
N—o0
This means that for any value of ¢ > 0 we can find a value N, such that

N>N.=|Sv—S|<e (4.55)

If the terms in the series are dependent on a variable like the temperature, we
need to ask even more. Does the series converge uniformly? In general we want

> an(T) = S(T) (4.56)
n=1
and this is true if for every € > 0 we can find a value N(T') such that

N> N(T)=|Sn(T)—-S(T)| <e¢ (4.57)

The problem is that the values of N, depend on T. What if, for example,
limr o N(T') does not exist? Than the sum of the series is not continuous at
T = 0. That is bad. In order to be able to interchange limits and summations,
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we need absolute convergence, that is we need to be able to find a minimum value
of N for which the partial sum is a good approximation for all temperatures.
Hence we need for every € > 0 we a value N, such that

N >N, = |[Sn(T) = S(T)| < e (4.58)

In that case we can interchange summation and limits, and can integrate the
sum of the series by integrating each term and sum the resulting integrals.

In our case, for large values of the quantum numbers the energy is very large
and the distribution function can be approximated by

im frp(e) ~ etsT (4.59)

€E— 00

Hence the terms in the series for N decay very rapidly. If we consider a tem-

perature interval [0, T},q.] we always have that ¢FBT ¢F5Tmaz . Therefore we
can always use the value at T},,, to condition the convergence of the series.
Hence we find that the series converges uniformly on the interval [0, T}y,4.], with
endpoints included. We may interchange the limit 7' — 0 and the sum and get

N = Z O(er — €) (4.60)

orb

If we use free particle energies, which are always positive, we find immediately
that ez > 0 because N > 0. Note that the only problem is when we take
T — oo. That limit needs to be analyzed separately, since we now have an
infinite number of infinitesimally small terms to sum. We will see later how
to deal with that limit. We already know the answer, though, from a previous
section. At large temperatures we can replace the sum by an integral, if the
orbital energies are free particle energies. This is always true for large quantum
numbers, due to Bohr’s correspondence principle.

GRAND PARTITION FUNCTION.

The grand partition function for a Fermi gas involves a sum over states.
If we enumerate the orbitals for the independent particles, a state of the total
system can be specified by the occupation of each orbital, or by a set of numbers
{n1,na,...}. Here n; denotes the number of particles in orbital 7. Since we are
dealing with fermions n; is zero or one only. Examples of states are {0,0,0, ...}
for a state with no particles or {1,1,0,...} for a state with one particle in orbit
1 and in orbit 2.

The grand partition function is

3(T, 1, V) = Z e (WN{ninz,.. N=E({n1,n2,...})) (4.61)

{n1,n2,...}

The total number of particles is easy to find:



4.5. FERMI GAS. 83

N({n1,ng,..}) => n, (4.62)

The energy is in general harder to find. But we now make again the assumption
that the particles are independent. This allows us to write for the energy:

E({n1,n2,...}) = > nok (4.63)

where the many body energy E({ni,no,...}) simply is equal to the sum of
the single particle energies ¢, corresponding to occupied states. The grand
partition function can now be written in the form

3T V)= Y emmT Rl (4.64)

{n1,m2,...}

1 1 1
3T V)= 3 3 S erer e (4.65)

n1=0ns=0 n;=0 o

1 1
3(T,1, V) = (Z ekéT(“—“)m) (Z ekéTW—@)"z) (4.66)

n1:0 1’7,2:0

Since the summation variables are just dummy variables, this is equal to

3(T,u, V)= H (Z eFpT (™ 6")"> = HBO(T,M, V) (4.67)

orb orb

where we have defined the orbital grand partition function 3, as before by:

3o=) "Bt (4.68)

The grand partition function for a subsystem with a single orbital is therefore
given by 3, =1+ Bt

Note that there is no factor N! in front of the product in (4.67), unlike we
had before for the ideal gas partition function. The essential difference is that in
the formula above the product is over orbitals and these are distinguishable.
Previously we had a product over particles and those are identical.

GRAND ENERGY.

The grand energy follows from

T, p, V) = —kpTlog(3.) = —kpT > _log(3,(T, 1, V)) (4.69)

orb
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and the product has become a sum as expected. The energy should be the
sum of the energies of the subsystems, and this implies a product in the grand
partition function since the energy always needs the logarithm of this grand
partition function.

Once the grand energy is available, all thermodynamic variables can be ob-
tained. For example, the number of particles follows from

e (), S s (B

orb )

or

N = Z — = frolen; T, p) (4.71)

orb 1 +6kBT orb

as expected.
ENTROPY OF A SYSTEM OF FERMIONS.

A useful formula for the entropy expresses the entropy in terms of the dis-
tribution functions.

. (gg)v — o S 108307 V) + kT Y (LB V)))“,V

orb orb
(4.72)
Il—‘r)
S =k Y log(1+e5t) 4 TS S0 A0y
B B .
orb orb 1 +e kBT _kBT2
With the help of:
p—e 1 1
ekBT = — = —
etBT  etBT 411
1 JrD
T 1o 7 (4.74)
frp FD
we get
frD

fFD 1-frp fFD
S=k log( —k lo 4.75
B Y log(l fD) B Y e g(l—fpp) (4.75)

orb orb

S: _kBZIOg(]-_fFD kBZfFD log fFfPD) (476)

orb orb
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S=—kpy (frolog(frp)+ (1= frp)log(l = frp))  (4.77)

orb

This is very similar to the expression we had before in terms of probabilities.
The big difference is again that this time we sum over orbitals. When we
summed over many body states we had S = —kp > Pslog(Ps). But now
we sum over single particle orbitals, which is a much simpler sum. We can
remember the formula above by the following analogy. For each orbital there
are two states, it is either occupied or empty and the first term in the expression
for S is related to the probability of an orbital being occupied, the second to
the probability of the orbital being empty.

4.6 Boson gas.

ONLY A MINUS SIGN DIFFERENT!

The treatment of a gas of identical, independent bosons is almost identical to
that for fermions. There is one important exception, though. The distribution
function for bosons is

fE(e) = % (4.78)

efsT —1

for which we need that g < min(e), otherwise the number of particles in a
given orbital with energy below p would be negative! The fermion distribution
function is always less than one, but for bosons the distribution function can take
any positive value depending on how close p is to € in units of kgT. Obviously,
since f(e) is a monotonically decreasing function of € the orbital with the lowest
energy will have the largest population and this orbital will cause problems in
the limit g — min(e).

GRAND PARTITION FUNCTION.

The grand partition function is calculated in a similar way as for fermions,
with the important difference that the number of particles in each orbital can
be between zero and infinity

3(T, 1, V) = i i Ze@%(ﬂzo no—22, Mo€o) (4.79)

n=0ny=0 n;

3T, V) =3 3 ST [[ersr (4.80)

n—0n2=0 n; orb
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3T, V) =] [Z e"(ﬁ‘a?’} = 13T, 1, V) (4.81)

orb [n=0 orb

The only difference is the limit of the summation now going to infinity. The
partition function for one orbital is in this case

1

30(T7 Hy V) = T i< (482)
1—eksT
and is always positive since y < min(e).
The grand potential follows from
T, 1, V) = kT Y _1og(36(T, 1, V) (4.83)

orb

in the same way we found for fermions. The total number of particles is equal
to minus the derivative of Q with respect to u, and is, of course:

N=- (‘;ﬁ)” =3 fonle) (4.84)

orb

because

(alogBo) L L (4.85)
o v kBT (1 —e*BT )2

which is equal to the distribution function divided by kpT'.
A very useful formula for the entropy, again relating the entropy to proba-

bilities, is
o9
5=- <W> Vi, B

~kp Y (fBE(co)l0g(frr(co)) — (1+ fBR(c)) log(1+ frr(c,))  (4.86)

orb

The second term always gives a positive contribution, but the first term is
negative if fgp(e,) > 1. But since we can combine terms according to

1+ fBE(eo)

5=ks Z <fBE(60) log( fBE(eo)

orb

) +log(1 + fBE(eo))> (4.87)

we see that each negative term in equation (4.86) is cancelled by a larger positive
term, because the first term in this expansion is always positive. The second
term in equation (4.86) does not have a simple physical interpretation, but is
directly related to the physical phenomenon of stimulated emission.
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4.7 Problems for chapter 4

PROBLEM 1.

Imagineons have weird statistics. The number of particles in a given orbital
can be 0,1, or2.

( A.) Calculate the Imagineon distribution function f7(e).

( B.) Sketch the shape of this function with € in units of kT

Fermions with spin % can also have two particles in one orbital (in the traditional
sense the word orbital does not include a spin quantum number, like the 1s
orbital in an atom).

( C.) Calculate the distribution function for the number of particles in each
orbital.

( D.) Why is this result the same/different from the result of B?

PROBLEM 2.

Assume that for a system of N fermions the Fermi level coincides with the
energy level of M orbitals.

(A.) Calculate the entropy at T = 0.

(B.) In the thermodynamic limit N — oo this entropy is non-zero. What do
you know about M in this case?

PROBLEM 3.

Starting with Q(T, 4, V) = —kgT >, 10g 30rs(T, 1, V') for a system of in-
dependent, identical bosons, show that the entropy is given by

S=—kpy_ (fr(co)log(fpr(c)) = (L+ far(e)) log(l + frr(c))) (4.88)

orb

PROBLEM 4.

@%(M*ﬁ).

The Maxwell distribution function fys is given by fa(e; T, p) = e
Show that
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S(T, 1, V) = Nkp =Y _ far(eo; T, o) log(far(€0; T, 1)
where the sum is over orbitals.
PROBLEM 5.

Consider a system of independent particles. The number of orbitals with
energy between F and E + dE is given by N(E)dE. The function N(E) is
called the density of states. One measures the expectation value of a certain
operator O. For a particle in an orbital o the value of the operator depends only
on the energy of the orbital, or O, = O(¢,). Show that in the thermodynamic
limit the ensemble average of the operator is given by

<O >=/ O(E)N(E)f(E;T, n)dE
—00
where f(E;T, ) is the distribution function for these particles.
PROBLEM 6.

The orbital energies of a system of Fermions are given by ¢; = iA | with
A>0andi=1,2,3,---,00. These energies are non-degenerate. If the system
has N particles, show that the low temperature limit of the chemical potential
gives ep = (N + 2)A.

PROBLEM 7.

The entropy for a system of independent Fermions is given by

S=—kp Y _ (frplog(frp) + (1= frp)log(l - frp))

o
Calculate qLiIrl() frp(e,T,p) for e < p e =p, and € > p.
The number of orbitals with energy €, equal to the Fermi energy ep is M.
Calculate the entropy at 7" = 0 in this case.

Explain your answer in terms of a multiplicity function. Pay close attention
to the issue of dependent and independent variables.



Chapter 5

Fermi and Bose systems of
free, independent particles.

5.1 Fermions in a box.

All the formulas we have derived for the thermodynamic variables of an inde-
pendent Fermi gas contain a sum over orbitals. One would like to convert these
sums to integrals in order to use standard analytical techniques. In order to do
this we need to know the details of the single particle energies. Without such
further knowledge we cannot derive results in more detail.

FREE, INDEPENDENT PARTICLES.

We still assume that the particles are independent. Also, in the simplest
case we assume that there are no external forces acting on the particles. This
is easy when we assume that the energy of the orbital is given by the energy
levels of a particle in a box. Of course, there are the implicit forces due to the
pressure on the sides of the box, but these forces are taken into account by our
boundary conditions. When we are done with our calculations, the pressure
needed to keep the box at a constant volume will follow automatically. We also
assume that the box is a cube. This is not essential, but makes the mathematics
easier. The sides of the cubic box are of length L and the energy levels are

2 2
eneiny ) = 5o (T) (243 +n2) (5.1)

As we have done before, we define a wave vector k by k= T(ng,ny,nz). We
use this wave vector to label the single particle orbitals. We also need a spin
label, but at this point we assume that there are no magnetic effects. The set
of wave vectors is discrete, with step sizes Ak, = Ak, = Ak, = 7. Therefore,
any sum over orbitals is equal to

89
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=S+ > >N (5.2)

orb ng=1lny=1n_=1

If h(e) is an arbitrary function of the energy we have

D ohle) =@2S+1) > >0 hle(na, ny,n2)) (5.3)

orb ng=1ny=1n.=1

Since the orbital energies do not depend on spin the summation over spins
simply gives us a factor 25 + 1.

INTEGRALS ARE EASIER.

Next, we transform the summation variables to k and multiply by 1 =
Ak, Aky Ak, (F)73. This gives:

D hleo) = (25 +1)( Zh ) Aky Ay Ak, (5.4)

orb

If L is large enough the sum can be replaced by an integral and we have ( with
V=1L%):

2541 h2k?
VZh s / Pl h(Grr) + error (5.5)
pos

orb
where the k-integration runs over all k-vectors with positive components. If we
extend the integral over all of k-space, using the fact that e(k) is symmetric, we
get

2S+1 [ 4. . KB*K?
Zh €o —7/d k h( 2M)+ error (5.6)

orb

This gives, of course, the additional factor 23. The error is typically of order %
and hence is unimportant in the limit V' — oco. Practical calculations always use
a finite value for V and in that case the magnitude of the error is determined
by the smoothness of the function h on a scale 7! This is an important point
to keep in mind.

GRAND PARTITION FUNCTION.

The grand energy for a gas of fermions is

Q(Tauv V) = _(25 + 1)kBT Z IOg(Snz,ny,nz (T3M7V)) (57)

Mg, My Mz

with
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pee(ngny,ns)

Bnpyn. (Lo, V) =1+e  FsT (5.8)

We now introduce again A\ = e’“BLT, which is always positive, and if we are
allowed to replace the sum by an integral we obtain:

%Q(T, V)= —(25 + 1)(277)_3kBT/d3k log(1+ Ae #7) (5.9

Formulas like these make it clear that we really want to use kp for the Boltzmann
constant, in order to avoid confusion with the norm of the wave vector, k.

FREE PARTICLES HAVE A SIMPLE VOLUME DEPENDENCE!

One remarkable thing happened. The right hand side does not depend on
volume anymore! When we had a summation over discrete k-vectors, the volume
dependence was included in these vectors. But when we changed to a continuous
summation (or integration), this volume dependence disappeared, and the only
volume dependence is a simple pre-factor V, a linear behavior!

THOSE MATHEMATICAL DETAILS!

What could go wrong here? There is an error associated with the change
from summation to integration, and in general we have:

1 . _ _n22
=T, 1, V)= |—(28 + 1)(2w)*3kBT/d3k log(1 4 e” 2MEsT) | [1 + (T, V, p)]

Vv

(5.10)
where we know that limy_.. (T, V, ) = 0. But we would like to be able to
differentiate the result with respect to 7" and u, and hence we need to require
uniform convergence! But that in turn also begs the question if the original
series is uniformly convergent! In order to discuss the convergence properties
we have to take two steps. First, we have to show that the series converges
uniformly. Second, we have to show that the series in the thermodynamic limit
converges uniformly to the integral. We will discuss the uniform convergence of
the series first. The important thing to notice is that both the integral and the
series converge.

For large values of the wave vector the terms in the series behave like:

_ctnayny,ns) _cnayny ns)
tny.nymn. = log(l+ e FBT ) = Xe FpT (5.11)
which approaches zero exponentially fast. Next we consider a domain in (7, i, L)
space with 0 < T < Ty, , —00 < 4 < o , and 0 < L < Ly,. It is clear that for
large values of the indices we have
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fom K22 (n24n24n?
T — T ———(ng +n, +n3)
brgnyn. S €781 PMImkpTm T T (5.12)

which means that the series for arbitrary values of T, u, and L converges faster
than for the maximal values. Hence we can use the maximal values of T, u ,
and L to describe the convergence of the series in general, and hence the series
converges uniformly on 0 < T <7, , —00o < 0 < i, and 0 < L < Lyy,.

Next we consider a domain for (T, i, L) space with T} < T , L}, < L , and
—00 € it € fyn- The argument of the exponent in (5.7) is

€Ny My, M h27T2
: kai.JF ) - OMkgTL? (ng +ny +n2) =ap +yn +z (5.13)

. 22 . . .
with z,, = ng4/ QMFZ% and similar for the y and z components. The size of

the steps therefore approaches zero when the temperature becomes very large or
when L becomes very large. Therefore, if we can replace the sum by an integral
with a certain error at a certain temperature or length, the error will be smaller
at all higher temperatures and lengths.

We now make the following observation. Suppose we choose a tolerance
€. Because of the uniform convergence of the series we can find a value N,
independent of T, v, and L ( but with 0 < T < T3, , —00 < ¢ < b, and
0 < L € Ly, ) such that:

N N N
~@S+DksT ) Y > 108G3n,n,m. (T, V) = S(T.p V)| <€ (5.14)

ne=1ny=1n.=1

for all values of N with N > N.. Next, use I(T,u,V) for the result of the
integral. We can find values of T}, and L, in such a manner that

(oo} oo oo
25+ DksT > > > 1083, myn. (To 11, V) = I(T, 1, V)| < e (5.15)
ne=1ny,=1n.=1
for all values of the temperature with 7' > T, and L > L],. The last equation
implies that the series converges, which we already knew, but does not require
uniform convergence.

We are now able to make the following statement. Consider a domain —oco <
o, T <T < Ty, ,and V), <V < V,,. On this domain the series for
the grand partition function converges uniformly and the sum is close to the
value of the integral. We will choose both T}, and V,,, very large. We will also
choose T, very small. Since temperature and volume are multiplied together
(via the term T'L? ), this means that we need to consider very large values of
the volume only. Hence for any value of © and 7" in any interval —oco < p < i,
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T, < T < T, we can choose a range of volumes so that the series converges
uniformly and is arbitrarily close to the integral, with an error independent of
the values of y and T. Therefore, we can replace the series by the integral for
all such values of p and T, and if the volume is arbitrarily large, the error is
arbitrarily small in a uniform manner. As a result, the thermodynamic limit,
which we need to take at the end, will not change the results from what we
obtained by using the integral.

There are still three problem areas. What if g4 — oco? What if 7' — 0?7 What
if T'— o00? The last case is the easiest. If the temperature is very large, the
series is very close to the integral for all volumes that are larger than a certain
value and all values of u in the range —oo < p < . The latter is true, since
the values of the second order derivative which determine the error are largest
at p,, and hence this value can be used for uniform convergence criteria. The
limit 7" — 0 is very important and will be discussed after the next paragraph.

What about p — oco? It turns out that this limit is equal to the limit of
infinite density. Although we often do calculations at large densities, this limit
is not of physical interest since the behavior of the system will be very different
from what we are interested in.

There is, however, one more detail. If we replace the summation by an
integral, the error is also proportional to the value of the second order derivative
of the function somewhere in the interval. If this second order derivative is
bounded, there is no problem. If it can go to infinity, there is a problem. As we
will see, for fermions there are no problems. But it is good to address this issue
for fermions, because after this we will study bosons where there are problems
with replacing the sum by an integral. The resulting errors do show up in
physics, and are the cause of Bose-Einstein condensation!

The function in the integrant is

12,2
log(1 + \e ™ 5T (5.16)

and is smoothly decaying. The largest order derivatives are when k£ — 0 and are
inversely proportional to the temperature. So the only problem area is when
T — 0. In this limit the series has no convergence properties, but we need to
investigate whether the series converges to the value of the integral. In this
limit the first few terms are so important, that they determine the behavior of
the series.

The argument of the summation drops from a value of log(1 + e’fBLT) at the
origin of k-space to 0 at infinity. When T is very small, though, the value of the
logarithm near the origin becomes very large, and it seems that we need a very
dense mesh in k-space to be able to convert the series to an integral with a small
error. Hence one should take the limit V' — oo before the limit 7" — 0, which
is not the correct procedure. For fermions this turns out not to be necessary.
Because the series converges uniformly we are able to interchange summation
and limit and find
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0, V)=—(25+1) Y Jim k5T log(3n, m, . (L5 11, V) (5.17)

Mg, Ny, Nz
with

pe(ng,ny nz)

3"%"%”2 (T? 1, V) =1+e kT (518)

The limit of the argument is easy, since u(0) = ep(N) > 0. Therefore the
argument is 1 — €(ng, ny,n;) if £ > e(ng,ny,n;), because in that case we have

poe(ng,nymz)

Bnamnyn. (T, V) me  FoT (5.19)

and

ksT10g(3n, n.m. (T, 1, V) ~ k}ﬂﬂw
ey kT

The argument is 0 if 4 < €(ne,ny, n.), because now the function 3,,, n, n. (T, i, V)
approaches 1 rapidly. As a result we have

(5.20)

Q0,1V)  25+1

Vv o (2m)3

/d?’k(u — e(k)O (1 — (k) + error (5.21)

with ©(z) being the well-known step function: ©(x) = 0 for z < 0 and 1 for
x > 0. In this case the error also goes to zero for V' — oo, only in a different
algebraic manner. This shows that we can use

252

QT 25 +1 e v
TmV) _ _ (2’7:;3 /d3kkBT10g(1+e FeT ) (5.22)

Vv

for all values of T on [0,7,,] and also in the limit 7" — 0 with an error less than
a small number which only depends on V and not on T. The limit for small
temperatures in the last general form of the integral is the same step function
we need for the integral that is equal to the sum for T" = 0. Therefore, we
have shown that in the limit 7" — 0 the series also converges to an integral,
and that this is the same integral we obtain by taking the limit 7' — 0 of the
general form. Hence we can use the general form of the integral for all our
calculations and derive low temperature series expansions, for example. This
situation will be very different for bosons, where these two forms are not the
same, and Bose-Einstein condensation occurs!

WHY BOTHER?

So we went through all this math stuff and found that there was nothing
special. Why bother? Why would there be anything special? The answer is very
simple and important. Every time a convergence fails, we have a singularity and
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non-analytic behavior. The physics of such behavior is a phase transition! Hence
if we do not discuss convergence issues properly, we will miss many important
phase transitions! For example, if we replace sums by integrals for bosons, we
see no Bose-Einstein condensation.

EVALUATING THE INTEGRAL.

Our task is to evaluate:

1 __n%k2
ST V) = —(25 + 1)(27r)*3kBT/d3k log(1 4+ Ae TE5T)  (5.23)

The integral is changed into a simple form by a coordinate transformation.
Define

N

h? -

and we obtain

1 B\l

—QT = —2S+ 1)©2m) 3kpT [ — 32 log(1 4+ de™®

v (T, 11, V) (28 + 1)(27) " kp <2MkBT) /dx og(l+Xe™™)
(5.25)

After integrating over the angular variables we find

_3
2

> 47r/ z2de log(1+)\e*“ﬁ2)
0
(5.26)

h2

1 _ -3

Vv

Next we introduce the thermal wavelength

27h? 3
A = (MkBT) (5.27)

which is approximately the de-Broglie wavelength of a particle with energy
kgT. Again, this combination is introduced for historical reasons to simplify
the formulas. The result is a small difference from the purist definition of a
de-Broglie wavelength. Note that ng(T) = )\;3. At the quantum density a
cube of dimension de-Broglie wavelength contains one particle. In other words,
the average distance between particles is the de-Broglie wavelength, and it is no
surprise that quantum effects will be important!
We also introduce a function f3(A) by

2

fs(N) = % /000 x?dxlog(1 + )\e_zz) (5.28)
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The notation g will become clear in a moment. This function was carefully
analyzed, an important occupation before the days of computers when series
expansions were badly needed to get numbers. Even now they are important
since we can often use simple limit forms of these analytical functions in model

calculations. The grand energy is

AT, p,V)==025+1)  V kT A\;° f5(N) (5.29)
spin simple en?rgy volume density

degeneracy  volume scale geale QoY
dependence T

The right hand side is independent of volume, depends on p only via f 5 (M) and
on T in three places.

DENSITY DEPENDENCE.

The function fg (M) has some simple properties. For large values of x one

can expand the logarithm and the integrant is approximately equal to 22Xe=
Therefore, the integral is well behaved at the upper limit of x — oo and we are
allowed to play all kinds of games with the integrant. If A < 1 (remember that
A > 0) the logarithm can be expanded in a Taylor series for all values of x and
since the integral is well behaved it is allowed to interchange summation and
integration. Using

=1
|z\<1$10g1—|—zzzf (5.30)

3

and generalizing A to be able to take on complex values, we have

> 1
A < 1= log(1+ A" Z —(=1)"A"e e (5.31)

3

and since the convergence of the series is uniform we can interchange summation
and integration. This leads to

3

o3} 1 Jo%e) [}
AN <1=fi(A) = Z* ”)\”/ 22dre™ = Z —1)"Ht
el 0

. (5.32)

3
3\

where we have used

PN | 1
dye™ = -\ /71— 5.33
/Oyye Y oTn (5.33)
5

This defines why we used the notation 3. In general, one defines a family of
functions f,(z) by
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oo

fal2) =) Z—Z(—l)”“ 2zl <1 (5.34)

This defines the function for a disc around the origin. The values for arbitrary
values of z are obtained by analytical continuation. For example:

= =ttt =1 =Dt =1- = 5.35
o(e) = 32" Doy slo s 6
and this defines a function everywhere, except at the pole z = —1.

WHY IS THIS IMPORTANT?

One might argue that now we have computers available and we do not need
all this analytical detail anymore. Since one use of power series is to be able
to evaluate functions over a reasonable domain of arguments, we can simply let
computers take over and do the integrations for all values. This is not really
correct, however. The analysis above tells us where we have poles and other
singularities. These are places where computer calculations will fail! Relying on
computers also assumes that there are no errors in the computer calculations,
and that is not always true. Therefore, we need to be able to check our computer
calculations against the analytical solutions we can obtain via power series and
other means. The analytical solutions can tell us that near a limiting point
or singularity an energy will behave like [T — Tp|~%3, for example. This is
very difficult to extract precisely from a computer calculation. But, of course,
computational physics also has its place, because it can extend the analytical
solutions to domains of the parameters where we cannot get analytical solutions.

SIMPLE EXAMPLE.

As a simple example, study the differential equation

I4+2=0 (5.36)
and try a power series of the form z(t) = Y ¢,t". This gives:

oo

(o)
Z con(n — 1)t" 2 4+ Z et =0 (5.37)
0

0
or after combining terms with equal powers of ¢, and defining c_o = c_1 =0 we
get:

[ee}

D (enra(n+2)(n+1) +e)t" =0 (5.38)
0
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Since this has to be identical to zero, all coefficients of all powers of ¢ have to
be zero, and we have ¢, 12(n+2)(n+ 1)+ ¢, = 0. We get two sets of solutions.
Either we set ¢cg = 1 and ¢; = 0 or do the opposite. A general solution is a
linear combination of these two basic solutions. The basic solutions are

o Nk
g;% 22;§!t2k (5.39)
and
— (=DF o
kzzomt ket (5.40)

which clearly converge for all values of time. Do these functions have special
properties? That is very hard to tell from the power series solutions. We
know however, that they are equal to cos(t) and sin(¢) and are periodic. That
information comes from a different source of knowledge. We can also solve the
differential equation on a computer and plot the solution. Most likely we will see
the periodicity right away, but round-off errors will start to change the picture,
and perhaps we can see only a certain number of periods. Therefore, can we
conclude from the computer calculations that the solutions are periodic? Who
knows.
Another example is the differential equation

d3
Wf +ar=0 (5.41)

It is easy to construct power series solutions, they are of the form:

o
k=0

and similar. Are they periodic? What other properties do they have?

C1\k
((3]3! t3* (5.42)

FINDING THE CHEMICAL POTENTIAL.

Once we know the grand energy we are able to calculate N and find

o0 o0 oA
v ==(50), = (&), ), O
N = (28 + 1)VkpTA;* <8f (A)) A (5.44)
- BEAT \gn’3 kpT ‘

The derivative for our special function is easy to find for A < 1 using the power
series.
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d =S 2" N I 2"
2 n+1l __ E n+1l _ E n+1
dz n ()™= n ne (=)™ = z ne—l1 (=1) (5.45)
n=1 n=1 n=1
and hence we have for |z| < 1:
d 1
L) = far 4
T a2) = Lha (2 (5.40)

Analytical continuation then leads to the general result that this relation is valid
everywhere in the complex plane. As a result, we find:

NI V)= @S+1) VA7 [0 (5.47)
— ——

spin simple volume goncity
degeneracy volume scale

dependence effects

or, using the density and the quantum density:

n

nq(T)

which clearly shows that the effects of the chemical potential only show up
through our special function fs (A).

We can now use this equation to find u(T,V, N). That follows the general

procedure we have outlined before. Can we always invert the equation? In ther-

modynamics we found that (%JZ ) > (0. This allows us to find the chemical

= (25 +1)f3(\) (5.48)

potential as a function of N. Does our current result obey the same relation?
It should, of course, if we did not make any mistakes. We have

1 on _ 1 on A 28+1
nq(T) (c?u)T,V " ng(D) (a,\)T’V 5T~ EeT (A) (5.49)

Is this a positive quantity? It is better to answer this question by looking at
the integral forms. We have (using fo—1 = 24 fo: :

fs(A) = % /000 x2dxlog(1 + )\e_zz) (5.50)
or
% \/>/ )\ 1—|—6 e E— (5.52)

The last form already makes it clear that in A increases the denominator de-
creases and hence the integral increases. We also find from this expression:
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4 1 [, e
fi(A) = NV x dmm (5.53)
which is clearly always positive.

If we look at equation(5.48) we see that, since the right hand side is always
increasing, there are some simple relations between A and the temperature T
For T = 0 the quantum density goes to zero, and hence the left hand side of
equation(5.48) goes to co. The right hand side has to go to infinity, too, and
this means that A goes to infinity. If the temperature goes to infinity, the left
hand side of the equation goes to zero, which means that A\ goes to zero. For
values in between, A\ decreases when the temperature increases! Hence, for a
fixed value of N, we have:

lim A = o0 (5.54)
T—0

lim A=0 (5.55)
T—oo

N <0 (5.56)
oT V,N

LOW TEMPERATURE EXPANSIONS.

The goal is to find the chemical potential as a function of the number of
particles, at a given temperature and volume. We need to use equation (5.48)
to do that. We have seen that for a given density low temperatures correspond
to values of A going to infinity. Therefore, we need to investigate the behavior
of the function f% for large arguments. We start with the integral form, since
we are outside the range of the series expansion:

2

4 o e ”
which is equal to
4 © 1
3(\) = — 2dy—"—— 5.58
10 = o= [ ey (55%)

Using y = 2 and defining \ = e” we get

== [ Gy (5.59)

Integration by parts gives via:

wlw

fs

4 [~ 1
A) = d
12 \/37?/0 e y1

(5.60)
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and using the fact that the integrant is zero at the endpoints of the interval:

4 < s 1
fgo\) = 37 o Y dw (5.61)
W= 75 | o0

We now define y = tv and obtain

Fs(\) = / ey ;" (5.63)
% \/7 el/t 1)+1) ’

The form above for f 3 is quite useful. If v is very large (which means A very
large), the ratio of the exponents on the right hand side is a very sharp function
centered at t = 1. For example, if ¢ is larger than one, and v is very large, the
exponent is very large, and the ratio of exponents behaves like e¥(*=) | which is
very small. Similarly, if ¢ is less than one, the exponent is very small and the
denominator approaches one, while the numerator now is very small.

Since the integrant is sharply peaked at one, this suggests expanding the
function 3 in a Taylor series around one:

3 3 > §
t2:(1+[t—1])2:Z(2)(t—1)” (5.64)

n
n=0

This series, however, converges only between zero and two, and hence we cannot
use it in the integral as given. However, we can split the integration interval in
three parts. The main part is [e,2 — €] where € is a small positive number. The
main contribution to the integral comes from this interval. The values at the
endpoints are proportional to e™ and hence are very small. Therefore:

4 2—¢ | ey(t—l)
f3(0) = —=v? t2—
2 \ﬁ (ey(t—l) + 1)
The notation O(z) means terms of order z. But now we can use the series
expansion in the integral, and since the series converges uniformly in the range
of integration, we can interchange integration and summation:

wleo

dt+0(\1) (5.65)

3 = 4 z/g 3 % e — "L -1
fg(A)—m nz%(”)/ (t—1) @ sdt +O(\"Y)  (5.66)

(t=1) 4+ 1)

or by changing the integration variable:

Fa) = — ) i (3) /16 w— g o (5.67)
2V =\n) ) e (eu41)? '
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Next, we replace the endpoints in all integrals by 4co, which again introduces
errors of order e™”. This seems obvious at first, but we need to take some care
since there is a summation in n involved, which easily could give diverging fac-
tors. For large values of v the additional terms in the integral are approximately
flo_oe u™e ""du and similar for the other part. Since € is very small, we can re-
place this by zero in this integral. We can now easily show that the integral is
proportional to e ¥nlv_,. Summing this over n, ignoring the small variation
in the binomial factor as a function of n, gives an error term proportional to
e~v*+%. Hence we get:

4 5 > 3 i n e’ _
fa(A) = MVZ:()(TZL) /_oou mdu+0()\ h (5.68)

and using v = vu we finally get:

4 3 — 2 > ev 1

fa(A) = vz v " (2) / V"t ————dv 4+ O\~ 5.69

2( ) /*371_ 7; n o (ev + 1>2 ( ) ( )

The power series is in terms of inverse powers of v or log()), which are the

slowest terms to go to zero. For large values of A\ these are the only important

terms. The ratio of exponents in the integrants is an even function of v, and

hence only even powers of n remain in the expansion, because the integrals are
zero for odd powers.

Therefore, if Bu > 1 it follows that

100~ o=t (14 5 002) (5.70)

Hence in the limit 7" — 0 we only need to take the first term and we find, with
EF = M(T = 0)

n 4 3
—— =(25+4+1)——(BEFr)?2 5.71
and using the definition of the quantum density:
o (20 %—(QSH)i(E E (5.72)
M) 3 /m F '

or

3nym \? 2nh?
(4(25+1)> Mo b (5.73)

which takes the familiar form

6nmr? B2
Er = (2S+ 1> 00 (5.74)

Wi
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This relates the Fermi energy to the density and this relation is very important
in the theory for the conduction electrons in a metal. In that case, of course,
S = % and the spin factor 25 + 1 is equal to two.

The correction for low temperatures is obtained by using this 7" = 0 result
in the expression for N together with the second term in the series expansion:

n 4 3
2

no(T) =(25+ 1)ﬁ(ﬂu)

and by comparing with the 7' = 0 result we obtain:

1+ o) .19

2

25+ 1) =30 = S+ DGR+ ™) 6o
(ELF)‘% =1+ %(ﬁu)‘2 (5.77)

For low temperatures we write u = Er + Ap, with Ay small, and we can
expand the left hand side up to first order:

3AMN£2

55~ 3 (Bu)~2 (5.78)

On the right hand side we only need the leading order term, and we can replace
1 by Ep. This gives
— ~ ——(kpT)*E;? (5.79)

or

2 2
W(T,N,V) ~ Ep (1 - 717—2 <M> ) (5.80)

WHAT ARE LOW TEMPERATURES?

The previous equation also gives us a direct measure for the magnitude of
the temperature. For a given density n = % we can find the Fermi energy from
equation (5.74 ). The corrections depend on the ratio of the thermal energy and

the Fermi energy, and hence low temperature means kpT < Ef.
HELMHOLTZ FREE ENERGY AL LOW TEMPERATURE.

