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Preface

These lecture notes summarize the main content of the course Statistical Me-
chanics (Theory F), taught at the Karlsruhe Institute of Technology during
the summer semester 2012 and 2014. They are based on the graduate course
Statistical Mechanics taught at Iowa State University between 2003 and 2005.
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Chapter 1

Introduction

Many-particle systems are characterized by a huge number of degrees of free-
dom. However, in essentially all cases a complete knowledge of all quantum or
classical states is neither possible nor useful and necessary. For example, it is
hard to determine the initial coordinates and velocities of 10?3 Ar-atoms in a
high-temperature gas state, needed to integrate Newton’s equations. In addi-
tion, it is known from the investigation of classical chaos that in classical systems
with many degrees of freedom the slightest change (i.e. lack of knowledge) in
the initial conditions usually causes dramatic changes in the long time behavior
of the individual particles are concerned. On the other hand the macroscopic
properties of container of gas or a bucket of water are fairly generic and don’t
seem to depend on how the individual particles have been initialized. This in-
teresting observation clearly suggests that there are principles at work, ensuring
that only a few variables are needed to characterize the macroscopic properties
of a macroscopic system. It is obviously worthwhile trying to identify these
principles instead of going through the effort to identify all particle momenta
and positions.

The tools and insights of statistical mechanics enable us to determine the
macroscopic properties of many particle systems with known microscopic Hamil-
tonian, albeit in many cases only approximately. This bridge between the micro-
scopic and macroscopic world is based on the concept of a “lack of knowledge”
in the precise characterization of the system and therefore has a probabilistic
aspect. This is indeed a lack of knowledge which, different from the probabilistic
aspects of quantum mechanics, could be fixed if one we were only able to fully
characterize and solve the many particle problem. For finite but large systems
this is an extraordinary tough problem. It becomes truly impossible in the limit
of infinitely many particles. It is this limit of large systems where statistical
mechanics is extremely powerful. One way to see that the “lack of knowledge”
problem is indeed more fundamental than solely laziness of the physicist is that
essentially every physical system is embedded in an environment. Only complete
knowledge of system and environment allows for a complete characterization.
Even the observable part of our universe seems to behave this way, denying us
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full knowledge of any given system as a matter of principle.



Chapter 2

Thermodynamics

Even though this course is about statistical mechanics, it is useful to summarize
some of the key aspects of thermodynamics. Clearly these comments cannot
replace a course on thermodynamics itself. Thermodynamics and statistical
mechanics have a relationship which is quite special. It is well known that clas-
sical mechanics covers a set of problems which are a subset of the ones covered
by quantum mechanics. Even more clearly is non-relativistic mechanics a part
of relativistic mechanics. Such a statement cannot be made if one tries to re-
late thermodynamics and statistical mechanics. Thermodynamics makes very
general statements about equilibrium states. The observation that a system in
thermodynamic equilibrium does not depend on its preparation in the past for
example is being beautifully formalized in terms of exact and inexact differ-
entials. However, it also covers the energy balance and efficiency of processes
which can be reversible or irreversible. Using the concept of extremely slow,
so called quasi-static processes it can then make far reaching statements which
only rely on the knowledge of equations of state like for example

pV = kgNT (2.1)

in case of a dilute gas at high temperatures. On the other hand, equilibrium
statistical mechanics provides us with the tools to derive such equations of state,
even though it has not much to say about the actual processes, like for example
in a Diesel engine. The latter may however be covered as part of the rapidly
developing field of non-equilibrium statistical mechanics. The main conclusion
from these considerations is that it is important to summarize some, but not
necessary to summarize all aspects of thermodynamics for this course.

2.1 Equilibrium and the laws of thermodynam-
ics

Thermodynamics is based on four laws which are in short given as:
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e 0" law: Thermodynamic equilibrium exists and is characterized by a
temperature
e 1%t law: Energy is conserved
e 2" Jaw: Not all heat can be converted into work
e 3" law: One cannot reach absolute zero temperature.

Zeroth law: A closed system reaches after long time the state of thermo-
dynamic equilibrium. Here closed stands for the absence of directed energy,
particle etc. flux into or out of the system, even though a statistical fluctuation
of the energy, particle number etc. may occur. The equilibrium state is then
characterized by a set of variables like:

e volume, V'

electric polarization, P

e magnetization, M

particle numbers, NN, of particles of type @
e ctc.

This implies that it is irrelevant what the previous volume, magnetization etc. of
the system were. The equilibrium has no memory! If a function of variables does
not depend on the way these variables have been changed it can conveniently
written as a total differential like dV or dN; etc.

If two system are brought into contact such that energy can flow from one
system to the other. Experiment tells us that after sufficiently long time they
will be in equilibrium with each other. Then they are said to have the same
temperature. If for example system A is in equilibrium with system B and with
system C, it holds that B and C' are also in equilibrium with each other. Thus,
the temperature is the class index of the equivalence class of the thermodynamic
equilibrium. There is obviously large arbitrariness in how to chose the tempera-
ture scale. If T' is a given temperature scale then any monotonous function ¢ (T')
would equally well serve to describe thermodynamic systems. The temperature
is typically measured via a thermometer, a device which uses changes of the
system upon changes of the equilibrium state. This could for example be the
volume of a liquid or the magnetization of a ferromagnet etc.

In classical system one frequently uses the averaged kinetic energy of the
particles

kgT = g (exin) (2.2)

as measure of the temperature. We will derive this later. Here we should only
keep in mind that this relation is not valid within quantum mechanics, i.e. fails
at low temperatures. The equivalence index interpretation given above is a
much more general concept.
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First law: The first law is essentially just energy conservation. The total
energy is called the internal energy U. Below we will see that U is nothing else
but the expectation value of the Hamilton operator. Changes, dU of U occur
only by causing the system to do work, §W, or by changing the heat content,
0Q. To do work or change heat is a process and not an equilibrium state and
the amount of work depends of course on the process. Nevertheless, the sum of
these two contributions is a total differential®

AU = 6Q + W (2.3)

which is obvious once one accepts the notion of energy conservation, but which
was truly innovative in the days when R. J. Mayer (1842) and Joule (1843-49)
realized that heat is just another energy form.

The specific form of §W can be determined from mechanical considerations.
For example we consider the work done by moving a cylinder in a container.
Mechanically it holds

oW = —F -ds (2.4)

where F is the force exerted by the system and ds is a small distance change
(here of the wall). The minus sign in §WW implies that we count energy which
is added to a system as positive, and energy which is subtracted from a system
as negative. Considering a force perpendicular to the wall (of area A) it holds

that the pressure is just

p= % (2.5)

If we analyze the situation where one pushes the wall in a way to reduce the
volume, then F and ds point in opposite directions, and and thus

OW = pAds = —pdV. (2.6)

Of course in this case dW > 0 since dV = —Ads < 0. Alternatively, the wall is
pushed out, then F and ds point in the same direction and

oW = —pAds = —pdV.

Now dV = Ads > 0 and 6W < 0. Note, we can only consider an infinitesimal
amount of work, since the pressure changes during the compression. To calculate
the total compressional work one needs an equation of state p (V). It is a general
property of the energy added to or subtracted from a system that it is the
product of an intensive quantity (pressure) and the change of an extensive state
quantity (volume).

LA total differential of a function z = f (z;) with 4 = 1,---,n, corresponds to dz =
> %dwi- It implies that z <$§1)> —z (a:l(?)> = J[o> g—afidmi,with contour C' connecting
(1)

xgz) with x; "/, is independent on the contour C. In general, a differential ), Fidx; is total
if gf’ = %, which for F; = ng corresponds to the interchangability of the order in which
J T 7

the derivatives are taken.
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More generally holds
SW = —pdV + E-dP + H-dM+ > _ j1;dN;, (2.7)

where E, H and p; are the electrical and magnetic field and the chemical poten-
tial of particles of type i. P is the electric polarization and M the magnetization.
To determine electromagnetic work 6W,,,, = E-dP +H-dM is in fact rather sub-
tle. As it is not really relevant for this course we only sketch the derivation and
refer to the corresponding literature: J. A. Stratton, “Electromagnetic Theory”,
Chap. 1, McGraw-Hill, New York, (1941) or V. Heine, Proc. Cambridge Phil.
Sot., Vol. 52, p. 546, (1956), see also Landau and Lifshitz, Electrodynamics of
Continua.

Finally we comment on the term with chemical potential u;. Essentially by
definition holds that u; is the energy needed to add one particle in equilibrium
to the rest of the system, yielding the work u;dN;.