The Helmholtz free energy is obtained by integrating p from 0 to N. Since
Fr x N3 we can use
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N
L/EﬂNWM:%N&~ (5.81)
0
N
U/ E.'(N")dN' = 3NE,* (5.82)
0
and get
N 2 2
T
Fﬂﬂmv)z/iuaﬂﬂNwmﬂz§NEF o 5T (keT (5.83)
0 5 12 EF

OTHER THERMODYNAMIC VARIABLES.

The entropy follows from

2
S(T,N,V):—(6F> %Nﬂ' kBT
V,N

— —k 5.84
aT 2 Ep © (5.84)
and indeed goes to zero if the temperature goes to zero. The internal energy
follows from:

2 T 2
UT,N,V)= F+TS ~ SNEp [ 14 2 (F2L (5.85)
5 12 \ Er

At zero temperature we have U = %N Er. Hence the average energy per particle
is less than the Fermi energy, as expected, since the Fermi energy is the energy
of the occupied orbital with the largest energy. The average is not half the Fermi
energy, however, since the number of states with a certain energy is increasing
with energy. There are more orbitals with an energy larger than half the Fermi
energy than there are with an energy less than half the Fermi energy.

The heat capacity at constant volume is:

8U 7T2 kBT
— ~ Nkp——— .
aT)VN B (5.86)

CV(T7V7N): ( 2 EF

First of all, we notice that the heat capacity goes to zero in a linear fashion, as is
required by the third law of thermodynamics. This was not true for the ideal gas,
and we clearly have now an improved theory that is valid for low temperature.
The ratio of the Fermi-Dirac heat capacity to the ideal heat capacity is:

C w2 kgT

=« (5.87)
C‘z/ ea 3 EF
which seem to indicate that only a small portion of the particles participate in
excitation processes. That is indeed true, and will be further explored in solid
state physics.
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Experiments in solid state physics are able to measure the heat capac-
ity at low temperature. From these measurements on finds a value for the
Fermi energy. The density of the electrons can also be measured, from lat-
tice spacing data. Therefore, we can compare the two parts of the equation
Er = %(37’17‘(‘2)%. In general, we find that the left hand side is not equal to
the right hand side. The only available parameter is the mass M of the par-
ticles. Apparently, the mass has changed from the free particle mass. This is
reasonable, since there are many body interactions. In order to move one elec-
tron we need to move others out of the way, too, and hence a certain applied
force results in a smaller acceleration. In other words, the mass seems larger.
In regular solids this enhancement is a factor between 1 and 10, but in special
cases it can be 1000 or more. There are also cases where the enhancement is
actually less than one, and lattice effects help to accelerate the electron even
more than normal.

Since we also know that Ep o< V=3 we find for the pressure

_ (OF 2 NEp 52 (kpT\>
p(T,V,N) = — (f’V)T,N Ny (1 + 5 (EF (5.88)

from which we obtain the Gibbs energy:

772 k‘BT 2
GT,VVN)=F+pV~NEp|[1—-—|—=— (5.89)
12 \ Ep
which shows that also here G = ulN, as expected. Finally, we can also calculate
the grand energy:

2 572 (kT2
Q(T,V,N)=F — uN ~ ~=NEp (1 + 1y (EF) ) (5.90)

which is indeed —pV as expected from the Euler equation in thermodynamics.
Now we can go back to the original form for the grand energy derived in this
section. Remember that the grand energy had a simple linear dependence on
volume? This gives:

o) Q
p (W)m 2 (5.91)

indeed. Therefore, the simple volume dependence in the grand energy was
required by thermodynamics!

Surprisingly, even at T" = 0 the pressure of a Fermi gas is greater than zero.
This is in contrast to the ideal gas. The origin of this pressure is the Pauli
principle which makes that particles of the same spin avoid each other. For
example, in a metal we have n ~ 10%° m ™3 and the Fermi energy is a few
eV or about 107'8 J, leading to a pressure of about 10° atm! So why do the

conduction electrons stay within a metal? The answer is, of course, the large



106 CHAPTER 5. FERMIONS AND BOSONS

Coulomb attraction between the electrons and the ion cores in a solid. A similar
large pressure occurs in white dwarf stars. In that case gravity is the force that
keeps the particles together.

LARGE TEMPERATURES.

The other limit of interest is T' — oo. In this case we expect, of course,
to find the results for an ideal gas. Like we discussed before, since n = (25 +
1)nq(T) f2(A) the function f3 (A) has to approach zero and hence A — 0. There-
fore this function is dominated by the first term in the power series and we find

N(T, 11, V) = (25 + 1)Vng(T)A (5.92)

Apart from the factor 25 + 1 this is the result we had before. This last factor
is a result of the additional degeneracy we introduced by including spin and
reduces the chemical potential. In this high temperature limit we find

QT p, V)= =25+ 1)VEgTng(T)A (5.93)
Together with the formula for N this yields:

QT, p, V)~ —NkpT (5.94)
and using p = —%:
NkpT
= 5.95
= (595)

Hence the ideal gas law is not influenced by the extra factor 25+1. The pres-
sure does not change due to the spin degeneracy, unlike the chemical potential,
which is now equal to (found by inverting the equation for N):

w(T,V,N) = kT log( ) (5.96)

(25 + 1)ng(T)

5.2 Bosons in a box.

INTEGRAL FORM.

The discussion in the previous chapter for bosons was again general for all
types of bosons, and in order to derive some analytical results we have again
to choose a specific model for the orbital energies. Of course we will again take
free particles in a box, using €, = %kz with k = T (ng,ny,nz). This leads to

T, 1, V) =—25 + kT > 108(3n, nym. (T 11, V) (5.97)

Mg My, Nz
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with

-1
—e(ng,ny,nz)
Snz,ny,nz (T7 M, V) = (1 - eMkBTy> (598)

The same trick applies here as we used for fermions, and we replace the series
by an integral:

h2K2

/d3klog(1 e (5.99)

T, 1, V) = VEgT(25 + 1)

1
(2m)?
and

QT, u, V) =QT, u, V) + error(T, u, V) (5.100)
where the error is defined by making this equation exact. One can again show
that also for bosons we have limy _ o error(T, u, V') = 0, but the big difference
with a system of fermions is that it is not possible to give an upper-bound to
the error which is only a function of V. The value of V we need in order to get
for example a 1% error becomes infinitely large when 7' — 0.

Note that p < 0 for free particles, and hence 0 < A < 1. Problems also occur
in the limit g — 0, where the integrant diverges at the lower limit of integration.
These can be dealt with. The integral is of the form:

1
/d?’klog(ﬁ) (5.101)

1 — \e 2MEBT

and when k is small the argument of the logarithm is approximately log( 2%’??).

Therefore, near the origin we need to evaluate [ d®klog(k), which behaves well
even though the logarithm diverges, since k2log(k) goes to zero. Hence the
function € is well defined for 0 < A < 1, or for u < 0, and there are no problems
in this integral with the limit 4 — 0. As we will see, this limit corresponds to
the limit 7" — 0.

SPECIAL FUNCTIONS FOR BOSONS.

In a manner similar to what we found for fermions, we define a set of special
functions by

o0 Zn
9u(2) :Zn—a 2l <1 (5.102)
n=1

and use analytic continuation to define these functions everywhere. The formula
for ) is now manipulated in the same way we did for fermions, and we find

T, 1, V) = —(25 + 1)VkpTno(T)gs () (5.103)

2
2
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93 x2dx log(1 — )\6_12) (5.104)

W==T ),

The limits of the integral cause no problems and it is possible to interchange
integration and summation after expanding the logarithm in a Taylor series.
This is allowed since we always have 0 < A < 1. This gives:

4 [, a2 4 =1 s
-—— xédrlog(l — e ™™ )= — f)\”/ xédre ™ =
VT Jo ﬁzn 0

n=1

4 1 o0 2
— A”/ 2dye™Y 5.105
ﬁ;n | vy (5.105)

5
2

which is 93 indeed.
The number of particles follows from

() (5.106)

N(T, 1, V) = — <gﬁ> = (25 +1)Vno(T)gs
TV

because we have for the special functions in this case too:

L gal2) = L001(2) (5.107)

The large temperature limit of these equations is the same as for fermions,
since the first term in the expansion for A — 0 for f,(\) and g, () is the same,
exactly A, for both cases. Also, the error term is small for ordinary values of
V and we recover the ideal gas laws for both fermions and bosons when the
temperature is large or the density is low. The equation for N shows that if
n < ng(T) one needs gz (A) < 1 and this only occurs when A < 1.

Low TEMPERATURES.

At very low temperatures we expect that the occupation of the ground state
will be large, and hence we need y — min(e). In this case we expect problems
with replacing the series by an integral. In order to discuss this further we
consider the partial sums:

y/n2+n2+nZ<R 1202
Qr(T, 1, V) = (28 + 1)kpT > log(1 — Ae™ ZME5T) (5.108)

Mgy, Ny, Mz

with k = T(ng,ny,n.). We see that when RQ% > log(\) the terms in
the series become exponentially small, and that convergence goes fast. Like

for fermions, we have uniform convergence for any interval 0 < V < V,,, and
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0< T <T,,. Also, in case T — oo the sum approaches the integral again, and
there are no convergence problems for the series.

The next question is if the series always converges to the integral Q. The
integrant in k-space is again steepest for values of k near zero, and we expect
problems in the first few terms of the series.

SIMPLE EXAMPLE.

Consider the following series:

Z (5.109)

n+ ol

Define z,, = # and Az = % We have:

5.110
Z —A (5.110)
and in the limit L — oo this approaches the integral:

Fla) = (5.111)

dr———
x\/x—ﬁ—a

If we now take the limit &« — 0 we get a well defined result. But we did take
the thermodynamic limit L — oo first, and that is not correct. If we take the
limit & — 0 in the series the very first term, which is equal to \/% blows up!

We can find a way out. Write the series in the following form:

L lsy et
Lya \/fnzlx/n—i—ozL

Now we can replace the series by an integral for all values of «, since the diver-
gent term is isolated outside the series. Hence we have

F(a) = (5.112)

L>1 = Fla)~ (5.113)

Lf / JVIta
where the first term can be ignored only if L > é! Hence in the limit « — 0
this first term can never be ignored.

THE LOW TEMPERATURE LIMIT FOR BOSONS.

We now return to the question of the magnitude of the error term at low
temperature. The easiest way to discuss the nature of the low temperature limit
is to consider the expansion for N in terms of orbitals:
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2711\24(%)2(n§+n§+n2)7# -t
N(T,p,V)=(25+1) > e F5T —1 (5.114)

T My, Nz
The condition on g is g < h;AT/r[Z V~=%3. This guarantees that all terms are
positive, and hence each term is smaller than %{Vﬁ For large values of n; the
terms approach zero exponentially fast, and hence the series converges. That is
no surprise, since we know that the result is N. The convergence is uniform for
all values of T in [0,7,,] and V in [0, V},,]. This is true for all values of y in the
range given above.

It is possible to give an upper-bound to these large terms by

2 -1 2
2r (B2 @2 n24nd)—p (PP 4nnd)—p
e *BT -1 < Xe *BTm (5.115)

with X of order 1 and for T' < T, if | /n2 +n2 +n2 > N(T,,). Therefore the

series converges uniformly for T' < T,, and p < 0, as stated above.
We can now write

22 (E)2(n24n24n2)—p -t
2M L x Y z
1i _ : EgT — .
Jim N(T,pu,V)=(254+1) E %Lnl() <e B 1) (5.116)
Mg Ny, Nz
For any value of p < h;]\’j V=33 the limit of each term is zero and hence the

limit of N is zero. If the chemical potential is specified, the system contains no
particles at zero temperature! This is the case for a system of photons, there is
no radiation at zero temperature!

In a gas of bosons, however, we often specify the number of particles < N >
and find p from < N >= N(T, u, V). This tells us that p is a function of T,V,
and < N > and that

<N >= lim N(T,u(T,< N >,V),V) (5.117)

We introduced the notation < N > to distinguish between the actual number
of particles in the system and the general function which yield the number of
particles when T,u, and V are specified. Inserting this in the equation for the
limits gives:

N=(@2S+1) > Jim

2
Jor (F) 22 +n24+n2)—u(T,N,V)
e
M, My, Mz

—1
T - 1) (5.118)
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where we wrote N again for the number of particles, since the function N did not
appear anymore. Because the series converges in a uniform manner, we could
interchange the summation and the limit 7" — 0. For all terms beyond the first
we have

R T o 2 2 R T o 2 2
and hence in the limit 7" — 0 the exponent goes to infinity and the term goes
to zero. As a consequence, we must have

B (£)23-u(T,N,V) !
N =(25+1) Jim (e W57 1 (5.120)
or
h? (w2
%MLHO T =log(1+ ) (5.121)

Hence we find the low temperature expansion for the chemical potential and
for the absolute activity:

h? N+25+1
BTN V) % o (5)23 = kT log(~—

5 T )+ O(T?) (5.122)

WHAT IS A LOW TEMPERATURE?

In the treatment above we call the temperature low if the first term is dom-
inant, or if (comparing the first and the second term):
dgs
2M L
which is the case (using the limit for p) if

26 — > kpT (5.123)

h?

2M (L
For L = 1 m and He atoms this gives kT < 4x107* J, or T <« 4 x 10718 K,
which is a very low temperature.

But this is not the right answer! We asked the question when are all particles
in the ground state. A more important question is when is the number of
particles in the ground state comparable to N, say one percent of N. Now we
will get a much larger value for the temperature, as we will see a bit later.

)?3 > kpT (5.124)

LIMITS CANNOT BE INTERCHANGED.
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From the formula for the chemical potential we obtain:

N 2
N+2S+ perthar ()8 (5.125)

The last formula shows that limits cannot be interchanged without penalties:

AT, N,V) ~

%imo)\(T7 N,V)=0o0 (5.126)
lim A(T, N, V) N 1 (5.127)
= = — .
v M N+25+1
and hence
%13) Vh_r)noo)\(T, N, V) # ‘/lgnoo C}1310 AT, N,V) (5.128)

But we need to be careful. Since we required that 2’%(%)23 > kpT we cannot
take the limit V' — oo first without violating this condition!

GRAND ENERGY AT LOW TEMPERATURES.

Since we know that the first term in the series for N, and hence in the series
for €2, can be the dominant term and be almost equal to the total sum, we now
isolate that term. We could improve on this procedure by isolating more terms,
but that will not change the qualitative picture. Hence we write

QT 2 kT _euy,
( ,,u,V) — ( S+ )kB 10g<1—)\€ (kngl))_|_

Vv 1%
25 + DkpT
% Y log(Bn,im,m. (Top, V) (5.129)

Now we replace the second term by the integral as before. The lower limit is

not strictly zero, but if V is large enough we can replace it by zero. Hence we
find

1 _ 3ﬁ2ﬂ2
Q(T,‘f, V) _ (S +V)kBT log (1 Y man) B
(25 + 1kpTnq(T)gs (A) + error(T', pu, V') (5.130)

where the error term is due to replacing the sum by the integral. If the tem-
perature is large and the volume is large, the limit of the first term in Q is
zero, the second term dominates, and the error is small compared to the second
term. If the temperature is very small, and the volume is large but finite, the
error term is large compared to the second term, but small compared to the first
term! The error is largest in the transition region between these two cases, and
a description could be improved by adding more terms. In the thermodynamic
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limit, however, the contribution of these terms will go to zero! For finite vol-
umes these terms can give some contributions, leading to rounding off of sharp
curves near the phase transition.

By splitting the range in these two parts, we can show that on each part the
convergence is uniform. Hence we have

error(T, u, V)

Q
v

V>V <e€ (5.131)

with V, independent of T" and . Therefore, in all cases the error term is small
compared with the value of €, assuming a large volume. A value of 1 m3 for
the volume certainly satisfies the criteria of being large. Hence for all practical
applications we can ignore the error term. Keep in mind, though, that if you
do experiments on a small container of helium gas with only 1000 atoms at
normal pressure and temperature, you will find deviations from this formula.
To analyze such experiments you really have to calculate the sum of the series.

5.3 Bose-Einstein condensation.

The expression for the density % is

_25+1, ( )+25+1
= % BE\€111 )\%

n

95 (V) (5.132)

We now take the thermodynamic limit of this expression. For large values of
the volume we may replace €111 by zero. This gives us

285 +1 A
n= ‘;r T+ @5+ Dno(T)gs(N) (5.133)

It is easy to show that gs (M) is a monotonically increasing function of A, since
the derivative is proportional to 91 which is always positive for 0 < A < 1. As
a result, the particle density is an monotonically increasing function of A. We
define G = g (1) =2.612- - .

It is possible to distinguish two regimes. If

n
o (T) <(25+1)G (5.134)
it is possible to find a value of A < 1 satisfying n = (25 +1)ng (T)g% (M) . In the
expression for n we therefore are able to take the thermodynamic limit V' — oo,
and the first term in equation (5.133) is zero. This means that in the density
regime n < ng(T') the ground state orbital does not play an important role,
and the gas behaves like a normal gas.
On the other hand, if

;> 25+ 1)@ (5.135)
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this is impossible! For such a combination of density and temperature we need
the first term in equation (5.133). For large values of the volume , the value of
A will be close to one, and the value of the second term in equation (5.133) can
be replaced by (25 4+ 1)G. In the thermodynamic limit we have

2541 A
or
A=1- 25+ 1 (5.137)

Vin— (25 + Dng(1)G)

Since in most experiments the temperature is varied and not the density, it
is customary to define a critical temperature T, the Einstein temperature, by
n=ng(Tg)(25 + 1)G, or

Te = (iﬂi) ((25-7:1)G>g (5.138)

The Einstein temperature for Helium is about 3K. The first term in the formula
for n, equation (5.133), gives the number of particles in the orbital with the
lowest energy. If the temperature is higher than the Einstein temperature,
there are essentially no particles in this orbital. If the temperature is below the
Einstein temperature, the number of particles in this orbital becomes very large.
More precisely, the Einstein temperature is the dividing point between having
or not having a macroscopically large number of particles in the ground state
orbital. In the thermodynamic limit this is the only orbital with a macroscopic
number of particles, but for finite volumes other orbitals can be important, too.
As we have shown before, for a volume of 1 m? we need a temperature less than
10~'® K for all particles to be in the ground state.
The relative number of particles in the ground state orbital, (25+1) fgg(€111)/N,

for a temperature below the Einstein temperature follows from

feE(€i11)
1%

and since the thermal wavelength is proportional to T—% we can write this as
the fraction of particles in the ground state orbital:

(2S5 +1) =n— (25 + DA\*G (5.139)

3
fBE(€111) T\?
(25+1) N =1 <TE> (5.140)
This fraction is zero for T' > Tg. At T = 0, all particles are in the ground state
orbital.

Note that there is some confusion in defining an orbital. If we define an
orbital by the quantum numbers n,,n,,n. only, the total number of particles
in that orbital is given by (25 +1) fer(e(ng, ny,n.)). If we define an orbital by
the quantum numbers n plus a quantum number s for spin, the total number
of particles in that orbital is fgr(e(ng,ny,n,,s)). But now we have 25 + 1
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degenerate orbitals! Hence at T' = 0 the number of particles in a ground state
orbital (1,1,1,s) is ﬁ and the total number of particles in all ground state
orbitals (1,1,1,s) together is N. In other words, all particles are in the ground
state orbital (1,1,1) defined without spin. In a number of books one changes
the actual definition of the distribution function by

fope) = oL (5.141)

e*sT — 1

and similar for fermions. Keep this in mind.

The number of particles in the ground state orbital(s) has a sharp transition
according to our formulas. This is because we took the thermodynamic limit.
If we keep both terms in the expression for n, however, this transition is smooth
for finite volumes. Even for values above the Einstein temperature there are
some particles in the ground state orbital. For most experimental situations,
however, the differences are small and one is allowed to use the % power law
formula. Only right at the transition does one see finite size effects. The process
in which a macroscopic number of particles go into the ground state orbital
is called Bose-Einstein condensation. It is observed experimentally in liquid
Helium. Below 2.17 K liquid Helium has no viscosity and a very large thermal
conductivity. One can think of these effects as a manifestation of a macroscopic
quantum state. Since many particles are in the same orbital, there are no
interference effects between their wave functions and they all act in a coherent
way.

Note, however, that our calculations are performed for a gas. In a real
experiment the temperature is very low and the material is a liquid. Corrections
due to particle interactions are needed and the actual calculations are much more
difficult. Also, our calculations only show that there is a transition. In order
to describe the state with Bose-Einstein condensation we need to take particle
interactions into account! Again, these correlation effects are very difficult to
incorporate.

5.4 Problems for chapter 5

PRrROBLEM 1.

An ideal gas consists of Hs molecules. We need six degrees of freedom to
describe such a molecule. Three pertain to the motion of the center of mass
of the molecule and these degrees of freedom follow the statistical mechanical
description of an ideal gas. There are three internal degrees of freedom, two
pertaining to rotations and one to vibrations of each molecule. The values for
the energy levels of the rotational degrees of freedom are kpT,.j(j + 1) and for
the vibrational states kgT,(n + %) Quantum effects start to play a role below
a temperature T, defined by ng(T,;) = n. The Hs gas in enclosed in a fixed
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volume of 224 liters and the number of molecules in this volume is one mole.
Assume that T;. ~ 175 K and T, ~ 6,500 K.

A() Calculate Ty,

(B) Calculate an approximate value for C, at T'= 50 K

(C) Calculate an approximate value for C,, at T = 4,000 K
(D) Calculate an approximate value for C,, at T = 50,000 K

PROBLEM 2.

Using the expansion
4 2 4
1361 = 57z (o9t + Fog2) 4 4 s o) )

for large values of z, calculate the low temperature behavior of u(T), U(T),
S(T), and p(T) up to fourth order in T.

PROBLEM 3.

At high temperatures we have A — 0 for both bosons and fermions. Use
the formula for % and expand f% and gs up to second order. Note that % is
small!

(A) Find the correction term to p(7") due to the second term in that expansion
for bosons and fermions.

(B) Calculate the pressure including this second term for bosons and fermions.

PROBLEM 4.

Pauli Paramagnetism.

The energy of non-relativistic electrons in a small magnetic field is given
by €55 = % — spoB where s = +1 and pg is the magnetic moment of the
electron. Assume pgB < ep. Note that in this problem we ignore the effect
of the magnetic field on the orbit of the electron, that turns out to be OK in
first approximation. Evaluate the magnetic susceptibility x in the following four
cases:

(A) For T =0.

(B) For kT < €p, one more term beyond (A).
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(C) For T = oo. (Note: this one you can get without any detailed calculation).

(D) For kgT > ep, one more term beyond (C).

PROBLEM 5.

The virial expansion is given by 5z = 372, B;(T) (%)J with B1(T) = 1.
Find By(T) for non-interacting Fermions in a box.

PROBLEM 6.

The energy of relativistic electrons is given by €55 = \/p?c? + m2c*, which
is independent of the spin s. These particles are contained in a cubical box,
sides of length L, volume V.

(1) Calculate the Fermi energy ep = pu(7T = 0) as a function of N and V.
(2) Calculate the internal energy U.

(3) Expand the integral in (2) in a power series, assuming that the density
is very low.

<=

(4) Expand the integral in (2) in a power series, assuming that the density
is very high.

N
\%

PROBLEM 7.

Landau diamagnetism. The orbits of an electron in a magnetic field are also
quantized. The energy levels of the electron are now given by

p? ehB,. 1

€(pz, J,a,8) = om " e (J+ 5)
with p, = 2%Rl, 1 = 0,+1,42,---, and j = 0,1,--- . The quantum number
« counts the degeneracy and « runs from 1 to g = 6255 The magnetic field

is along the z direction. We have ignored the energy of interaction between the
spin and the magnetic field.

(1) Give an expression for the grand partition function (7', u, V).

(2) Calculate the magnetic susceptibility for T — oo ( no, zero is not an
acceptable answer, one more term, please) in a weak magnetic field.
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Chapter 6

Density matrix formalism.

6.1 Density operators.

DIFFERENT WAYS TO LOOK AT STATISTICAL MECHANICS.

The theory of statistical mechanics is easily formulated in a quantum me-
chanical frame-work. This is not the only possibility, however. All original
developments were, of course, in terms of classical mechanics. Different ques-
tions arise and we will address some of those questions in the next chapter. But
even in quantum mechanics there are different ways to obtain information about
a system. Using the time-independent Schrodinger equation, like we did, is one
way. We can also use matrices, like Heisenberg, or more general, operators.

In statistical mechanics we start with a definition of the entropy. A different
formulation of statistical mechanics, as given in this chapter, essentially is based
on a different definition of the entropy. Our task is to show that the resulting
theories are equivalent. In order to make efficient use of the definition of entropy
introduced in this chapter we have to introduce density matrices.

Density matrices are an efficient tool facilitating the formulation of statistical
mechanics. A quantum mechanical description of a system requires you to solve
for the wave-functions of that system. Pure states are represented by a single
wave function, but an arbitrary state could also contain a mixture of wave
functions. This is true in statistical mechanics, where each quantum state is
possible, and the probability is given by the Boltzmann factor. Density matrices
are designed to describe these cases.

Suppose we have solved the eigenvalue system

Hn) = E, |n) (6.1)

with normalization (n’| n) = d,/, and closure ), |n) (n| = 1. If the probability
for the system of being in state |n) is p,, the expectation value of an arbitrary
operator A is given by

119
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< A>= an (n| An) (6.2)

The values of p, are all we know about the state of our system, and they
give a complete description of this state. In this case the description of the
system is an ensemble, which is a more general way to describe a system than
using pure states only. Of course we need p, > 0 and ) p, = 1. A pure state
corresponds to p,, = 1 for a particular value of m. We now define the operator

p by
p=> pnln)(n| (6.3)

This operator is called a density operator, and the matrix of its elements in a
given representation is called a density matrix. The terms operator and matrix
are frequently used for both, however. The operator p obeys the following
relations:

Trp=> (nlpln)=> p.=1 (6.4)
p=rp (6.5)

P> <p (6.6)

The last equation has to be interpreted in the following manner: we have
(x| p? |z) < (2| p|x) for all states |z). A consequence of this equation is that
p is non-negative, (x| p|z) > 0 for all states |z). A Hermitian operator is de-
fined by (z|p'|y) = ((y|p|z))" for all states |z) and |y). The equations (6.4)
through (6.6) can also be used as a definition of a density operator. Any oper-
ator obeying these requirements is a density operator of the form (6.3) and the
probabilities p,, are the eigenvalues of the density operator.

If we know the density matrix for a system, we know everything about this
system. This is due to the fact that we can only measure expectation values of
observable quantities, and these expectation values are obtained from a density
matrix by

<A>=) (n|ppAn) =Tr (pA) (6.7)

n

where we have used the fact that p|n) = p, |n) for the basis set of eigenstates
of the density operator. A big advantage of this formulation is that it is basis
independent. For example, the trace of a matrix is independent of the choice
of basis states. The density matrix can be specified in any basis, or in operator
form.

In statistical mechanics the probabilities p, are equal to the Boltzmann
factor, and we have
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pn = —6_ kT (6.8)

The partition function is

2= ¢ =3 (n|e 75T [n) (6.9)

n

Now we use the fact that the states in the sum are eigenstates of the Hamil-
tonian, and we obtain

2= (n|e ®T n) = Tr ¢ FoT (6.10)

At this point we will switch to the more common notation for the inverse
temperature, § = k[%T The density operator is given by

p=2 e n) (n) (6.11)

and using the fact again that we expand in eigenstates of the Hamiltonian:

1
p= Ee_ﬁH (6.12)

These definitions are basis-dependent. The only question is how to define the
exponent of an operator, but that turns out to be easy since the power series
for exponents always converge uniformly on any finite interval. Hence the ex-
ponent of an operator O is defined by e = > %O”. The mathematical
filed of functional analysis, very useful for physicists, gives many more details.
Products of operators are well defined. Therefore, the density operator can be
specified without knowing the eigenstates of the Hamiltonian. This is definitely
an advantage. Note, however, that in many cases the most practical manner
to do calculations is by using eigenvalues. But there are certainly other cases
where it is better not to do so. Finally, the expectation value of an operator A
in this formalism is

Tr (e PH A)
Tr (e—FH)

This is an important form for expectation values. It can be used in diagrammatic
techniques in the same manner as Feynman diagrams. The only substitution
we need to make is § — 1. We replace inverse temperature by imaginary time.
Now what does that mean???

Formulas (6.10) and (6.12) contain functions of operators. Elementary func-
tions of an operator are positive integral powers of an operator. For example,
O?|z) = Oly) with |y) = O|z). Sums and differences of operators are also
easily defined. More complicated functions of operators can be defined through
power series, just like functions of a complex variable in complex analysis. These
power series often have a certain radius of convergence, and expressed in terms

<A>=Tr (pA) = (6.13)
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of operators are only valid if the norm of the operator is less than this radius of
convergence. But often these functions can be continued for arbitrary operators
similar to the analytic continuation procedure in complex analysis. For example,

O is defined via a power series for all operators O. If we can solve the operator
equation O = eX for the operator X, then we have defined X = log(O). The
logarithm of an operator can be expressed in the form of a power series for
log(1 + O) only if the norm of O is less than one. But log(1 + O) is defined for
all operators O for which O = e can be solved; this is a much larger class of
operators.

If an operator O is Hermitian, O = O, the definition of functions of op-
erators can be related to standard functions of real variables. A Hermitian
operator has a complete set of eigenfunctions |n) with corresponding eigenval-
ues \,. If f(z) is a well-defined function a real variable x in a certain range,
the definition of f can be extended to operators by O = >~ A, |n) (n| = f(O) =
> f(An) |n) (n|. For example, the logarithm of a Hermitian operator can be
defined this way only if none of the eigenvalues of the operator is zero! In other
words, O = eX with O Hermitian can only be solved if none of the eigenvalues
of O is zero.

This treatment allows us to check what happens for an operator with p? < p.
Suppose we have

pln) =rnn) (6.14)
This gives

(nlp?[n) < (nlpln) =13 <7rn (6.15)

which means that r,, is not negative and at most equal to one, 0 < r, < 1.
Hence for an arbitrary vector:

(| p?z) = (zlpln) nl pla) =Y (2l ra |n) (n] ry |2) = Z?‘nl

n n

(6.16)
Similarly:

(alpl) = (lpln) (n|z) = (zlraln) { Zrnl > (6.17)

n n

and since rfl < r, we have

Yorallnla) P <Yl (nfz) P (6.18)

n

or (x| p?|x) < (x| p|r) for all possible vectors. Hence the definition for p? < p
is a valid one. Once we define this condition on all eigenstates, it is valid
everywhere. This is another example showing that it is sufficient to define
properties on eigenstates only.
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We can now make the following statement. In general, an arbitrary system is
described by a density operator p, which is any operator satisfying the conditions
(6.4) through (6.6). We also use the term density matrix, but this is basis
dependent. If we have an arbitrary basis |n), the density matrix R corresponding
to p in that basis is defined by R;; = (i| p|j). In statistical mechanics we
make a particular choice for the density matrix. For example, a system at a
temperature 7" and volume V', number of particles N has the density operator
given by (6.12). The extensive state variables N and V are used in the definition
of the Hamiltonian.

6.2 General ensembles.

The partition function is related to the Helmholtz free energy by Z = e FF.
The states |n) in the definitions above all have N particles, and the density
operator p is defined in the Hilbert space of N-particle states, with volume V. It
is also possible to calculate the grand potential 2 in a similar way. The number
operator N gives the number of particles of state |n) via N|n) = N,, |n). The
energy of this state follows from H|n) = E,, |n).

In this space we still have orthogonality and completeness of the basis. The
only difference with the example in the previous section is that our Hilbert space
is much larger. We now include all states with arbitrary numbers of particles
(even zero!!), but still with volume V. Mathematically these spaces are related
by Sy = HN Sv,N.

The grand partition function 3 is defined by

3= e AlEmuNa (6.19)

where we sum over states |n) with arbitrary numbers of particles. This is often
desirable in field-theory, where the number of particles is not fixed and the
operators are specified in terms of creation and annihilation operators on this
larger space, called Fock-space. The grand partition function is a trace over all
states in this general Fock-space:

3 =Tr ¢ AEH-MN) — =50 (6.20)

and the density matrix in this case is %e’ﬁ (H=4N) " The operator H— uN is some-

times called the grand Hamiltonian. In this derivation we have used the fact
that we can define energy eigenstates for specific particle numbers, or [H, N] = 0.
That condition is not necessary, however. We can use the partition function in
the form (6.20) even if the Hamiltonian does not commute with the particle
number operator, like in the theory of superconductivity. The density opera-
tor is used to calculate probabilities. The probability of finding a system with
temperature T', chemical potential p, and volume V in a state |x) is given by
(z] %e—ﬁ(H—uN) |).

It is also possible to use other Legendre transformations. If V is the volume
operator, one can show that
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Tr e PEFPY) — ¢=AC (6.21)

where G is the Gibbs free energy G = U — T'S 4+ pV. The trace is a sum
over quantum states with arbitrary volumes. This is not necessarily a useful
extension, though. Quantum states are often easier to describe at constant
volume.

In summary, we have

Z(T,V,N)= _Tr e PH (6.22)
Sv,n

where the trace is in the space of all quantum states with volume V and number
of particles N. Similarly, we have

3(T,p, N) = Tr e AEH—HN) (6.23)

Sv
where the trace is now in the much larger Hilbert space of states with volume V.
States do not have to have well defined particle numbers! Independent whether

the Hamiltonian commutes with the particle number operator we can always
write

3(T,p, N) =) Tr e PE (6.24)
N Syn

or

BH _ Z PN Z(T,V, N) (6.25)
N

Tr e”
~—
Sv,~N

3(T,u, Ny = PN
N

as before. This can also be extended. Suppose we can measure the magnetic
moment of a system. This magnetic moment M will be an integer times a basic
unit for finite particle numbers. Hence we have

Z(T,V,N,M)= Tr e "" (6.26)
SV,N,J\/I

where the summation is over a smaller space with a specified value of the mag-
netic moment. If we do calculations as a function of magnetic field we have:

Z(T,V,N,h) = Tr e PUH-IM) (6.27)
~—
Sv,n
We find again:
Z(T,V,N,h) = > MM Z(T,V,N, M) (6.28)

M
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6.3 Maximum entropy principle.

In Chapter 1 we defined the entropy in terms of the number of states available
to a system at constant energy, volume, etc. In Chapter 2 we derived a formula
relating the entropy and the probabilities of finding the system in a certain
state. One can also turn it around, and use this formula as a definition of the
entropy:

S = —kgTr plog(p) (6.29)

It is easy to see that this is the same. If the eigenvalues of p are p,, we have

S=—kgY_ (n|plog(p) [n) = —kp Y _ pnlog(pn) (6.30)

n

where we have used log(p) |n) = log(py) |n). Hence in all cases where we have
the eigenstates of the Hamiltonian we get the same answer for the entropy.
But equation (6.29) is more general and can be used in all cases where we
have no good description of the states of a system in terms of eigenstates of
a Hamiltonian. It is a more general foundation of statistical mechanics, and
one might argue a better foundation. In all cases we have studied so far both
approaches give the same results.

The definition (6.29) is called the information-theoretical definition of the
entropy. It has a very useful application for finding the density operator cor-
responding to a thermodynamical system in a given state. Suppose a system
is specified by the values of some state variables. It is then often possible to
construct a general form of the density matrix p consistent with these state
variables. This form will contain other free parameters, though. These free
parameters are determined by maximizing the entropy! Therefore, one is
able to construct the density matrix of a system in a variational way. Once the
density matrix is known, all other quantities of interest can be found by simply
evaluating expectation values.

Suppose we have a system where we only have states with a given energy,
number of particles, and volume. These extensive parameters are sued to define
the Hilbert space of possible states of the system, and we maximize the entropy
in that space. But suppose we cannot exactly specify one of these variables.
For example, the number of particles can vary. In that case we must maximize
the entropy in a much larger Hilbert space, containing states with all possible
number of particles. But even then we can still measure the average number of
particles. So we want to find the entropy for a given value of the average number
of particles. This leads to the use of Lagrange multipliers. In thermodynamics
we have made the connection with chemical potentials, and hence we expect
that the Lagrange multiplier in this case is related to the chemical potential.

As a first example, we discuss the microcanonical ensemble. Suppose the
thermodynamical state of the system is given by exact values of the internal
energy U, the volume V, and the number of particles N. There are no variations
of these values. The last two conditions constrain the Hilbert space on which p
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is defined. We restrict the quantum mechanical wave functions to states with
a definite volume V and number of particles N. The energy restriction tells us
that we only want to consider states with (x| H |z) = U. The Hilbert space of
all possible states |z) obeying these conditions is Sy,v. .

The problem of the microcanonical ensemble is therefore to maximize the
entropy (6.29) in this space. hence we want to find the maximal value of the
entropy for all operators p obeying the conditions (6.4) through (6.6). Limit-
ing our search to Hermitian operators only is easy. The condition (6.6) is an
inequality and very hard to incorporate in general during the search. There-
fore, this condition we will always have to test at the end. We find all possible
maxima of the entropy, and throw away those that correspond to an operator
not obeying (6.6). Finally, the equality condition (6.4) is incorporated via a
Lagrange multiplier.

The task is now to find the maximum of

X(p) = —kpTr plog(p) + \kp(Tr p—1) (6.31)

over all Hermitian operators on the space Sy,v,n. It turns out to be convenient
to extract a factor kg from the Lagrange multiplier. Based on this euqgation,
we need some functional derivative equation of the form %—X = 0, but now using
operators. How do we define that? Suppose we change the operator by a small

amount, keeping it Hermitian. The we define

AX =X(p+Ap) — X(p) (6.32)

just as we did for functional derivatives. In order to connect with what we did
before, assume that we have some basis in the space on which the operators are
acting. Define the density matrix by

Ry = (il plj) (6.33)
and the variation by
ARy, = (il Aplj) (6.34)
In first order we can then write
AX =Y A;AR; (6.35)
4,J

and now we define the operator % by its matrix elements:

L0X
(Jl % i) = Aj (6.36)

This leads to

6X

5, Ap) (6.37)

AX =37 Gl 5 i il Ao i) = Tr

,J
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and at an extremum this should be zero for all variations Ap, which gives us
the condition mentioned before. The changes in the quantity X are related to
changes in the operator p, and ultimately to changes in the density matrix R;;.
Suppose we only change one matrix element, hence only AR,,,, is non-zero for
a specific value of m and n. This gives:

AX = (n] % jm) {m| Ap|n) (6.38)

but we also have in terms of simple partial derivatives

0X
AX = A .
(55 ) tml Aol (6:39)
which leads to
0X 0X
115 b = () (6.40)

where we note that the order in which n and m appear is interchanged left and
right.
In our particular case we have

X =~k Y (il i) Gl1og(p) 1) + Mes(3_ Gilpli) = 1) (641)

K2

and hence

0x 1o ((24log(o) 1)

(5 ) = ~ho tml1og() ) + Mo ~ b > ol (He
(6.42)

It is the last term that causes problems in the calculations. This task can

be reformulated as follows. Suppose the operator p depends on some complex
variable . Calculate Tr p (g—z). This can be done by using the definition of a
logarithm. We have

log(p)=1<e" =p (6.43)

We can relate derivatives of p to derivatives of 7. In general we have

0 0 1
Moot 2 —.n
axe o zn: n!T (x) (6.44)

and since the series converges uniformly, this gives

0w~ 5 L0 ngy (6.45)

—T
ox n! 0x
n
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At this point we encounter an important difference between functions and
operators. We cannot interchange the order of operators if they do not commute,
and hence we have to write something of the form (AQ)/ = A’A+AA’! In general,
an operator and its derivative do not commute. Therefore:

(%T"(x) = f: T (x) (g;) T (@) (6.46)

and

2 oo = Zﬂ:; Zn: 7 (m) 7 () (6.47)

m=1

and we cannot say much more. But, in our example we need to take the trace
of this equation, and we can use Tr (ABC) = Tr (CAB). Therefore:

0 = 1 « 0T\ m
T () = 3 S ( %) () (6.48)
0 1 & or
(@) il 7
Tr (axe En p mE:1Tr <5$>) (6.49)
0 1 or
2 em(@)y = il n—1 il
Tr (&Ee ) gn n!nTr (7" (x) <8x>) (6.50)
0 1 or
2 et@)y = n—1 bl
T () = (8 gy @ () (6.51)
which finally leads to
0 or
@)y = () [ 2L
Tr (81’6 )="Tr (e (8$>) (6.52)
or in other words
ap, dlog(p)
Tr (ax) =Tr (p < o ) (6.53)
and using * = Rum:
dlog(p)\, _ dp . O0Trp
e ( R ) =GR = Ry T O (6:59
Our final result for the partial derivative is therefore
0X
(aR ) = kg (m|log(p) [n) + (A — 1)kpbum (6.55)

and setting this equal to zero gives
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kg (m|log(p) [n) = (A — 1)kpdnm (6.56)

which leads to the simple solutions

p=e "1k (6.57)
We still need to check that this is a Hermitian matrix with eigenvalues less
than one. That is easy, we simply choose A to be real and at most one.
How do we find the value of A? By checking the condition Tr p = 1. This
gives
A =TrE (6.58)
and the last trace is simply the dimension of the space, or the number of states
with the given energy, the multiplicity function:
et = g(U,V,N) (6.59)

Since the multiplicity function is one or larger, X is one or less. The entropy for
this density matrix is

S =—kpTr * '\ = 1)E = —kpg Y(U,V,N)log(¢g~ (U, V,N))Tr E  (6.60)

or

S = kplog(g(U,V,N)) (6.61)

which is exactly what we expect! Hence we retrieved our old definition, and the
new procedure is the same as the old one.

The extremum of X we have found is a maximum. In order to test this, we
have to calculate the second order derivatives. Hence we need

92X > 9
Bpidpm) = " lo 6.62
(%‘j@pnm B G5y 108(P) ) (6.62)

In order to find the answer, we use again p(z) = e”(®*). As before, we have

oo 1 n—1 -
%GT(I) => ~ > () (gjx) T () (6.63)
n=1 m=0
In general, as we noted before, this cannot be simplified. Taking the trace
of this expression allows us to make it easier. But here we need all values. But
we only need to calculate the second order derivative at the extremum. Hence
we set p = e* 'E, or 7 = (A — 1)E, and we have
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Now we can interchange factors and we find at the extremum that

oz i (ni A= (g;) =t <g;> (6.65)

() -+ (2)

Using = = p;; we get at the extremum

() = (%52) o

and we can now take the element nm of this operator equation to get

() -o(")

The left side is easy, and equal to d,,;0,;. Hence at the extremum we have

or

PX
(‘%%n) = —kpe 5mz‘5nj (6-69)

Suppose we make an arbitrary small change in the density matrix around
the extremum. In second order we have

X 1—x
ijmn ijmn

or

AX = —k}BeliA Z ApijAsz‘ (671)
j
Now we use the fact that the density matrix has to remain Hermitian, and hence
Ap;j; = Apj; to get

AX = —]{iBel_A Z ‘Apij|2 (672)
j

which shows that the extremum is a maximum, indeed.
WHY BOTHER?

The whole approach sketched above seems very complicated, and for the
simple microcanonical ensemble (states with given U, V, N) it is indeed. The
advantage is that it is easier to generalize for more complex systems. That is
where we gain in this formalism. The only thing we have shown above is that
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for a closed system we get the same answers, which shows that the procedure is
OK.

How TO DEAL WITH DISCRETE EIGENVALUES.

So far we have described our state vectors in a Hilbert space with states
at a given energy, volume, and particle number. Since the Hamiltonian is the
operator that governs all quantum mechanics, volume and particle number are
ingredients of the Hamiltonian. But energy is the outcome! Therefore, it is
much better to work in the more natural Hilbert space of state vectors that
correspond to the Hamiltonian. The density operator in this case is

p=C8U — H) (6.73)

where C is some constant, determined by 1 = CTr 6(U — H).

This form of the density operator in the microcanonical ensemble implicitly
assumes that we take the thermodynamic limit. For a finite system the energy
eigenvalues are discrete and the § -function will yield a number of infinitely high
peaks. Therefore we are not able to take the derivative (%) which is needed
to define the temperature!

We can, however, rewrite the delta function. Using a standard property we

find:

cC. U H

= —6 _— = —

p=0 )

and in the thermodynamic limit the spacing in the energy density % goes to
zero. But that is the wrong order of limits, which can lead to problems!

(6.74)

MATHEMATICAL DETAILS ABOUT DELTA FUNCTION LIMITS.

In order to be more precise mathematically, we need a limiting procedure
for the delta-function. For example, one can choose a Gaussian approximation

I w=m?

p=C . ﬁe c (6.75)
which gives the correct result in the limit € — 0. In order to evaluate the trace
of plogp we now have to sum over states with all possible values of the energy.
Clearly we will get a value for the entropy which is defined for all values of U,
and the partial derivative of the entropy with respect to U will give a good value
for the inverse temperature. But now we have two limits to deal with: N — oo
and € — 0. The thermodynamic limit N — oo has to be taken after all physical
state variables have been set equal to the values needed in the problem. For
example, if needed the limit 7' — 0 has to be taken first. The limit ¢ — 0
is not related to a physical state variable. This limiting procedure is a purely
mathematical trick. Therefore, the order of taking limits is first to assign all
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intensive state variables their correct value, then to take the thermodynamic
limit N — oo, and finally consider the results as a function of € and take the
limit € — 0. In practice, one should make N large and choose € as small as
possible, but large compared to the average spacing of the energy levels. We
will discuss this question by looking at a simple example.

A quantum system in one dimension has single-particle eigenstates with
energy nw, withn =1,2,3,---. The energy of N particles is given by (va n;)w.
Hence the entropy is equal to

1 U=(EN ny)w)? 1 U=(EN ny)w)?
S(U, N) = 7kB Z Cﬁe_ 2 log (Ce\/%e_ 2 )
n1,n2, ,MN

(6.76)

We assume that the particles are not identical. Next we set z; = n; - and
assume that € > %, in agreement with the statement that we can only take
the limit € — 0 after taking the limit N — oo. The quantity % is the spacing
between the possible energy values per particle and we have to choose € much

larger than this value. The summations are replaced by integrations and we

have
N
S(U,N) = —kp, <JZ€> /.../dml...dm

1 U 2 1 U
C——e¢ (e—Nzi—=Nzn)” || C — (= —Nzy—---— Nay)?
o/ e\Com) e )
(6.77)
Now we define = ), z; and replace the integration variables by , za, - - -, 2.

Since all the variables x; have to be positive, we know that for a given value
of x all other variables are limited by sz\iz x; < x. Since the integrand only
depends on the value of x, the integration over xs,---,xy is just a geometrical
factor g(x). Therefore, the entropy is equal to

S(U,N) = —kp (?)N/dxg(x)

1 % 2 1 U
C—r=e eV og (C—= ) — (= — Nz)? 6.78
e X v (= = Na) (6.78)
The coefficient C follows from Tr p = 1:
1 _ 2
Cl=Tr ——e (6.79)

or

W= npw)?

cl= e\l/Ee e (6.80)
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Replacing the sum by an integral yields:

_1 Ne\ ™ L (U Nay——Nay)?
C — 7 dmldajNﬁe € 1 N (681)

and with = )" z; we get

c = <N€>N/d;z: g9(z) %64%*1“)2 (6.82)

w

This reduces the entropy to

Jda glx) =N log (01 ) — (¥ — Nay?
[ dw glx) (TN

S(U,N) = —kp (6.83)

In order to prepare for taking the thermodynamic limit we now express the
entropy as a function of the energy per particle u and the number of particles.
The thermodynamic limit is taken in such a way that the energy per particle is

constant. This gives for the entropy per particle, s = %:

defc g(x) eV o) [%bg (C%) - N(% - 1;)2]

7N =—k 2(u 2
s(u, N) [dz g(z) e N (D)

(6.84)

This expression can be split into two parts, by separating the two parts of the
integral in the numerator, and we have s(u, N) = s1(u, N) + s2(u, N) with

1 1
and

[ dx g(z) e N0 (2 — 52

SQ(U,N) = N]CB fdg; g(q;) esz(%sz (686)
The second term can be written in the form:
]. a u
so(u, N) = isza—Nlog (/dm g(x) eNQ(e””)rz) (6.87)

In the thermodynamic limit the exponent is sharply peaked and the integral is
proportional to g(%)% Hence s2(u, N) is proportional to a% log(N) or %7 and
goes to zero in the thermodynamic limit.

Using (6.82) for C we find

s(u, N) = kB%log <<]ZE)N/dx 9(x) eNz("imV) (6.88)
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For large values of N we can replace the exponent by %(5 (% — ) and we get

s(u, N) = k:B% log ((T)N /da: o(2) ga(% - m)) (6.89)

or

N
s(u, N) = kB% log ((JZE) g(t){\?) (6.90)

The geometrical factor g(x) is easily calculated

xT r—T2 r—"—ITN-1 1 N_1
_ SR 91
g(x) /0 dxg/o dxs /0 dxy - 1)!37 (6.91)

Hence the entropy is

s(u, N) = kB% log <<]Z€>N ﬁ (%)Nﬁ1 ;) (6.92)

N
s(u,N) = kg%log ((j:f) N!uNefu> (6.93)

We can now ignore the factor 6\/%% in the logarithm, since that leads to a term
proportional to %, which disappears in the thermodynamic limit.
For large values of N the value of N! is about N¥e™" and hence we find

s(u, N) = 1@% log (w5~ VM) = ks (log(“) +1) (6.94)
The first conclusion for our model system is that the entropy is equal to
Nkpg log(NLw) in the thermodynamic limit. Hence the temperature and energy
are related by U = NkpgT. The second conclusion is that in the thermodynamic
limit the value of S does not depend on e. Hence we can now take the limit of
e — 0 very easily, and use delta functions. This is what we tried to show. For
a finite system the use of delta functions is not justified, such a procedure only
makes sense in the thermodynamic limit.

6.4 Equivalence of entropy definitions for canon-
ical ensemble.

In the previous section we used the information-theoretical definition of the en-
tropy to discuss the microcanonical ensemble. The resulting density matrix was
exactly what we expected from a discussion in chapter 2. Only those states with
energy U are available, and all have the same probability. Since the canonical
and grand-canonical ensemble are based on the microcanonical ensemble, the
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results for the entropy and density matrix should also be the same in this case,
independent of which definition of the entropy we use. In this section we illus-
trate this equivalence directly. This direct method also shows how to use the
maximum entropy principle.

In the canonical ensemble we specify only the average energy U of the system,
the volume V and the number of particles N. If other extensive state variables
are known, they are also included in this list. The trace in the expressions for
the entropy is taken over all states with volume V, number of particles N, and
other extensive state variables. These variables are not allowed to fluctuate.
The energy is allowed to vary, however, and we sum over states with all possible
energies. The additional requirement we have to impose is U = Tr Hp for the
average energy. This requirement is taken into account via a Lagrange multiplier
3, and we have to maximize

X = —kpTr plogp+ Mg (Tr p— 1) — Bkp (Tr pH — U) (6.95)
The choice of sign in front of 3 is conventional. Clearly we see that (%%) =

0=Trp=1and (%) = 0= Tr pH = U. Maximization with respect to p

leads to

0= (aaX ) = kB)\(Snm — kB(Ing)mn — k36nm — ﬁkBHmn (696)
Pnm

where we have used the results derived in the previous section. The addition of
one term did not make the derivative much more complicated. This is valid in
general. Most constraints we want to add are linear, and give very easy terms
in the Lagrange equation!

The minimization leads to

kp(log p)mn = k(A — 1)0nm — Bk Hmn (6.97)

and hence

p=e te P = Ce=PH (6.98)

The normalization constant C (or A) follows again from the requirement that
Tr p = 1. The constant 3 is obtained by demanding Tr pH = U. This condition
can be compared with thermodynamical expressions via (6.97). If we multiply
(6.97) by ppm and sum over n and m, we obtain

Tr plogp= (A —1)Tr p— Tr pH (6.99)

and using the definition of the entropy and the constraints on the density matrix:

S=—-kg(A—1)+kppU (6.100)
The constant A — 1 is equal to log C. Since Tr p = 1 we have C~! = Tr e F#H,
The last expression is the partition function Z at a temperature ——. The

Bke



136 CHAPTER 6. DENSITY MATRIX FORMALISM.

logarithm of the partition function is related to the Helmholtz free energy,

F(T) = —kgTlog Z. Therefore A — 1 = % at a temperature T = ﬁ%s
In other words we find
k(T
TS = —kBTﬁT) + kgTBU (6.101)

which is the correct definition of the Helmholtz free energy in thermodynamics
only if we require that the Lagrange multiplier ( is equal to kB% The tempera-
ture is in this formalism related to a Lagrange multiplier which constraints the
average energy! This is another way of defining the temperature, and we have
just shown that this definition is equivalent to the standard thermodynamical
definition, since it leads to the same expression for the Helmholtz free energy.

In the grand canonical ensemble we allow N to vary and take the trace over
all states with all possible values of the energy and number of particles. The
expression to maximize in this case is

X=—kpTrplogp+ Xkp (Tr p—1) —

Bkp (Tr pH—U) + Bukp (Tr pN — N) (6.102)

The maximum occurs when

p = Ce A1) (6.103)

The values of 3 and C are determined as before, but u follows from the require-
ment that the average number of particles is equal to N. One can show that p
must be equal to the standard definition of the chemical potential in the same

way as we showed that 3 is equal to k:E%T

6.5 Problems for chapter 6

PROBLEM 1.

Show that the expression for the density matrix p = Ce~?H=#N) corresponds
to an extremum of (6.102). By analyzing the grand potential Q show that
is the chemical potential.

PROBLEM 2.

Show that the solution p = Ce™?H for the density matrix for the canon-
ical ensemble, obtained by finding the extremum of (6.95), corresponds to a
maximum of X.

PROBLEM 3.
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A system is described by a state in a two-dimensional Hilbert space. The
Hamiltonian is given by
€ af
H = ( a 2 )

Assume that € > |a| and that e < 1.

(A) Calculate the partition function up to second order in 3.
(B) Calculate the high temperature limit of the heat capacity.

(C) Suppose that o = % and that the density is small. Calculate the pressure
in the large volume and high temperature limit.

PROBLEM 4.

A quantum mechanical system is described by a Hamiltonian H = Hy + &V,
with [Ho,V] = 0. & is a small constant. The Helmholtz free energy is F,(T).
Calculate the change in Helmholtz free energy, AF = F,, — F} for this system

7 K
up to second order in TnT-

PROBLEM 5.

In a two-dimensional Hilbert space the density operator is given by its matrix

elements:
_ T R
P=\ R 1-2

This form is clearly Hermitian and has trace one. Calculate the entropy as
a function of z and R, and find the values of z and R that make the entropy
maximal. Note that you still need to check the condition that the matrix is
positive! Also, show that it is a maximum!

PROBLEM 6.

A quantum mechanical system is described by a simple Hamiltonian H,
which obeys H? = 1. Evaluate the partition function for this system. Calculate
the internal energy for T'— 0 and T" — oc.

PROBLEM 7.

A system is described by a density operator p. In this problem, the eigen-
values of this operator are either 0 or 1. The number of particles in the system
is N and the volume of the system is V.
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(A) How many eigenvalues of p are equal to 17
(B) What is the entropy of the system?

(C) Assume that the particles are independent. If a single particle is described
by a density operator p;, how do you construct p from the p;?



Chapter 7

Classical statistical
mechanics.

7.1 Relation between quantum and classical me-
chanics.

CHOICE OF BASIS.

Based on the knowledge of quantum statistical mechanics, it is straightfor-
ward to derive the expressions valid for a classical description of a many particle
system. A classical state of a system is defined by the values of the positions
7; and momenta p;. These vectors are combined in a single vector X in a 6N-
dimensional phase-space. Every value of X corresponds to a certain state of
the system. The classical Hamiltonian H (X ) is constructed from the quantum
mechanical one by replacing momentum operators by numbers p;. A good basis
for the expressions for the density matrix is therefore the set of all vectors |X >.

In quantum mechanics it is impossible to specify both the position and the
momentum of a particle at the same time, since the position and momentum
operators do not commute. The commutators are proportional to A and one
way of thinking about the classical limit of quantum mechanics is to assume
that A — 0. In this sense the position and momentum operators do commute
in the classical limit and we are allowed to use their simultaneous eigenvalues
as labels characterizing the state of a system.

WIGNER DISTRIBUTION FUNCTION.

In a more formal approach we use so-called Wigner distribution functions,
defined by

139
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o P 1 1
W) = /d%em <P Ll 7 > (7.1)

for a system with only one particle. In the formula above p is the density matrix
describing this system. This formula represents a partial Fourier transform. If
we want to transform the complete density matrix we need two exponentials
and two three dimensional integrations, because we need to transform the infor-
mation contained via 7 and 7 in < 7|p|7” > both. But now we only transform
half of the space, which still leaves us with a function of two three dimensional
vectors.
It is easy to show that

1
(2m)?

/d%W(E,f’) =< Fp|F > (7.2)

and

rW(k,7) =< k|p|k > (7.3)

These are the probability functions for finding the particle at position 7 or
with momentum k. In order to derive the last expression we have used

|7 >= (27)" % /di”ke“?ﬂ/? > (7.4)

to get
W (k, 7) =/d3xel B[ @™ T EDR T O] |l > =
/d3k’/d3k” k'+k”])ei[’5””’3’ﬁ <F|pli> > (7.5)

Integration over 7 gives an extra delta-function §(k' — k) and the stated result
follows.

AVERAGES.

Suppose O(E, 7) is a classical operator in phase space and if O is the quantum-
mechanical generalization of this classical operator. In a number of cases it is
possible to show that the quantum-mechanical expectation value of the operator
< O > is given by

<O >= /d%/d%@(i&} W (k, Z) (7.6)

which relates classical values and quantum mechanical values of O and O. This
procedure is not always possible, though, and our discussion only serves the
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purpose to illustrate that a connection between quantum mechanical density
operators and classical distribution functions can be made. In general, the
expressions one needs for the distribution function W are more complicated
than the form given by Wigner.

CLASSICAL DENSITY MATRIX.

In order to give the formulas for classical statistical mechanics we consider
the canonical ensemble first. Since the Hamiltonian in the classical limit is
diagonal in X, we find that the density matrix is diagonal too, and that

< X|p|X >= p(X) = CePHE) (7.7)

In many ways this form of p can be directly compared with the function W
introduced in the previous paragraph.

VOLUME PER STATE.

The normalization constant C follows again from the requirement that Trp =
1. This trace implies a sum over all possible states. In phase space, this is
replaced by an integral. We do have to multiply this integral by a volume factor,
though. The magnitude of this volume factor follows from the old quantum
mechanical quantization condition

]f pdq = nh (7.8)

where p is the generalized momentum corresponding to the generalized coordi-
nate q. This contour integral is an integral multiple of Planck’s constant h. In
two-dimensional phase space [p, g] the area inside a quantum orbit is nh, hence
the area between two quantum orbits is h itself. In other words, the area per
orbit is h. This value is consistent with the Heisenberg uncertainty relation.
If we construct a wave-package from plane-waves, we find that the position is
specified within Az and the corresponding momentum coordinate within Ap.
Also, AzAp > ah for a value of a which is about one. If we represent the states
of a system by a grid of points in the p-x plane the distance between the points
in the x-direction has to be about Az. If grid points are closer together than
Az they could not be distinguished and if they are further apart they do not
cover all space. Similarly, the distance of the grid points in p-space should be
Ap and hence the volume per point in one dimension should be AxAp, or about
ah. The formula above shows that we have to take o = 2.

CLASSICAL INTEGRALS.

If the N particles in our system are not identical, we therefore have the
rule
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d> o= hs% / dxX (7.9)
<

If the particles are identical, however, any permutation of the coordinates gives
the same state, and we have to replace the sum by

1 S
d> = VISR / dX (7.10)
X
As a result, the classical partition function is equal to
—BH(X
N'h3N /dX ) (7.11)
and the density matrix is
S 1 =

p(X) = Ee—ﬁH(X) (7.12)

7.2 Classical formulation of statistical mechani-
cal properties.

ENTROPY.

The entropy follows from the information-theoretical definition 6.29 and we
find

- L _sux
S(T,V,N) = ZN'W /dXe ) 10g <z 6H<X>) =

kg

ZNIEN /df@fﬁH(f) (108(2) + BH(X)) = kplog Z + kppU  (7.13)

Note that the volume V is included in this formula, it simply limits the
integrations over the coordinates Z;. As expected, our equation leads to F' =
U — TS and our definitions are equivalent to the old definitions of the entropy.
This was already shown explicitly in the previous chapter for the canonical
ensemble.

DENSITY OF STATES.

The micro-canonical ensemble can be treated in a similar way. In this case
the density matrix is equal to

p(X) = Co(U — H(X)) (7.14)
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where the normalization constant C follows from Trp = 1, or

C~'=D(U,V,N) = N%hw /d)?a(U — H(X)) (7.15)

Note that in classical mechanics there are no problems with discrete levels, the
set of possible values for H (X: ) is continuous. If the particles are not identical,
the factor NI should be omitted. The function D(U) is called the density of
states. This density of states also relates the micro-canonical and the canonical
ensemble via

H(X —fBu
Z= N'hSN/dXe g N'h3N/dX/du5u— X))e P (7.16)

which leads to

Z(T,V,N) = / duD(u,V, N)e P (7.17)

The partition function is the Laplace transform of the density of states. In
many cases it is easier to evaluate Z and then this relation can be inverted
to obtain the density of states D. One important technical detail is that the
energy integral is bounded at the lower end. There is a ground state energy,
and a minimum energy level. We can always shift our energy scale so that the
minimum energy is zero. In that case we can write

1 c+r100
D(U,V,N) = o / dte* Z(t, V, N) (7.18)
T

200
GRAND PARTITION FUNCTION.

The grand canonical ensemble follows from the density matrix defined in the
much larger space of states with all possible numbers of particles. The grand
partition function now involves a sum over all possible combinations of particles
and is equal to

1 o aH(ZN)—
3(T, 1, V) :ZW / dX e PUHX,N)=pN) (7.19)
— NI
This leads to
3T, V) =Y BT Z(T,N,V) (7.20)

which is exactly the same relation as we derived in before. This shows that
our classical formalism is consistent with the quantum statistical approach. In
deriving classical statistical mechanics from its quantum analogue, the factors
N!and k3N come in naturally. It is also possible to postulate classical statistical
mechanics directly, but then these factors have to be introduced in some ad-hoc
fashion.
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7.3 Ergodic theorem.

CONNECTION WITH EXPERIMENT.

Most experiments involve systems that involve many degrees of freedom. In
all those cases we are only interested in average quantities. All average quantities
follow from the quantum mechanical formula, and can be expressed as classical
averages if we change sums to integrals:

1 — — —
The factor N! is needed for indistinguishable particles, and should be omitted
for distinguishable particles.
The previous formula does, of course, not describe the way we measure
quantities! In a measurement we often consider time averaged quantities or

space averaged quantities. In the first case, we start the system at an initial

— . N . % F
state X, at t = 0 and use Hamilton’s equations ( 5; ) = — (%) and (aat ) _
+ (g—g) to calculate X (t). We then evaluate

1 t+1 N
<A> (=7 [ A (122)
T Jt

where X (t) is the state of the system at time t. The value of this average
depends on the measurement time 7 and on the initial state. Birkhoff showed
that in general lim,_,,, < A >, (t) is independent of the initial conditions. So
if we take 7 large enough it does not matter where we start. Note that in cases
where we have external potentials that vary with time we cannot make 7 too
large, it has to be small compared to the time scale of the external potential. In
different words, the effects of external potentials that vary too rapidly are not
described by thermodynamic equilibrium processes anymore.

EQUIVALENCY OF AVERAGES.

Now we ask the more important question. Under what conditions is this
measured quantity equal to the thermodynamical ensemble average? In the
quantum-mechanical case we argued that all accessible quantum states are
equally probable if the total energy U of the system is fixed. We needed to
invoke some random external small perturbation to allow the system to switch
quantum states. In the classical case we need a similar argument.

The time evolution of a classical system is determined by Hamilton’s equa-
tions:

Ops 0H 0¥; O0H

ot oz, > ot  op,

(7.23)
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The trajectory X (t) is well-described. For an isolated system the energy is
conserved, and X (¢) is confined on the surface in phase space given by H(X) =
U. In the micro-canonical ensemble p(X) = C§(H(X) — U) and all states with

H ()? ) = U are included in the average. In the time average, only a small subset
of these states is sampled. The requirement that both averages are the same
leads to the requirement that in the time 7, which has to be short compared
with the time scale of changes in < A > (t), the trajectory )?(t) in phase
space samples all parts of the accessible phase space equally well. If this is
true, and the time-average is equal to the ensemble average, the system is called
ergodic. Most systems with many degrees of freedom seem to obey this ergodic

hypothesis.

If a system is ergodic the orbit X (¢) should approach any point in the acces-
sible region in phase space arbitrarily close. Originally it was thought that this
statement could be related to Poincaré’s theorem. This theorem states that a
system having a finite energy and a finite volume will, after a sufficiently long
time, return to an arbitrary small neighborhood of almost any given initial state.
The time involved, however, is prohibitively long. It is on the order of eV, where
N is the number of degrees of freedom.

CHAOS.

A more useful approach combines the classical trajectories with small exter-
nal perturbations, like in the quantum-mechanical treatment. An orbit X (t) is
called chaotic if an arbitrary small change in the initial conditions in general
leads to a very large change in the state of the system at a later time t. Classical
statistical mechanics therefore requires that most of the orbits of the system are
chaotic. The time 7 still has to be large in order to obtain a good sampling of
phase space. For meta-stable systems like glass the time 7 can be longer than a
human life-span. This means that the ergodic theorem in itself is not sufficient
for the time-average and ensemble-average to be the same in a real experiment.

If we want to measure properties of a system, we have to connect the system
to some outside instrument. If we want to specify any intensive state variable
of a system, we have to connect it to a reservoir. In all these cases there will
be small perturbations on the system and the description given in the previous
paragraph is valid. What happens in a truly isolated system though? The
answer to this question is impossible to derive from experiments, since any
experiment involves a perturbation. Hence questions pertaining to a statistical
mechanical description of a truly isolated system in terms of ensembles are
purely academic. Nevertheless scientists have tried to answer this question and
two opposing points of view have been defended. Landau claims that it is not
possible to give such a description and that you need outside perturbations,
while Khinchin tells us that it is possible to give such a description.
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7.4 What is chaos?

ONE DIMENSION IS NOT ENOUGH.

The nature of chaos is best understood by considering some simple examples.
First, we investigate a one-dimensional harmonic oscillator. The Hamiltonian
is given by

H(w,p) = 52 + ) (7.24)

with solutions

x(t) = zg cos(t) + posin(t) , p(t) = —xosin(t) + po cos(t) (7.25)

Phase space is two-dimensional, and the surface of states with energy U is
a circle with radius v2U. Each orbit (x(t),p(t)) samples all states on this
available surface. These orbits are not chaotic, since a small change in the
initial conditions gives only a small change in the state at arbitrary times t.
Also, the time needed to sample all of the available states is the period of the
oscillator, and this is a long time for the system. Any average over a complete
period essentially throws away all information about details of the system! In
a case like this one would like to measure over a much shorter time. Hence a
one-dimensional harmonic oscillator is an exceptional case, it is too simple!

TWwO DIMENSIONS WILL DO.
A two-dimensional harmonic oscillator is described by the Hamiltonian

i]‘ 2 2 2 2
= ~(p% +1? ,
H(z,y,pz,py) 2(17 +p, + 2" +y%) (7.26)

and the solutions for the orbits are

x(t) = xg cos(t) + prosin(t) , y(t) = yo cos(t) + pyo sin(t)

Pz(t) = —xosin(t) + pgocos(t) , py(t) = —xosin(t) + pyo cos(t) (7.27)
In this case phase space is four-dimensional, and the surface of constant energy
is a three-dimensional hyper-sphere.

POINCARE SURFACE.

In order to present results for systems with many degrees of freedom we
often use a simple representation. An arbitrary orbit is represented by its cross-
sections with a number of two-dimensional cuts through the constant energy
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surface. For the two-dimensional oscillator at a given energy U only three vari-
ables are independent. Suppose that y is the dependent variable. In order to
get a two-dimensional representation of the orbit, we have to eliminate one ad-
ditional variable. We will choose x and consider all states of the system with
2 = 0. Therefore we work in the plane (p,py). The energy U is equal to
%(pi, + pz) + %yQ and hence the available part of phase space in this plane is
given by

pa+ps <2U (7.28)

A chaotic orbit would sample all values of the momentum within this circle.
The trajectories of the harmonic oscillator are very regular, however. If we
assume that zog = 1 and p,o = 0, the condition x = 0 occurs at time ¢t = 27n
forn=0,1,2,--- At these times p, = 0 and p, = £p,0; hence only two points
are sampled!

Harmonic systems are too simple. There are three constants of motion.
Jp = 2%+ p? and Jy = y? +p§ are conserved, and the phase angle between the
x and y part of the orbit is also constant.

LARGE SYSTEMS.

This conclusion can be generalized to a system of N three-dimensional har-
monic oscillators. All orbits are non-chaotic, and such a system cannot be
described by statistical mechanical methods! If N is very large, however, and
the initial conditions of the oscillators are random, such a system does give the
correct statistical mechanical results if we measure variables as spatial averages!
Randomness has to be brought in, however. Either the initial states are random,
or each oscillator is perturbed randomly and continuously.

This trick only works when the oscillators are identical, and we essentially
map all coordinates into a six-dimensional phase space for a single harmonic
oscillator. Measurements which go beyond this simple projection of phase space
still have to be discussed carefully. Also, there are problems with correlations.
If there are no random perturbations the relative motion of any two oscillators is
completely determined by the initial conditions and hence cannot be described
by a statistical mechanical ensemble average.

ADDITIONAL INTERACTIONS.

The harmonic oscillator is easy since it only contains second order terms.
One has to include higher order terms to see interesting effects. A standard
example is the Hénon-Heiles potential

1 1 1
Vix,y) = §w2 + §y2 + 2y — gy?’ (7.29)

Near the origin particles are still bound, because the third order terms are small.
In the y direction, however, the potential goes to minus infinity, and a quantum
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particle would always tunnel out. A classical particle will remain bound, as long
as its energy is smaller than the minimum barrier. The y direction gives us this
minimum, and for z = 0 we have V(0,y) = 3y* — $y3, which has a maximum
at y = 1 with value é. Hence we have to restrict the energy U to values less
then one-sixth and larger than zero. The values for x and y corresponding to

Viz,y) = % are given by

2y +1)B22 - (y—1)*) =0 (7.30)

which corresponds to three straight lines. A contour map of V(x,y) is not hard
to sketch.