Second Law: This is a statement about the stability of the equilibrium
state. After a closed system went from a state that was out of equilibrium
(right after a rapid pressure change for example) into a state of equilibrium
it would not violate energy conservation to evolve back into the initial out-of-
equilibrium state. In fact such a time evolution seems plausible, given that the
microscopic laws of physics are invariant under time reversal. The content of
the second law is, however, that the tendency to evolve towards equilibrium can
only be reversed by changing work into heat (i.e. the system is not closed
anymore). We will discuss in some detail how this statement can be related to
the properties of the microscopic equations of motion.

Historically the second law was discovered by Carnot. Lets consider the
Carnot process of an ideal gas

1. Isothermal (T' = T}, = const.) expansion from volume Vi — V5 :

Voo m
-2 _ 8 2.8
Vi pe 28)
Since U of an ideal gas is solely kinetic energy ~ T}, it holds dU = 0 and
thus
Vo Vo
AQ = —AW:—/ oW = pdV
i 1%
Va dV va
= NkBTh/ — = NkgT}ylog () (2.9)
v, V i

2. Adiabatic (6Q = 0) expansion from V5 — V3 with
AQ =0 (2.10)

The system will lower its temperature according to

: 3/2
Vs _(Th\"" (2.11)
Va T
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This can be obtained by using

dU = car — _ NksT

A% (2.12)

and C' = %N kp and integrating this equation.

3. Isothermal compression V3 — V, at 1} where similar to the first step:
Vi
AQ,_,, = NkpT;log A (2.13)
3

4. Adiabatic compression to the initial temperature and volume, i.e.

AQ =0 (2.14)

Vi (T 2.15

ne(n) - 219
As expected follows that AUy, = 0, which can be obtained by using AW =
—C (T} — Ty,) for the first adiabatic and AW = —C (T}, — T;) for the second.
On the other hand AQ. > 0, which implies that the system does work since
AWt = —AQ1ot- As often remarked, for the efficiency (ratio of the work done
by the heat absorbed) follows n = wii“’tl < 1.

1—2

Most relevant for our considerations is however the observation:

AQine | AQ,,, _ Va Vi _
T + T = Nkp | log v + log 7 =0 (2.16)

Thus, it holds

0Q
— =0. 2.1
/ 7 =0 (2.17)
This implies that (at least for the ideal gas) the entropy
0Q
dS = — 2.1
s T (2.18)

is a total differential and thus a quantity which characterizes the state of a
system. This is indeed the case in a much more general context, where we write

6Q = TdS (2.19)

It then follows in particular that in equilibrium the entropy S is a maximum.
As we will see, the equilibrium is the least structured state possible at a given
total energy. In this sense it is very tempting to interpret the maximum of the
entropy in equilibrium in a way that S is a measure for the lack of structure, or
disorder.

It is already now useful to comment on the microscopic, statistical interpre-
tation of this behavior and the origin of irreversibility. In classical mechanics
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a state of motion of N particles is uniquely determined by the 3N coordinates
and 3N momenta (g;,p;) of the N particles at a certain time. The set (g;, p;)
is also called the micro-state of the system, which of course varies with time.
Each micro-state (g;,p;) corresponds to one point in a 6 N-dimensional space,
the phase space. The set (g;, p;) i.e., the micro-state, can therefore be identified
with a point in phase space. Let us now consider the diffusion of a gas in an
initial state (g; (to),pi (to)) from a smaller into a larger volume. If one is really
able to reverse all momenta in the final state (¢; (t¢),pi: (tf)) and prepare a state
(gi (tr), —pi (tf)), the process would in fact be reversed. From a statistical point
of view, however, this is an event with an incredibly small probability. For there
is only one point (micro-state) in phase space which leads to an exact reversal
of the process, namely (g; (tf),—pi(ts)). The great majority of micro-states
belonging to a certain macro-state, however, lead under time reversal to states
which cannot be distinguished macroscopically from the final state (i.e., the
equilibrium or Maxwell- Boltzmann distribution). The fundamental assump-
tion of statistical mechanics now is that all micro-states which have the same
total energy can be found with equal probability. This, however, means that the
micro-state (g; (t5),—pi (tf)) is only one among very many other micro-states
which all appear with the same probability.

As we will see, the number € of micro-states that is compatible with a given
macroscopic observable is a quantity closely related to the entropy of this macro-
state. The larger €2, the more probable is the corresponding macro-state, and the
macro-state with the largest number €, of possible microscopic realizations
corresponds to thermodynamic equilibrium. The irreversibility that comes with
the second law is essentially stating that the motion towards a state with large
) is more likely than towards a state with smaller €.

Combining first and second law, follows (we ignore electrostatic effects and
consider only one type of particles):

dU =TdS — pdV+udN (2.20)

It is easily possible to determine the zeroth law from this result and the prin-
ciple of maximum entropy. To this end we consider a perfectly isolated system
consisting of two subsystems. Let the total energy be U = U; + Us and the
total entropy be

S=5 (Ul) + 59 (UQ) (221)

Since U is fixed, we only have one variable, say U; that we need to adjust to
reach equilibrium. We want to determine U; and thus the way the energy is
distributed among the subsystems from the principle of maximal entropy, i.e.
from

dS - dS, | dS, dU,
dU;, —  dU, ' dU, dU,
_ s s 22)

dU, dU,
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We perform this analysis for fixed total volume + particle number and fixed
volume and particle number of the subsystems such that

1 _ds
T, dU;

that the condition of maximal entropy implies that
Ty =15,

which is the zeroth law of thermodynamics.

Third law: This law was postulated by Nernst in 1906 and is closely related
to quantum effects at low T'. If one cools a system down it will eventually drop
into the lowest quantum state. Then, there is no lack of structure and one
expects S — 0. This however implies that one can not change the heat content
anymore if one approaches T' — 0, i.e. it will be increasingly harder to cool
down a system the lower the temperature gets.

2.2 Thermodynamic potentials

The internal energy of a system is written (following the first and second law)
as

dU =TdS — pdV + udN (2.23)

where we consider for the moment only one type of particles. Thus it is obviously
a function

U (S,V,N) (2.24)

with internal variables entropy, volume and particle number. In particular dU =
0 for fixed S, V,and N, i.e. U = const. In case one considers a physical situation
where indeed these internal variables are fixed the internal energy is constant
in equilibrium. Clearly, the internal energy is a natural variable to describe the
system if we consider a scenario with fixed S, V, and N.

Let us, instead, look at a situation where we want to fix the temperature T'
instead of S. A simple trick however enables us to find another quantity

F=U-TS (2.25)
which is much more convenient in such a situation. F’ obviously has a differential
dF =dU —TdS — SdT (2.26)

which gives:
dF = —SdT — pdV + pudN. (2.27)

This implies that
F=F(T,V,N) (2.28)
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i.e. the free energy has the internal variables T, V and N and it does not change
(dF = 0) if the system has constant temperature, volume and particle number.
The transformation from U to F is called a Legendre transformation.
Subsystems: There is a more physical interpretation for the origin of the
Legendre transformation. To this end we consider a system with internal en-
ergy U and its environment with internal energy U.,,. Let the entire system,
consisting of subsystem and environment be closed with fixed energy

Utot = U (57 V7 N) + Ue'rw (Senv7 Venm Nenv) (229)

Consider the situations where all volume and particle numbers are known and
fixed and we are only concerned with the entropies. The change in energy due
to heat fluxes is

AUtot = TdS + TenydSeny- (2.30)
The total entropy for such a state must be fixed, i.e.
Siot = S + Seny = const (2.31)

such that
dSeny = —dS. (2.32)

As dU = 0 by assumption for such a closed system in equilibrium, we have
0= (T — Tenyv) dS, (2.33)
i.e. equilibrium implies that T = T¢,,. It next holds
d(U + Uepy) = dU + TepnydSeny, =0 (2.34)
which yields for fixed temperature T' = T, and with dSe,, = —dS
d(U—-TS)=dF =0. (2.35)

with free energy F. From the perspective of the subsystem (without fixed
energy) is therefore the free energy the more appropriate thermodynamic po-
tential. Thus in a situation where a system is embedded in an external bath
and is rather characterized by a constant temperature. Then, U is not the most
convenient thermodynamic potential to characterize the system.