Figure 7.1: Hénon-Heiles potential.

The part of phase space with = 0 available in the (p,,p,) plane is given
by a circle of radius v2U. The equations of motion governing this system are
easily derived:

Oz _ 9y _
8t7pm ) atipy
8px 6py 2 2
- 7 —9 Yy — 31
ot T —2xy 5t y—zx“+y (7.31)

and they can be integrated starting from any value of (z,y, ps, py) yielding and
energy U and a bound orbit. The results are very interesting. If U is very small,
all orbits behave more or less like normal harmonic oscillator orbits. If U is
close to %, almost all states correspond to a single chaotic orbit. For values
of the energy in between part of the states correspond to regular orbits, and
part of the states to a chaotic orbit. This chaotic orbit is the feature we need
in statistical mechanics. When a system contains many degrees of freedom
and higher order interactions, chaotic orbits become more pronounced at more
values of the energy. As a result, large systems can be described by statistical
mechanical tools.
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This example is studied in detail in a course on non-linear dynamics. An
important question, studied actively in that field, is the following. What are the
conditions for the Hamiltonian so that most of phase space for most energies
is covered by a chaotic orbital? In our words, can we construct a non-trivial
many body Hamiltonian for which statistical mechanics does not work? Note
that every Hamiltonian will have regular orbits, but the ergodic theorem is valid
only if these orbits have a measure zero.

7.5 Ideal gas in classical statistical mechanics.

The classical Hamiltonian for a system of N independent particles of mass m is
given by

7
H=>)" . (7.32)
=1

COLLISIONS ARE NEEDED.

Such a system is clearly not ergodic. The solutions for the trajectories are
Z;(t) = #;(0) + ¥;t and sample only a small fraction of phase space. We have to
perform a spatial average in order to get some meaningful answers. In reality,
of course, there are collisions. These collisions are elastic and are assumed to be
instantaneous and they randomly redistribute the energy between all particles.
In this case, we can perform a time average to get a meaningful answer. The
latter procedure is more satisfying from an experimental point of view, and
allows us to compare experimental results with ensemble averages derived from
the Hamiltonian above.

If we assume that the atoms are hard spheres, instantaneous collisions are
the only possibility. But the interactions between atoms are more than that,
there are long range tails in the potential. This means that when the density of
the gas is too high, the interaction potential plays a role. Hence the ideal gas
is a first approximation of a description of a gas at low density, where we can
ignore the interaction terms.

DENSITY OF STATES.

We will calculate the entropy of the ideal gas in the micro-canonical ensem-
ble. We replace the delta functions by Gaussian exponentials, and use the limit
€ — 0. We have to use this e-procedure in order to avoid problems with the
product of a delta-function and its logarithm. The entropy follows from

S(U,V.N) = —k L/d}?c L o~ g0g (0™ (7.33)
s Vi - BN'th € € og p 71'6 € .

evm VT
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Similar to what we derived before, it is possible to show that the last, exponen-
tial, factor in the logarithm does not give a contribution to the integral. We
expand the logarithm to get:

1 _ 2 (U—-H)?

S(U,V,N) = _kBW /dXC’—e 2 |log(C) — log(ey/) — —=

(7.34)

The third term in the integral is very small when |U — H| > € due to the
exponential. It is also very small when |U — H| < € because of the quadratic
term. Hence it only contributes when |[U — H| = e. In that case the integrant
is proportional to % But the volume in phase space that corresponds to this
value is proportional to e~ and hence the total contribution vanishes when
€ goes to zero.

The second factor in the logarithm gives a contribution kg log(ey/m) to the
entropy, and this factor vanishes in the thermodynamic limit. Hence we find

with
D(U,V,N)=C~' = é/dfe*(%f)z (7.36)
A A ' '

Here we can again take the limit € — 0 to recover the expression we derived
before. But note that we have used the thermodynamic limit, and we did take
it before the limit ¢ — 0. That is technically not correct. This was a topic of
much discussion in the early days of the development of statistical mechanics.

For an ideal gas the density of states D follows from

N
1 P

D(U,V,N) = W/dpif---dp?vaw—z Qm)/dri{’--.dr?v (7.37)
. =1

The spatial integral is easy and gives a factor V. The integral over the mo-
menta is equal to the surface area of a 3N-dimensional hyper-sphere of radius
V2mU. This leads to

3N-1
yv 2t (Ve
N3N NED

2

D(U,V,N) =

(7.38)

If N is even, P(3¥) = (3X 1)l and if N is odd, T(2¥) = /72~ "= (3N —2)!!

In both cases we can approximate log(I'(2Y)) by (285-1)log(25Y) — 3.
This assumes that N is very large (thermodynamic limit) and that we can
replace N —1 by N. The entropy in this limit is (again ignoring terms not linear

in N)
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v 3N 3 3 3
S(U,V,N) = kg log(w (\/27rmU) ) — §Nk3 log(§N) + §kBN =
V(2rmU)3 3 3
kBNlog((Nih?))) + Nkp — Nkplog ((QN)S) + iNkB =
V 4AmmU s 5
This is in agreement with what we derived before. Using # = (32),

we find % = %Nl’;B as expected. Replacing U by %N kT in the formula for

the entropy yields the old Sackur-tetrode formula. Hence the ideal gas is the
described by the same formulas in classical statistical mechanics as in quantum
statistical mechanics. In quantum statistical mechanics we needed to take the
high temperature (or low density) limit to arrive at the Sackur-tetrode formula.
In this limit quantum effects were not important, and it comes as no surprise
that we recover the same formula in the classical limit!

7.6 Normal systems.

In the derivations for the entropy in the micro-canonical ensemble we have
often made use of the thermodynamic limit. This means that if we take the
limit N — oo with % = U and % = V constant. For the ideal gas we see
immediately that in this limit % also approaches a constant value S. Systems
for which this is true are called normal. The ideal gas is a normal system, and
all other systems we have discussed and will discuss are normal. If a system is
not normal, standard statistical mechanics does not apply. It is easy to show
that all systems with short-range interactions are normal. An abnormal system
therefore has to have long-range interactions between the particles. A simple
example of a abnormal system is a gravitational system with a uniform mass
density p inside a sphere of radius R. The potential energy of such a system is

r—r

12
Vot = / dPrd’r’ —— (7.40)
rr’'<R | ‘
For large values of R this scales with R® V3. Hence in the limit N —

oo with % constant the potential energy does not approach a constant, but
diverges.

7.7 Quadratic variables.

The kinetic energy for an ideal gas has a very simple form. This is related to
the fact that the momentum appears as a second power in the Hamiltonian. A
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very general statement for such variables is easy to prove in classical statistical
mechanics. Suppose we have one component ¢ of the 6N-dimensional vector X
in phase space which appears in the Hamiltonian in a quadratic way:

H(X)=H+ac® (7.41)

where H' does not depend on c. The partition function then has the form

o _ac? kgT

Z= Z’/ dee T5T = 2/, 58 (7.42)
—o0

where Z’ does not contain any reference to the component ¢ anymore. The
internal energy U is related to Z by U = _c‘% log(Z) and hence we find

1
U=U"+ k5T (7.43)

Hence the energy associated with a quadratic variable is simply %kBT.
DIiATOMIC GAS.

For an ideal mono-atomic gas we have kinetic energy only, and since this
involves 3N components, the internal energy of an ideal gas is %N kgT. For an
ideal diatomic gas the situation is more complicated. At relatively low temper-
atures only the motion of the center of mass plays a role and the internal energy
is again %N kpT. At intermediate temperatures the molecules will rotate freely,
adding two quadratic variables to the Hamiltonian, e.g. the two rotational
momenta. Hence the energy is gN kpT. At high temperatures the atoms are
able to vibrate. This now adds two quadratic coordinates to the Hamiltonian,
one momentum variable and one variable representing the distance between the
atoms. Hence the energy is %N kpT. At very high temperatures the molecules
will start to break apart and we lose the vibrational bond energy associated
with the position coordinate. The two atoms together are now described by six
momentum coordinates and the energy becomes 3NkgT.

7.8 Effects of the potential energy.

The ideal gas is an exceptional system, since it contains no potential energy term
in the Hamiltonian. As a result D is proportional to V¥ and the only volume
dependence of the entropy is a term Nkplog(V). Because (%)U,N = £ we
find pV = NkpT. Hence the ideal gas law holds for any system for which
the Hamiltonian does not depend on the generalized coordinates, but only on
the momenta! A second case occurs when we assume that each molecule has
a finite volume b. The integration over each spatial coordinate then excludes
a volume (N — 1)b and D is proportional to (V — Nb)V for large values of N,
where (N —1)b = Nb. This gives rise to the factor V' — Nb in the van der Waals
equation of state.
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In a more general case, the Hamiltonian for the classical particles contains
a potential energy U, and we have

7+U(7?1,7?2,"',77N) (744)

In many cases the potential energy obeys a given scaling relation. For example,
assume that

UM, -, AFN) = NU(F, -+, TN) (7.45)

If the interactions are pure Coulomb interactions, then v = —1. The partition
function in this case is

2 \3N B
1 __ D 3 3 _ UL, TN)
2 N3N dpe” *mFBT o | doryee-dPrye FBT (7.46)

With g = kB% this is equal to

3N
z 1 (VzkaTﬁ> /d3r1~--/ d3rNe*U(ﬁ%F1,--ﬁ%FN)_
v v

1 <\/2kaT7r>3Nﬂ_3N/

N - d3x1-~/ , dPxye V@3N (7.47)

In other words, in terms of V and T we have

3N
1 \V2mk 3N 1,1
21Ny = gy (VT kg TN v )

where g(N,x) is the result of the integration over all spatial coordinates. The
Helmholtz free energy F' = —kpT log Z has therefore only one term which
depends on volume:

V2mk 3NkgT
F(T,V,N) = kpT log(N') — 3NkBTlog< ”;l BW) - ’yB log(kp)—
1 1 _3
3NkBT(§ + —)log(T) — kT log(g(N,VT™ 7)) (7.49)
Y
The pressure follows from — (g—v) ~- The equation of state takes the general

form

pT 5 = f(N,VT™3) (7.50)
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where f(N,z) is a function related to g(N,z).
If there are only Coulomb interactions, v = —1, and we find p = T4 f(N, VT?3).
In general we can write the equation in the form

% =VT 3 f(N,VT 5 (7.51)

The value of « can therefore be determined from an experiment in which
we vary p and T in such a way that pV/T is constant. That implies V7 /T3
is constant and a plot of V versus T gives . This description is valid for a
gas of Na* and CI~ ions at low density. The forces between ions can only be
approximated by simple Coulomb forces when the ions are far apart. At small
distances one has to include the effects of induced dipoles. Also, for a gas of
inert atoms we expect to have van der Waals interactions, in which case we have
v = —6.

7.9 Problems for chapter 7

PROBLEM 1.

In the presence of a magnetic induction B the classical Hamiltonian rep-
resenting the energy of the system, including the interaction energy with the
external field, follows from the Hamiltonian H(pi,-- -, PN, 71, -, 7n) without

—

a field by minimal substitution. The momenta p; are replaced by p; — £ A(7)
where A is the vector potential defined by B=V x A.

A. Calculate the free energy G(T, B, N, Vy=U-TS- M-B

B. Prove van Leeuwen’s theorem that diamagnetism does not exist in clas-
sical mechanics by showing that M (é) = ( for all values of the induction B.

PROBLEM 2.

Consider a classical system of identical rod-like molecules which have a per-
manent electric dipole. The direction of each molecule is given by the angular
coordinates 60;, ¢;. The Hamiltonian is given by

N -
oL 21 L
H (i, 75, poi> Dpir i, i) = E <2pm + 51[@2 + ¢7 sin(6;)] — dE COS(9i))
=1

where [ is the moment of inertia of the molecule and d the electric dipole
moment. The electric field E is applied along the z-axis.

A. Calculate the free energy &(T, E,N, V)y=U-TS - P.E.

B. Calculate the polarization 15’(T7 E,N, V).
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C. Show that the dielectric constant € in the high temperature limit is given

_ 47 Nd?
by e =1+ S+

PROBLEM 3.

The Hamiltonian for a classical system of two identical particles is given by

R, 1
H (7,7, p1,02) = =— (5 + P5) +

1o 9o S\2
=5 mw*(7] — 72)

2
Evaluate the Helmholtz free energy and the internal energy of this system
as a function of temperature.

PROBLEM 4.

The positions of the atoms in a one-dimensional solid are given by r, =
na + x, , n = 1---N. Neighboring atoms are connected by springs, and the
Hamiltonian is

N N

1 K
H<$17"'axN7p17"'>pN) = %ZP? + EZ(%*1 _xi)Q
i=1 =2

Evaluate the internal energy and heat capacity of this solid.
PROBLEM 5.

Consider a system of N identical particles in one dimension. The positions
x, of the particles are connected via |z, — 2,41| = a. This is a model of a
polymer chain with N — 1 links. The total length of the chain is L = |z — 2 n].
The potential energy of the n-th particle is mgz,. Calculate the coefficient of
linear thermal expansion for this system, and show that it is negative, like for
a rubber band. Ignore kinetic energy terms in the energy.

PROBLEM 6.

The Hamiltonian for a classical single molecule consisting of two atoms is
given by:

oL 1 K, _
H(T17r27p1ap2):%(ﬁ?+ﬁg)+5(|rl_r2|_d)2

Evaluate the Helmholtz free energy and the internal energy of a system of
N independent molecules of this type as a function of temperature.

PROBLEM 7.
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The virial for a classical system is defined by V =", 7} d;?. Show that the
thermal average of V is equal to —3NkgT.

PROBLEM 8.

Consider the quantity L(t) = >, 7(t)p;(t). Show that the thermal average
of L(t) is independent of time.



Chapter 8

Mean Field Theory: critical
temperature.

8.1 Introduction.

WHEN ARE SYSTEMS INTERESTING?

In the previous chapters we have developed the principles of statistical me-
chanics. Most of the applications were to simple models. The only important
system we discussed in detail was a gas of independent particles. The model we
discussed for that system is very important, since a gas is almost always close
to ideal. Quantum effects can be explained in this model in a qualitative way.
The theoretical model of an ideal gas is also a very good starting point for the
treatment of a real gas, as we will see in a next chapter.

In this chapter we discuss systems of real interest. By that we mean systems
that show a phase transition from one state to another. Real systems, of course,
are quite complex, so we need to find a simple model that applies to realistic
systems, yet can be approximately solved by analytical means. Therefore, we
focus on a theoretical model which applies to many effects encountered in solids.

The most important characteristic of a solid is the fact that the atomic
positions are fixed, if we ignore the small fluctuations due to phonons. With
each atomic position we can associate other degrees of freedom, like spin or
atom-type. Solid state physics is concerned with the procedures of obtaining
information pertaining to these degrees of freedom, experimentally as well as
theoretically.

Theoretical models of internal degrees of freedom coupled to fixed lattice
sites are called lattice models. These models play an important role in many
areas of physics and can be generalized to cases where particles are moving and
are not restricted to specific lattice sites. Here we will only discuss the most
elementary member of the class of lattice models, the Ising model. We will use

157
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this model to show many of the techniques employed in statistical mechanical
calculations of solids. In this sense the Ising model is a standard workhorse or
toy-problem. More complicated and realistic lattice models can be solved along
similar lines, although the calculations are more complicated and are often only
feasible numerically.

BASIS FOR THE ISING MODEL.

The Ising model is a simple description of a magnetic solid. We assume that
each atom labelled with ¢ has a total angular moment S;. This total angular
moment is a combination of the total spin and the total orbital angular momen-
tum of all the electrons. In a real system, both the direction and magnitude of
S; are a function of time. The magnitude fluctuates around an average value,
which could be zero. The directions are able to change. For example, in iron
above the Curie temperature the individual atoms still have a local spin asso-
ciated with them, but the orientation of these spins is random. Only below the
Curie temperature do we find an ordered, ferromagnetic state.

A simple model for the internal energy of a collection of atomic spin-moments
is the Heisenberg model (the traditional semantics uses spin moment here, but
it can easily include orbital effects):

H==) TS S, (8.1)
i<j
There are only interactions between pairs of spins and the form of the interaction
is a simple exchange type. The minus sign in front of the whole expression is a
standard convention. There are N particles, and we keep N fixed. In expression
8.1 each bond between two atoms is counted once and hence the values of ¢ and
J are restricted by 7 < j. The total spin-moment S is given by

§=>"8 (8.2)

and can be changed by applying an external field H. Changing the volume
means changing the interatomic distances and this affects the coefficients jzf .

Note that both the Hamiltonian H and the spins S; are quantum-mechanical
operators. One possible limit is to make these into classical numbers, and we
can use the same expression 8.1 in a classical theory.

We will assume that the volume is fixed and do not calculate the pressure.
Hence the only extensive state variables are the entropy S and the total spin
S ; the corresponding intensive variables are the temperature T and the applied
magnetic field H. N does show up in all formulas, however, and the Gibbs-
Duhem relation is U =TS + uN + HM , where M is the magnetization density
associated with S.

APPROXIMATIONS.
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In a first approximation the strength of the exchange interaction depends on
the distance between lattice sites only. We denote the lattice sites by R; and
have

— —

H==> J(R; — R;|)S; e S, (8.3)

A complete basis for the Hilbert space in which we diagonalize this Hamil-
tonian is

|Sla"’7SN55zla"'aSiv> (84)

Unfortunately, these are not eigenstates of of the Hamiltonian, since the opera-
tors S; are able to lower and raise the z quantum number. We have

SieS; =SS, +8785 +S..S;. (8.5)
Because we do not know what to do with the first two terms, we ignore
them. The Hamiltonian is now

H=-> J(R; — R;|)S:.S;- (8.6)
i<j
and the states in 8.4 are now eigenstates of this Hamiltonian. This system is still
too complicated, though. Next, we assume that all spins are equal to one-half,
St = % This means that the z-component can take two values only, and we
write for the values %aih, which implies that o; = +1.

In the previous paragraphs we stated that even the Heisenberg model is
hard to analyze. It can be simplified, however, for a system for which we know
that a phase transition to an ordered magnetic state exists. Another way of
looking a this is the following. Assume that the external magnetic field H is
always applied along a given direction. This direction is used to measure the
spin-components. Further, we ignore changes in the magnitude of the spin and
only allow the direction to change. Quantum-mechanically, the only degree of
freedom for each atomic site is the projection of the spin on the direction of the
external field. Therefore the eigenvalues of this projection are

1
Sper = ihai (8.7)
with o; = 1. Hence our quantum states are completely described by a set of
numbers {o,---,0n} and as we have seen before there are 2V possible states
for this system. The eigenstates are denoted by |o1,---,0n >. The original

energy expression contains the product of spin-components perpendicular to the
quantization axis, but leaving out these terms, like we did above, corresponds
to assuming that they average out to zero. Therefore, the energy eigenvalue of
a given quantum state |oq, -+, on > is
N
E{ov,- - on} == J(Ri - Rj))roio; (8:8)
i<j
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Even this form is hard to analyze. Fortunately, in most cases the interactions
in solids are screened and as a result they have a short range. We therefore take
interactions into account between nearest neighbors only on the lattice and
assume that the interactions are the same between all nearest neighbor pairs.
A sum over nearest neighbors only is indicated by < ij > under the summation
sign. We also include the factor of four and Planck’s constant in the interaction
strength J and find for our final model for the energy eigenvalues

E{oy,--,on}=—J Z 0i0; (8.9)
<ij>
The sum over nearest neighbors again counts each bond only once. For
example, for a simple mono-atomic structure ) _, i1 = %N q where ¢ is the
number of nearest neighbors of each site. Although geometrical effects are no
longer included via the exchange interaction strength, they are important due
to the lattice summations. The state labels do not depend on geometry.

INCLUDING A MAGNETIC FIELD.

Very often we need the presence of a magnetic field. The energy term as-
sociated with an external field is simplified by assuming that each total spin
couples to the external field H according to

Hint(S;) = —H ¢76S; (8.10)

This represents the fact that the magnetic moment is proportional to the orbital
moment, according to ]\Zii = 7@@. The components of S parallel to H are the
only ones that play a role. The factors ¢ and %h are now included in the
strength of the field h, leading to

Epmi=-HeM=-h> o (8.11)
i
Hence we define the total magnetic moment or total spin (equivalent in this
case, since we redefined the units of magnetic field by including the appropriate
factors)

M{Ula"'aUN}:ZUi (8.12)

THERMODYNAMIC LIMIT.

So far we have not specified the actual positions of the atoms. The atomic
models are valid for all values of N, but a comparison with thermodynamics is
only possible in the thermodynamic limit. If we want to study bulk properties,
we assume that N — oo and calculate the energy and magnetic moment per
particle. In that limit all atomic positions become equivalent if the structure
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is a monoatomic periodic lattice. We are also able to study surfaces in such a
limit by assuming that the atomic positions only fill half of space. Even in the
limit N — oo this still leaves us with a surface. Due to the reduced symmetry
atoms at the surface do not have the same environment as atoms far inside, and
calculations are in general harder to perform.

8.2 Basic Mean Field theory.

The easiest way to obtain an approximate solution for the thermodynamics
of almost all models is called mean field theory. In this section we discuss the
basic mean field theory in the context of the Ising model, and from this it will be
clear how to generalize this approximation for arbitrary physical models. In later
sections we extend the idea of mean field theory to obtain better approximations.

First, we need to cast the energy function 8.9) in the form of an opera-
tor. Assume that the quantum state in which atom ¢ has spin o; is given by

|o1,-++,0n >. The Hamiltonian operator representing the energy of the system
and acting on the space of all possible quantum states |oq,- -+, on > is
H= Z |O‘1,"',O’N>E{0‘1,-~-,0’N}<0'1,-~',0'N| (813)
01, 0N

The operator for the magnetic moment is

M = Z lo1,-,on > MA{oy,---,on} < o1, -+, 0N] (8.14)

01, 0N

At this point we have to make a choice whether to sum over quantum states
with a given value of the total moment or to introduce a magnetic field and
sum over all states. The latter is much easier. The change is similar to what we
did when we replaced the canonical (fixed N) ensemble by the grand canonical
(fixed p) ensemble. We will evaluate probabilities for a given temperature and
magnetic field. The thermodynamic energy function we want to get is the
magnetic Gibbs free energy

&(T,h,N)=U — TS — hM (8.15)

where M is the thermodynamic average of the magnetization density M.
The partition function to calculate is

3(T,h,N) = Tr e~ AH-rM) (8.16)

The trace is best evaluated in the basis of eigenstates, and we have

3(T,h,N) = Z <oy, onlePHIM G oy > (8.17)
on

T1,,
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3(T,h,N)= > PV icu>ioithiio) (8.18)

010N

The magnetic Gibbs energy & follows from the partition function according
to

&(T,h,N) = —kpTlog (3(T,h, N)) (8.19)

The expectation value of the Hamiltonian 8.9 for a given quantum state is a
quadratic function in the variables o;. This is the source of all calculational
problems. In mean field theory we approximate this Hamiltonian by a form
that is linear in the spin-variables o;.

The spin-variables ¢; are pure numbers, and it will be useful to connect them
with operators representing them. We have

Szi‘a'l,"',O'N >=O’i|0'1,"',O'N> (820)
and
H=—J) 8.5 (8.21)
<ij>

Note that these are not quite the usual spin operators, we have taken a factor
%h out. The average value of the spin per site is given by

| X
m(T,h,N) = N > (St (8.22)

where we have defined the thermodynamical average by

1

o~ B(H—hM)
SThN) Tr Sie (8.23)

(Si)rn =
If it is obvious which type of ensemble we are using, we will drop the labels on
the average. In the remainder of this section it is understood that averages are
at a given value of the temperature T and magnetic field h. We now consider
an infinite solid and ignore surface effects. Also we assume that there is only
one type of atomic site. The spin averages are in that case independent of the
atomic position ¢ and we have

m(T, b, N) = (S;) (8.24)

We now rewrite the energy of a given quantum state using the average of
the spin variables and deviations from average. We find

H=-J> (Siz=m)(Sjz—m)=J > Suzm—J > mSj.+J Y m? (8.25)

<iy> <ij> <iy> <ij>
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This can be rewritten by using the number of nearest neighbors g for each site
and the total number N of sites.

H=—-J Z (Siz —m)(Sj, —m) — Jm%qZSiz — Jm%qZsz + Jm2%Nq
<ij> % J

(8.26)

where the factors % occur because we are counting nearest neighbor bonds. For

each site we include only half of the neighbors, in agreement with the require-

ment ¢ < j. The two terms in the middle are now combined, and we end with:

1
H=-J Z (Siz = m)(Sj. —m) — quZSiz + Jm2§Nq (8.27)

<ij> )

The internal energy is the thermodynamical average of the Hamiltonian.
Hence we find

U= (M) = =1 3 ((Sie = m)(Sys = m)) — Jma(} Sic) + JmQ%Nq (8.28)

<ij>

U=—J 3 {(Sic = m)(S;. —m)) — Jm?=Ng (8.29)
<ij> 2
The second term on the right hand side is the energy of a system where each
spin has its average value. The first term is a correction to this simple ex-
pression related to fluctuations in the spin variables. In mean field theory we
ignore these fluctuations. We assume that the fluctuations on different sites are
independent, they are uncorrelated, and write

((Siz =m)(Sjz —m)) = ((Siz —=m)){(Sj= —m)) =0 (8.30)

We approximate the expression for the Hamiltonian operator by ignoring all
terms containing products of differences of the form S; — m. Hence the mean-
field Hamiltonian is

1
H™ = —quZSiz + Jm2§Nq (8.31)

The name mean field (or average field) is derived from the physical interpre-
tation of this Hamiltonian. The energy of a spin at a given site i is determined
only by the average of the spins on the neighboring sites. Another way of ob-
taining the mean-field is the following. We would like to write the Hamiltonian
8.21 in a linearized form:

H'™ = —hepp Y Si+ Hy (8.32)
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where the functions h.;y and Hp are independent of the eigenvalues of the
operators S. We need a criterion to find h.¢s. A simple physical picture of the
state of a spin S; shows all neighboring spins having their average value m, and
hence hefy = mqJ as we found in 8.31. The term Hj is determined by requiring
that the energy is correct if all spins have the value m, in other words it removes
the effects of double counting. The internal energy in linearized approximation
is

(H'"™) = _qu<Z Si) + Hy (8.33)

(H'"™y = —m%qJN + Hy (8.34)

and this needs to be equal to —%NquQ, which gives Hy as before.

One final remark. The basic form of mean field theory ignores correlations
between fluctuations on different sites. But we also know that fluctuations
are directly related to response functions. Therefore, we expect that response
functions in mean field theory will not be extremely accurate. Especially, we
will see errors in the results for critical exponents.

8.3 Mean Field results.

In order to proceed further we have to calculate the average spin m. We use the
mean-field Hamiltonian to do that and we find

Tr S;e=B0" =hM)

Tl = —r T W

(8.35)
with

3™ (T, h, N) = Tr e~ B =hM) (8.36)

But this cannot be done directly. The formula for m contains H™/ and
hence it depends on m. Therefore, m cannot be chosen arbitrarily, but has to
satisfy the two equations above. This is an implicit equation for m.

The partition function is easy to calculate in this approximation. We use
the basis of eigenstates and we find

62,GNqu Bmf T h N Z Z h+qu)Zi\l:1‘7i =
g1= il ON= :tl

Z Z Heﬁ(h+qu)Ui:

01::‘:1 O'N::tl 7

B(h+mqJ)o; | _
H L;ﬂ ’ ]

i
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N
[ Z 6ﬁ(h+'mq‘])0‘| = QN COShN<ﬂ(h —+ qu)) (837)
o=%1

In a similar way we find

e3BNaIm Ty g, o =BH™ —hM) _

Z Z e htmal) S o _

o1==+1 on==%1

ST S o [P —

0’1::‘:1 G’N::tl [

Z O,keﬁ(h+mq.])ak H [ Z eﬁ(h+qu)0i] _

or==x1 i#£k oi=*+1

3 gpeftiimal) [Z Bh+man)o

or==1 o==+1

N-1

2N cosh™N "1 (B(h 4 mqJ)) sinh(B(h + mqJ)) (8.38)

This expression is independent of k indeed, as required. Combining the last
two formulas we find that m(T, h), the average of the spin variable, has to obey

m = tanh (8(mgqJ + h)) = tanh (6qJ (m + qff])) (8.39)

The next question we have to answer is what are the solutions for m? We
see that there are two ways to modify the nature of the solutions. We can either
change BqJ, which changes the slope of the hyperbolic tangent at the origin,
of change q%, which shifts the whole curve. The magnitude of the coupling
constant J or the number of neighbors q together do only set the scales for the
temperature and the magnetic field. If we express the temperature in unit of

% and the magnetic field in units of ¢J then the solutions for m do not depend

directly on q and J anymore. Hence we define h* = qi and B* = BqJ. The

J
resulting equation we have to solve is

m = tanh (8% (m + h*)) (8.40)

This has the form m = f(m) and a standard technique to solve such an
equation is to draw a graph. We look at the graph of y = f(m) and check where
it intersects the straight line y = m. In figure 8.1 we show the results for 5* = %
and h* = 2.

In this case we see that there is one solution. In general, there will always be
at least on solution, since the hyperbolic tangent stays between minus and plus

one, and the line y = m has to intersect it. If one draws a picture of the left
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Figure 8.1: p* =1 ,h" =2

and right hand sides of this equation, it is easy to see that one either has one
or three solutions. In figure 8.2 we show the results for g* = 2 and h* = 0.1,
and now we see three solutions.

Figure 8.2: g* =2, h* =0.1

When there is only one solution, we have found the function m(8*, h*) and
are able to calculate the internal energy and the partition function from. In case
there are three solutions, we need to compare the magnetic Gibbs energy for
the three solutions and find the lowest energy solution. Note that when |h*| > 1
there is only one solution, the model system is always magnetized. In a strong
magnetic field the spins are always aligned in a ferromagnetic manner.

SPONTANEOUS MAGNETIC ORDER.
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An interesting case is related to the possibility of having spontaneous mag-
netization. When there is no external field we need to solve

m = tanh (5 m) (8.41)

If we compare the slope of the hyperbolic tangent at the origin with the number
one, the slope of the left hand side, we see that for §* > 1 there are three
solutions for m. When §* < 1, there is only one solution. Obviously, m = 0
is always a solution. When 3* is only slightly larger than one, the solutions of
the previous equation can be found by expanding the hyperbolic tangent, since
in this case all solutions have values for m which are very small. Therefore we
find

1
m= 3*m — g(ﬁ*m)?’ (8.42)
This leads to m = 0, as expected, or
37 =1 . .
m2 ~ g ~3(6*—1) (8.43)

If there is a non-zero solution which is very small, we need 3* to be slightly
larger than one. Since such a small non-zero solution only occurs very close to
T,, we find immediately that 87 = 1. Hence for T' < T,, where T, is defined by
Bk =1or kT, = qJ, we have a second solution that vanishes at T, like

m o /3 —1) = \/3(? 1= \/;(TC — 1) (8.44)

which gives a critical exponent 3 (do not confuse this 8 with kT ) of %7 just
as we argued in thermodynamics for mean field theory!

In order to find the thermodynamically stable state we have to compare the
free energies. From the result for the partition function we obtain

&(T,h =0,N) = —NkgTlog(2cosh(3*m)) + %Nqu2 (8.45)

Since m is close to zero for T near T, the right hand side can be expanded
like

1 1
&(T,0,N) ~ —NkpTlog(2) — NkpTlog(1 + §(ﬂ*m)2) + 5Nqu2 ~
1 * 2 1 2
—NkBTlog2—NkBT§(ﬂ m) +§Nqu =

NqJ
—NkpTlog2 — Tq (kpTRq] — 1] m?

NqJ

—NkpTlog?2 —
B8 ST o T

[qJ — kpT]m?
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—NkpTlog2 — % [Te — T]m? (8.46)
Because T < T, the coefficient in front of the m? term is negative, and lowers
the energy. This shows that the solution with m # 0 has the lowest energy. The
problem is also symmetric, for h = 0 there are two possible values for m with
opposite sign.
Note that for T' > T, and hence m = 0 we have

&(T > T.,h =0,N) = —NkgTlog(2) (8.47)

This result makes sense. The internal energy for zero moment is zero in the
mean field approximation. Also, the magnetization is zero, and hence from
& =U—-TS — HM we have S = Nkplog(2), which tells us that the number of
states available to the system is equal to 2V. All states are available, which is
what we would expect.

8.4 Density-matrix approach (Bragg-Williams ap-
proximation.

A second way to obtain the solutions for the Ising model is via the maximum
entropy principle. This approach might seem quite tedious at first, and it is
indeed, but it is also much easier to improve upon in a systematic fashion. This
principle states that we have to maximize

S = —kpTr [plog(p)] (8.48)

over all density matrices p consistent with our model. Similar to what we found
in a previous chapter for the canonical ensemble, with constraints Trp = 1 |
Trp(H) = U, and Trp(M) = M, the density matrix maximizing this expression
for the entropy is given by

1
_ —B(H—hM)
P= 0y [e-AH=RM)] ¢ (8.49)

This gives the exact solution, and the temperature and field have to be set in
such a manner as to give U and M. The trace of the operator in 8.49 is still
hard to calculate, however.

Maximum (and minimum) principles are very powerful. Instead of varying
the entropy over all possible density matrices, we select a subset and maximize
over this subset only. This gives us an approximate density matrix and the
quality of the approximation is determined by our ability to find a good subset.
Many calculations in physics in general are based on minimum or maximum
principles.

The constraints we need are incorporated via Lagrange multipliers, and the
function we need to maximize is
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—kgTr [plog(p)] — Bkp [Tr(pH) — U] + Bkph [Tr(pM) — M| + kg [Trp — 1]
(8.50)
with Tr p = 1, p = p! , and p? < p, the last inequality in an operator sense.
But we can rewrite the previous expression in the form:

—kpTr [plog(p)]—BkpTr(pH)+BkphTr(pM)+kpA [Trp — 1]+kp U —kpBhM
(8.51)
The operator for the Gibbs-like free energy for a magnetic problem is given by

G=H—-TSc, — hM =Tr(pH) + kgTTr [plog(p)] — hTr(pM) (8.52)

This means that we have to maximize the following expression for p:

—%g—i—kg)\[Trp— 1] + kpSU — kpBhM (8.53)

and then choose h and T to give the correct values of U and M. In other words
we have to minimize G!!! This change is equivalent to what we saw in ther-
modynamics, where we derived minimum energy principles from the maximum
entropy principle.

Therefore, what we plan to do is to use a smaller set of density matrices and
minimize the operator form of the Gibbs energy within this set to get an upper
bound of the true thermodynamical Gibbs energy.

In our case, we will use the following approximation of the density matrix,
as defined via the matrix elements

<oy, 0n|ploy, - oy >= pi(o1,01)p2(02,05) -+ py(on, o) (8.54)

The functions p;(c,0’) represent two by two matrices. Essentially, we de-
compose the density matrix as a direct product of N two by two matrices:

p=p QX oy (8.55)

Writing the density matrix as a direct product in this way is equivalent to
ignoring correlations between different sites. The correlation is not completely
gone, of course, since the energy still connects neighboring sites.

Why does this form ignore correlations between different sites? If we use this
form to calculate the thermodynamic average of a quantity which only depends
on a single spin variable o} we find

(flow)) = { > f(Uk)pk(O'k,O'k)} H{ > pi(cr,-,cr,-)} (8.56)

or==%1 itk \o;==%1
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and since

1=TYP=H{ Z pi(0i70i)} (8.57)

g; =41
it follows that

Zak:il flor)pr(ow, on)
Dot Pr(Ok, %)

This result is independent of the state of the spins on all other sites. There
are no correlations between the sites for expectation values.

We still have to minimize the Gibbs energy and that procedure will deter-
mine the form of p,. Hence the nature of the system will only enter via the
thermodynamic average for the energy and entropy, and hence the density ma-
trix in this uncorrelated model depends only on these average quantities. We
expect therefore that this will give the same results as the mean field or average
field approximation. At this level the previous formulation of mean field theory
is often easier to apply, but the present formulation is an important starting
point for improving the model by including correlations in the density matrix.

For a general system the local density matrices p; depend on the atomic site.
For an infinite solid without surfaces all sites are equivalent and all functions p;
are identical to a simple function p. The matrix elements p(o, o’) have to obey
certain requirements, though.

First of all, the density matrix has trace one, Tr p = 1, which gives

(fow)) =

(8.58)

Z ploy,01) - plon,on) =1 (8.59)

O1,,0N

or [Tr ZﬂN = 1. The density matrix is Hermitian and if we consider one off
diagonal element only we have

/
<0—17...,O—k,...70N|p|0-1,...’0—k7...’0'N >=

<< 0‘1’...’0'k7...70‘N‘p‘0'1’...70';‘;,...70']\[ >)* (860)

We write the density matrix as a direct product again, and sum over all values
o; with ¢ # k. This gives

[T 9N < ollplow >= ([Tr AN < onlplo >) (8.61)

Now we use [Tr p]¥ =1 and get

< op|plok > _ << ok|ploy, >>* (8.62)

Tr p Tr p

The last equation means that the operator % is Hermitian with trace one,

and therefore has real eigenvalues. Call the eigenvalues A; and Ay and the



8.4. DENSITY-MATRIX APPROACH (BRAGG-WILLIAMS APPROXIMATION.171

eigenvectors ej(o) and ez(0). We have A\ + Ay = 1. The eigen equations are
now:

PEm = Aym[Tx P Em (8.63)

The last result is interesting. It implies that the trace of the operator is
a simple factor, which does not alter the eigenstates, and does not affect the
ratio of probabilities for spin up and down. Also, the resulting factor in the
complete density matrix p is [Tr ﬁ]N. First of all, this trace is equal to one, and
hence the trace of p has to be a phase factor. Second, the phase factor is not
important, since it does not affect the total density matrix. Therefore, we can
take Tr p = 1.

We also require that the total density matrix p is positive definite, meaning
that

<Ulp|¥ >=< V|p?|¥ > (8.64)

for all states | >. Suppose the components of |¥ > are given by
< o1, on|¥ >=[[eng(o3) (8.65)
i
where the function n(i) gives either one or two. We have

<Ulp|U >= APAN=P v gV = APANP (8.66)

where P is the number of times n(i) is equal to one, and we used the fact that
Tr p = 1. Similarly, we have

< W2 U >= APPNN 2P [Ty PN = \2P\ZN 2P (8.67)

As a result we have APAY™F > N2PAZN=2P >  for all values of P. Taking
P = N gives \Y > A2 which means (with \; being real) that Ay < 1. This
implies A\; < 1, and since A1 + A2 = 1 we have Ay > 0. Similarly, Ao < 1 and
A1 2 0. Therefore, p is positive definite with trace one.

The most general form of a matrix p is

~_( 3(1+m) a*
p—(2 a é(l—m)) (8.68)
Here m is again the average value of the spin variable, m = )~ _op(0,0). Also,
the trace of this matrix is one. The number a is complex. Therefore, we are
left with three free parameters only! The number is three since a is complex
and a combination of two independent real numbers. Note that at this moment
m is still a parameter, but it will be the average magnetic moment after we
completed the minimization.
We started from the following minimization:

&(h,T) =minTr [pH — phM + kpTplog(p)] (8.69)
p
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but now restrict ourselves to density matrices p = ()", where the power means
a direct product and where we use the three parameters a and m as defined
before. This leads to

O T) < minTr [(7)VH ~ ()"hM+ kaT(5) 1og(7)™)]  (8.70)

and this procedure gives an upper bound to the energy. Note that this does not
give any bounds on derivatives. But we know that derivatives are monotonous,
and hence we cannot have large oscillations in them. Therefore, derivatives have
errors similar to the errors in the free energy!

The energy U — Mh is calculated from Tr (H — hM)p, which becomes

U—MhzZ---Zﬁ(al,al)---ﬁ(UN,aN) —JZaiaj—hZai (8.71)

<ij> i

A given variable o; occurs only in a linear fashion in this summation, and
hence the sums over the spin-variables either give a factor one or m, because
Yo plo,0)=1and ) _op(c,0) =m. This leads to

1
U—Mh= —§Jqu2 —hNm (8.72)

as expected. This expression is independent of the values of the complex number
a.

The harder task is to evaluate the entropy, because it has the logarithm of
a matrix in the expression.

The entropy can be obtained from

S =—kgp Z Z < o1, on|plot, o >< o, o] logploy, o on >
01, 0N 01,0
(8.73)
So how does one calculate the logarithm of a matrix? The final result is not
too surprising, it looks like log(zy) = log(z) + log(y), but here we work with
matrices in stead of numbers, so we have to be a little careful. In our case we
define N additional matrices related to p by

<01, ON|Rp|0Y, - 0N >= 06, 0100500 P(Ony0n) - (8.74)

which is diagonal except for the n-th spin variable. Hence p = R1Rs--- Ry
where all the matrices are of rank 2%. These matrices commute, since the off
diagonal elements occur on different blocks that are not connected. So we have
[Ri, R;] = 0.

The exponent of a matrix is defined via a power-series as usual, e? =
Yon %An, and the logarithm is the inverse of the exponential, e* = B =
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A =log(B). We first look at the logarithm of R,,, T,, = log(R,,). The operators
R, have a simple form, they are Hermitian, and the eigenvectors are simple.
The only states that can be mixed are states with different values of o,,. But
vectors that have different values of o; with i # n are not mixed, and all eigen-
vectors of R, have values for o; either +1 or —1. Since the eigenvectors of T,
are identical to the eigenvectors of R,, the same is true for T,,. This implies
that we can write

<oy, on|Tylol, - o >= 001,0,005,0y " T(Tn,0n) -+ (8.75)

The only part of the space that is mixed corresponds to ¢,, but since the
eigenvectors of both operators are teh same, we need to have

T = log(p) (8.76)

Finally, because [R;, R;] = 0 we have log(R;R;) = log(R;)log(R;). This
gives us that log(p) = >, log(T;). Hence

N
<01, 7UN| log(p)\a'l, T 7U§V >= Z 50170{602,@ o (10g(/7)> (Uman) t

n=1
(8.77)
and

Tr plog(p ZZ < o1l|ploy > Z <oolploy >+ > < onlploy, >< o), |log(p)|on >

n=1 o1 On,07,
(8.78)
The trace of the operators is equal to one, so all those sums in the equation are
replaced by one. This leaves

Tr plog(p Z Z < oplplol, >< o), |log(p)|o, >= NTr plog(p) (8.79)

n=1o,,0,

and we have

S = —kpNTr plog(p) (8.80)

as expected, since all sites are equivalent and contributions from different sites
are not mixed. Nevertheless, it was important to follow the mathematical deriva-
tion to make sure that our intuitive expectation was indeed correct.

Next we need to minimize the free energy

1
&(h,T) < m1(111 —§J]\fqm2 — hNm+ NkgTTr plog(p) (8.81)

)
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Since the first parts are independent of a we can write this as

1
&(h,T) < min —§J]\fqm2 —hNm+ NkgT min{Tr plog(p)} (8.82)
and we find the value of a from

main {Tr plog(p)} (8.83)

This number a is now determined by requiring

d . -
%Tr plog(p) =0 (8.84)

This expression is similar to the one we discussed in the chapter on operator
methods, and here, too, we can write

d . - . dp dp
%Tr plog(p) = Tr - log(p) + Tr - (8.85)

Since Tr p has to remain equal to one, the second term is zero. The first term
is [log p]12. Similarly, we find that the derivative with respect to a* is [log pla;.
In order to vary a and a* we can either vary the real and imaginary part of a
independently, but also can vary a and a* independently. Both procedures give

[10gﬁ]12 = [logﬂgl =0 (886)

If log p is diagonal, p must be diagonal and hence a = 0. This follows from
A =elos() = L [log(A)]", and because log A is diagonal, all powers of log A
are diagonal. Therefore we find that

1(1+m) 0

p= 0 L1 m) (8.87)

Note that p is Hermitian with trace one, and that the condition of being positive
definite requires |m| < 1, which is also expected.

There is one more detail, however. We found an extremum for the expression
Tr plog(p), but is it a minimum? Since there is only one extremum, independent
of the value of m, we can look at one other easy case and check if the results
are smaller or larger. Let us consider a real, positive, and small, and m = 0.

p= [ i g ] (8.88)

Perturbation theory tells us that the eigenvalues of this matrix are % +a. Hence
the trace is now equal to T'(a) = (5 +a)log(3 +a)+ (3 —a) log(5 —a). If we take

the derivative - of this expression we find 4L = log(3 + a) — log(3 — a). This
expression is indeed zero for a = 0, as needed, and is also positive for a > 0,as

can be seen after combining the logarithms to % = log(%). Hence in this
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particular direction our extremum is a minimum, and since we only have one
extremum, it is a minimum no matter how we make changes.
Finally, we find that the entropy is

1 1 1— 1-—
S = — Nk [ 1og(22 ) 4 L2 (221 (8.89)

2 2 2 2
At this point we still have m as an unknown parameter. The thermodynamic
variables which are specified are h, T, and N. The minimization needed to get

to the free energy is now

&(h,T) < min {{]qu2 — hNm + NkgT (1 tm log(1 —|—m) + L-m log(1 — m))]
m 2 2 2 2 2
(8.90)
where m is restricted between —1 and +1. The value of m which minimizes this
expression is then used to construct p and hence p. Once we have the density
matrix p, we are able to calculate all thermodynamic quantities of interest.

The expression above looks like Landau theory, and, of course, it is. Landau
theory has indeed a very good microscopic basis. We can use any parametriza-
tion of the density matrix, and the Gibbs like free energy has to be the minimum
as a function of these parameters. The general form of the energy then follows,
and for a magnetic model takes the form above.

The slope of (T, h, N;m) as a function of m is given by

1 1
a—6(T,h,N;m):—Nqu—Nh—i—ka:BTlog tm
om 2 1—m

At m = —1 the slope is —oo and at m = 41 the slope is +oco. Hence
&(T, h, N;m) always has at least one minimum as a function of m for a value

of m between —1 and +1. The value of m is found by equating the derivative

of & to zero, which yields
mqJ + h 1+m
— =1 — 8.92
kT VN 1-m (8.92)

Tt is not hard to show that this is equivalent to m = tanhfB(qJm + h). If we

have y = log y/ 172 we have (1 — m)e* =1+ m, and e*¥ — 1 =m(e® + 1), or

eV —e Y =m(e¥ +eY).

If there is only one solution, this has to be the minimum value of & according
to our observation of the values of the derivatives at the end-points. Since the
derivative of & with respect to m is a continuous function of m we are also
able to deduce that there has to be an odd number of extrema between —1 and
+1 due to the values of the slopes at the end-points. They have to be ordered
minimum..maximum..minimum etc. Of course, one can always check this by
calculating the second derivative

(8.91)

0%® NkgT
om2 —NaJ+ 1—m2

(8.93)
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The results of this section are identical to the mean-field results. In this
section we derived the mean-field results via the density matrix and approxi-
mated the density matrix by ignoring all correlations. This is another way of
understanding how mean-field theory ignores correlations.

The form of the function & is very similar to forms we used in our treatment
of Landau theory in thermodynamics. We can show this in more detail by
expanding the function in powers of m for values of m near zero. Using

(14+m)log(1+m) = (1+m) i 7(712“1 mh = i 7(71;“1 kari 7(71]3;“1 mrt
k=1 k=1 k=1 (3.94)

and the fact that we have to add the same expression with negative m shows
that even exponents are the only ones to survive. Hence

(14+m) log(14+m)+(1—m) log(1—m) = 2 i ﬂmk"ﬂ i (lg_j)fmk

k
k=2,even k=2,even
(8.95)
or
(1+m)log(l+m)+ (1 —m)log(l —m) =2 i _ L (8.96)
k=2,even k(k - 1)

This is an even function of m as needed, and we have

1 1 1
&(h,T,N;m) = —§Jqu2 —hNm + NkgT (— log(2) + =m? + m4>

2 12
(8.97)
or
! 1 1 kgT
OB T.Nim) = [=hm] + [-NkpTlog(2)] + 5 [kpT ~ Tqlm? + Z[%]WL
(8.98)

This is exactly the model for a second order phase transition that we dis-
cussed in Thermodynamics. Hence the Ising model in the mean field approx-
imation shows a second order phase transition at a temperature 7, given by
kpT. = qJ. The critical exponent (3 is therefore % (Note that 3 is in statistical
mechanics used for ,CB%T, but also denotes a critical exponent. Do not confuse
these two!). The relation between the macroscopic Landau theory and statistical
mechanics is very important, it shows how the parameters in a thermodynami-
cal model can be derived from a statistical mechanical theory on a microscopic
level.
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In the previous sections we have derived the same result in two different
ways, and therefore have shown that these two approximations are equivalent.
In Mean Field Theory we replace the quadratic coupling terms in the Hamil-
tonian by the product of an average and a variable. This is equivalent to coupling
each spin to the average field due to the neighbors. In the Bragg-Williams
approximation we replace the density matrix by a form that does not contain
coupling between neighboring sites. As a result, in the Hamiltonian again the
average field of the neighbors plays a role only.

8.5 Ciritical temperature in different dimensions.

In the mean-field solution of the Ising model the critical temperature does not
explicitly depend on the dimensionality of the problem. Indirectly it does, of
course, because the possible values of q depend on the number of dimensions.
For a mono-atomic, periodic lattice in one dimension q has to be two, in two
dimensions q can be two, four, or six, and in three dimensions q can be two,
four, six, eight, or twelve. Hence the higher the number of dimensions, the
larger the critical temperature can be. For closed packed systems the number
of neighbors is maximal, and the critical temperature would increase according
to the pattern 2:6:12 going from one to three dimensions. This is also true
in general. When the number of neighbors increases, the total strength of the
interactions driving an ordered state increases and the ordered state can persist
up to a higher temperature.

The mean-field solution of the Ising model is only an approximation. In
general, the errors in the mean-field solutions become larger when the number
of dimensions decreases. In one dimension, for example, there are no phase
transitions in the Ising modell What causes the error in mean-field theory?
In essence, we did something dangerous by interchanging two limits. We first
assumed that N — oo in order to deduce that (S;) is the same for all positions
i. Or that p; is independent of i. Then we used this common value to solve the
equations for finite values of N. The results made of this procedure made sense
in the thermodynamic limit, since m did not depend on N. The error is actually
in the first step. We have to solve the whole problem at finite N and calculate
m;(N,T). In this expression we should take the limit N — oo. The results will
be different in that case. We cannot interchange these limits!

There is an old argument, due to Landau (who else?), that the Ising chain
does not show a phase transition. Consider a finite chain of N sites, numbered
one through N sequentially. Assume that h = 0. There are two completely
ordered states, either all spins are up or down. Next we consider all states
which include a so-called Bloch wall. The first m spins have one direction, while
the remaining N — m spins have the opposite direction. The number of these
states is 2(IN —1). The energy of a completely ordered chain is Ey = —J(N —1).
The energy of a Bloch wall state is different only due to the contribution of the
two spin variables at opposite sites of the Bloch wall. Therefore the energy of
a Bloch wall state is —J(N — 2) + J = Ey + 2J. At a fixed temperature and at
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h = 0 the difference in Gibbs free energy, AG, is therefore:

AG =2 —TAS =2J — kpT (log2(N — 1) —log(2)) = 2J — kgT'log(N — 1)
(8.99)

For every value of the temperature not equal to zero, this free energy differ-
ence becomes negative in the thermodynamic limit N — oo. Hence at a non-zero
temperature the completely ordered state is not stable in the thermodynamic
limit and the Ising chain should not show a phase transition in the traditional
sense, even though at 7' = 0 the system is stable in the completely ordered
state. The temperature T' = 0 is a singularity, but for a real phase transition we
require that it must be possible to define values of the temperature below 7.

We will now look further into the physical explanation of this phenomenon.
Consider a finite chain with all spins up at non-zero temperature. Each spin is
able to fluctuate, and spins that are not at the end have to pay an energy 4.J
because they break two bonds by switching. The probability for this to happen
is e=/8, It is far more likely for a spin at the end to switch, since the energy
cost is only 2.J and hence the probability is e=2/5.

How long does it take for such a defect to be introduced? Due to thermal
effects (in real systems most likely related to phonons, but any small outside
perturbation will do) the spin tries to change. We can represent these effects
by an attempt frequency A. The time scale typical for the introduction of such
defects, t;ntro, then has to obey:

1=Ae " tinimo (8.100)

and we say that every t;,+, seconds a new defect is introduced.

What is the lifetime of such a defect? The easiest way is to think about it in
terms of the motion of a Bloch wall. Such motion does NOT cost energy, since
the energy is directly associated with the two sites defining the Bloch wall, and
no matter where it is the energy is the same 2J. Of course, at the end points
the Bloch wall can disappear, with a gain of energy 2.J.

The motion of a Bloch wall can be represented by a random walk, since
at each stage the probability of moving to the left is equal to the probability
of moving to the right. We define ¢, to be the average time between hops.
This is again a thermal effect, and the hopping time is the inverse of a different
attempt frequency, A’tpo, = 1, where there is no Boltzmann factor. We need
some outside mechanism to cause these hops. They are most likely coupled to
the same heat bath which drives the spin flips, but the coupling strength is
different because it is a different mechanism. Since the motion of the Bloch wall

is a random walk, the average distance covered in lattice spacings in a time ¢t is
t

thop '

found by setting this expression equal to IV, and we have

The time it takes for a Bloch wall to move through the chain is therefore

tlz’fe = thopNZ (8101)
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We can now distinguish two cases. If ¢, > tinero we find at each moment
many Bloch walls in the system. This means that the system looks like it is not
ordered. On the other hand, if ¢;5c < tintro most of the time there are no Bloch
walls in the system, and the chain is fluctuating back and forth between two
completely ordered states, one with all spins up and one with all spins down.

In both cases we have for the time average of a spin

(i) = Tim ~ /0 " ity (8.102)

T—00 T

which is zero in both case. Note that we always need 7 >> t; ¢, tintro-

What are values we expect for realistic systems. If we assume that attempts
are caused by phonons,the attempt frequencies for both creation and hopping
are of order 10'? s~!. This means that

tintro ~ A_162J5
tiife A-1N2

(8.103)

and with N = 10® as typical for a 1 ¢m chain and J = 1 meV as a typical spin
energy, we have t;,r0 = tj;fc for T'~ 1 K. But this temperature depends on the
size of the system. At high temperatures the shorter time is the introduction
time. We always see many domain walls. This is the normal state of the system.
If we go to lower temperatures this picture should remain the same, but due
to the finite length of the chain we see a switch in behavior. Below a certain
temperature the chain at a given time is always uniformly magnetized, but
over time it switches. The temperature at which this change of behavior takes
place depends on the length of the chain. This is an example of a finite size
effect. For large systems finite size effects take place at very low temperatures,
see example numbers above. For small samples this can be at much higher
temperatures!

In the previous discussion we have three limits to worry about. In order
for the averages to be the same, (0)time = (T)ensembie, we need 7 — oco. We
are interested in low temperatures, or the limit 7' — 0. Finally, we have the
thermodynamic limit N — oco. Since we need 7 >> fjp. = thopN2 we see
that we need to take the limit 7 — oo before the thermodynamic limit. Also,
because T > tintro = A~ 1278 we need to take the limit 7 — oo before the limit
T — 0. Form our discussion it is clear that lim,_ (o), = 0. Hence we have
limr_¢{0)oo = 0 and this remains zero in the TD limit. The one dimensional
Ising chain is never ordered!

Calculations at T' = 0 do not make sense. At T = 0 we have t;,4.0 = 00 and
we always have 7 < t;nr0. That violates the ergodic theorem. So, even though
people do calculations at 7' = 0, one has to argue carefully if it makes sense.
That is what we did for the system of Fermions, for example.

After taking the limit 7 — oo, what does the system look like? If we now
take T'— 0 we find a system that is most of the time completely ordered, but
once in a while flips. The net magnetization is zero. Therefore, the real T =0
ground state of a finite system is a system that is ordered most of the time,
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but sometimes flips. A bar magnet will switch poles once in a while (but don’t
wait for it to happen, folks). If we would take the thermodynamic limit first,
the ground state of the system would always be disordered! This is the wrong
picture of the ground state with zero magnetization. On the other hand, if we
take a system at a small non-zero temperature, the thermodynamic limit then
implies that the equilibrium state of the system is a disordered state. Now the
spatial and temporal averages of variables are the same. But at T'= 0 they are
not, and the point "= 0 is a singularity for the one dimensional Ising chain.

Realistic systems have finite values of N and non-zero values of T. Keep
this in mind, and watch out for sample size dependent behavior near phase
transitions. Near a phase transition the correlation length becomes larger than
the system size, just as in our example of the one dimensional Ising chain. Near
a phase transition we have to look carefully at the thermodynamic limit and
scale out finite size effects, using appropriate scaling laws.

The same argument can be applied in two dimensions. Assume that the spins
are arranged on a square of L x L sites. Consider all Bloch wall states which
divide the sample into two parts, each of which is connected and contains at
least one surface spin. The average length of the Bloch wall Ly is proportional
to L, Ly = cL. The way we defined the Bloch wall does not allow for fractal
dimensions, because we have discrete building blocks, and finite steps along the
wall.

The number of possible walls depends on the number of neighbors of each
site. In first approximation it will depend on L in the form 2Lb%W . In this case b
is the average number of choices we have for a wall to continue at a given point.
For example, on a square lattice we expect b to be between two and three. At
each site the next point in the Bloch wall can either go right, straight, or left.
This would mean three choices for each link in the wall. Since we have to avoid
wall crossings, the actual value will be lower. The pre-factor 2L is due to the
fact that we have L possible starting points at a given side, and we can start at
two sides. The increase in energy due to the wall will be Ly2J, because each
element of the wall breaks a bond. Hence we have

AG = 2J Ly — kpTlog(2[2Lb*W)) + kpT log(2) (8.104)

where we included a factor two because we can go spin up to down or down to
up. This gives
AG = 2J Ly — kpTlog(b*") — kpT log(2[2L]) + kT log(2) (8.105)
In the limit L — oo the last two terms are not important and we see that

AG = Ly (2J — kpTlog(b)) (8.106)

Therefore the ordered state is stable against the thermal introduction of Bloch
walls if kpT log(b) < 2J. This gives an estimate of
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2J

kT, = log(0) (8.107)
The mean field results for a square lattice is kg7 = 4.J; if b > 1.6 the
Landau estimate of T, is below the mean-field result. The exact result for a
two-dimensional square Ising lattice is kT, = 2.27J, or b =~ 2.4. This is a very
reasonable value for b considering our discussion on the relation between the
parameter b and choices of continuing a Bloch wall. The largest value of b we
can have is three, which would give kT, = 1.8J, and this gives a lower limit
on calculations for T,.

8.6 Bethe approximation.

The next question is: how can we improve the mean-field results. In the mean
field approximation we do not have any information on the collective behavior
of two neighboring spins. We need that information, and want to find ways to
obtain that information. One possibility is via the density matrices. If we intro-
duce some correlation in the approximate density matrix, we will obtain better
results. Mathematically, this is a rigorous procedure, and can be performed
easily on a computer.

A simple model of introducing correlations is the Bethe approximation,
which does not introduce density matrices explicitly. The basic idea of the
Bethe approximation is the following. Consider a cluster of atoms. The in-
teractions between spins in this cluster are taken into account exactly, but the
interactions with the environment are treated in a mean field manner.

The basic philosophy of the mean field approximation was the following. The
energy at a given site depends on the effects of the neighboring sites through
some averaged additional magnetic field:

Emf(o’()) = —(h + h/)O'o + f(h/) (8108)

where h is the regular magnetic field, and k' is the additional field. The term
f(h') has to be introduced to avoid double counting of bonds. At the central
site all bonds to neighbors are counted, and if we multiply by N that means
that we would count the effect of each bond twice. We determine A’ by requiring
translational symmetry, (og) = m, which leads to m = tanh(8(h + h’)). We
need an additional condition to relate A’ and m and make the obvious choice
h = qJm.

How can we improve the mean field result? If we want to describe bonds
with neighbors exactly, we need to consider a cluster of atoms. All sites in the
cluster are treated exactly. There is still an outside of the cluster, and that
outside will be represented by some effective field. In this way we do describe
correlations between spins in the cluster, and obtain more information that we
had before. But since the outside is still represented by an average field, we
expect that some elements of the mean field theory might still survive. We do
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expect that if we take the limit of an infinite cluster we might be able to get
the exact solution, as long as we do take limits in the appropriate order.

In our case we have short range (nearest neighbor) interactions only. So we
would expect rapid convergence with cluster size. But that is not necessarily
true, since near a phase transition the correlation length becomes infinitely large.
The cluster we consider here consists of a central atom and its q neighbors.
This is the approach taken by Bethe. Because of symmetry we assume that all
neighboring sites are equivalent. We label the central spin 0 and the neighbors
1,2,..,q. The energy of this cluster is

q q q
E (00, - ,04) = —Jog Zai - hZJ,; —n ZU@ + f(R) (8.109)
i=1 i=0 i=1

The last term represents the interactions with the environment. We assume that
the environment is in some average thermodynamic state and that the effects of
the environment on the outer spins are noticeable through an effective magnetic
field 2’ acting on the surface of the cluster. The average field due to the outside
acts only on the atoms that are in contact with the outside. Our result can be
generalized to larger and non-symmetric clusters, which makes the mathematics
much more complicated. For example, it would introduce effective fields that
are site specific. In our case we use the same effective field A’ on all neighbors,
since the cluster is symmetric.

For this cluster we now have to impose translational symmetry, and we need
(o) = {(op). This gives an equation which determines the value of h’. We did
already make one choice here, and we assumed that the effective field on the
central atom is zero. That makes sense. If we make the cluster larger, however,
we have to introduce an effective field for each shell around the center, and
we get an equation equation magnetic moments for each shell, and can again
determine all fields. Only the central effective field can be set equal to zero! An
individual atom in the nearest neighbor shell is not at a symmetric position with
respect to the surface of the cluster, and hence not equivalent to the central cell.
It therefore needs an effective field.

Next, we need to calculate the partition function. In order to do so, we drop
the term f(h’) in the energy, since it will give a factor in the partition function
that does not depend on the values of o and hence does not influence the spin
averages. We do need it at the end again, however, to calculate the energy. The
partition function for the cluster is

Zo= Y e PPlrorod) (8.110)
{‘70)"'704}

The derivation is a bit tedious. First we introduce the energy formula and
separate the sum on the central spin from the others.

Zo= Y N o nioi Ml o S N o (8.111)

{0'1,~~,0'q} 90
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Next, we perform the sum over the central spin

Z.= Z [eﬁngzl gi eﬂheﬁ(h""h/) Yoo + e_ﬁJZg:I Uie_ﬁheg(h+h,) i ‘77?:|

{Ulv"'»aq}

(8.112)

q q
Z. = Z [eﬁh H P HhthNoi | =Bk H eﬁ(‘Hthh/)c”] (8.113)

{o1,--,04} i=1 i=1
The sums and products can now be interchanged, since thx%_“ flz)f(xo) - =
>, f(@)])N. This leads to
2. = M 2cosh(B( + h+ W) + e~ 2cosh(B(—J + h+ K] (8.114)

The spin averages are calculated from the expressions

1 S
— 7ﬁEc(g 7"'1Jq) — 0
(o0) = EN > }Uoe 0 =z (8.115)
00, 10g
and
1 S
<U]> = —Z E O'je_ﬁEC(UO’”"G-Q) = —Z] (8116)

C
{00,504}

The additional sums are not that hard to evaluate once we have done the par-
tition function.

So = Z Z agelIo0 Xiar 71 oPh Kl i PN oy i (8.117)

{01>"'7gq} 90

S= 3 [emzzzloieﬁhemmh'm?zlaifefmzz:lmefﬁhemmh') ;‘zlm}

{0'1,'--,0'(1}

(8.118)

q q
S = Z leﬁh ]._.[ eBJ+h+hoi _ —Bh Heﬁ(JJthrh’)fn] (8.119)

{oromogy L =1 i=1

Sy = eP"[2cosh(B(J + h+ h'))]? — e PP[2cosh(B(—J + h+h')]?  (8.120)

and
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S= Y SeemShassiemTie o

{0'1,-“,0'(1} 90

s;i= Y [Ujemz:?:loieﬁheﬂ(mh’)Zle+Uje—ﬁJZ?:me—ﬁheﬁ(hw) o
{017"'7UQ}
(8.122)
q q
Si= Y %ﬁhquIeBU*h+h”ﬂ-+e—ﬁhquIeﬁFJ+h+”ﬁ” (8.123)
{o1,--,04} i=1 i=1
S; = ePM[2cosh(B(J + h 4 1)) 2sinh(B(J + h + 1)+
e P2 cosh(B(—J + h + h')]92sinh(B(=J + h 4+ h))] (8.124)

The last expression is independent of j, as expected.
The value for /' is determined by requiring that the average spin is the same
everywhere, or

m = (og) = (o) (8.125)
which leads to Sp = S or

ePM2cosh(B(J + h + h'))]? — e P2 cosh(B(—J + h + h'))]? =
ePM2 cosh(B(J + h + ') [2sinh(B(J 4+ h + b))+

e PM2cosh(B(—J + h+ W ))|7 2sinh(B(—J + h + 1'))] (8.126)

or

e?Mcosh(B(J + h + h))]77 [cosh(B(J + h + 1)) —sinh(B(J + h+ K'))] =

e Phcosh(B(—J + h+ h'))]? ! [cosh(B(J — h — h')) —sinh(B(J — h — h'))]
(8.127)
which leads to

ePlcosh(B(J + h + h'))]9! {676(J+h+h’)} _
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e P cosh(B(—J + h + k)] [e*ﬁU*h*h’)} (8.128)

or

cosh(B(J +h+1")) 2 gp
cosh(B(J —h—n)) ¢

The self-consistency equations can be solved numerically. The interesting
question, as usual, pertains to spontaneous magnetic order. Hence we now
focus on the case h = 0. A trivial solution is i/ = 0. This gives Sy = 0 and
hence m = 0, and corresponds to a non-magnetic state.

In order to see if there are other solutions one can consider both sides of
8.129 as a function of A’. The right hand side is a simple exponentially increasing
function, which has a positive curvature. The left hand side is also an increasing
function, as can be seen from

(8.129)

0 cosh(B(J+ 1))
O/ cosh(B(J — ')

ﬁsinh(ﬁ(J + 1)) cosh(B(J — ') + cosh(B(J + h')) sinh(B(J — h')) _
cosh?(B(J — h'))

sinh(26.J)
cosh?(B(J — 1))

This is positive indeed. Since the hyperbolic cosine is minimal at zero, we
see that this derivative is maximal for i’ = J. Hence the left hand side of
8.129 is one for A’ = 0, increases with a positive curvature until o’ = J, and
then increases with a negative curvature until it approaches e2%7 in the limit
h/ — oo. Plots for two cases are shown in the following figures.

(8.130)

y 5.0/

25—
LA A
-3 -2 -1 0 1 2 3

Figure 8.3: f=1,J=1,q=3
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Figure 8.4: p=2,J=1,q¢q=3

If the slope of the left hand side of 8.129 at h’ = 0 is larger than the slope
of the exponent, there has to be at least one intersection of the two curves for
some positive value of h’. Hence if

sinh(28J) 20
cosh?(BJ) ~ q—1

(8.131)
or

1

tanh(,@J) > ﬁ

(8.132)

there is a solution of 8.129 with a value of h’ > 0. What happens if the slope
of the left hand side is smaller? One has to look at the curvatures. It turns out
that there are no solutions in that case. The condition for more solutions will
always happen if ¢ > 2, since for small values of the temperature the hyperbolic
tangent approaches the value one. For ¢ = 2, however, there is no solution.
Hence the one dimensional Ising chain in the Bethe approximation does not
show a phase transition. But the point T = 0 is still special, since in the limit
the equation is obeyed.
The critical temperature in the Bethe approximation is therefore given by

S
coth™ (¢ —1)
which can be compared to the mean field result of kT, = ¢J. For a two-
dimensional square lattice ¢ = 4, and we find kg7, = 2.885.J. This is much
closer to the exact answer 2.269.J than the mean field result 4.J. The Bethe
approximation greatly improves the estimates of the critical temperature.

We can solve coth(8J) = ¢ — 1 using

kpT. = (8.133)

el 4 e=P7
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(2 —q) = e (—q) (8.135)
q
28J = log(—— .1
57 =1og(5) (8.136)
which leads to
kgT. = JL (8.137)
e = M iog(5) |

In the limit ¢ > 1 we have log( %;) ~ log(1 + %) ~ % and hence kpT, ~ qJ
like in mean field. The mean field results is best when the number of neighbors
is large, which is certainly true in high dimensional systems. As we saw in
Thermodynamics, mean field theory is exact for high dimensions.

The final, important, question is the following. When there is a solution
with a non-zero value of h’, does this solution have the lowest energy? Now we
need to address the question of finding f(h’). The energy of the cluster is given
by

(Ee) = —Jg{ogoj) — h(g+ 1)m — K'm + f(h') (8.138)
and the correlation function (g0 ;) follows from

1
Z,

C
{UD)"'7U<1}

00y = 5 Y oooye el = 2 (8.139)

c

Following the calculation for S; we find that

So; = €2 cosh(B(J + h + 1)) [2sinh(B(J + h + 1'))]—

e P12 cosh(B(—J + h+ 1'))]4[2sinh(B(=J + h + )] (8.140)

where the only difference with S; is the minus sign in front of the second term.
So here we see another advantage of the Bethe approximation, we do have an
estimate for the correlation function.

The value of f(h') can be determined by considering a situation where all
spins are equal to m and are uncorrelated, in which case we know the energy.
This is too tedious, though. But if we think in terms of Landau theory and
consider i’ to be a parameter in the energy expression, we can deduce that with
three solutions for A’ the order has to be minimum-maximum-minimum, and
hence the h' = 0 solution, which is always the middle one, has to be a maximum.
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8.7 Problems for chapter 8

PROBLEM 1.

A model of a binary alloy can be constructed similar to an Ising model.
Assume that the possible atomic sites ¢ are fixed and that the actual atom on
site 7 is either type A or type B. The effects of the chemical bond extend only
to nearest neighbors. The energy of an AA-bond is €44, of an AB-bond e4p,

and of a BB-bond egp. The parameter € = %GAA + %633 — eap is useful. The

concentration of A atoms is cq4 = NTA/ and the concentration of B atoms is

cg = 1 — c4. Introduce variables o; related to the number of A atoms n4; on
site ¢ by na; = %(1 + 0;). Obviously, o; = £1 and np; = %(1 —0;).