Of course, F' is not the only thermodynamic potential one can introduce this
way, and the number of possible potentials is just determined by the number of
internal variables. For example, in case of a constant pressure (as opposed to
constant volume) one uses the enthalpy

H=U+pV (2.36)

with
dH =TdS + Vdp+ pdN. (2.37)
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If both, pressure and temperature, are given in addition to the particle number
one uses the free enthalpy
G=U-TS+pV (2.38)

with
dG = —=SdT + Vdp + pdN (2.39)
In all these cases we considered systems with fixed particle number. It is
however often useful to be able to allow exchange with a particle bath, i.e. have
a given chemical potential rather than a given particle number. The potential
which is most frequently used in this context is the grand-canonical potential

Q=F—uN (2.40)
with
dQ) = SdT — pdV — Ndp. (2.41)
Q = Q(T,V, ) has now temperature, volume and chemical potential as internal
variables, i.e. is at a minimum if those are the given variables of a physical
system.
Maxwell relations: The statement of a total differential is very power-

ful and allows to establish connections between quantities that are seemingly
unrelated. Consider again

dF = —SdT — pdV + pdN (2.42)

Now we could analyze the change of the entropy

0S (T, V,N)
with volume at fixed T and N or the change of the pressure

op(T.V,N)
with temperature at fixed V and N. Since S(T,V,N) = —% and
p(T,V,N) = = 2ZEEVN gollows

9S(T,V,N) _  F(T,V,N)  F(T,V,N)
ov B ovor oTovV
op(T,V.N)

Thus, two very distinct measurements will have to yield the exact same behav-
ior. Relations between such second derivatives of thermodynamic potentials are
called Maxwell relations.

On the heat capacity: The heat capacity is the change in heat 6Q = T'dS
that results from a change in temperature d7, i.e.

T,V,N 2F(T,V,N
JOS(TVIN) _ 0F (T,V,N)

CTV.N) = aT aT?

(2.46)
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It is interesting that we can alternatively obtain this result from the internal
energy, if measured not with its internal variables, but instead U (T,V,N) =
U(S(T,V,N),V,N):

auU (T, V,N)
oT

aU (S,V,N)dsS  _8S
a8 or T’

C(T,V,N) =

(2.47)

2.2.1 Example of a Legendre transformation

Consider a function
f(x) = 22 (2.48)

with
df = 2zdx (2.49)

We would like to perform a Legendre transformation from x to the variable p
such that

g=1[f—pz (2.50)
and would like to show that

dg = df — pdx — xdp = —xdp. (2.51)

Obviously we need to chose p = g—i = 2x. Then it follows

_(\: PP
o=(3) -5 =4 (2:52)
and it follows
dg = —gdp = —xdp (2.53)

as desired.

2.3 Gibbs Duhem relation

Finally, a very useful concept of thermodynamics is based on the fact that
thermodynamic quantities of big systems can be either considered as extensive
(proportional to the size of the system) of intensive (do not change as function
of the size of the system).

Extensive quantities:

e volume
e particle number
e magnetization

e entropy
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Intensive quantities:

e pressure

e chemical potential

e magnetic field

e temperature
Interestingly, the internal variables of the internal energy are all extensive

U=U(S,V,N;). (2.54)

Now if one increases a given thermodynamic system by a certain scale,

V. — AV
S = AS (2.55)

we expect that the internal energy changes by just that factor U — AU i.e.

U (AS,A\V,AN;) = MU (S,V, N;) (2.56)
whereas the temperature or any other intensive variable will not change

T (AS,AV,AN;) =T (S,V,N;). (2.57)

Using the above equation for U gives for A = 1 + ¢ and small &:

ou ou ou
U((l+e)8,..) = U(S,V,Ni)+£58+W5V+28Ni5N1.
= U(SV,N;)+eU(S,V,N;) (2.58)
Using the fact that
oU
T = 2=
oS
_ U
b= "ov
ou
it follows
U((1+2)8,..) = U(S,V,N;) +2U (S,V, Ny)

= U (S, V, NZ) +e (TS — pV + Z'U'zNZ) (260)
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which then gives

U=TS—pV+> i (2.61)
Since
dU =TdS — pdV + pdN (2.62)
it follows immediately
0=SdT — Vdp+ Y Nidp;. (2.63)

This relationship is useful if one wants to study for example the change of the
temperature as function of pressure changes etc. Another consequence of the
Gibbs Duhem relations is for the other potentials like

F=—pV+ Z wiN;. (2.64)

K2

or
Q=—pV (2.65)

which can be very useful.



Chapter 3

Summary of probability
theory

We give a very brief summary of the key aspects of probability theory that are
needed in statistical mechanics. Consider a physical observable x that takes
with probability p (z;) the value x;. In total there are N such possible values,
ie. i =1,--- ,N. The observable will with certainty take one out of the N
values, i.e. the probability that z is either p (z1) or p(z3) or ... or p(zy) is:

> ) =1 (3.1)

The probability is normalized.
The mean value of x is given as

(x) = Zp(mi)xi. (3.2)

Similarly holds for an arbitrary function f (x) that

N

(f@) = p@)f (@), (3-3)

i=1
e.g. f(x) =2a"™ yields the n-th moment of the distribution function

N

(@) =Y p(;)a}. (3.4)

=1

The variance of the distribution is the mean square deviation from the averaged
value:
2 2
(@ @)?) = (=) - (@)* (3.5)

21
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If we introduce f; (z) = exp (tz) we obtain the characteristic function:
c(t) = (fe(@) = plx:)exp(tw;)

n __
> g2l =3 ot
n=0 i=1 n=0

Thus, the Taylor expansion coefficients of the characteristic function are iden-
tical to the moments of the distribution p (z;).

Consider next two observables x and y with probability P (x;&y;) that x
takes the value z; and y becomes y;. Let p (z;) the distribution function of x
and ¢ (y;) the distribution function of y. If the two observables are statistically
independent, then, and only then, is P (z;&y;) equal to the product of the
probabilities of the individual events:

(3.6)

P (z;&y;) =p(x;)q(y;) iff x and y are statistically independent.  (3.7)

In general (i.e. even if z and y are not independent) holds that
p(x;) = ZP (w:&ey;) ,
J
q(y;) = ZP (zikey;) . (3.8)
Thus, it follows

(x+y) = Z (i +y5) P (vi&ey;) = (z) +(y) - (3.9)
Consider now
leyj (xi&y;) (3.10)

Suppose the two observables are independent, then follows

zy) = Z ziyp (1) 4 (y;) = (@) (y) - (3.11)

This suggests to analyze the covariance

Clry) = ((@-()y— )
= (zy) = 2(2) (y) + () (y)
= (zy) — (=) (v) (3.12)

The covariance is therefore only finite when the two observables are not inde-
pendent, i.e. when they are correlated. Frequently, z and y do not need to be
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distinct observables, but could be the same observable at different time or space
arguments. Suppose 2 = S (r,t) is a spin density, then

X (s, t) = (S (r,t) = (S (r, 1)) (S (') = (S (', 1))))

is the spin-correlation function. In systems with translations invariance holds
X (st t')y = x (r —r';t — t'). If now, for example

x (r;t) = Ae /€ tT

then £ and 7 are called correlation length and time. They obviously determine
over how-far or how-long spins of a magnetic system are correlated.
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Chapter 4

Equilibrium statistical
mechanics

4.1 The maximum entropy principle

The main contents of the second law of thermodynamics was that the entropy
of a closed system in equilibrium is maximal. Our central task in statistical
mechanics is to relate this statement to the results of a microscopic calculation,
based on the Hamiltonian, H, and the eigenvalues

Hii = E; (4.1)

of the system.

Within the ensemble theory one considers a large number of essentially iden-
tical systems and studies the statistics of such systems. The smallest contact
with some environment or the smallest variation in the initial conditions or
quantum preparation will cause fluctuations in the way the system behaves.
Thus, it is not guaranteed in which of the states 1; the system might be, i.e.
what energy E; it will have (remember, the system is in thermal contact, i.e. we
allow the energy to fluctuate). This is characterized by the probability p; of the
system to have energy F;. For those who don’t like the notion of ensembles, one
can imagine that each system is subdivided into many macroscopic subsystems
and that the fluctuations are rather spatial.