A. Calculate the energy of the binary alloy in a state {01, -+, 0n}.

B. Define variables J and h in such a way that this expression looks like the
Ising model.

C. If J > 0 one finds a critical temperature T,. What happens below T, in
this case?

D. Suppose J < 0. What is the structure of the alloy at low temperatures?

PROBLEM 2.

Consider a one-dimensional Ising model. Assume that J < 0. Introduce new
spin-variables 7; related to the o; variables by 7; = (—1)iai.

A. Calculate T, for this system.

B. What is happening below 7.7

PROBLEM 3.

Consider the Heisenberg model for spin % particles. The Hamiltonian is
given by

The spin operators S are the standard Pauli matrices < (1) (1) >,< (; BZ ),

and (1) _01 . The state of each individual spin is a two-spinor ’Z . The
state of the whole system is now given by the direct product of N spinors |i >,
in the form |1 > |2 > ---|N >. Assume that the density matrix p can be written
as a direct product of 2 x 2 matrices p like we did for the Ising model. Use the
same parametrization for p as for the Ising model.

A. Calculate the internal energy as a function of a and m. What is the
difference compared with the result for the Ising model?
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B. Find three equations relating the matrix elements log(p);; and a and m
by minimizing the free energy with respect to a and m.

C. A fourth equation can be found using log det A = Tr log A for arbitrary
matrices. Use this together with the results of B to find an equation for a and
m of the form log p = matrix containing a and m.

D. Show that a = 0 corresponds to the thermodynamic equilibrium state
and that the results for the Heisenberg and Ising model in this approximation
are the same.

PROBLEM 4.

Probably the simplest cluster one can imagine in a square lattice is a square
of four atomic sites. Treat the interactions between these four sites exactly but
treat the interactions with the remainder of the lattice in a mean-field approach.

A. How many inequivalent sites are there within this cluster?

B. The effective field on each site is found by assuming that the spin on
all neighboring sites that are not inside the cluster is equal to m, the average
magnetization. What is the cluster Hamiltonian?

C. What is the self-consistency condition?

D. Calculate T,.. How does this compare with the mean-field value kgT, = 4.J
and the cluster value kT, = 2.885J7

PROBLEM 5.

A more complicated cluster in a square lattice is a square of nine sites.

A. How many inequivalent sites are there in this cluster?

B. We need to impose conditions of the form < o; >=< ¢; >. How many
constraints does this give?

C. What is the cluster Hamiltonian? How many effective fields are there?

D. Indicate how you would try to solve this cluster problem.

PROBLEM 6.
Consider a linear chain with alternating spin one-half and spin one atoms.

The state of this system is given by {s1, s2,---} where s; = 1 if i is odd and
s; = —2,0,2 for ¢ even. The energy of such a state is given by

E{Sl,SQ,'”} = _stisi-i-l —thl

The values of the average magnetization on the two types of sites are given
by m; /o and m;. Generalize the mean field approach to construct two coupled
equations for these quantities and calculate T, for this system.

PROBLEM 7.
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The positions of the sites on a lattice are given by so-called Bravais lattice
vectors R;. The Ising model can be generalized to include interactions between
all spins. Typically, the strength of the interaction depends only on the distance
between the spins:

1 L
E{UZ} == —§ZJ(|RZ - Rj‘)O’iO'j - hzgl
i#£] i

Calculate T, in the mean field approximation.
PROBLEM 8.

Consider the following generalization of the Ising model. The value of the
spin parameter S; on lattice site ¢ can be +1 or 0. The energy of the configura-
tion {S;} is

E{S;}=—-J> SiS;—h)_S;

<ij> i
Use the density operator approach. Assume that the fluctuations in the
spins are independent, hence

< 51,82, |p| Sy, S5, - - >=< Si|p|S] >< Sa|p|Sh > -

Derive a self-consistency equation for the average moment M on each site.
Show that T, is proportional to ¢J.

PRrROBLEM 9.

Consider the following generalization of the Ising model. The value of the
spin parameter S; on lattice site ¢ can be =1 or 0. The energy of the configura-
tion {S;} is

E{Si}=-J> SiSi—h)_S;
<ij> i
Using the mean field approximation, derive a self-consistency equation for
the average moment M on each site.

PrROBLEM 10.

Consider a two-dimensional triangular lattice (q=6). A cluster in this lattice
is formed by a triangle of three sites. The interactions between the atoms in
this cluster are treated exactly. The effect of the rest of the lattice is treated in
the mean field approach. Evaluate T, in this case. Compare your result to the
results of the mean-field and Bethe cluster approach.



Chapter 9

General methods: critical
exponents.

9.1 Introduction.

In this chapter we will consider a variety of methods that can give us approxi-
mations in statistical mechanics. In the previous chapter we looked at the mean
field approximation and its cousins. We found that mean field gives a reasonable
description if there is a phase transition. It also leads to a decent estimate of
the transition temperature, except for the one dimensional Ising chain. Clus-
ter approximations improve the estimates of the transition temperature. All
in all these methods are very useful to describe phase transitions and help us
understand different models. Where they fail, however, is in providing values
for critical exponents. They always give the same values, no matter what the
model is, due to the mean field nature. This is easy to understand. In a mean
field model we approximate effects further away by an average. When corre-
lation lengths become large, a cluster will always sample that average value
and essentially see a mean field. So on this chapter we focus in more detail on
correlation functions and critical exponents.

There are two possible goals of calculations in statistical mechanics. One
useful result is to be able to find certain thermal averages of quantities. But
the real goal is to find the appropriate free energy, since everything follows
from there. That second goal is more difficult. For example, in the Bethe
approximation we needed to include a difficult term f(h') in the energy. For
the calculation of averages like (ogo;) that term dropped out. But without that
term we cannot evaluate free energies.

191
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9.2 Integration over the coupling constant.

Since exact answers are hard to get for most realistic models, it is useful to know
a variety of tricks to obtain good approximations. The procedure of integration
over the coupling constant is one of those tricks. We will not investigate the
relations between this method and others, but simply remark that this method
is another way of obtaining a correlated density matrix. We use the Ising model
again for illustration. We will break up the Hamiltonian into two parts:

V=-— Z |01,-~-,UN>Zaiaj<01,---,01v| (9.1)

{o1,,0n} <ij>
Ho = —h Z |0’1,"',0‘N>ZO’Z‘<0‘1,"',0‘N‘ (92)
{o1,oN} 7

and study the general Hamiltonian

H="Ho+ AV (9.3)

In this division the term H contains all the easy terms. In other systems it
would include the kinetic energy in many cases. The important point is that
the operator Hy can be diagonalized, we can find eigenvalues and eigenvectors.
The operator V contains all the hard terms, the ones that we do not know how
to deal with, and have approximated before. We are obviously interested in the
case A = J. We will, however, treat \ as a variable parameter. The division
is made in such a way that the problem is simple for A = 0. Again, we always
make sure that for Hg the solutions are known.
The free energy as a function of \ is

G(\) = —kpTlog (Tr e*BHO*B)‘V) (9.4)
and the derivative with respect to A is

ag kgT d _g1o—pav
ﬁ = _—T]j 6*6H0*ﬁ/\v Tr ae 0 (95)

One always has to be careful when taking derivatives of operators. In this
case Hy and V commute and the exponent of the sum is the product of the
single exponents.

[Ho, V] =0 = e PHo=BAV — o=BHoo=BAV (9.6)

The derivative with respect to A affects the second term only, and we have

i*ﬂAvfimii nnioo 1 n—1/_ m\nymn _ —BAV
dr© ’dA;n!( i *z(n—n!A (=B)"V" = —fve
(9.7)

n=1

which leads to
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dG ~ Tr Ve PHo=pAV

A\ Tre PHo-BAY

It is useful to digress here and show that this result is true in general. We
have

(9.8)

d — 1 d

——e TV = N ——— [~ BH, — BAV]" 9.9
x* ;)n!cu[ BHo = BAV] (©-9)
Because operators do not commute we need to keep track of the order of the
operators and derivatives:

n

d _ 0— > 1 m— n—m
e W:;a [—BHo — AV [~ BV] [~ BHo — BAV]

m=1
(9.10)
The derivative of the very first term is zero, so the sum starts at n = 1. Next

we realize that we need the trace of this expression, and that the trace obeys
Tr(ABC) = Tr(CAB). This gives

Tr %6757{0*[»\\/ _ Z % Z Tr [—ﬂV} [_BHO _ 6>\V}n_1 (911)
n=1" " m=1

Now we can do the sum on m, it simply gives a factor n and find

o0

d 1 n—
Tr JB_BHO_E‘AV = Z WTI' [—ﬁV] [—BHO - ﬁ)\V] ! (912)

n=1

Finally, we reassemble the sum and obtain

d
Tr ae*’”o*ﬁw = Tr [—BV]e PHo—BrY (9.13)

leading to the required result. Integrating over the coupling constant A then
gives the following formula for the free energy

J J
Q(A):Q(OH/O d/\jig(ow/o d—AA(/\WA (9.14)

where it is standard practice to put a factor A inside the ensemble average.
Remember that G(0) is a known quantity.

The formula above tells us that once we know (V), we can calculate the
free energy. That is not surprising, because once we have the pair correlation
function and hence the potential we essentially have solved the problem. The
trick is not how to get the pair correlation function exactly, but how to approx-
imate it. Using an approximation to the pair correlation function will give us
in general an improved free energy.
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As an example we will consider the result obtained in the Bethe approxima-
tion for the one-dimensional Ising model without an external field (h = 0). The
effective field A’ is a function of A and is determined by

coshBA+R') a5

cosh B(A — h') -
But we already know that there are no phase transitions, independent of the
value of A\, and hence A’ = 0. In the Bethe approximation the only interaction
term pertains to the bonds between the central site and its neighbors, and hence
the interaction energy of a cluster is

(9.15)

(AV)r = (=Aa0 > _oi)a (9.16)

Now we use the results from the previous chapter to calculate this average.
In order to find the potential energy we calculate the cluster energy from the
partition function. The cluster partition function was determined in the previous
chapter, and in this case is given by

3. = 8cosh?(BA) (9.17)
and the cluster energy E. follows from
0
E,. = ~95 log 3. = —2X tanh S\ (9.18)

Since h = 0 we have Hy = 0, and all the internal energy is due to the interaction
term. The internal energy of the whole system of N particles is

U= (V)= %NEC (9.19)

The factor one-half is needed to avoid double counting of all bonds. A cluster
contains two bonds! As a result we find that

J
G(J)=6(0) — N/o dXtanh G\ = G(0) — NkpT log cosh 8J (9.20)

Next, we determine the free energy at A = 0. There is only an entropy term,
since the internal energy is zero. Without a magnetic field and without inter-
actions all configurations are possible, thus S = Nkplog2, and we find after
combining the two logarithmic terms:

G(J) = —NkpTlog(2cosh 5J) (9.21)

The average of the interaction energy was obtained in the Bethe approxima-
tion. It turns out, however, that the calculated free energy is exact! The reason
for that is the simplicity of the system. There is no phase transition, and the
correlation function in the cluster approximation is actually correct.
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Note that in this case we could also have obtained the same result by calcu-
lating the entropy from the specific heat

ar’ du < pldp
= _— 22
5= / T dT’ kBJ/ﬂ cosh® 3'.J (5-22)

This integral is harder to evaluate, however. But it can be done, especially since
we already know the answer!

We can also analyze the Ising model in some more detail. The energy of a
configuration is

E{o1,09,---} =—J Z o0 — hZUZ (9.23)

<ij>

The interaction term is large, of course, and the division we made before is not
optimal. We would like to subtract some average value of the spins and write

Blon,00 b = = Y (o= 1oy = 1) = (Tua + 1) S o+ T3 Ng (920

<ij>

and we define this for a variable coupling constant via

Fa{on,0n b = =X S (00— i)y =) = (g + 1) S o+ T3 Ng (929

<ij>

It would be natural to define u as the average magnetization. But that value de-
pends on the value of A\, which makes the A\ dependence of the Hamiltonian quite
complicated. Hence we need to choose p as some kind of average magnetization,
and an appropriate value of the coupling constant.

The reference system has energy eigenvalues given by

1
Eo{01702,---}=—(Juq+h)zov+Ju2§Nq (9:26)
and the partition function is
30(T, h, N) = e~ BIn*3Ng Z Bng+h) 32, o (9.27)
01,02, "
which gives
30(T, b, N) = e P74 3N4[2 cosh B(J g + b)Y (9.28)

and the free energy is

1
Go(T,h,N) = Ju2§Nq — NkgTlog(2 cosh 3(J g + h)) (9.29)

The interaction term is now
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WVa=—(D_ (oi —m)(oj — w)r = —%Nq«m — (o — p)x (9.30)

<ij>

We now introduce the average magnetization m) and write

(Vix =~ Nal(oi — ma)(oy — ma)hs — 5 Na(2(ma — )oihs + 5 Na(m, — 2%

(9.31)
Next we approximate the correlations between the fluctuations around the av-
erage by zero and obtain

1 1
(V)n & =5 Nq(2(mx = moi)s + 5 Na(m3 — 1) (9-32)
or
1
(Vix~ =Nag(ma — pyma + 5 Ng(m3 — p?) (9.33)
or
1 2
(Vix = =5 Ng(my — p) (9.34)
This gives
oG 1 5
— =—=N — 9.35
(5),, = 3Vaom—n (9.35)
The magnetic moment is related to the Gibbs like free energy via
og
Nmy=—| = 9.36
m==(a).., 1939
and hence

), (), o (), -(2),) o

where we have m(h, A\, T) and p(h,T). This equation shows that if my = p the
magnetization will not change as a function of A. Also, because for large fields
the magnetization approaches one, we see that if m > p one needs ‘fﬁ < % and
hence the right hand side of the partial differential equation is zero. This means
that for large values of A the solutions for m will approach . Now suppose that
we use the mean field solution for the magnetization with A = J for p. Then
we conclude that the true magnetization of the system will be smaller than the
mean field value, because we integrate to J only and not to infinity. Of course,
this uses an approximation for the correlation function, so the conclusion does
not have to be general.
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9.3 Critical exponents.

Most of the interesting behavior of the phase transitions occurs near the critical
temperature. We have shown that the mean field results are equivalent to the
Landau theory discussed in the thermodynamics, and hence near T, we have the
magnetization proportional to the square root of T, — T', and hence the critical
exponent [ is % in mean field theory. In the Bethe approximation we have to
find the value of h' for temperatures just below T,.. It turns out that in the
Bethe approximation the phase transition is also second order, and hence near
T, the value of ' will be small. Hence we can expand the equation for A’ in
terms of A’ and we find

cosh5(J +h') / N2032 ¢, 12 "3
m ~ 1+ h'2Btanh 5J + (h')*23° tanh” 3J + O(h') (9.38)

Qﬁhf ~ /ﬂ N2 262 "3
e 1+hq_1+(h)7(q_1)2+(9(h) (9.39)
The condition for a phase transition is the equality of the derivatives at
h/ = 0. This gave our self-consistency condition. If this condition is satisfied, the
second derivatives are also the same! It is not hard to show that the third order

derivatives are really different. Therefore, when A’ is small, it is determined by

25
q—1

25

h/2ﬁtanhﬂj+ (h/)22ﬂ2 tanh2 /BJ 4 CL(h/)S — h/ (q — 1)2

+(h)? +b(h')?
(9.40)
where a and b are different numbers. At the critical temperature b’ = 0 is a
triple solution. This has to be the case, since at a temperature just below the
critical temperature the solutions are h’ = 0 and h’ = +e, where € is a small
number. These three solutions merge together at the critical temperature. At

a temperature slightly below the critical temperature we can write

0="nr (T —T.)(c+dh)+ (a—Db)(h)?) (9.41)

where ¢ and d are constants. This shows that near T, the effective field A’
is proportional to /7. —T. The equations in the previous chapter can be
used to show that for small values of h the magnetization m is proportional
to h’, and hence we find that the critical exponent 3 is equal to % in the Bethe
approximation, just as it is in mean field theory.

The susceptibility x is defined by

am
h,T)=|— 9.42
= (58) (9.42)
and can be calculated easily in the mean field approximation from

m = tanh 8(qJm + h) (9.43)
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Differentiating both sides and using h = 0 gives

_ s
cosh? BJgm

If T is larger than T, we have m = 0 and we find that near T,

x(h=0,T)= {gJx(h=0,T) + 1} (9.44)

1

Maﬂ%%afjij

(9.45)
If, on the other hand, T is less than T, the magnetization m is non-zero. Near T
the value of m is small, however, and we can expand the square of the hyperbolic
cosine

cosh? BgJm ~ 1+ (8¢J)?a*(T. — T) (9.46)
where we used that near the critical temperature m ~ a+/1,. — T. The value of
a follows from the results in the previous chapter and we find o? = T% From
9.44 we get

{cosh?® BgJm — BqJ} x(h =0,T) = 3 (9.47)
Since BqJ = =L ~ T%(TC —T) near T, we find

0T~ — - (9.48)
X ks (T, — 1) '
Hence near the critical temperature we find in general that
x(0,T) =AL|T —T.|7" (9.49)

where the value of the critical exponent v = 1, just like we found in mean field
theory in chapter four.

The calculation in the Bethe approximation is harder. We have from the
previous chapter:

coshB(J + h' + h) —cosh B(J — h' — h)

" cosh 8(J + h' + h) + cosh B(J — b/ — h) (9.50)

with self-consistency equation 8.129:

cosh(B(J +h+h")) Y
cosh(B(J —h—1)) _ © (9:51)

The first of these two equations gives
g—l aﬂ —
oh )

[(sinh B(J + h' + h) +sinh B(J — b/ — h))(cosh B(J + 1/ + h) + cosh B(J — W' — h))—




9.3. CRITICAL EXPONENTS. 199

(cosh B(J + k' + h) — cosh B(J — h' — h))(sinh B(J + A" + h) — sinh B(J — h' — h))]

(cosh B(J + h' + h) +1cosh B(J — W —h))2 ((?;)T + 1) (9.52)

Above T, we have for h = 0 that also A’ = 0 and hence

<387:)T = tanh(8J) ((?;;:)T + 1) (9.53)

On the other hand, from the self-consistency equation we find

sinh(B(J + h + h')) cosh(B(J —h — h')) 4 cosh(B(J + h + 1)) sinh(5(J — h — h'))
cosh?(B(J — h — h"))

on’ _ 2 ezt (M
((ah)T“)‘qlﬁe (ah)T (9:54)

which for h = 0 and A’ = 0 leads to
Oh' 1 Oh’
h VY )= (D .
tan (ﬁJ)((ah)T+ ) - (%)T (9.55)

<8h’) ~ tanh(8J)
oh ), qul — tanh(8J)

B

or

(9.56)

which shows that (%—}2) diverges like (T'— T¢)~! and hence that the suscep-
T

tibility diverges in that manner, again giving v = 1. One can also calculate the
behavior at the other side of the critical temperature, but that is even more
messy.

The exact solutions for the Ising model show that there is no phase transition
in one dimension, that v = % in two dimensions and that v ~ 1.25 ( and perhaps
equal to %? ) in three dimensions. The higher the number of dimensions,
the closer the value is to the mean field result and the result of the Bethe
approximation.

We could continue calculating all other critical exponents for the Ising model
in both the mean-field and the Bethe approximation. Since we have shown that
the mean field approximation is equivalent to a second order Landau theory,
we already know the answers. The answers for the Bethe approximation will
be the same! This is due to the following. Near the critical temperature the
only important length scale is the correlation length £, which diverges. If the
correlation length is smaller than the radius of the cluster used in the Bethe



200 CHAPTER 9. GENERAL METHODS: CRITICAL EXPONENTS.

approximation, the answers in the Bethe approximation and in mean-field theory
will be different. If, on the other hand, the correlation length & is much larger
than the size of the cluster, the size of the cluster is not important and the
problem is essentially solved in a mean-field approach. Since & diverges near
T., the Bethe approximation is equivalent to a mean field theory in this limit.
Therefore, the Bethe approximation will give the same critical exponents as
mean-field theory. In order to make a real improvement, we need to take into
account correlations of infinite range.

We can improve the analysis, however. We will use the susceptibility as
an example, but the analysis woks for all critical exponents. Near the critical
temperature we have x ~ Ay|T—T,|7, plus higher order terms. This means that
near the critical temperature we have log(x) == log(A+) + vylog |T — T,|. The
second term will dominate if we are close enough to the critical temperature.
Hence we have

log(x)

_ 9.57
log |T — T,| -7 (9:57)

near the critical temperature. Hence if we plot the ratio on the left as a function
of temperature, we should be able to extract the value of ~.

Very simply stated, so what can be wrong. First of all, we assume that we
know the value of the critical temperature. That might be true or not. What
happens if we are wrong? If we do not use the exact value of the critical tem-
perature a plot of the ratio of the logarithms will show two peaks. The ratio
will go to zero when the denominator goes to infinity, or when the temperature
reaches the erroneous value of the critical temperature. The ratio will go to
infinity when the enumerator diverges, at the true value of the critical temper-
ature. For example, see figure 9.1 where we have used x = ﬁ(l +0.1]t - 1))
and moved T, by a small amount to T, = 1.01. We can use this behavior to find
the critical temperature. If we have sufficient data near the phase transition we
try different values of T, and see when the peak and zero merge.

But what is near the critical temperature? One could guess that the correc-
tion in x is a factor of the form 1+ BL|T — T.|. This gives an extra term in
the denominator equal to the logarithm of this expression, and near the critical
temperature we now find

IOg(X) |T B Tc|

_— By—m—— 9.58
ogT -7 P lgr -y (5:58)

The second term goes to zero, indeed. But how fast? We do not know. See figure
9.2 for a typical case. We used the same form as before, but now with the correct
value of the critical temperature. In addition, the previous argument assumes
that the behavior near the critical temperature is given by powers only. There
are theoretical results where near the critical temperature we have logarithmic
factors, x o< |T — T.|"log |T' — T¢|. Because the logarithm goes to infinity slower
than any inverse power, such a factor does not change the value of the critical
exponent, but it certainly changes the behavior near the phase transition. We
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Figure 9.1: Ideal case to find critical exponent, with wrong guess of critical
temperature.

need to get very close to the phase transition to get rid of such terms, see figure
9.3.

Unfortunately, reality is even more complicated. The best way to discuss
this is to think about the correlation length &, the length over which spins
act coherently. This length diverges near the critical temperature. Using the
correlation length we can define the range of temperatures needed to find the
values of the critical exponents. If the range of the interactions in the material
is R;nt we need temperatures close enough to T, so that (T — T.) > Rint.
But in real life the correlation length cannot increase beyond the size of the
sample. Suppose the sample has similar dimensions in all directions, given by a
number Rg. If we have (T — T.) > R, the sample will act as a large molecule
with a given susceptibility, which will remain the same. There is no divergence
compensating the denominator, and the ratio of the logarithms goes to zero, see
figure 9.4.

This shows that we can still find the critical exponent for an infinite sample
by connecting both sides of the curve, but the precision does suffer. Also, if
the sample dimensions are not the same in all directions we will see a transition
from three to two to one to zero dimensional behavior!

Finally, we can use this to analyze cluster data. If the size of the cluster
is larger than the effective range of the interactions the ratio of the logarithms
will be close to the correct value, but if the correlation length becomes larger
than the cluster size we will get the mean field results. See figure 9.5,
where we changed the model so the exact results for v is two.

The previous discussion shows the importance of the thermodynamic limit.
For a finite sample the behavior right at the critical temperature is always
normal or analytic. Nothing diverges. But close to the critical temperature we
see the characteristics of an infinite sample. The larger the sample, the closer
we can get to the critical temperature an still see the behavior of an infinite
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Figure 9.2: 1deal case to find critical exponent.
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Figure 9.3: Non-analytic case to find critical exponent.

sample. Hence the procedure to find the critical exponents needs to consider
critical behavior close to the phase transition as a function of sample size. If
we replace the outside of the sample by something else, the values right at
the critical temperature change. For example, if we replace the outside by an
effective medium we obtain mean field results right at 7.. But away from the
critical temperature we get the characteristics of the sample, and the outside
world does not play a role. For a finite sample there are no singularities at the
phase transition, only smooth changes in behavior. If these changes become
abrupt for in the thermodynamic limit, then we have a singularity and a phase
transition.
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Figure 9.4: Finite sample case to find critical exponent.
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Figure 9.5: Cluster results to find critical exponent.

9.4 Relation between susceptibility and fluctu-
ations.

As we have remarked a few times, response functions are related to fluctuations.
This can easily be shown for the susceptibility. By definition we have

9 Tr Soe~PH-1M)

X = 35 Ty o B (9.59)

This derivative can be performed explicitly, since H and M = ). S; commute.
We find
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_ Tr SyfMe PO [Ty Spe BHMMT [Trg M e~ AH=RM)] (9.60)
T Tr e B(H-hM) (Tx e—B(H—hM))Q '

X = 62 {(SoSi) — (So)(Si)} (9.61)
This can be transformed to
X = BZ@O —m)(S; — m) (9.62)

which clearly shows that x is directly related to the fluctuations in the spin
variables. Here we used (Sp) = (S;) = m.

If fluctuations are uncorrelated we have < AB >=< A >< B > which would
seem to imply that for uncorrelated fluctuations x = 0. That is not correct,
however. Fluctuations on the same site are always correlated, and in that case
we would get x =< (Sp —m)? >, which is always positive indeed.

It is customary to define a spin-correlation function I'; by

Li(T) = (SoSi)r — (So)r(Si)r (9.63)

If the spins at site 0 and site 4 are uncorrelated, I'; = 0. This spin-correlation
function can also be expressed in terms of real coordinates 7, as long as we
understand that the value T'(7, T') is actually an average over a number of atomic
sites in a volume AV which is small compared to the total volume of the crystal.
In that case we find

x=7 / d*rD(7,T) (9.64)

If for large values of r the spin-correlation function is proportional to r~P the
integral is well-defined only if p > 3. Therefore, at T, where the spin-correlation
function diverges we need to have p < 3. At temperatures away from the critical
temperature the spin correlation function does not diverge. If the correlation
function would always be a power law, T’ oc 7~P(T) | this would imply p = 3 at the
critical temperature, since p(T') > 3 away from the critical point. That is not
correct, however, because we also have an exponential factor, which disappears
at the critical temperature. In general we write I' oc 7 Pe~*T)" and we use
a(T) > 0 away from the critical point and hence a(T,) = 0. Since these are the
only two possibilities and since we know from experiment that the first one is
wrong, we find that correlations have to die out exponentially. The length scale
corresponding to this exponential decay is called the correlation length, and at
the critical point the correlation length diverges and becomes infinite.

If we have no correlations we find y = 3(< 82 > —m?) = 3(1 — m?). Here
we know < 83 >= 0 because the value of the spin variable is 1 and hence
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the value of the square is always one. But the susceptibility diverges even in
mean-field theory! This means that the spin-correlation in mean field theory for
large distances is non-zero. There seems to be a contradiction here, but that is
not true. The only assumption we make in mean field theory is that I'; = 0 for
nearest-neighbors! For further neighbors we do not make any assumptions. We
are not able to calculate the correlation function at larger distances. Similar,
in the Bethe approximation we can only calculate the spin correlation function
inside the cluster. In this case the condition involving A’ is not readily expressed
in terms of the spin-correlation function.

9.5 Exact solution for the Ising chain.
The Ising model in one dimension can be solved exactly. The same statement

is true in two dimensions, but the solution is much more difficult. We will not
do that here. First consider a chain of N atoms without an external field. The

energy of a configuration {oy,---,ox} is given by
N-1
H(Ul,"',UN) :7]2 Uiai+1 (965)
i=1

The partition function is

Z(T,N)= Y el xiciom (9.66)

01,,0N

which can be calculated by starting at the end via

Z(T,N) =Y eHnoz... )y eflon-ion (9.67)
oN

o1 02

Since the last factor is the only place where oy plays a role, the sum over oy
can be performed giving

> " eflon1on = 9 cosh(B) (9.68)

oN

Note that on_1 drops out since it only takes the values +1 and since the hy-
perbolic cosine is symmetric! Therefore the partition function is

Z(T,N) =2cosh(8J) Y Y ef7roz... N~ eflonson (9.69)

o1 [P} ON-—-1
This process is now repeated and leads to
Z(T,N) =2V coshV1(87) Y = 2" cosh™ 1 (8J) (9.70)

and the free energy at h =0 is
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G(T,N,h =0) = =NkpTlog(2cosh(3J) + kpT log cosh(5J) (9.71)

In the thermodynamic limit the second term can be ignored, and the answer
is the same as we found by integrating over the coupling constant.

The previous paragraph gave the results for the Ising chain without a mag-
netic field. What happens when a magnetic field is present? In that case the
calculation is more complicated if we use the same boundary conditions. The
main problem is that the term with the product of neighboring spins has fewer
terms than the term connecting to the magnetic field. It is hard treat both
terms at the same time.

It is possible, however, to change the boundary conditions, since we always
want to take the limit N — oo. Therefore, we assume periodic boundary
conditions by connecting spin N back with spin 1. Hence in the calculations we
take 0p = o and 01 = on41. The energy in the extra bond is small compared
to the total energy if N is large, and disappears in the thermodynamic limit.
The energy of a configuration {o1,--+,on} is

N

N
h
H(oy, -+, 0n) :_Jzaio'i+1 —§Z[ai+ai+1] (9.72)
i=1 i=1

where we made the magnetic contribution symmetric, which is possible because
we are using periodic boundary conditions. This is written with a single sum-
mation in the form

N

H(Ula"'ao'N):_Zf(0i70i+1) (9.73)

=1

where we defined f(0,0’) = Joo' 4+ (o + o’). The partition function is

Z(T,N) = Z B i floioipr) Z Heﬁf(aimﬂ) (9.74)
o1

01, ;0N ;' ON G

This looks like the product of a set of two by two matrices. Hence we define
the matrix ¥ by

T(o,0') = P71 (9.75)

This matrix ¥ is often called a transfer matrix. It is a two by two matrix
looking like

eBUI+R) =BT

52( o087 e,@(]h)) (9.76)

The partition function in terms of ¥ is
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B(T,h,N) = Z g(al,UQ)T(O'Q,O'g)"'3(0’]\/,0’1) (977)
or simply

3(T,h,N) =Tr TV (9.78)

This looks like a very simple expression, and it is. There are many situation
in physics where we can write some complicated expression as the trace or
determinant of a product of simple matrices. Our case is particularly easy,
since all matrices are the same. Making progress in the calculation of matrix
expressions is easiest if we know the eigenvalues and eigenvectors. We need to
solve

Tle >=tle > (9.79)

In our case the matrix is real and symmetric, and we know that there are
two eigenvectors with real eigenvalues. Finding the eigenvalues of a real and
symmetric two by two matrix can always be done. We need to solve det(¥ —
t€) = 0, where € is the identity matrix. This gives

(e[j(J+h) _ t)(eﬁ(J—h) —t)—e 2 =9 (9.80)

or

1% — [P 4 PR 4 28T _ =207 = ¢ (9.81)

which has solutions

ty = % <66(J+h) + eBUI=h) 4 \/[eﬁ(J+h) + eB(I=h)]2 — 4[e28] — e—26J]>
(9.82)

1
ty+ = e’/ cosh(Bh) + ix/ezﬂ("*h) + e28(J=h) — 2¢2B7 4 4e—287 (9.83)

1
t+ = eP7 cosh(Bh) £ 5\/[66('I+h) — ePUI=M)]2 4 4e-207 (9.84)

which leads to the final expression

ty = e’ cosh(Bh) £ \/@25’" sinh?(Bh) 4 e—267 (9.85)

There are two real solutions as expected for a real and symmetric matrix. Note
that we have t; >t_. Also, we have t; +t_ = Tr T = 5+ 4 eAJ=h) 5 ¢
and t,t_ = det(%) = €2#/ — 7287 > 0. Therefore both eigenvalues have to be
positive. The corresponding eigenvectors are |ex > and the partition function
in terms of these eigenvectors is
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3(T,h,N) =< e |TNes >+ < e_|TN|e_ > (9.86)

Therefore the partition function in terms of the eigenvalues is

3(T,h,N) =t} +¢V (9.87)

and the magnetic free energy is

&(T,h,N) = —kpTlog(t) +tV) (9.88)
Now we use t; > t_ and rewrite this in the form
¢ N
&(T,h,N) = —kpTlog(t¥[1 + <t‘> ) (9.89)
JF
¢ N
&(T,h,N) = —NkpTlog(t,) — kpTlog(1 + (t) ) (9.90)
+

In the thermodynamic limit N — oo the second term becomes zero, because
|§—;| < 1 and we find

&(T,h,N) = —NkpT log <eﬁJ cosh(Bh) 4 1/ €287 sinh?(Bh) + 625-'> (9.91)

In the limit h = 0 we recover our previous result. The magnetization per

particle m follows from
me (9% _
- N \Oh)py

e 3sinh(Bh) + 3[e2%7 sinh?(Bh) + e~207]~3 (€272 sinh(3h) cosh(Bh) ]

kgT
¢ cosh(Bh) + /20 sinh? (5h) + ¢~20
(9.92)
or
e?7 sinh(3h)
m =
\/ewJ sinh?(8h) + e=287
V€297 sinh®(Bh) + e=299 + ¢ cosh(Bh)
(9.93)
eB7 cosh(Bh) + \/emJ sinh?(Bh) + e—267
with the final result
— sinh(Sh) (9.94)

\/sinhz(ﬁh) +e48J
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This formula shows clearly that there is no phase transition in the one-dimensional
Ising chain. In the limit A — 0 the magnetization m is zero as long as T # 0.
Next we ask the question how large a field do we need to get a large magneti-
zation. The condition for a value of m close to one is

sinh?(Bh) > e~ 447 (9.95)

Note that this is never satisfied in the limit A — 0, because in that limit the right
hand side goes to zero very rapidly. If we define a field k, by sinh? (Bho) = e~ 487,
then this field represents the field at which the chain becomes magnetic. In the
limit T" — 0 the exponent will be very small, and therefore the hyperbolic sine
is very small. As a result we find

T—0 hy~kgTe 2% (9.96)

Although the Ising chain is non-magnetic at low temperatures, we only need
a very small magnetic field to change its state into a magnetic one. It goes
to zero exponentially fast. We see the susceptibility at zero field is very large
near 7' = 0, which is the situation close to a phase transition. We can evaluate
X(h, T, N) = (%) ;. and find

¢ cosh(Bh) /¢ sinh?(Bh) + ¢=207
e’ sinh(Bh) 4 (€297 sinh®(Bh) + e~207]~ 2207 2 sinh(Bh) cosh(Bh) B

h,T,N) =
X ) €287 sinh?(Bh) 4 e=287
(9.97)
At h = 0 this is equal to
BJ 3/ /o—287
x(h=0,T,N) = eIV ge2n (9.98)

o287

which indeed diverges for T — 0.

The solution for m is singular at 7' = 0, and the effects of this singularity
are felt at small temperatures. It is not surprising that one might interpret the
data as showing a phase transition. For example, the following figure shows m
versus 1" and h with 4J = 1:

This figure seems to indicate that at low temperatures there is an abrupt
change from negative to positive magnetization as a function of h, with a critical
temperature of about 0.5, which is indeed equal to 2J. But now look at it with
h plotted on a logarithmic scale. Now we see that we always go through an area
with zero magnetization.