If one wants to relate the entropy with the probability one can make the
following observation: Consider two identical large systems which are brought
in contact. Let p; and ps be the probabilities of these systems to be in state 1
and 2 respectively. The entropy of each of the systems is S; and S;. After these
systems are combined it follows for the entropy as a an extensive quantity that

Shot = S1 + S2 (4.2)
and for the probability of the combined system

Dtot = P1P2- (4.3)

25



26 CHAPTER 4. EQUILIBRIUM STATISTICAL MECHANICS

The last result is simply expressing the fact that these systems are independent
whereas the first ones are valid for extensive quantities in thermodynamics. Here
we assume that short range forces dominate and interactions between the two
systems occur only on the boundaries, which are negligible for sufficiently large
systems. If now the entropy S; is a function of p; it follows

Si ~ log p;. (4.4)
It is convenient to use as pre-factor the so called Boltzmann constant
S; = —kplog p; (4.5)
where
kp = 1.380658 x 10"23JK ™! = 8.617385 x 10 °eVK ' (4.6)

The averaged entropy of each subsystems, and thus of each system itself is then

given as
N

S =—kp Zpi log p;. (4.7)
i=1
Here, we have established a connection between the probability to be in a given
state and the entropy S. This connection was one of the truly outstanding
achievements of Ludwig Boltzmann.
Eq.4.7 helps us immediately to relate S with the degree of disorder in the
system. If we know exactly in which state a system is we have:

1 i=0
In the opposite limit, where all states are equally probable we have instead:
1
pi = N — S =kp logN. (49)

Thus, if we know the state of the system with certainty, the entropy vanishes
whereas in case of the complete equal distribution follows a large (a maximal
entropy). Here A is the number of distinct state

The fact that S = kg log NV is indeed the largest allowed value of S follows
from maximizing S with respect to p;. Here we must however keep in mind that
the p; are not independent variables since

N
> opi=1 (4.10)
=1

This is done by using the method of Lagrange multipliers summarized in a
separate handout. One has to minimize

I = S+A<sz:pi—1>

i=1

N N
= —ks Zpilogpﬂr)\ (ZP¢1> (4.11)
i=1 i=1
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We set the derivative of I with respect to p; equal zero:

ol
~— = —kp(logp; +1) + A =0 (4.12)
8;0]-
which gives
A
p; = exp ( — 1) =P (4.13)
kg
independent of ! We can now determine the Lagrange multiplier from the
constraint
N N
1=) pi=» P=NP (4.14)
i=1 i=1
which gives
1
i =~y Vi 4.15
Pi = 57 (4.15)

Thus, one way to determine the entropy is by analyzing the number of states
N (E,V, N) the system can take at a given energy, volume and particle number.
This is expected to depend exponentially on the number of particles

N ~exp(sN), (4.16)

which makes the entropy an extensive quantity. We will perform this calculation
when we investigate the so called micro-canonical ensemble, but will follow a
different argumentation now.

4.2 The canonical ensemble

Eq.4.9 is, besides the normalization, an unconstraint extremum of S. In many
cases however it might be appropriate to impose further conditions on the sys-
tem. For example, if we allow the energy of a system to fluctuate, we may still
impose that it has a given averaged energy:

N
(E) = ZpiEi- (4.17)

If this is the case we have to minimize

N N
I = S+ (Zpl — 1) — kpp (ZZ%EL - <E>>
" =1 N =1 "
= —kg Y _pilogpi+ A (sz - 1) — kpp (ZPzEz - <E>> (4.18)

i=1 i=1 i=1
We set the derivative of I w.r.t p; equal zero:

I
57 = —kp (logpi + 1) +A—kBE; =0 (419)
j
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which gives

p; = exp <]:]\3 —1- ,BEZ> = %exp (—BE;) (4.20)

where the constant Z (or equivalently the Lagrange multiplier \) are determined
by
Z = exp(-BE)) (4.21)

which guarantees normalization of the probabilities.
The Lagrange multiplier § is now determined via

1 0
(E) =~ Z E;exp (—BE;) = 38 log Z. (4.22)
This is in general some implicit equation for 8 given (E). However, there is a
very intriguing interpretation of this Lagrange multiplier that allows us to avoid
solving for § ((E)) and gives 8 its own physical meaning.
For the entropy follows (logp; = —8FE; — log Z)

N N
S = —kg» pilogpi=ks » p;(BE; +logZ)

=1 =1

3]
= kpB(E)+kplogZ = —kBﬁ% log Z + kg log Z (4.23)

If one substitutes:

=— 4.24
B (.24
it bolds Olog Z 0 (kgTlog Z
S = kpT2222 4 kylog Z = % (4.25)
Thus, there is a function
F=—kgTlogZ (4.26)
which gives
OF
S = 97 (4.27)
and 5 oF
E)=_—0F=F —=F+T 4.2
(E) 335 +53 5 +TS (4.28)

Comparison with our results in thermodynamics lead after the identification of
(E) with the internal energy U to:

T : temperature
F : free energy. (4.29)

Thus, it might not even be useful to ever express the thermodynamic variables
in terms of (E) = U, but rather keep T
The most outstanding results of these considerations are:
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e the statistical probabilities for being in a state with energy FE; are

E;
Di ~ €xp < k:BT> (4.30)

e all thermodynamic properties can be obtained from the so called partition

function
Z =Y exp(-BE;) (4.31)
e within quantum mechanics it is useful to introduce the so called density

operator

1
p = exp(~6H). (4.32)
where

7Z = trexp (—fH) (4.33)

ensures that trp = 1. The equivalence between these two representations
can be shown by evaluating the trace with respect to the eigenstates of
the Hamiltonian

Z

> (nlexp (=BH) |n) =Y (nln) exp (= BEx)

n

- Z exp (—BE,) (4.34)

as expected.

The evaluation of this partition sum is therefore the major task of equilibrium
statistical mechanics.

4.2.1 Spin % particles within an external field (paramag-

netism)

Consider a system of spin—% particles in an external field B = (0,0, B) charac-
terized by the Hamiltonian

N
H=—gug» 5..B (4.35)
i=1

where pp = 52 = 9.27 x 10724JT~! = 0.671 41 kgK/T is the Bohr magneton.

2me
Here the operator of the projection of the spin onto the z-axis, 5, ;, of the

particle at site ¢ has the two eigenvalues

1
520 = %5 (4.36)

3
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Using for simplicity g = 2 gives with S; = 2s,; = %1, the eigenenergies are
characterized by the set of variables {S;}

Esy =—us Y SiB. (4.37)
i=1
Different states of the system can be for example
S =1, Sy=1,.,Syv=1 (4.38)
which is obviously the ground state if B > 0 or
S1=1, So=-1,.,5v=-1 (4.39)
etc. The partition function is now given as

Z = Y exp (BMBZSB>

{si}

- 3. zexp(ﬁuBzSB)

=+1S=+1 Sy==%£1

PP I 3 | CETET

=*£1S;=+1 Sy==x1li=1

— Z ePreS1B Z eBrBS2B Z ePrBSN B

S1=%£1 So==%£1 Sy=%1
N
SB N
(E ePrs ) = (Zy)
S==+1

where Z; is the partition function of only one particle. Obviously statistical
mechanics of only one single particle does not make any sense. Nevertheless
the concept of single particle partition functions is useful in all cases where the
Hamiltonian can be written as a sum of commuting, non-interacting terms and
the particles are distinguishable, i.e. for

N
H=> h(X;) (4.40)

with wave function

) =TT (4.41)
with
h (Xl) ‘n,> =€n |n1> . (442)

It holds that Zn = (Zl)N where Z; = trexp (—fh).
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For our above example we can now easily evaluate

7y = ePreB o e=BreB — 9 cosh (Bup B) (4.43)
which gives
B
F = —NkpTlog |2 cosh | 1B (4.44)
kgT
For the internal energy follows
0 ,LLBB
U= (E)=——logZ = —upNBtanh 4.45
() =~ 55 lou Z =~ B (127 (1.45)

which immediately gives for the expectation value of the spin operator

~ 1 ,uBB
2\ — Z tanh . 4.4
) = tan (127 (4.46)
The entropy is given as

- OF - /LBB N/,LBNB MBB
S = 5T = Nkglog {2 cosh (k:BT)] tanh T (4.47)

which turns out to be identical to S = %

If B=0it follows U = 0 and S = Nkplog2, i.e. the number of configura-
tions is degenerate (has equal probability) and there are 2%V such configurations.
For finite B holds

1 (usB\>
S (kT > upB) — Nkg [log2 — = (FE2) . (4.48)
2 \ kT

whereas for

B _ 2upB B _ 2upB
S(kpT < upB) — NEEZ 4 Ne weT - NEE (1—2e )

T T
N2 B 2upB
% e TBT 50 (4.49)

in agreement with the third law of thermodynamics.
The Magnetization of the system is

with expectation value

(4.51)

_ peBy _OF
(M) —NuBtanh(kBT) =35

i.e.

dF = — (M) dB — SdT. (4.52)
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This enables us to determine the magnetic susceptibility

o(M)y Nug C
9B el T (4.53)

which is called the Curie-law.
If we are interested in a situation where not the external field, but rather
the magnetization is fixed we use instead of F' the potential

H=F+(M)B (4.54)

where we only need to invert the (M)-B dependence, i.e. with

B((M)) = kj—gtanh_l (zi?,ﬁ;) : (4.55)

4.2.2 Quantum harmonic oscillator

The analysis of this problem is very similar to the investigation of ideal Bose
gases that will be investigated later during the course. Lets consider a set of
oscillators. The Hamiltonian of the problem is

Y p2 k o
H: 2 — s
; <2m * 2%)

where p; and x; are momentum and position operators of N independent quan-
tum Harmonic oscillators. The energy of the oscillators is

E= éhwo (n + ;) (4.56)

with frequency wg = y/k/m and zero point energy Ey = %hwo. The integers
n; determine the oscillator eigenstates of the ¢-th oscillator. They can take the
values from 0 to infinity. The Hamiltonian is of the form H = Zi\il h(pi, ;)
and it follows for the partition function

Zn = (Z)N .

The single oscillator partition function is

) 0o
Zl — Ze—ﬁhwo(n—l-%) _ efﬁhwo/Q Zefﬁhwon
n=0 n=0
e—Bhwo/2
1 — e Phwo’

This yields for the partition function

log Zy = Nlog Zy = —Nfhuwo/2 — Nlog (1 — e~ F"0)
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which enables us to determine the internal energy

(E) log Zn

9B
1 1
= Nhwo (e@m_l + 2) :
The mean value of the oscillator quantum number is then obviously given as

() = () =

which tells us that for kgT < hwy, the probability of excited oscillator states is
exponentially small. For the entropy follows from

F = —kBTIOg ZN
_ fwo
—  Nhwo/2 + NkgT log (1 —e kBT) (4.57)
that
OF
S = ——
oT
_ Jiwg hw 1
= —kpNlog (1*6 "'B%> +NTOW
eFsT —1
= kp(((n) +1)log (1 + (n)) — (n)log (n)) (4.58)
AsT — 0 (i..e. for kpT < hwg) holds
hw
S~ kN0 225 g (4.59)

kT

in agreement with the 3" law of thermodynamics, while for large kT > hwq
follows

kT
S ~kgN1 — . 4.60
BV 10g ( Fioo ) ( )
For the heat capacity follows accordingly
a8 hwo \ 2 1
C=T= = Nkg [ —= . (4.61)
or kBT ) 4sinh? (—h“’o )
kgT
Which vanishes at small T' as
hwo 2 _ hwo
C~Nkpg|— kpT 4.62
o (kBT> c (4.62)
while it reaches a constant value
C ~ Nkp (4.63)

as T becomes large. The last result is a special case of the equipartition theorem
that will be discussed later.
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4.3 Heat capacity and Maxwell relations

The knowledge of the probability distribution

1
pi = exp (-HF)

allows for a statistical interpretation of various thermodynamic quantities, if we
use Z =) .exp (—pE;). As we discussed earlier, the free energy

F = —kgTlog Z (4.64)

determines the mean (internal) energy

E F=F+ ——F—i—TS 4.65
() = 55 555 (465)
It holds indeed
0
(B) = ——-log)_ exp(—BE;)
0B -
1
It is then tempting to analyze the heat capacity
0(E) 0B O(E) 1 O(E)
_ et _— 4.
¢ oT oT 0p kgT? 08 (4.67)
It holds
9(E)  _
95 = a5z L e (08
1 07 9
= _ﬁaﬂZE exp (—BE;) ZE exp (—BE;)

2
—ZEZ'Qpi + <Z Eipi> . (4.68)

This yields

2
By (g2 (E-(E))
C:k3< > <2> =kp 5 (4.69)
(kpT) (ksT)
i.e. the heat capacity is a measure of the energy fluctuations of a system.
Notice that C and (F) are extensive. Thus, we introduce the energy per particle
e; = E;/N and the specific heat capacity ¢ = C'/N and obtain

(e~ (e0?) = 222 (4.70)
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which implies that the fluctuations of the energy per particle vanishes as N —
00.

Let X be a given extensive thermodynamic variable (e.g. volume) and x be
the conjugated variable (pressure in case of volume), such that

dU = TdS — zdX (4.71)

and
dF = —SdT — zdX (4.72)

The Maxwell relations imply that

05 _or ar
oxX oT

In the canonical formalism, the dependence on X enters through the variation of
the energy eigenvalues F; (X). For example, in case of X being the volume, the
energy changes if the boundary conditions are being changed as function of a
variation of the volume. It is interesting to analyze the temperature dependence
of . We start with

oF 0
= =kpT = logZ
YT Tox T ™ox
kBT 0 i
= 78X§exp —BE;) gexp —BE;) —
oF
The identity g—ﬁ; = <3—E> is also referred to as the Hellman-Feynman theorem.

We can now analyze
ox 1 Ox 1 107 E;
o = T kpI208 kI Z2 08 ;exp“ﬂEi) X
1 OE;
—m Z exp (—BE;) E; DX

_ B -GRE) (B () (5% - (5%))
= - 0X kBTQBX = kB%); i (4.75)

ie. aT determines the correlations between the energy and BE On the other

hand it holds

oF

S - —k zl P =
B E pilogp oT

i

(4.76)

and we have
oS PP _or
0X  0X0T 0T

(4.77)
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Finally, it holds

ox 1 07 OF; 1 O*E;
X = 720X zi:exp (—=BE;) X Ezi:exp(_ﬁEi) 9X2
ﬂ . oF; 2
+§§i:eXP (—BE;) ((9X>
0’FE
_ _< aX2>' (4.78)

4.4 The micro-canonical ensemble

The canonical ensemble is an approach to determine the thermodynamic po-
tentials and equation of state. In both cases we assumed fluctuations of energy
and in the grand canonical case even fluctuations of the particle number. Only
the expectation numbers of the energy or particle number are kept fixed.

A much more direct approach to determine thermodynamic quantities is
based on the micro-canonical ensemble. In accordance with our earlier analysis
of maximizing the entropy we start from

S = kg log N (E) (4.79)

where we consider an isolated system with conserved energy, i.e. take into
account that the we need to determine the number of states with a given energy.
If S(F) is known and we identity E with the internal energy U we obtain the
temperature from

1 9S(E)

= = . (4.80)
T OF |y n
4.4.1 Quantum harmonic oscillator
Let us again consider a set of oscillators with energy
N
i=1
and zero point energy Fy = %hwo. We have to determine the number or

realizations of {n;} of a given energy. For example N (Fy) = 1. There is one
realization (n; = 0 for all i) to get E = Ey. There are N realization to have
an energy E = Ey+wy, i.e. N (Ep+ hwy) = N. The general case of an energy
FE = FEy + Mhwy can be analyzed as follows. We consider M black balls and
N — 1 white balls. We consider a sequence of the kind

blbg...bnlwblbg...bnzw....wblbg...bnN (482)
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where b1b2...b,,; stands for n; black balls not separated by a white ball. We need
to find the number of ways how we can arrange the N — 1 white balls keeping
the total number of black balls fixed at M. This is obviously given by

M+ N-1 (M+N-1)!
Ey+ Mhwy) = =2 4.83
N (Bo + Mhwo) ( N-1 ) (N — DI (483)
This leads to the entropy
S =kg(log(M+N—1)!—log (N —1)!— M) (4.84)
For large N it holds log N! ~ N (log N — 1)
N+ M N+ M
S:kBNlog( X] )+kBMlog( ]—:—4 )
Thus it holds
1 08 1 1 0S8 1 N
e ey | 1+ — 4.85
P = 5n 0B ~ Tp hag OM sy Og<+M> (4.85)
Thus it follows:
M= N 4.86
- eﬁhwﬂ 71 ( . )
Which finally gives
1 1

which is the result obtained within the canonical approach.
It is instructive to analyze the entropy without going to the large N and M
limit. Then

B I'(N+ M)
and )
ﬂ:%(w(N+M)—¢(M+1)) (4.89)
where ¢ (z) = 1;’((;)) is the digamma function. It holds
V(L) =log [ — - — (4.90)
84T oL T 1212 '
for large L, such that
1 N+M 1 N
F= ! ( M >+2(N+M)M (4.91)

and we recover the above result for large N, M. Here we also have an approach
to make explicit the corrections to the leading term. The canonical and micro-

canonical obviously differ for small system since g log (1 + g“f’g} ) is the exact

result of the canonical approach for all system sizes.
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Another way to look at this is to write the canonical partition sum as
1 1
BE; _ —BE _ —BE+S(E)/ks
Z = EZ e /dE./\/(E) e /dEe (4.92)

If F and S are large (proportional to N) the integral over energy can be esti-
mated by the largest value of the integrand, determined by
1 0S(E)

B+ - g =0 (4.93)

This is just the above micro-canonical behavior. At the so defined energy it

follows
F=—kgTlogZ =FE—-TS(E). (4.94)

Again canonical and micro-canonical ensemble agree in the limit of large sys-
tems, but not in general.