For a real phase transition we have a positive critical temperature, below
which we see in the m(T, h) plots an abrupt change. The key word is below the
critical temperature. In the one dimensional Ising chain this point is pushed
to T' = 0, and we cannot get below anymore. We still see the effects of the
singularity at 7" = 0, though. The ordered state at h = 0 might live long
enough that for all practical purposes the system behaves like a system with a
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Figure 9.6: Magnetization of the one dimensional Ising chain.

phase transition. This requires switching times much longer than the time of
the experiment.

Phase transitions are related to singular behavior of the free energy. The
previous example shows that the singularity can be at zero temperature. If one
extends the temperature range to negative values, the singular point will be
at negative values for systems without phase transitions. It is interesting to
study how the position of the singularity depends on parameters in the model
hamiltonian, so one can predict when phase transitions occur.

9.6 Spin-correlation function for the Ising chain.

The spin correlation function I'; is an important quantity used to study the
effects of the singular behavior at T = 0. Note that semantically a critical
temperature can never be zero, since it is not possible to go below the critical
temperature in that case. In this section we calculate the spin-correlation func-
tion for the Ising chain without an external field, that is for o = 0. We use
periodic boundary conditions and assume that the temperature is non-zero.

The spin correlation function is related to the pair distribution function g;,
which is defined by

gi = (SoSi) = (0004) (9.99)

This function contains the information that we need to discuss how values of
the spin on one site relate to values of the spin on another site. For quantities
that are not correlated we have < AB >=< A >< B > and hence if the values
on the different sites are not correlated we have g; = (co0;) = {(0¢){0;) = m>.
The spin correlation function measures the correlation between fluctuations

from average between different sites. We have
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Figure 9.7: Magnetization of the one dimensional Ising chain, as a function
of log(h).

T = {(c0 — m)(o; —m)) = g; —m? (9.100)

This is often a more useful quantity to study. In a true mean field theory
all fluctuations on different sites would be uncorrelated, and we would have
I'; = 8io(1 —m?). That would imply x = BTy and this quantity does not
diverge at T,. That is wrong, we looked at that before, so the mean field theory
makes another approximation.

For the average energy we have

(H) = —JNgm? — hN — JNqT,, (9.101)

and mean field theory is obtained by requiring that the spin correlations between
neighboring sites are zero. We only need fluctuations on neighboring sites to be
uncorrelated. Further correlations can be non zero, and will have to be non-zero
because the susceptibility is diverging!

To solve the real problem we need the value of I'y,,,. We can find this function
by considering the exact behavior of a pair of atoms. But this pair is emerged
in the rest of the system. We now need to ask the question how large the value
of the spin on of of the sites is if the connections are all made to averages. That
requires the knowledge of both the nearest neighbor and the next nearest neigh-
bor spin correlation function. It is possible to build up a system of equations
where the equation for spin correlation functions at a given distance requires
knowledge of spin correlation functions one distance further apart. We need to
know all spin correlation functions to solve this system, or we need to have a
good approximation for how spin correlation functions at large distances decay.

Here we consider the one dimensional Ising chain again. We set the external
field equal to zero. Since without an external field there is no magnetization,
the spin-correlation function is given by
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1 N-—-1
D= e————— ) P 2izo ioin 9.102
7 3(T,h=0,N) 7075 (910

0, 0ON—-1

where we use periodic boundary conditions and have og = oy.

In order to evaluate this expression we use a simple trick. First we make the
problem more complicated by assuming that all bonds can be different. This
means that the coupling constant between spins ¢ and i+ 1 is J;. We treat these
coupling constants as independent parameters. In the end we need, of course,
J; = J. We define a function & by

S(Jo, o dnor) = Y efRlmion (9.103)

00, ,0ON—1

This is similar to a partition function, and we have that 3 = S(J, J, J,---).
Next we take partial derivatives with respect to Jy to J;_;1. This gives us

g 0 0

2. — B3 Jioioit1 ) )

TP o o
(9.104)

Since 0? = 1 this simplifies to
o 0 0 -
= 2 .. S—_4i B2 Jigioit ; 9.105
FY Y B B AZ;NA e 000 ( )
This leads to
1 0 0 0

-7 . 9.106
9 ﬂ]S 8J0 8J1 6Jj_1S Ji=J ( )

Therefore we would like to evaluate S. This is done using transfer matrices
like we did in the previous section. We define

i ebBJi e—BJi
T = ( BT B ) (9.107)

or f‘(f)g, = ¢P7i99"  The definition of S has a sum in the exponent and we write
this exponent of a sum as the product of exponents in the form

S = Z ePBJoooor Bioror | BoN-10N-100 (9.108)

70, 0N -1

From this we see that

S=Tr Og® ... gN-1) (9.109)

If we need to calculate the trace or determinant of a matrix, it is always
very useful to know the eigenvalues and eigenvectors. The eigenvectors of the

matrices T are easy, they are e; = %(1,:|:1) independent of the index 1.
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The eigenvalues do depend on the index ¢, but they are easy to find,they are
)\(il) = efli £ 7P, We can now evaluate S(J, J,---) and find

S(J, J7) =

<e |OFW . gW-Dlg, 5| pce |OW . gV = AV+AY
Ji=J Ji=

(9.110)
where we have defined Ay = 87 + =87,
Next we discuss the derivative with respect to J;. Because the factor J;
occurs in one place only, we see

9 oz '

S=Tr Oz ... L g (N=1) 9.111
07" = " aJ; (9-111)

The derivative of the matrix is easy, and we define

) o5
UO = == 9.112
o7, (9.112)
and find
; eBJi —e—BJi

ﬂ() == ﬁ ( —e_ﬂ‘]i eﬁ‘]i ) (9113)

The eigenvectors of this matrix are again e+ independent of the index ¢, but the

eigenvalues are now interchanged, e, goes with ﬂ)\(_i) and vice versa.
We are now in the position to calculate the spin correlation function. We
have

9 9 9
8J0 8J1 an,1

S=Tr O ... .gqU-Dgl) .. g’ -1) (9.114)

which is equal to

<ey U@ gugl) gV > 4 e |g@ .. gU=Dg0) L gN=D e S
(9.115)
If we now calculate this expression at J; = J we find

FN NI 4 gIN AN (9.116)

Since the average magnetization is zero, the spin correlation functions is
equal to the pair distribution function, we we get

N NI M AN
=0 = TN

(9.117)
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Because of the periodic boundary conditions this result is symmetric under the
change j < N — j. Also, we have I'y = 1, which is to be expected because site
N is equal to site 0, and < ogoy >=< 02 >= 1.

The expression is simplified when we divide the numerator and denominator
by the eigenvalue Ay to the power N. Note that A, > A_ > 0. The ratio of the
two eigenvalues is simple, we have

A ePl — e 087

This gives

oo tanh’ (8J) + tanh™ 7 (3.])
T 1 + tanh™ (8.J)

This expression is complicated, but we have to remember that we always
need to invoke the thermodynamic limit after all calculations have been done.
That is the case here, we have our final result. If the temperature is non-zero,
tanh(8J) < 1 and in the limit NV >> j only the lowest order terms survives. Note
that we have given explicit meaning to the idea of the thermodynamic limit, we
require that N is large compared to j! In that case we can write

(9.119)

T; = tanh’(8.J) (9.120)

This formula shows that as a function of the distance j the spin correlation
function decays as a power law. Hence it can be related to a correlation length
via

I, =t (9.121)

where the correlation length £ is found by

J -1
&= og(T,) — [log tanh(5J)] (9.122)
As expected, we find that the spin correlation decays exponentially. If I'; is
close to one, spins tend to point in the same direction, and the magnetization
is strongly correlated. The spin correlation length measures the distance over
which spins are correlated and tend to point in the same direction. Note that
this common direction can fluctuate!
The correlation length increases with decreasing temperature. We see that
in the limit 7' — 0 the hyperbolic tangent approaches one and the logarithm
gives zero. We can find the behavior by

1—e 267

tanh(ﬂJ) = 1—‘,—67_25‘]

~1—2e28 (9.123)

and the logarithm of one plus a small term is approximated by the small term.
That gives
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1
£ 5eQﬁJ (9.124)

which diverges faster that any power law. Normally we would expect that
& o |T —T.|7%, but that is not the case here.

Before we draw any conclusions we need to check one thing. The thermody-
namic limit should always be taken last. So we need to take the limit to zero
temperature first! We should not take the limit 7' — 0 in the expression above.
As usual, the limit 7" — 0 has to be taken before the limit N — oco. Before the
thermodynamic limit we have

y tanh? (8.7) + tanh V9 (37)\ ]~
§=- [log( 1+ tanh™ (3J) )] (9.125)

Using the exact expression (no approximation) tanh(8J) = 1 — z, with |z| < 1

we have
§=—J {log ((1 - f)i zr1 (_1 ;)J?N_j)] : (9.126)

If we take linear terms in the powers only, we see that

Q-a) +(1—2)"7 (1—jo)+(1—-(N—jlz _
14+ (1 —z)N - 14+ (1— Nz) =1 (9.127)

Therefore, we need second order terms. We have

(1-z)+(1-—a)V7 2-Nz+ =Y g2y (WoDN=j=) o
14+ (1—a)N ~ 2—Nx+wx2

(9.128)

This is equal to

14 5 (j(j;l)l,z i (ij)(éijfl)IQ)

9.129)
1 N(N-1) (
I+ 55— 22

which can be approximated by

1 JG=1) o (N—-j)(N—-j—-1) , 1 NIN-1) ,
1 1-—
(+2—Na:< U 2 L Ml vy i R
(9.130)
which is approximated by
1 iG=1) o (N=j(N—-j—-1) , 1 N(N-1) ,
1 —
+2—Nx( y U7 2 2N« 2
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which gives up to second order

i(j—1 N—-—j(N—-—j—-1 N(N -1
4 4 4
or
1
14+ 700 - =iN=NG+1)+j(+1)+N) z? (9.133)
or
1
L+ (24° - 2jN) 2 (9.134)
We now have for the correlation length
1 -1
E~—j {log (1+2j(jN)x2)] (9.135)
and after approximating the logarithm
2
N 9.136
e (2130

But now we are able to approximate the value of z by —2e~2%7 and obtain

o487

&~ 2N =) (9.137)
This is a different result, indeed. In the limit of zero temperature the hyperbolic
tangent is very close to one, and all terms in the pair correlation function play
a role. But the divergence is still exponential in stead of a power law, so that
qualitative conclusion did not change. This is another consequence of the fact
that at zero temperature there is not really a phase transition.

The previous results have some interesting consequences. First, suppose
that the correlation length is equal to the length of the chain. The whole chain
will act in a correlated fashion. At a given time it is very likely that all the
spins point in the same direction and one would be tempted to call the chain
magnetic. There will be times, however, where part of the chain is magnetized in
one direction, and part in the other. Such a disturbance has a higher energy and
will disappear. Nevertheless, this disturbance might switch the magnetization of
the whole chain. An average over an infinite time therefore gives a non-magnetic
state! If we make the chain longer, we have to go to a lower temperature for the
correlation length to be equal to the chain-length. Fluctuations become more
unlikely, and it will take longer for the chain to switch its magnetization. From
a fundamental point of view, the chain is still non-magnetic. From a practical
point of view, the chain is magnetic in a meta-stable state. Therefore, we could
define a transition temperature T* by £(7%) = N. But phase transitions are
only defined in the thermodynamic limit, and we have limy_.., 7% = 0. But it
does tell us when finite size effects play a role. For a given N we can find T
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and we expect to observe things that are dependent on the sample size below
that temperature.

Finally, we can check the relation between the spin correlation function and
the susceptibility. We found before that x = 8> T'; and this gives

i p
r,= tanh’(B8J) = ———— 9.138
ﬂ; 621: anb(B7) = T o (9.138)
and for small temperatures this is about %ﬂem" . That is off by a factor of
two. Again, this is not surprising. We used the result obtained after taking
the thermodynamic limit to calculate the result. We need to take the whole
expression as a function of N, though, and evaluate

i tanhj (BJ) + tanh™¥— ](ﬁj)
;0 1 4 tanh™ (8.J) (9.139)
This is equal to
1 N-1 N1
- J N j
7 tanh™ (37) Z) tank’(8J) + tanh ™ (57) ; tanh ™/ (8.J) | (9.140)
or
L (LotabB0) v L ek 6D
1+ tanh™ (8.) ( 1= tanh(3]) anh™ (B) T T(37) (9-141)
or
1 1 — tanh™ (8.J) tanh™ (3J) — 1
1+ tanh™ (3.7) ( 1 — tanh(BJ) + tanh(ﬁ])m (9.142)
or
1 — tanh™ (5J) 1 + tanh(3.) 0113

1+ tanh™ (8.J) 1 — tanh(8.J)

and now the results are consistent. If we take the thermodynamic limit in the
last equation we get an extra factor in the denominator, which is equal to two
at low temperature, and which is needed to get the results we derived before.
Also, if we first take the limit to zero temperature the result becomes N, which
is correct because all atoms now act in the same way and the magnetization of
one atom as a function of h follows Curie’s law with x = Nf.

The observations in the last section might seem a bit esoteric, but they
are important. Too often approximated results are used to obtain erroneous
answers. One needs to know when approximations can be made.
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9.7 Renormalization group theory.

A very powerful way of treating critical phenomena is via renormalization group
theory. The basic idea behind this theory is very simple. Near a critical point
the dominant length scale for any system is the correlation length £. Exactly at
the critical temperature this correlation length diverges and somehow a picture
of a given state of a system should be independent of any length scale. In
other words, if we paint spin-up atoms red and spin-down atoms blue, in a
magnetic system the pattern we observe should be independent of any length
scale. If we look at the pattern of spins with atomic resolution we will see the
individual red and blue dots. If we diminish the resolution we will start to see
average colors, obtained by mixing the effects of a few dots. If we decrease
the resolution even more, the average color will depend on the effects of more
dots in a larger region. Imagine a whole series of pictures taken this way, with
decreasing resolution. The pictures with atomic resolution will look somewhat
different, since we see the individual dots. All the other pictures should look
very similar, however, since the divergence of the correlation length has taken
away our measure of length. There is no way to distinguish the pictures by their
pattern and deduce the magnification from the observed pattern. Notice that
in real life this fails since samples are of finite dimensions and at some point
we will see the boundaries of the samples. Theorists do not bother with these
trivial details.

The previous paragraph sketches the concepts of renormalization group the-
ory. Essentially we apply scaling theory but now start at the microscopic level.
We build the macroscopic theory up from the ground, by averaging over larger
and larger blocks. The next step is to formulate this idea in mathematical terms.
We need to define some kind of transformation which corresponds to decreasing
the magnetization. The easiest way is to define a procedure that tells us how to
average over all variables in a certain volume. The one-dimensional Ising model
will again serve as an example. The atomic sites are labelled with an index 3.
Suppose we want to decrease the magnification by an integral factor p. Hence
we define a new index j which also takes all integer values and label the atoms
in group j by ¢ =pj+k , with k=1,2,---,p. The spin in cell j can be defined
in several ways. For example, we could assign it the average value or the value
of the left-most element of the cell. In the end, our result should be independent
of this detail, and we choose the procedure that is easiest to treat.

This procedure defines a transformation R, in the set of states that can
be characterized by {---,0_1,00,01,---}. It is not a one-to-one mapping and
hence the word group is a misnomer, the inverse of R, does not exist. This
transformation is also applied to the Hamiltonian and the requirement is that
at a critical point the Hamiltonian is invariant under the operations of the
renormalization group.

These ideas are best illustrated by using the one-dimensional Ising ring as
an example, even though this model does not show a phase transition. It is the
easiest one for actual calculations, and it will serve to get the ideas across. The
partition function is given by
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3(T,N,h)y = > P EL ot AL, o (9.144)
{Ul"'WaN}

The transformation we have in mind is a decrease of the magnification by
a factor of two. Hence we plan to combine spins 25 and 2j + 1 into a single
average spin with value a;- = 09;. We also combine (3.J into one symbol J and

similarly write h = Bh. For simplicity we assume that N is even. Of course, in
the end we need to take the limit N — oo, and the fact that N is even or odd
does not play a role. The parameters in the partition function are therefore J,
h, and N. Our goal is to write the partition function in the form

~ ~ E’ a'l,m,a'N
3N Jh)y= > e ( y) (9.145)

0 0
ol ,-~»7o”ﬂ
2
This can be accomplished very easily by separating out the odd and even values
of 7 in the original formula of the partition function. Using the periodic boundary
conditions to give the original Hamiltonian a symmetrical form we find

3N, T )= Y Z e Lisi o1t Ty o (9.146)
02,04, 01,03,""
We can think about this in terms bonds between spins. If we consider the spins
with even indices to be the "master” spin, the spins with odd indices represent
bonds between these master spins. Summation over all possible odd spin states
is equivalent to a summation over all possible bonds between master spins.
Next, we rewrite the summation in the exponent as a summation over odd
spin indices only. That is easy, and we have

N N
. - . - 1
J;Ji0i+1 +h§_;0’l = Z (JO’i(O'7;1 +Ji+1)+h(0i+2(0i1+O’i+1))>

i odd
(9.147)
which gives

3Ny = S Y [ ettt it (9.148)

02,04, 01,03, 4 odd

Now we perform the summation over the variables with odd indices. Each such
sum occurs only in one factor of the product of exponents, and hence these sums
can be done term by term. We arrive at

3 j iL Z H ZGJU(U’ 1+0L+1)+h(0+ (gic1+0i41)) (9149)

02,04,+1 odd O

or
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N,J,h) = Z H eh(G(oi- vtei)g cosh(J (051 + 0i1) +h)  (9.150)

02,04, 1 odd

This looks like something for a partition function where only even spins play
a role. On the right hand side we have exponential like things. Can we write
this in a form

N,J,h) = Z ePlo2,0a,) (9.151)
02,04,""
where the form of the energy is similar to the original energy? Clearly,
the value of the coupling constant will be different, and also the zero of energy
can be shifted. Therefore we try

~ 1~
E(027U4; t ) = Z (29 + J/Ji,10i+1 + ih’(aifl + Ui+1)> (9152)
i odd

The question is, is this possible, and if yes, what are the functions g(j , iL) ,
J'(J,h) , and B (J,h).

The answer whether it is possible can be given easily. Because we wrote
the forms symmetric for interchanges of left and right, we need to consider only
three combinations of neighboring even spins, (+,4+) , (+,—) = (—,4) , and
(=, —). That gives us three equations, from which we can find three independent
functions!

The equations to solve are

(+,+) : eh2 cosh(2J + h) = 20+ +h (9.153)
(+,—) : 2cosh(h) =297 (9.154)
(=, —) : e "2cosh(—2J + ) = 297 I (9.155)

The road to solving these is a bit tricky, but here is one approach. Multiply the
first and the third, which gives

4cosh(2.J + h) cosh(—2J + h) = elot2l (9.156)
Multiply by the square of the second equation and we get

16 cosh(2J + h) cosh(—2.J + h) cosh?(h) = € (9.157)

which gives us g. We can also divide the product of the first and third by the
square of the second, and now we find

sh(2.J + h) cosh(—2.J + h 7
cosh( J+h)€§b~( J+h) _ 4 (9.158)
cosh”(h)
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which gives us J. Finally, we divide the first and third equation to get

7 h 2 j h 7!
(2h COSNRT ) o (9.159)
cosh(—2J + h)

which gives us A’. The solutions are

5 == 1 h(2J 4 h) cosh(—2J + h
J1(F.h) = L1og [ ST HR) cosh(=2] 1) (9.160)
4 cosh”(h)
W R) = ht Liog [ oSBT HR) (9.161)
2 cosh(—2J + h)
L 1 .. L -
9(J,h) = 15 log (16 cosh(2J + h) cosh(—2. + h) coshz(h)) (9.162)

We are now able to relate the original partition function to a new partition
function describing half the particles on twice the length scale. Because of our
redefining the variables, the partition function depends on the variables IV, J,
and h. This is equivalent to the original set N, T, h. We have redefined the
temperature scale by using 4J and redefined the field by using Sh. Hence the
partition function is a function 3(N, J, h). We have expressed this in the form of
a partition function with new coupling constants and fields at half the number
of particles, We needed to add an energy shift. This translates to

-~ << 1 -~
3(N,J,h) = eN9<J7h>3(§N, J'h) (9.163)

This equation relates the properties of the original system to the properties of
a system with double the length scale, and renormalized interaction strengths.
Because the partition functions are directly related, thermodynamic properties
are similar! Our goal is now to repeat this process over and over again. We
have

1 o = = ) 1 -~
3(GN. LK) = ea Nl 1 )B(ZN, J7 R (9.164)

Note that the functional forms g(z,v), J”(z,), and h (z,y) are the same as
before!
When we apply this procedure repeatedly we therefore find

3(N, J, h) = N9 M eaNa(I"h) 30 joo o) (9.165)
The free energy follows from log(3) = —3®. Therefore we have

—p& =N <g(j, h) + %g(j',ﬁ') + [ﬂ g(J" ") + - - ) (9.166)
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if the series converges.

At this point we have established a general procedure relating the partition
function of a system to a partition function containing the combined effects of
the spins in a block of two. The coupling constants J and k changed values,
however. They had to be renormalized in order for the expressions to be valid.
Hence the new system is different from the old one, since it is not described
by the same Hamiltonian. It is possible that in certain cases both J' = J and
h' = h. In that case the old and new system do represent the same physics, no
matter how many times we apply the demagnification operation. Critical points
therefore correspond to fixed points of the renormalization formulas. One has
to keep in mind that a fixed point does not necessarily correspond to a critical
point; there are more fixed points than critical points.

The one-dimensional Ising model depends only on two coupling constants.
These represent the interaction energy between the spins and the energy of a
spin in an external field. Both constants are scaled with respect to kgT'. It is in
general always possible to scale the constants with respect to the temperature,
since the partition function always combines § and H in a product. In a general
model, one has a number of coupling constants, and a search for critical points
corresponds to a search for fixed points in a many-dimensional space. The
easiest example of such a search is again for the one-dimensional Ising model,
this time without an external field. Hence h = 0 and 9.161 shows that k' = 0
too. In every step of the renormalization procedure the coupling constant for
the external field remains zero. The renormalization equation 9.160 is now very
simple:

- 1 -
J'(J,0) = §1og cosh(2J) (9.167)

Since cosh(xz) < e® we see that log cosh(2j) < loge?’ = 2J and hence
0 < J’ < J. This also implies g(j’,O) < ¢(J,0), and hence the series 9.166 for
the free energy converges and is bounded by >, (%)k g(J,0) = 2g(J,0).

Suppose we start with a coupling constant J = JO_ Each iteration adds
a prime to the value according to the equation 9.160 and after k iterations we
have the value J = J®) . If we keep going, we arrive at limj_,o, J &) = J(),
Because of the limiting conditions we have 0 < J () < J.

Since the function g is also decreasing, we can get a lower bound on the free
energy by using the infinite value, and we find

INg(J) . 0) < =36 < 2Ng(J©,0) (9.168)

It is clear that the value of J(°*) depends on the initial value of J and hence
on the temperature 7. The possible values of J(>) can be found by taking the
limit in 9.160 on both sides. That leads to

. 1 .
J) = S log <cosh(2.]<°°>)) (9.169)
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This equation has solutions J(®) = 0 and J(*) = co. These solutions are
called the fixed points of the equation. If we start with one of these values,
the scaling transformations will not change the values. Hence they represent
physical situations that are length independent.

In the case J(>) = 0 we find that the free energy is given by

1
—f6 = 2N log(4) = log(2™) (9.170)
The right hand side is equal to the entropy of a completely disordered chain
divided by the Boltzmann constant. Therefore we have & = —T'S, as expected
for large temperatures or zero coupling constant.
In the case J(*) = 0o we find that the free energy is given by

1 . ~
—f® = 2N log(2¢*™) = &~ —NkgT.J=—NJ (9.171)

The right hand side is equal to the energy of a completely ordered chain, which
happens if the temperature is zero of the coupling constant is infinity.

If we start with an arbitrary value of J the next value will be smaller and so
on. So we will end at the fixed point zero. The only exception is when we start
exactly at infinity, then we stay at infinity. Hence we can say the following. If
we start at a fixed point, we remain at that point. If we make a small deviation
from the fixed point for our starting value, we always end up at zero. Therefore,
J(*) = 0 is a stable fixed point and J(>) = oo is an unstable fixed point.

The stable fixed point J = 0 corresponds to T' = co. At an infinite temper-
ature any system is completely disordered and the states of the individual spins
are completely random and uncorrelated. If we average random numbers the
results will remain random and a system at an infinite temperature will look the
same for any magnification. This fixed point is therefore a trivial fixed point
and is expected to occur for any system. The same is true for the second fixed
point in our simple model, which corresponds to T' = 0. At zero temperature all
spins are ordered and again the system looks the same under any magnification.
It is again a fixed point which will always show up. It does not correspond to a
critical point since it does not divide the temperature range in two parts, there
are no negative temperatures. Close to zero temperature the effects of this fixed
point are noticeable, however, and show up in a divergence of the correlation
length to infinity at 7' = 0. Note that at infinite temperature the correlation
length becomes zero.

What we do in renormalization group theory is to replace one spin by the
effective value of a block of spins. That changes the length scales of our prob-
lem, and in general changes our observations. That is not true, however, at the
critical point. In that case the correlation length is infinity and repeated trans-
formations will give the same results. Therefore , the critical point will show up
as a fixed point in the scaling equations. The other case where changing length
scales does not affect the physics is when the correlation length is zero. Hence
we always have a fixed point corresponding to zero correlation length or infinite
temperature.
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Note that we cannot go any further in renormalization than to have one
spin left. If at this point values are converged, fine, but if not, we see finite
size effects. Only in the thermodynamic limit do we get a sharp transition
temperature independent of the initial conditions. For a finite sample we always
find a small range of fixed points.

The application of renormalization theory to a one-dimensional problem is
often straightforward because a one-dimensional space has a very simple topol-
ogy. In more dimensions one has to deal with other complications. For example,
we could apply the same set of ideas to a two-dimensional Ising model. The sites
are numbered (7, ) and the easiest geometry is that of a square lattice where
the actual lattice points are given by R= a(it + j§). We could try to sum first
over all sites with ¢ 4+ j odd. The remaining sites with 7 4+ j even form again a
square lattice, but with lattice constant av/2. Suppose we start with a model
with only nearest-neighbor interactions. It is easy to see that after one step in
this renormalization procedure we have a system with nearest and next-nearest
neighbor interactions! As a result we have to consider the Ising model with
all interactions included and in the end find fixed points which correspond to
nearest neighbor interactions only. Real life is not always as easy as the current
section seemed to suggest. But if we do it correctly, we will find that the two-
dimensional Ising model has a non-trivial fixed point even for A = 0. The value
jfp is related to T; by jfp = chiT

If renormalization theory would only give critical temperatures, its value
would be quite small. The most important aspect of this theory, however, is
that it also yields critical exponents. Suppose that J* and h* are the values of
the coupling parameters at a critical point. The critical exponents are related
to the behavior of the renormalization group equations near the critical point.
Assume that we are close to the critical point and that we have J = J* + 8.J,
h = h* + 6h with 6J and 6k small. In first approximation we use a linearized
form, valid for small deviations, and we have

T’ 7! _

6 = (Z‘?) §J + <%‘2> 5h (9.172)
7! 7/

o= (90 ai (5 073

where the partial derivatives are calculated at the fixed point.

The deviations in the coupling constants from the fixed point are combined in
a two-vector d. If we have more coupling constants, we have a larger dimensional
space, so it is easy to generalize to include a larger number of coupling constants.
Hence near a critical point we have

and

d = Md (9.174)
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where M is the Jacobian matrix of the renormalization group transformation.
The eigenvalues of this matrix determine the stability of the critical point. If an
eigenvalue has an absolute value less than one, the direction of the corresponding
eigenvector corresponds to a direction in which the fixed point is stable. The
deviations will become smaller in this direction. Eigenvalues larger than one
correspond to unstable directions. A stable fixed point has all eigenvalues less
than one.
For the one-dimensional Ising chain we have

- . I ) -
87{ _ lsmh(2J~+ }NL) n lsmh(2J~ }}) (9.175)
aJ 2cosh(2J +h)  2cosh(2J — h)
0J'\ _ 1sinh(2J+h) 1sinh(2J—h) 1sinh(h) (9.176)
Oh ) 4cosh(2J +h) “4cosh(2J —h) 2 cosh(h) .
@ _ sinh(2J + h) - sinh(2.J — h) (9.177)
dJ cosh(2J 4+ h)  cosh(2J — h) .
oW\ _ 4 Lsinh@T+h) | 1sinh(2]—h) (9.178)
oh 2cosh(2J +h)  2cosh(2J — h)

and the matrix M for the one-dimensional Ising model at the point (j ,0) is
simple

tanh(2.J) 0
( 0 1 4 tanh(2.J) ) (9.179)

At the critical point (0,0) the form is simply

< 8 (1) ) (9.180)

This means that along the J direction the critical point (0,0) is very stable;
first order deviations disappear and only higher order terms remain. In the h
direction the deviations remain constant.

Suppose that we have found a fixed point J* for a more-dimensional Ising
model at h = 0. Since the problem is symmetric around h = 0 the direction
corresponding to J must be the direction of an eigenvector of the matrix M.
Suppose the corresponding eigenvalue is A. For small deviations at constant
field h = 0 we can therefore write

6J = \oJ (9.181)

Now assume that we constructed this small deviation in J by changing the
temperature slightly. Hence we assume that §J = a(T — T,) where « is a
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constant. The deviation 8J" corresponds to a different temperature T” according
to 6J = a(T" — T,) and we have

(T' = T,) = \(T — T, (9.182)

On the other hand the correlation length depends on the temperature via
&T) = (T —T.)~Y. By construction the primed system corresponds to a re-
scaled system with correlation length % The scaling factor f is equal to two in
our example above. Hence we also have

(T —T.)" = (T - TC)_”% (9.183)

combining these two results gives

(T-T.) "XV =(T- Tc)f”% (9.184)
or \¥ = f. Hence if we calculate the matrix M at the fixed point the
eigenvalues are related to critical exponents. We could also vary h to get similar
results. The one dimensional Ising model is again too simple. The fixed points
are J* = 0 or oo with a value of A = 0 or 1. If A approaches zero from
above the value of v approaches zero. This means that the correlation length is
independent of the temperature. In other words, the correlation length is not
important and can be taken to be zero for all practical purposes, as expected.On
the other hand, for the other fixed point A approaches one from above, and this
means that v goes to infinity. The correlation length increases faster than a
power law, which is what we already found from the exact results.

9.8 Problems for chapter 9

PROBLEM 1.

Consider the one-dimensional Ising model in a cluster approximation. A
cluster contains a central atom 0 and the neighboring sites j = +1.

A. Calculate < 0go; > in this approach.

B. Assume that there is an additional potential in this model of the form
V = )\Zj:il 000;. Show that we indeed have (g—f) =<V >,.

PROBLEM 2.

Suppose the earth magnetic field is due to a linear chain of atoms with
spin one-half polarized along the chain. Take J = 1 eV and N = 10'6. Use
the results for the one-dimensional Ising model to estimate the time between
spontaneous reversals of the earth magnetic field.
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PROBLEM 3.

Evaluate (ogo;) in the Bethe cluster approximation for h = 0. Use this
expression to calculate the free energy for T > T,. Derive the value of the
critical exponent a.

PROBLEM 4.

Consider a one-dimensional chain of spin one particles. Use the transfer
matrix method to obtain the free energy of this system.
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Appendix A

Solutions to selected
problems.

A.1 Solutions for chapter 1.

PROBLEM 4.

There are several ways to attack this problem. Use a computer, or use the
formula in the notes:

N! = NNe=Ny/2rNe~ 12 v HRIV)

where R(N) is of order N 2.
The values we use in this problem are

approzimation |,

This gives for the relative error € = |1 — ~T

@) & ~ |1 —eNLoetmr W)

27N
(IT) ep & |1 — sk et o v =]
(IIT) €5 ~ |1 — ﬁﬁﬁ%*ﬁ’wn

(IV) €4 ~ |1 — etz —BO)|

229
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Therefore in the limit N — oo we have
I) 1 =
0 Jim e = o0

(I1) J\;gnm €1 =1

(D) lim ¢ =1- -

N —oc0 Var
(IV) lim & =0

and only in the last case will the relative error become small. For a 1% error
11

we need etz ¥ —RIN) = (.99 or approximately (using e* ~ 1 4+ 2 ) we need

%2% = 0.01 which will be true if N > 8.

PROBLEM 5.

This is a problem which shows how probabilities change when you add informa-
tion. This one is called the principle of restricted choice. Bridge players should
be familiar with it!

Label the door you chose with A, the others with B and C. When you make
your first choice, your chance of finding the car is of course % Hence there are
three equally probable scenarios.

(1) A =car,B=0,C =0 Probability
(2) A=0,B = car,C = 0 Probability

W= W= W=

(3) A=0,B =0,C = car Probability

Next, the game show host points at a door. Now there are six scenarios:

(la) A =car,B=0,C =0 Host chooses B Probability &
(Ib) A =car,B =0,C = 0 Host chooses C Probability %
(2a) A=0,B = car,C = 0 Host chooses B Probability %
(2b) A =0,B = car,C = 0 Host chooses C Probability ¢
(3a) A=0,B=0,C = car Host chooses B Probability ¢
(3b) A=0,B =0,C = car Host chooses C Probability %

which are all equally probable. But now we introduce the fact that the host
cannot open the door behind which the car is hidden, which eliminates sequences
2a and 3b. In scenario 2 where the car is behind door B, the host has to choose
door C! His choice is restricted! Hence the four possible sequences of events
are:
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(la) A =car,B=0,C =0 Host chooses B Probability %
(1b) A = car,B =0,C = 0 Host chooses C Probability &
(2b) A =0, B = car,C = 0 Host chooses C Probability 1
(3a) A=0,B=0,C = car Host chooses B Probability %

which are not all equally probable anymore. If we now label the door which the
host chose by B, we only have sequences 1la and 3a and we have

(la) A =car,B=0,C =0 Host chooses B Probability

W=

(3a) A=0,B =0,C = car Host chooses B Probability

win

and therefore the probability that the car is behind the other door is twice as
large as the probability of the car being behind the original door. Another
way of saying this is that when the car is behind the original door A the host
will choose door B only half the time and door C the other half. If the car is
behind door C he has to choose door B. This reduces the probability in case 1
by one-half.

PROBLEM 6.

Define the number of atoms with spin s; = s to be N,. Therefore:

S
Z N,=N

s=—5
s
> aNo= i
s=—5
and the number of ways to find the set of values N_g, N_gy1, -+, Ng_1,Ng is
N!