Chapter 5

Ideal gases

5.1 Classical ideal gases

5.1.1 The non-relativistic classical ideal gas

Before we study the classical ideal gas within the formalism of canonical en-
semble theory we summarize some of its thermodynamic properties. The two
equations of state (which we assume to be determined by experiment) are
3
U = §N kT
pV = NkgT (5.1)

We can for example determine the entropy by starting at
dU =TdS — pdV (5.2)
which gives (for fixed particle number)

3 dT v
dS = 5 Nkn— + Nkp 7 (5.3)

Starting at some state T,V with entropy Sy we can integrate this

3 T \%4
S(T,V) So (T, V) + =Nkglog — + Nkglog —
2 Th Vo

(5" ) (5.0

Next we try to actually derive the above equations of state. We start from
the Hamiltonian

Nkg <50 (T,V) +log

2
p4
H = . .
- 2m (5 5)

39
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and use that a classical system is characterized by the set of three dimensional
momenta and positions {p;,x;}. This suggests to write the partition sum as

p;
E exp ( ) . (5.6)
2
{Puxq} m

For practical purposes it is completely sufficient to approximate the sum by an
integral, i.e. to write

ApA dpd
> ) A§A§Zf ~ | apast o) (5.7)

Here ApAx is the smallest possible unit it makes sense to discretize momentum
and energy in. Its value will only be an additive constant to the partition func-
tion, i.e. will only be an additive correction to the free energy ~ 3NT log ApAx.
The most sensible choice is certainly to use

ApAxz =h (5.8)

with Planck’s quantum h = 6.6260755 x 10~34Js. Below, when we consider ideal

quantum gases, we will perform the classical limit and demonstrate explicitly

that this choice for ApAx is the correct one. It is remarkable, that there seems

to be no natural way to avoid quantum mechanics in the description of a classical

statistical mechanics problem. Right away we will encounter another left-over

of quantum physics when we analyze the entropy of the ideal classical gas.
With the above choice for ApAx follows:

N
H/ oA o (—p 22
bl hd 2m
N
d?p; p?
N ? o 4
V le[l/ X exp( ﬁQm)

- (;)N (5.9)

/dpexp (—ap®) = \/z (5.10)

Bh?

2mm

VA

where we used

and introduced:

A=

(5.11)

which is the thermal de Broglie wave length. It is the wavelength obtained via

K2 27
kgT = C Qm* and ki = == (5.12)



5.1. CLASSICAL IDEAL GASES 41

with C' some constant of order unity. If we compare both expressions, it follow
A= \/Chzﬁ = \/le?;T, ie. C = 1/7 is indeed simply a constant of order

2m

unity. In case of a generic ideal gas with energy momentum relation ¢ (p), it

holds in d-dimensions:
N
(A> :/ddpexp(—ﬁe (p)) -

For the free energy follows

v
F(V,T)=—kgTlogZ = —NkpT log <)\3) (5.13)
Using

dF = —=SdT — pdV (5.14)

gives for the pressure:

OF NkgT

= _ = | = 5.15
P= vl T v (5.15)

which is the well known equation of state of the ideal gas. Next we determine
the entropy

oF |4 dlog A
= — —| = Nkgl — | = 3NkgT
S oT . k‘B og <>\3> 3 k‘B T
\% 3
which gives
U=F+TS= gNkBT. (5.17)

Thus, we recover both equations of state, which were the starting points of
our earlier thermodynamic considerations. Nevertheless, there is a discrepancy
between our results obtained within statistical mechanics and what follows from
thermodynamics. The entropy is not extensive but has a term of the form
N log V' which grows faster with the system size than linear and thus seems to
overestimate the number of states.

The issue is that there are physical configurations, where (for some values
for the momenta P4 and Pg)

p1 =P and py = Pp (5.18)

as well as
p2 = Pa and p1 = Pp, (5.19)

i.e. we counted them both. Assuming indistinguishable particles however, all
what matters are whether there is some particle with momentum P4 and some
particle with Pg, but not which particles are in those states. Thus we assumed
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particles to be distinguishable. There are however N! ways to relabel the par-
ticles which are all identical. We simply counted all these configurations. The
proper expression for the partition sum is therefore

N N
1 d4p;dz; p? 1 /V

Using
log N! = N (log N — 1) (5.21)
valid for large N, gives
v
F = —NkgTlog el + NkpT (log N — 1)
= —NkgT(1+1lo v (5.22)
= B SANE : .

This result differs from the earlier one by a factor NkgT (log N — 1) which is
independent of the volume. Thus that the equation of state for the pressure is
unchanged by this issue. However, for the entropy follows now

V 5
Which gives again
U=F+TS= gNkBT. (5.24)

The reason that the internal energy is correct is due to the fact that it can
alternatively be written as an expectation value

N
d?p;diz; ; :
ﬁ H f p}lzd - Zz 2p’n exp (_ 2pm>

(5.25)

and the factor N! does not change the value of U. The pre-factor N! is called
Gibbs correction factor.

The general partition function of a classical real gas or liquid with pair
potential V' (x; — x;) is then characterized by the partition function

2
)

1 N ddp-ddw- N D N
ZNg/ZthdeXP *5;2m*ﬂzv(xﬁxj) . (5.26)

i,j=1
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5.1.2 Binary classical ideal gas

We consider a classical, non-relativistic ideal gas, consisting of two distinct types
of particles. There are N4 particles with mass M, and Np particles with mass
Mp in a volume V. The partition function is now

VNa+NB

~ VAN NE N IN !

(5.27)

and yields with log N! = N (log N — 1)

\4 Vv

This yields

N N,
—NatNs, (5.29)
1%
for the pressure and
S = Nakglog [ ——) + Nokplog [~ ) + 2 (Na+ Np) ks (5.30)
_ABgNAA;Z BBgNB)\% D) A B) KB .

for the entropy. We can compare this result with the entropy of an ideal gas of
N = N4 + Np particles.

\%4 5
It follows
B (N4 + Np) A3 (N4 + Np) A3
S — Sy = Nykg log < NA/\?A + Npkglog NB)\‘SB (532)

which can be simplified to

3

- 50= -tn (o1 (23e) @ -oon () 39

where ¢ = NA]YFANB . The additional contribution to the entropy is called mixing
entropy.

5.1.3 The ultra-relativistic classical ideal gas

Our calculation for the classical, non-relativistic ideal gas can equally be applied

to other classical ideal gases with an energy momentum relation different from

e(p) = %. For example in case of relativistic particles one might consider

e (p) = vm2ct + 2p? (5.34)
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which in case of massless particles (photons) becomes

£(p) = cp. (5.35)

Our calculation for the partition function is in many steps unchanged:
1 By, d>x;
o T e

- = (th)N ( / dspexpwcp))N (5.36)

The remaining momentum integral can be performed easily
I = ﬁ%wM%m=M/z%mmPMﬁ
0

4 o 87
= — drz’e ™ = . 5.37
(Be)’ /o (Be)® 537

7z - % <87TV (’“}f)?’) ’ (5.38)

where obviously the thermal de Broglie wave length of the problem is now given
as

This leads to

hc
A= ——. 5.39
T (5.39)
For the free energy follows with log N! = N (log N — 1) for large N:
87V
This allows us to determine the equation of state
OF  NkgT
=—— = A1
P="v = v (5.41)

which is identical to the result obtained for the non-relativistic system. This is
because the volume dependence of any classical ideal gas, relativistic or not, is
just the VY term such that

F = —NkgTlogV + f (T, N) (5.42)

where f does not depend on V, i.e. does not affect the pressure. For the internal

energy follows

OF
= F — F— = 3NkgT 4
U o7 = 3Nkp (5.43)

which is different from the non-relativistic limit.
Comments:
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e In both ideal gases we had a free energy of the type

F = —NkgTf (W) (5.44)

with known function f (). The main difference was the de Broglie wave
length.

o __h
o= \/kaT
he
= 4
)\rel kBT (5 5)

Assuming that there is a mean particle distance d, it holds V ~ d3>N such
that

F = —NkgTf (‘;) . (5.46)

Even if the particle-particle interaction is weak, we expect that quantum
interference terms become important if the wavelength of the particles be-
comes comparable or larger than the inter-particle distance, i.e. quantum
effects occur if

A>d (5.47)

Considering now the ratio of A for two systems (a classical and a relativistic
one) at same temperature it holds

Arel 2 me?
= — 5.48
(3) =hr (9
Thus, if the thermal energy of the classical system is below mc? (which
must be true by assumption that it is a non-relativistic object), it holds

that ’f\—; > 1. Thus, quantum effects should show up first in the relativis-
tic system.

One can also estimate at what temperature is the de Broglie wavelength
comparable to the wavelength of 500nm, i.e. for photons in the visible
part of the spectrum. This happens for

he

T~—— ~28 000K 5.49
kg500nm ’ ( )

Photons which have a wave length equal to the de Broglie wavelength at
room temperature are have a wavelength

he

e g 5.50
kp300K MM (5-50)
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e Considering the more general dispersion relation ¢ (p) = y/m2c* + ¢2p?,
the non-relativistic limit should be applicable if kgT < mc?, whereas
in the opposite limit kg7 > mc? the ultra-relativistic calculation is the
right one. This implies that one only needs to heat up a system above the
temperature mc?/kg and the specific heat should increase from %N kg to
twice this value. Of course this consideration ignores the effects of particle
antiparticle excitations which come into play in this regime as well.

5.1.4 Equipartition theorem

In classical mechanics one can make very general statements about the internal
energy of systems with a Hamiltonian of the type

l
H=2_> (Aap}a+ Badia) (5.51)
a=1

i=1

where ¢ is the particle index and « the index of additional degrees of freedom,
like components of the momentum or an angular momentum. Here p; , and
@i, are the generalized momentum and coordinates of classical mechanics. The
internal energy is then written as

N Api,adTi o
f _Hl Hl THGXP(_ﬂH)
I _ i=1a=
< > N1 dpi,adTi,o _
f H H 7 eXp( BH)

i=1a=1

l _ 2 _ 2
N [ dpaAapiePAePo  [dg,BagZe PBada
> A+
a=1 fdpae «

[ dgae=BBads

l
kgT kT
Naz_l( Tt ) = NikgT. (5.52)
Thus, every quadratic degree of freedom contributes by a factor kBTT to the
internal energy. In particular this gives for the non-relativistic ideal gas with
1l =3, Ay = ﬁ and B, = 0 that (H) = %NkBT as expected. Additional
rotational degrees of freedoms in more complex molecules will then increase
this number.

5.2 Ideal quantum gases

5.2.1 Occupation number representation

So far we have considered only classical systems or (in case of the Ising model or
the system of non-interacting spins) models of distinguishable quantum spins. If
we want to consider quantum systems with truly distinguishable particles, one
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has to take into account that the wave functions of fermions or bosons behave
differently and that states have to be symmetrized or antisymmetric. I.e. in
case of the partition sum

Z=> (U, e P"|w,) (5.53)

we have to construct many particle states which have the proper symmetry
under exchange of particles. This is a very cumbersome operation and turns
out to be highly impractical for large systems.

The way out of this situation is the so called second quantization, which
simply respects the fact that labeling particles was a stupid thing to begin with
and that one should characterize a quantum many particle system differently. If
the label of a particle has no meaning, a quantum state is completely determined
if one knows which states of the system are occupied by particles and which
not. The states of an ideal quantum gas are obviously the momenta since the
momentum operator

N h
bt = Zvl (5.54)

commutes with the Hamiltonian of an ideal quantum system
N p?
H=Y) L. 5.55
; or (5.55)

In case of interacting systems the set of allowed momenta do not form the
eigenstates of the system, but at least a complete basis the eigenstates can be
expressed in. Thus, we characterize a quantum state by the set of numbers

Ny My oo AT (5.56)

which determine how many particles occupy a given quantum state with mo-
mentum pi1, P2, ...pas- In a one dimensional system of size L those momentum

states are
_ h2nl

b 7
which guarantee a periodic wave function. For a three dimensional system we
have

(5.57)

h2m (lyes +lyey + 1.e2)
Pi,l,.l. = I

. (5.58)

A convenient way to label the occupation numbers is therefore np, which deter-
mined the occupation of particles with momentum eigenvalue p. Obviously, the

total number of particles is:
N=> np (5.59)
P

whereas the energy of the system is

E= ana (p) (5.60)
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If we now perform the summation over all states we can just write

Z = exp (ﬂane (p)> NS, np (5.61)

where the Kronecker symbol & N3, npenSures that only configurations with cor-
rect particle number are taken into account.

5.2.2 Grand canonical ensemble

At this point it turns out to be much easier to not analyze the problem for fixed
particle number, but solely for fixed averaged particle number (V). We already
expect that this will lead us to the grand-canonical potential

Q=F—-uN=U-TS—uN (5.62)
with
dQ) = —SdT — pdV — Ndu (5.63)
such that 50
i _N. (5.64)

In order to demonstrate this we generalize our derivation of the canonical en-
semble starting from the principle of maximum entropy. We have to maximize

N
S=—kg Y pilogp. (5.65)

i=1

with A the total number of macroscopic states, under the conditions

N
1= > p (5.66)
1=1

N

(BE) = sz-Ei (5.67)
le

(N) = ZpiNi (5.68)

where N; is the number of particles in the state with energy F;. Obviously we
are summing over all many body states of all possible particle numbers of the
system. We have to minimize

N N N
I=S+)\ <sz — 1> — kpp <ZP1E1 - <E>> + kv (ZpiNi - <N>>

(5.69)
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We set the derivative of I w.r.t p; equal zero:

ol
% = —kp (logpz' + 1) 4+ A—kBE; + kgvN; =0 (570)
J
which gives
A 1
pi=exp|-——1—BE;+vN; | = —exp(—BE; + vN;) (5.71)
[ Z,

where the constant Z, (and equivalently the Lagrange multiplier A) are deter-
mined by
Zy = Zexp (—BE; +vN;) (5.72)
which guarantees normalization of the probabilities.
The Lagrange multiplier 5 is now determined via

1 )
(E) = 7 ZE exp (—BE; + vN;) = 35 log Z,. (5.73)

whereas . 5
(N) = 7, Z N;exp (—BE; + vN;) = 5, 1082, (5.74)

For the entropy S = —W follows (logp; = —BE; + vN; —log Z,)

N N
S = —kg Zpi logpi = kg Zpi (BE; — vN; +log Z)

=1 =1

= kBﬂ <E> — kpv <N> + kg IOng =
= (B)- % (N) + ksTlog Z,

0
—k‘BB% log Z + kp log Z (575)
which implies
Q= —kgTlog Z,. (5.76)
We assumed again that § = kBLT which can be verified since indeed S = —%
is fulfilled. Thus we can identify the chemical potential
v
w=— 5.77
3 (5.77)
which indeed reproduces that
0 0 o0
N)=—logZ,=08—1logZ, = ——. 5.78
(N) =5 log BaulosZs =5, (5.78)

Thus, we can obtain all thermodynamic variables by working in the grand
canonical ensemble instead.
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5.2.3 Partition function of ideal quantum gases

Returning to our earlier problem of non-interacting quantum gases we therefore

find
Zg= Y exp (52% (e(p) - u)) (5.79)

{np}

for the grand partition function. This can be rewritten as
Z, = Z Z He—Bnp(E(p)—,u.) — HZ e~ Bre(e(P)—1) (5.80)
Npy Mpg p P 7p
Fermions: In case of fermions np = 0,1 such that
Zgvp = H (1 + e—ﬁ(a(p)—u)) (5.81)
P

which gives (FD stands for Fermi-Dirac)

Qep = —ksT > log (1 n e—ﬁ(E<P)—“>) (5.82)
1

Bosons: In case of bosons np can take any value from zero to infinity and we
obtain

—Brp(e(P)— 1) _ B " _ 1
Ze ’ - Z (e ) 1 — e BE®@-w (5.:83)
Np Np
which gives (BE stands for Bose-Einstein)
—1
Zgoe = [ [ (1 - e*ﬁ@(f’)*“)) (5.84)
P
as well as
Ope = ksT Y log (1 - e*/ﬁ(E(P)*ﬂ)) . (5.85)
P

5.2.4 Classical limit

Of course, both results should reproduce the classical limit. For large tempera-
ture follows via Taylor expansion:

Qetass = —kpT » e PE@I=M), (5.86)
P

This can be motivated as follows: in the classical limit we expect the mean
particle distance, dg (@ ~dy d) to be large compared to the de Broglie wave
length A, i.e. classically

d> A (5.87)
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The condition which leads to Eq.5.86 is e #(¢(P)=#) « 1. Since ¢ (p) > 0 this is
certainly fulfilled if e®* < 1. Under this condition holds for the particle density

(N) I em-w _ o [4P
7o pe = [ G e (<P p)
ebu
- < (5.88)

where we used that the momentum integral always yields the inverse de Broglie
length?. Thus, indeed if e~ #(P)=1) « 1 it follows that we are in the classical
limit.