N_g!N_giq!---Ng_1!Ng!
which leads to

N!
g(N7 M) = Z | | | '62‘,977 NS,N52‘$,7 sNg,M
N_s,N_s41,;Ns-1,Ns NﬁS'Nierl'“.NSil.NS. - -

where we used the Kronecker delta to limit the sums to the right cases.
We now approximate the factorials, keeping only terms that depend on N in the
exponent, N! ~ NVe™V and get
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N\ N\Ne
o= % ()T () e vt
N_s,N_st1,,Ns—1,Ns -5 s

In the limit N — oo the log of the multiplicity function is again approximated
by the log of the largest term, and hence we need to find the maximum of

S
T(N,S,N,S+1,"‘,N371,NS) = Z NS<10g(N) - log(NS))
s=—85

with the conditions Zfz—s N, = N and Zfz—s sNy, = M. This can be done
by introducing two Lagrange multiplyers, and we need to minimize:

U(N,S,N,SLH_,'"7NS,1,NS,Oé,ﬁ> =

S

S S
> No(log(N) —log(Ny)) +a( Y Ne—=N)+3( Y sN,— M)

s=—5 s=—5 s=—5

Taking the derivatives with respect to the variables Ny and equating these to
Z€ero gives:

(log(N) —log(Ns)) —1+a+p8s=0

or

Ns — Ne—l—l—a—l—ﬂs

with a and § determined from

S S
N= Y N,=N ) e 'toth
s=—8 s=—8

S S
M =zN = Z N,=N Z se~ Itatfs
s=—5 s=—5

Therefore, the value of T at this point is:

S
Tonaz = Z Ng(l—a—ps)=(1—-a)N - pzN
s=—5

which is proportional to N indeed. In order to find how this depends on x we
need to solve the equations for o and (3, which are (after dividing by N):

s
1=¢ Mo Z eths
s=—5
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s
x=e 1T® E seth

s=—5

The derivatives with respect to x of the first equation is :

0— _H_ada Z etBs 4 o1+ Z 8€+Bs

s=—5

which gives

do dﬂ

0= —

dx e dx

Also we then get
dT%am da dﬂ
=——N—-fN—-—a2—N =—-3N
dz i TN T b

which shows that this term is maximal for f = 0 and this gives immediately
x = 0. When [ is small the equations for o and [ give

s
L=e 17 3" (14 ps) =e T(25 +1)
s=—5
s 1 s
_ 1+« _ 2
rT=e S;Ss(l—i-ﬁs)—FS_'_lﬁS;Ss

which shows that « is constant and (3 o z, and hence

Tnaz = log(2S + 1)N — cx’N

with ¢ = %, which is again a Gaussian distribution for the multiplicity
s=—8
function:
g(N, ) ~ g(N,0)e =N
PROBLEM 7.

Twelve physics graduate students go to the bookstore to buy textbooks. Eight
students buy a copy of Jackson, six students buy a copy of Liboff, and two
students buy no books at all. What is the probability that a student who
bought a copy of Jackson also bought a copy of Liboff? What is the probability
that a student who bought a copy of Liboff also bought a copy of Jackson?

We have two students who buy no book, two students who only buy Liboff, four
students who only buy Jackson, and four students who buy both books. Therefore
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the probability that a student who bought a copy of Jackson also bought a copy
of Liboff is four out of eight, or 50%. Similarly, the probability that a student
who bought a copy of Liboff also bought a copy of Jackson is four out of six, or
66.67%.

PROBLEM 8.

For an ideal gas we have U = %N kgT, where N is the number of particles. Use
the relation between the entropy S(U, N) and the multiplicity function g(U, N)
to determine how ¢g(U, N) depends on U.

From
1_ (08
T \oU N
we find
oS 3 1
(a0), = 3"

which gives

S = gNkB log(U) + C(N)
and with

g(U,N) = e%

we get

g(U.N) = C'(NU=Y
Does this make sense? The kinetic energy of one particle is % and hence the
total kinetic energy is given by:

FLQ N z
_ 2
Be=5-> > K
i=1 j=a
A surface of constant energy U is a hypersphere in 3N dimensions, with radius
2 p2

R given by U = %. The number of states with a given energy is proportional
to the surface area of that sphere, which is proportional to R*™—1. For large N

we ignore the -1 and hence the area is proportional to UsN.

PROBLEM 9.
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The energy eigenstates of a harmonic oscillator are €, = hw(n +

0,1,2,--- Consider a system of N such oscillators.
system in the state {nq,ng, -, ny} is

1) for n =

The total energy of this

1
= n = (M + =N)hw
U ;e = (M+ 3 )
where we have defined

N
i=1

Calculate the multiplicity function g(M, N). Hint: relate g(M, N) to g(M, N +

1) and use the identity
zm: <n+k) B <n—|—1+m>
P n n+1

Show that for large integers g(M, N) is a narrow Gaussian distribution in z =
M

N
It is easy to show that

g(M,N) = Z g(m,n)g(M—m,N—n)

m=0

because the states of parts of the system are independent. We also know that

g(M,1)=1

because for one particle there is only one way of obtaining M units of energy.
Therefore

M
g(M,N +1) =3 g(m,N)

m=0

Comparing with the hint we see that

J(M,N) = (n—i—M)

n

for some value of n linearly related to N, or n = N 4+ ng. Because g(M,1) =1
and (O%M) =1 we find that n = N — 1 and hence

N-1+M
M,N) =
Next we take the logarithms:
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logg(M,N) =log(N — 1+ M)! —log(N — 1)! — log M!
and using Stirling
1
log N! = Nlog(N) — N + §log(27rN)

we arrive at

logg(M,N)=(N -1+ M)log(N -1+ M)— (N —1)log(N —1) — Mlog(M)

N-1+M

! log(27) + 1 log(m)

2 2
Insert M = xN and replace N — 1 by N:

logg(M,N) = N(1+z)log(N(1+z)) — Nlog N —zN log(xN)

1+
N

1 1
3 log(27) + 3 log( )
log g(M,N) = N(1+ z)log(1l + z) — 2N log(z)

1+=x
N

1 1
—Zlog(27) + =1
2og( 7T)+20g( )

The mazimum occurs if (%g = 0 which gives:

1 1 1
Nlog(1 — N1 = ——1]1=0
og(1-+2) = Nlogla) + 3 (11~ 1)

Consider the function:

f(z) = Nlog(x) + %é

and we need to solve

fl@+1) = f(z)
The slope of the function f(x) is given by:

de  x 222

which is positive for x > ﬁ Because g = f(x + 1) — f(x) this shows that g
does not have a maximum. The largest value is at © = 0o, which makes sense
if you think about the physics. But my apologies for making the last part of the
problem misleading.
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A.2 Solutions for chapter 2.

PROBLEM 4.

Assume that the protons are labelled by i, with i running from 1 to N, and that
the spin of the proton is s;u. The energy of such a state is ) (—s;uH). The
partition function is

Z(T)= Y err Xzl

S1,,SN

which is

2(T) = (Z(T))"

Z(T) = ek + et T

The internal energy of the sample is U = — ), s;uH, which is proportional to
the difference in population. Therefore the power absorbed is proportional to
U. We also have:

U= w22 log(Z(T))

oT
and hence
wH wH
et ® T —e % [(—uH
U=kT*N
et T 4 e T < kT? )

When pH < kT we replace the exponents by e = 1 + = and get

+i — (-4 2H?
i~ ( kT):_NM

2 kT

and the power is inversely proportional to T.

U~ —-NuH

PROBLEM 5.

(a) At low temperature E ~ Ne¢y, all particles in ground state. At high temper-
ature all states are equally probable, and E ~ %(el + €2). In thermodynamics
we have seen that (g—g
Therefore the curve E(T) starts with horizontal slope at T' = 0 bends upwards,
bends down again and approaches the high temperature limit in an asymptotic
fashion. We expect the change from low to high temperature behavior to take
place near a temperature Ty given by €3 —e; = kT{, because now we have enough
thermal energy to make the transition from state 1 to state 2.

)V — 0 for T" — 0, because the entropy becomes zero.
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(b) Because Cy = (?Tg“)v we start at zero for low temperature, go through a
maximum near Ty and approach zero again for high temperature.

(c¢) Like in the previous problem we can write the partition function in the
following manner, by defining a variable s; = £1 for each particle by ¢; =

1(e1+€) + si3(e2 — e1) = A+ Bs;. This gives

Z(T) = Z e~ 7r Li(A+Bs:)

S1SN
which is
2(T) = e~ #1 (Zy(T)Y
Z1(T) = eFT 4 e NT
Using
2 8
U=kT 8—Tlog(Z(T))
we get
0 NA
_ 2 Y (f_t4
U=kT 5T ( T —|—Nlog(Z1)>
or
B B
T — P BT _B
U=NA+NkT2E —C 2 (2
+ e% + 37% kT2

which leads to

or
U=N(5(e1+e)— s(e2—er)f(T))
with
ek% — e_k%
1) = — B
ekT 4+ e~ kT
This gives the correct limits indeed. f(0) = 1 which gives U(0) = Ney. f(o0) =

0 which gives U(c0) = 3(€1 + €2).
Also

Cy = —%(62 —e)f'(T)

and using
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de®—e™® (" —e ™) 4
dre® +e=o (e +e )2 (e 4 e )2
we get
4N B? 1
Cy =

kT2 (e% + e‘%)Q

For T to zero this approaches zero exponentially, for T to infinity this goes to
zero inverse quadratically, and the approaching zero confirms what we found in
(b).

We can write Cy = Nkg() with

which is zero if

2 e"—e’ "
0o=—-—-——
r ef+e®
which happens when x is somewhat larger than 2, or kT ~ i(€2 —€1), more or
less as in (b).

PROBLEM 6.

Each positive ion can be in one of four states. If the central atom is at the origin,
the x coordinates of these states are —%a for i=1,2 and —|—%a for i=3,4. The
component of the dipole along the x direction is —%ea and +%ea respectively,
and the energies are +%eaE and f%eaE. The state of atom j is therefore given

by a number s; which runs from 1 to 4, and the partition function is

Z(T) = Z e 2 €(s5)
S1, SN

Again, the energies are independent and we get

2(T) = (Z(T))"

Z1(T) =2 (eJrEZ? + e*%>

The probability of finding a state with quantum numbers s1, - - -, sy is therefore:

1
Prob(sy,---,sy5) = me—ﬁ > elss)
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and the average dipole moment is

< P>= Z ZstProbsl, “+,8N)

WSN ]

which simplifies to

or

eal
2kT
which reduces for small fields, or eaE < 2kT to

1
< P>= §Na6tanh(

a’e?

4kT

<P>~NF

PROBLEM 7.

The probability of finding a system in a state s is P;. In this case the entropy
of the system is S = —kp Z P, log(Ps). Assume that the system consists of two

independent subsystems and that the state s is the combination of subsystem 1
being in state s; and system 2 being in state ss. Use the formula for the entropy
given above to show that S =57 + Ss.

The state of the system is given by the states of the subsystems, s = (s1,82).
Because the systems are independent we have Ps = Ps, Ps, and hence:

S=—kpy Plog(P,)=—kp »  Pi Ps,log(Ps,Ps,)

81,82

S=—kpy > PPy, (log(Ps,) +log(P,))

S1 S92

With > Py, = 1 this gives

Z—RBZPsllog 1) +Z ,1og(Ps,) = 51+ S

PROBLEM 8.

The energy eigenvalues for a single particle in a given potential are ¢,. These
energy values are independent of how many other particles are present. Show
that the partition function Z(T, N) obeys the relation Z(T,N) = (Z(T, 1))
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For one particle we have:

Z(T,1) =) e Pm
ny

When we have N particles they are in states ny,no,---,ny and we have
ZTN) =33 Y e Hlemtenatotany)
ni n2 ny

Which is equal to :

Z(T,N) =) e Py ey e Fenn = (Z(T,1))"
ni no nnN

PROBLEM 9.

The energy eigenvalues of a system are given by 0 and e+nA forn =0,1,2,---.
We have both € > 0 and A > 0. Calculate the partition function for this system.
Calculate the internal energy and the heat capacity. Plot the heat capacity as
a function of temperature for 0 < kT < € for (a) A > ¢, (b) A =€, and (c¢)
AL e.

Z = 650 + Z e—ﬁ(e—i—nA) =14 e—ﬁe Ze—nﬂA

n=0 n

1

y n _—
The sum can be done using ), ™ = —

and gives:

e~ e 1+ e=fe — PR

Z:1+1—e—ﬁA7 1—ePA

0 0
_ 2 _
U=kpl a7 log(2) = 93 log(Z)

B ce P — Ae=PA Ae=PA
14 e Be—_eBA + 1 —eBA

e~ Pe e PA e PBA
U=e¢ + A —
14 e Pe—eBA 1—ePA  1+4eBe—eBA

We have three cases:

e Pe 1
A>>E:>UN61+67[35:€6[35+1

e Pe _ 1
1—eBe  “efe_1

A=e=>U=c¢€

A< e=Urme+ kpT(for kgT > A)
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Finally, we have Cy = (g—g) = —kppB? (g—g) and hence in these cases we find:
A>e=Cyrk 2_
v ks Gy
ePe

A=c= CV = kB(ﬁG)QW

A<e= Oy &~ kB(fOI‘ kT > A)

A.3 Solutions for chapter 3

PROBLEM 3.

A system contains an ideal gas of atoms with spin % in a magnetic field B(7).
The concentration of the spin up (down) particles is ny(7) ( ny(7) ). The
temperature is T.

(A) Evaluate the total chemical potential for the spin up and down particles.

The magnetic moment of an atom with spin S is = W,uBg. Assuming
that the quantization awis is along the B-field, and that the energy per atom
18 Upmag = —1 - B, we get:

B ns (7) 1
pp (1) = kBTlog(%) — 57k B(r)

ny(r), 1

11, (7) = kT log( ;

(B) These two chemical potentials have to be the same and independent of 7.
Explain why.

If either chemical potential were position dependent, there would be no
equilibrium and o flow of particles would result. Hence both the spin-up
and spin-down chemical potentials are independent of position. If these
two potentials were not the same, the spins of the atoms would flip, and
again that would be a non equilibrium situation.

(C) Calculate the magnetic moment of this gas as a function of position.

ni(r), 1

p = kpT log(

gives
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ny (1) = ngq (T)eks%T("*%WBB(F))

and

n (7) 1 .

p = kpT log(
gives

n,(7) = nQ(T)eﬁ(u—%WMBB(F))

Therefore, the magnetization density is:

s 1 s 1 I Yup B(F) __ynpB(F)
() = s (01 (7)1 (7)) = s (D) (S _ =5
or

n_ B(7
m(7) = ypupng(T)eFsT Smh(M)
2kgT

(D) Show that the concentration of magnetic particles is high in regions with
a large magnetic field.

B yupgB(7) _ayppB(P)
) = () + () = ng(T)ei™ (HH 4 o )

or

YupB(7)

n(r) = QnQ(T)e’“BLT cosh( T )

which is clearly largest when B is largest.
P.S. Also note that when yupB(F) < 2kgT we have:

n(r) = ZnQ(T)e’CBLT =nyg

which is constant and defines the chemical potential. The magnetization
density 1s:

y v YpupB(7) ik
~ T)ersT = B
m(r) = yupng(T)e*s g OWnT (7)

which is the famous Curie-Weiss law.
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PROBLEM 4.

The state of a many body system is characterized by two quantum numbers, n
and m. The possible values of the quantum number n are 0,1,2,-- -, co, while
the values of m are in the range 0, 1, - - -, n. The energy of the system in the state
(n,m) is nfw and the number of particles is m. Evaluate the grand partition
function for this system.

3= i Zn: e~ B(nhw—pm)

n=0m=0

S n
3 — Z e—nﬁhw Z emﬁu

1— e(n‘f’l)ﬁy‘

3 Z efnﬁhw —

1 - —nfBhw eﬁﬂ« —nf(hw—p)
3:1—eﬁﬂnzoe _1—65“7;)6

1 1 e 1
1—ebu] —ePhw 1 _ebu] — eBlp—hw)

3=

or

3 1 1 1
T 1 —eBu \1—eBhw  —Bu _ g—Phw

PROBLEM 5.

An ideal gas of atoms with mass m is contained in a cylinder that spins around
with angular frequency w. The system is in equilibrium. The distance to the
axis of the cylinder is r. The radius of the cylinder is R. Calculate the density
of the gas as a function of 7.

Reasoning similar to problem 1 .

r 1
Y= kBTlog(nn(r) )+ imw2r2

w2 2

n() = no(T)eMe” #uT"

PROBLEM 6.

Extremely relativistic particles obey the relation E(k) = he|k|. Assume we have
a gas of these identical particles at low density, or n < ng(T).
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(A) Calculate the partition function 2 (7, V) for N=I.

(B) Calculate Z(T,V,N).
(C) Calculate p(T,V,N), S(T,V,N), and u(T,V,N).

Ignore spin

hem /n2 2 2
nZ +ny +nz

Z(T,V)= > e Fait

Mg Ny, Nz

Transform to integral

hemw
kgTL

her \ %1
Z](T7 V) = (ijH) g/dee_x

where we extended the range of integration to all values of Z,and not only one

(na?)ny7nz)

f:

octant.

TL\® [
Z\(T,V) = (khi%r ) /0 4raPdre™

kgTL\® kT \?
Z T = =
(V) ( he2m ) sm=V <h027r 8T

This is allowed at low density, when the points in x-space are close together

1 kgT

3N
Z(T,V,N) = ﬁVN (hC%) (8m)N

V (kT

3

Where we used Stirling

_ (OF\ _ NkgT
P=\ov), v~V

kT

OF 14 ’
S=-— (M)VJ\/ = N]ﬂB 1Og(87TN (h,cQ?T) ) + 4N]€B

OF V (kpT\*
= () = —kpTlog(8r—
s (8N)T,V pTlog(87 7 <h027r> )

Check:
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U= k:BTQ% log(Z) = 3NkpT

TS — pV + uN = 3NkpT

PROBLEM 7.

B= k'BTIOg(ﬁ)

We need to include both inside and outside the bottle!
AF = (/ffzn - Nout)AN

when AN molecules move from outside to inside the bottle. This leads to

Nin

AF = kpT log(

JAN

Nout

This is only negative for AN > 0 when n;, < nou:, and hence when the outside
density is higher.

PROBLEM 8.

This is Planck’s law for the distribution of photons. Assume that the volume
dependence is in the frequency w, but that the frequency does not depend on
the number of photons present. This gives:

-1

hw(V)
N(T,V,p) = [e7em ~1]
which is independent of u! The grand potential is therefore
n
T, Vi) = UTV.0) - [ Naw! =T, V.0) - Ny
0
and therefore the Helmholtz free energy is

F(T,V,N) = Q(T,V,u(N)) + Nu(N) = Q(T, V,0)
which does not depend on N!!

Hence
oF
h= <azv>T,V -

which means that it does not cost energy to create and destroy photons, which
is, of course, what should happen in a cavity, where photons are always created
and destroyed.
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PROBLEM 9

Z(T, ’u,) =1 -+ 6_@%(61—/0 + e—kB%T(eQ—M) + 6—,”3%(61+62+I—2H)

N(T, ) = ~ (67@%@17#) e 26,@(61%2“72#))

Z
C’W) 1 (53) —rbr(amn) | —php(e—n) | o —ir(atetI-2u)
- - ___ | = e FBT + e FBT + 2¢  FBT +
<aT z2\ ar u( )
1 C 1 (e— S (g — L (ertestI— 1
2 (@ e 4 (6 — e BT 0 e 4 T - gge” BT ) Lo
ON
ZkpT? (= | =
B <6T)#

—(el+ez+1—2u)>

—N(T, p) ((61 _ Iu)e—kB%T(ﬂ—u) + (e2 — u)e_k;T(fz_N) e +teat+I— 2,u)e_k1;T i

((51 - N)e_'”’%T(El_M) + (e2 — ,u)e_ks%T(”_”) +2(e1 +e2+1— 2u)6_$(51+62+1_2“)) =

(1= N(T,w))(er — p)e” FT O 4 (1= N(T, p))(ez — p)e 7o (27 ¢

(2= N(T, 1)) (e1 + € + I — 2)e For (1 Feati=2)

This can be negative if N(T, u) > 1, which requires that the lowest energy state
iser +e+1,0or I < —e; —€y. In that case the binding energy between the
two particles (—1I) is so strong that particles are most likely to be found two at
a time. In that case N(T = 0,u) = 2 and this value can only become smaller
with temperature.

A.4 Solutions for chapter 4.

PROBLEM 4.

The Maxwell distribution function fy; is given by fa(e;T,pn) = ekg%T(”*e).

Show that
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S(T7 H, V) = Nk:B - Z fM(eo; T7 :u) 1Og(fM(€07 Ta ,U))
where the sum is over orbitals.

There are several ways to do this. For example:

1
<n>,= kBT (80g30)
op TV

<n>,= fu(en; Top) = eﬁ(“_GO)

<310g30> _ L e
au TV kBT

log 3, = eT5T ™) = £\ (01 T, 1)

Q= —kpT Y log(3,) = —kpT Y fas(eo; T, 1)

o0 9
S: — (a:r)v’” :kBZO:fM(Go;TaM)+kBTZO: afoM(%;T,M)

S fuileni To) = N

0 1 1 (u—ey) 1
afoM(eo;T, p) = —@(M—Go)e’”ﬂ . = —Tlog(fM(Go;T, ) faa(€o; T, 1)

which gives the result we need
PROBLEM 5.

Consider a system of independent particles. The number of orbitals with energy
between F and F + dFE is given by N(E)dE. The function N(FE) is called the
density of states. One measures the expectation value of a certain operator O.
For a particle in an orbital o the value of the operator depends only on the
energy of the orbital, or O, = O(¢,). Show that in the thermodynamic limit
the ensemble average of the operator is given by

<0 >= /DO O(E)N(E)f(E;T, n)dE

where f(FE;T, ) is the distribution function for these particles.
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<O>(T,p,V 220 fleoi T, )

<O> (T,u,V ZOeo (603 T, 1)
Define an energy mesh by E; = idE where dE will be very small

<O>TmV)=Y_ Y O)fleo:T,p)

i 0,FB;i<€n<FEit1

<O0> (T,n,V Z Z O(E;) f(Ei; T, )

i o0, Bi<eo<Eiy1

<O> (T, V ZN NAEO(E;) f(Es; T, )
which leads to the integral
PROBLEM 6.

The orbital energies of a system of Fermions are given by ¢; = ¢A , with A >0
and i =1,2,3,---,00. These energies are non-degenerate. If the system has N
particles, show that the low temperature limit of the chemical potential gives
€EFp = (N + %)A

V=) mma

At T = 0 the lowest N states are occupied:

kBT 'LA P‘)_’_l

Taking the difference:

N
1
0= e - - @@
2 (ekBlT“A‘“)H )i%;( T (18 “’H)
D N S R o (R S
i=1 P (1871 4 i \em a7 1
S ()= 3 (e
S\ 4 i \emT (a7 g

for small T the terms closest to i=N are the most important:
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1 XN: e_kB%T(NA_M) +1
e‘@%(NA_ﬂ) +1 Pt e‘@%(iA_#) +1 o

1 o [ rir (N41)A-p)
e (NFDA= i:%l orar (A=)

When the temperature is small, the sums go to one and we have:

1 1
T NA) | (VDA

e*;cB%T(NA*#) +1= e@%((NWLl)A*N) +1

(VA = (VDA )

~(NA = ) = (N + DA - )

which gives the desired result, since at T = 0 p = ep. In words, for low tem-
perature the amount on electrons leaving the state i = N is equal to the amount

gained ini= N +1, and frp(p+2;T,p) + fro(p — ;T  p) = 1
PROBLEM 7.

The entropy for a system of independent Fermions is given by

S=—kp Y _ (frplog(frp) + (1 = frp)log(l - frp))

o

Calculate %uno frp(e, T, ) for e < p e =p , and € > p.

1

T p) = ——7-—"
frp(€e, T, p) eBle—m) 41

1
Jfrp(p, Ty p) = 3

Therefore, the limits are 1, %, and 0, respectively.

The number of orbitals with energy ¢, equal to the Fermi energy ep is M.
Calculate the entropy at 7' = 0 in this case.

1, 1 1. 1 u
S=—kgM (2 log(i) + 3 log(2)> = kplog(2™)

Explain your answer in terms of a multiplicity function. Pay close attention to
the issue of dependent and independent variables.
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The number of ways to occupy M orbitals is 2™, which included all states
ranging from no particles at the Fermi energy to all orbitals at the Fermi energy
filled. This is correct, since the formula gives the entropy as a function of u,
and not at a given number of particles!

A.5 Solutions for chapter 5.

PROBLEM 4.

Pauli Paramagnetism.

The energy of non-relativistic electrons in a small magnetic field is given by
€55 = % — sppB where s = +1 and pg is the magnetic moment of the electron.
Assume pgB < ep. Note that in this problem we ignore the effect of the
magnetic field on the orbit of the electron, that turns out to be OK in first
approximation. Evaluate the magnetic susceptibility x in the following four
cases:

A) For T =0.

(A)
(B) For kT < €p, one more term beyond (A).

(C) For T = co. (Note: this one you can get without any detailed calculation).
(D)

D) For kgT > ep, one more term beyond (C).

N = VhiSZ/dSpfFD(eﬁ,s)

M = Vh‘guoz / d’psfrp(ep,s)

We use the first integral to find u(N,V,T) and then the second to find M(N,V,T).
For low temperature we write the integrals in the following way:
»?
I(Ta N) = Vﬁ73 /dBPfFD(TaTa /u‘)
m
Since the argument of the Fermi-Dirac distribution is given by p—e = p— % +
spoB, we can rewrite the expressions for N and M as:

N=IT,p+ poB) + I(T,n — poB)

M = po(I(T, p+ poB) — I(T, p — poB))
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Using the fact that B is very small we find up to first order:

N =2I(T, )
oI
M =242B <> T,
Ko au T( ,LL)

o1
x%%(au>(Tw)
T

Odlog I
_ 2
X-Nﬂo(i%l)T(ﬂﬂ)

At T = 0 the integral is easy, since (T =0) = ep:

4 4
uTzaqﬁﬂm*é%%:Vﬁifwmﬂ%
with ep = %. Hence
31
T=0)=Npy2-—
xX( ) Ho 2ep
2 k3T . .
For small T we use p=ep — I3 2 which was obtained from:
2 k3 T?
N =2I(T,ep — — -2
( y €F 12 ep )

Therefore, we have at low temperature:

72 kT2
I(T,ep — — -2
Toer =57,

and taking the derivative with €p:
ol w2 k312 w2 kLT? 4 3
— ) (T,ep — =-E 1+ =L )=vr3—(2 2
<5M>T( F TS T en ) D) e ) 3( mer)

which gives

4 3
)=I(T =0,ep) = Vh_g‘ér(QmeF)E

1

€r

Do o

2 kET?
R R )
or
72 k3 T?
A1) = (1 =0y - LB

Large T, looks like Mazwell-Boltzmann
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M=Vhu,y / P pse T = B0 )
S

M sinh( j:;%)
N cosh( 5;];)

For T' — oo this is zero. That makes sense, all states are equally probable,
independent of B, and hence there is no M as a function of B. Therefore x = 0.
The next order term ts:

M B
N H%LT
Ny
X =
kpT

PROBLEM 5.

The virial expansion is given by 2 = Ejoi1 B;(T) (%)J with By (T) = 1. Find
By (T) for non-interacting Fermions in a box.

Using
Q= —2VkpTA7’f3())
N =2VAZ*fi(N)
and the fact that low density corresponds to small A we get:
Q~ —2VEgTAZ3 (A — A%27%)

N~ 2VA3 (A — A%27 %)

The pressure is still simple:
Q
p=-— 2kpTATS (A — A%27 %)

We neflald to solve for X as a function of N. Using the fact that the density n = 3
is small:

n 227 A(1 — A27 %)

n(1+A27%) ~ 20,°A
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n(l+nAk273) ~ 20,°A

1
A~ n§)\3T(1 + n)\3T27%)

Inserting in the pressure, and only keeping terms to second order:

p = 2kpTAZPA(1 — A273)

3 13 39—2 Lig, s

p~2kpT AL ni)\T(l +nAp272)(1 — ni/\TQ 2)
39-32 L3y s
prkgTn(l+n 272 — ni)\T2 2)
By(T) = A2 %

This is positive, increasing the pressure, due to the fact that fermions do not
like to be in the same place.

SOLUTION PROBLEM 6.

The chemical potential follows from the equation for N:
N =Y frpleo; T, 1)

which is in this case

2V
N = /d3kfFD(\/h%2k2 +m2ch T, )

(2m)?

and there are no convergence problems, like in the notes. This gives

V[ 1
B (2m)3 eBWVRZSERZFm2ZcF—p) 4
with § = kB%T At T = 0 this reduces to

2V / 3
N=— d’k
(27T)3 k<kp

ep = \/ RPk% + m2ct

T @2r)3 3

and

The equation for N gives
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or

1
N\ 3

The internal energy at T' = 0 follows from a similar expression:

2 (
U(T =0) = V3 / d*k/h2c2k2 + m2ct
(2m) k<kp
or
7
UT=0)=— / k2dk/ h2c2k2 4+ m2c
™ Jo

If the density is very low, we have for all values h%c?k? < m2c* and we can
write

2 .21.2 2.4 2 h? 2 2 Rk
V h2c2k? + m2ct = me 221@ + 1= mc” +
mc 2m

which gives

21.2
U%chu%N%
5 2m

which is the non-relativistic result, with the addition of the rest mass energy.
For large densities kr is very large and we can use A2c?k? > m2c* and

vV h2c2k? + m2ct = hek

which leads to the extreme relativistic limit

Vhe [FF Vhel 3
U~ — k3dk = — ~ k%t = SNhek
w2 Jo w2 4 g e
or
3
UzZNeF

where we now have a factor % in front.
SOLUTION PROBLEM 7.

The beginning is copied from the previous solution. Since we include the mag-
netic field in the energy part, we really calculate G(T', u, V, B) = Q — M B from
the partition function, similar to the notes:

g= kaTZIOg(l + \e FBT)
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this can be written in the form

g= —k’BTZIOg (1+Xe” ’vBT(]DZ+€hB(J+ 2))

If we have the free energy, we also have the partition function, of course.

G- Zlog e T R REG D)
pzv]
¢BL® L (% (Bt 2 (G+1)
= —knT2g oo | dpd log(1 4 e G
g B orhe 2nh | pz og(1 +Ae - )

or

B > en
G = —k'BTV2 62h2 / de]og 1 + e~ IcBT(zm+ LB (j+s )))

Using N = — (g—i)TVB and M = — (8—3) Ty Ve find

eB o 1
v B [
2m2hPe J o ;Hek;ﬂ;nwﬁo%))“

which gives in the limit A — 0 (for high temperature):

B e — P e 1
N~/\V2€2h2 / ap YT (8248 (j+1))
J

or
. ehB
N~ ANV —— eB e 277LLkBT/ dpe” 2kaT§ efjmikBT

2m2h2c
j

eB  __enp > 2 1
N =~ )\Vrﬂfﬂce ZmekpT \/2kaT[m dre™ ———F5—

1 — ¢ meckpT

Check: If B goes to zero we get

N~ AV —— 2h3 (\/2kaT)3/o;dg;ez2

which is equal to the old result.
We can also take the small A limit in the free energy and get

G— KTV 2h2/ dpz/\e i (B2 (j+3))

Comparing with the formula for N we see Q = —NkgT, which should not come
as a surprise, since G = —pV and we are in the limit of an ideal gas!! Therefore:



A.6. SOLUTIONS FOR CHAPTER 6. 257

w =kt (53
OB )1, v

For small values of B we have

B —_ehb 1
N~ V- e Tk T vV2mmkpl ———%—

2m2h2c 1 _ ¢ mekpT

For small values of x we have

PO Cor S NS S S WV B
1—6—2$N2x—2x2+§x3_2x1—x—|—%x2w21‘ 3 T o
and hence
eB mckgT 1 ehB \?
NNV ——\2mmkgT ———(1 — = [ ————
or2nze Y BT T enB ( 6 (mckBT> )
mkpT 1/ enB \?
N =NV ———/2mmkpT (1 — =
omzps Y TTE ( 6 <mckBT> )
Hence

2
M = kg ™R o i T (eh)

2m2h3 3 \mckgT

2
X = k:BT)\mGBT\/27ka:BT1 ( ch )

2m2h3 3 \mckpT

and using the expression for N at 7' = 0:

1 eh 2 N eh \ 2
= kgTN- = —_—
X = kg 3 (mck3T> 3kgT <mc)

A.6 Solutions for chapter 6.

PROBLEM 4.

A quantum mechanical system is described by a Hamiltonian H = Hy + sV,
with [Hy, V] = 0. & is a small constant. The Helmholtz free energy is F,(T).
Calculate the change in Helmholtz free energy, AF = F,, — F for this system

up to second order in kBLT

Z =Tre P = Tre AHo=BrV — ppe=BHo=frV
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since the matrices commute. The value of k is small, hence:

1

Z = Tre PHo (1 — BV + 2ﬁ2K2V2>
Using the definition of thermodynamic average we have
< X > Tre PHo = TrXxe PHo

and hence

1

Z = Tre PHo (1 —fr<V > +§62m2 <V? >>
Using log(2) = —BF we find
1
—BF, = —fFy +log(l — fr <V > +§ﬂ2/<a2 <V?>)

Expanding the log in second order gives

1 1
—BF; = —pBFy — B <V > +§ﬂ2/~€2 <V?> —56%2 <V >2

or

1
FK7F0:H<V>*§QH2(<V2>*<V>2)

PROBLEM 5.

In a two-dimensional Hilbert space the density operator is given by its matrix

elements:
[ =z R
P=\ R 1-2

This form is clearly Hermitian and has trace one. Calculate the entropy as a
function of x and R, and find the values of x and R that make the entropy
maximal. Note that you still need to check the condition that the matrix is
positive! Also, show that it is a maximum!

The entropy is given by:

S = —kgTrplog(p)
Use

0 (2 o
s Troon(o) = 7r (5% ) owo) + 7 (5 )
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for any variable X. Using R, R*, and x for X and setting the result to zero

gives:
o:w( o >10g(P)+Tr( 0 )
o:w( 00 >log(P)+TT( 00 )
o=rr(§ Yt ere( g ©)
(log(p))y =0
(log(p))1, =0
(108(p)) 11 — (08()), = 0
Therefore
(1)
and hence

(3 )

Using the fact that the trace is one we finally get:

1
5 0
—( 2
=(6 1)
orR:(),:z::%.

The same can be obtained by finding the eigenvalues of p.
The second order derivatives are all negative or zero. Use result (9,33) for any
of the elements and change to coordinates R, R*, and x.

PROBLEM 6.

A quantum mechanical system is described by a simple Hamiltonian H, which
obeys H? = 1. Evaluate the partition function for this system. Calculate the
internal energy for T'— 0 and 7' — oo.

= 1
Z=Try —(=1)"pH"
n=0
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Split in odd/even terms:

o0 o0

_ 1 2k 1 2k
szr(kZ:Omﬂ —;207(%4&)!6 1)

Z = Tr(cosh(f8) — H sinh(0))
The internal energy is U = —a% log(Z), which gives:
(

(sinh(8) — H cosh(f))
(cosh(B) — H sinh(3))

Tr
U= Tr

In the limit T — oo we find

TrH
U =
Trl
which makes sense, it is the average of all energies.

In the other limit T — 0 we use
_Tr(P(1-H)+eP(-1-H))
Tr(ef(1—H)+e P(1+ H))

U =

~ Tr(1—H)—e PTr(1+H)
 eATr(1—H)+ePTr(1+ H)
which gives U = —1 unless TrH = Trl , in which case all energy values are
+1 and only the second terms survive to give U = 1.

SOLUTION TO PROBLEM 7.

As stated the problem is easy. Since the sum of the eigenvalues is 1 there is
exactly one eigenvalue equal to 1, the rest is zero. The system is in a specific
state and the entropy is zero.

The question should have been that the eigenvalues are either 0 or % in which
case we have exactly N eigenvalues equal to % and the entropy is kg log(N).
Part C is simple: p = pip2--- where p; only acts on the part of the wave
function pertaining to particle 1, and gives 1 for everything else.