Analyzing further, Eq.5.86, we can write

S fe(p) = i—ﬁ S (e (p) = Ap™! / Ppf () (5.89)

with
B\3
Ap = <L> (5.90)
due to hom (1 ; ;
Pl l,,l. = ™ (lze; +Lyey +1ze:) (5.91)
such that
d3p
chass = _kBTV/ﬁe_ﬁ(a(p)_u) (592)

In case of the direct calculation we can use that the grand canonical parti-
tion function can be obtained from the canonical partition function as follows.
Assume we know the canonical partition function

Z(N)= ) e fEwm (5.93)
i for fixed N

then the grand canonical sum is just

Zy () = Z Z e BE(N)—uN) _ Z PN Z (N) (5.94)
N=0

N=0+1 for fixed N

Applying this to the result we obtained for the canonical partition function

1 VAN 1 &Bp ; N
_ _ —Be(p)
Z(N)_N! ()\3) TN (V/ h3€ €P> (5.95)
Thus
(e’ 1 d3p - » N
Zg(n) = Zm(‘//ge pEe) ”)
N=0

d3
= exp V/hfe—ﬁ(f(p)—u)) (5.96)
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and it follows the expected result
d3
chass = *kBTV/ hifeiﬁ(g(p)iu) (597)

From the Gibbs Duhem relation

U=TS—-pV + uN. (5.98)
we found earlier
Q=—pV (5.99)
for the grand canonical ensemble. Since
Oclas:
(N) = —ﬁ = —B¢lass (5.100)
follows
pV = NkgT (5.101)

which is the expected equation of state of the grand-canonical ensemble. Note,
we obtain the result, Eq.5.86 or Eq.5.92 purely as the high temperature limit
and observe that the indistinguishability, which is natural in the quantum limit,
survives the classical limit since our result agrees with the one obtained from
the canonical formalism with Gibbs correction factor. Also, the factor % in the
measure follows naturally.

5.2.5 Analysis of the ideal fermi gas

We start from

Q= kT log (1 + e—ﬂ(f@—m) (5.102)
P
which gives
a0 e~ BeP)—n) 1
(N) = S ou - Z 1+eBE®-—m Z Be®—m +1 Z (np)  (5.103)
P P P

i.e. we obtain the averaged occupation number of a given quantum state

1

e) = e 1 (5.104)
Often one uses the symbol f (¢ (p) — 1) = (np). The function
1
= 1
F) = o (5.105)

is called Fermi distribution function. For T" = 0 this simplifies to

(np) = { . iggg o (5.106)
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States below the energy u are singly occupied (due to Pauli principle) and states
above u are empty. p (T = 0) = EF is also called the Fermi energy.
In many cases will we have to do sums of the type

1= ;Epjf@ ()= 5 [ &0 (o) (5.107)

these three dimensional integrals can be simplified by introducing the density
of states

3
pw) = [ G756 (p) (5.108)
such that
I= /dwp (W) f (w) (5.109)

We can determine p (w) by simply performing a substitution of variables w =
e (p) if e (p) = € (p) only depends on the magnitude |p| = p of the momentum

4 4 d
1= 5 [Pdreo) =5 [P e G

such that 4
p(w) = % V2mw =V Agyw (5.111)

with Ag = %\/im?’/ 2, Often it is more useful to work with the density of states
per particle

Vpw)  V
po (w) = Ny WAO\/‘;~ (5.112)

We determine the chemical potential as function of (N) for T' = 0.

(N) = Zf(e(p))=V/p(w)n(w)dw

Er 2 3/2
= VAO/O w?dw = V3 AoEy (5.113)
which gives
K 6r2 (N)\

If V = d3N it holds that Ep ~ 22d~2. Furthermore it holds that

2m

V. 2m 62 (N) 53
P (Br) = 75 ot ( v 2 B (5.115)
Equally we can analyze the internal energy
0 0
- _Y __75: —B(e(P)—n)
U= ~g5'8% =53 plog(”e )

e (p)
2 eBEP—1) 1 (5.116)
P
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such that

U= ) ) = [ p)on(o-pde =3 (N)Ee (5117

At finite temperatures, the evaluation of the integrals is a bit more subtle.
The details, which are only technical, will be discussed in a separate handout.
Here we will concentrate on qualitative results. At finite but small temperatures
the Fermi function only changes in a regime +kgT around the Fermi energy. In
case of metals for example the Fermi energy with d ~ 1 — 104 leads to Ep ~
1...10eV i.e. Er/kp ~ 10*...10°K which is huge compared to room temperature.
Thus, metals are essentially always in the quantum regime whereas low density
systems like doped semiconductors behave more classically.

If we want to estimate the change in internal energy at a small but finite
temperature one can argue that there will only be changes of electrons close to
the Fermi level. Their excitation energy is ~ kT whereas the relative number
of excited states is only pg (EF) kgT. Due to py (EF) ~ ELF it follows in metals
po (Er) kgT < 1. We therefore estimate

U~ g (N) B + (N) po (Er) (kT)? + .. (5.118)
at lowest temperature. This leads then to a specific heat at constant volume
and particle number

oU (T, V,N
C(I,V,N) = % ~ 2kE (N) po (Ep) T
= 2k3Vp(Ep)T =A~T (5.119)

which is linear, with a coefficient determined by the density of states at the
Fermi level. The correct result (see below) is

_
3

which is almost identical to the one we estimated here. Note, this result does
not depend on the specific form of the density of states as long as pg (Er) is
a finite constant. It is much more general than the free electron case with a
square root density of states.

Let’s be a bit more careful with the analysis of the heat capacity. Suppose
we want to analyze

gl kgpo (Er) (5.120)

S (T,V, 1)
T =T——7"". 121
C(T,V,p) 5T (5.121)
We then consider the internal energy
U (T, V1) = U (S (T, V, 1), V, N (T,V, ) (5.122)
SRR (Ve OUOS TV, 0U ON (T.V,
(T, Vi) _ 0U 9S (T, ,u)+7 (T,V, ) (5.123)

oT 88 aT ON aT
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from
dU =T4dS — pdV + udN (5.124)
follows OU(T,V.pp) _.8S(T,V,) AN (T,V,p)
Vo M _ ) Vi [ y Vi
g =T (5.125)
such that 9
CIV,p) = g5 ULV, p) = uN (T, V, 1)) (5.126)
It holds
U—uN = V/ 5(6u+1dw
such that

— )2 Ble—p)
(w u2) e dw
kT2 (efle=m) 1 1)

0<T,v,u>:v/p<w>

The integral is confined to energies € ~ p £ kgT. If the density of states is
indeed constant in this regime, we can approximate it by p (1) and obtain

(w—p)>  ePlem
C(T,V,u) = V / dw
(T, V, ) p (1) B2 (oo 4 1)°

o] .172 e~

=V k2T/ == _dx
p(/‘) B . (€I+1)2

It holds indeed f = % and we obtain

oo (e J"—i—l)2 dx

2
Vs
C(T,V, 1) =V p (1) k5T

To compare this result with the heat capacity at constant particle number

C(TV.N) = TLST.V,u(T,N,V))

8T
_ 95 (T, V, ) O (T, N, V)

ON (T,V,p) Ou (T, N, V')
T T

= C(I,V,p)+T

ON (T, V,p)
oT / 65(5 1) +1dw
eBle—n)

(w—p)
=V dw.
/p(w) kBT2 (eB(E_/L) + 1)2 w

If one now assumes a constant density of states, the integral vanishes. Thus we
assume

p(w)=pp)+p (1) (e—p
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and it follows

ON (T, V, ) 2
1 =Vl (u) kBT
T P (k) 3 "B
Thus, even if w stays constant, we can at small temperatures neglect

the difference between C (T, V, u) and C (T, V, N).

Similarly one can analyze the magnetic susceptibility of a metal. Here the
energy of the up ad down spins is different once a magnetic field is applied, such
that a magnetization

M = pup((Ny) —(Ny))
Er
= s (V) ( | mtwtnsB) = <w—uBB>> do  (5.127)

3/’0 (W)

For small field we can expand pg (w + pupB) =~ po (w) + upB which gives

Er
N)B / 6Po

= 243 (N) Bpy EF) (5.128)

M

This gives for the susceptibility

X = oz = 2u% (N) po (Er). (5.129)

Thus, one can test the assumption to describe electrons in metals by considering
the ratio of xy and Cy which are both proportional to the density of states at
the Fermi level.

5.2.6 The ideal Bose gas

Even without calculation is it obvious that ideal Bose gases behave very differ-
ently at low temperatures. In case of Fermions, the Pauli principle enforced the
occupation of all states up to the Fermi energy. Thus, even at T' = 0 are states
with rather high energy involved. The ground state of a Bose gas is clearly
different. At T = 0 all bosons occupy the state with lowest energy, which is
in our case p = 0. An interesting question is then whether this macroscopic
occupation of one single state remains at small but finite temperatures. Here,
a macroscopic occupation of a single state implies

im <<7]‘\1;>> > 0. (5.130)

We start from the partition function

Qpe = kpT Y log (1 - e—B<E(P)—*‘>) (5.131)
p
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which gives for the particle number
o0 1
(N)=-5, =2 sew T (5.132)
p
Thus, we obtain the averaged occupation of a given state

1

<np> = eB(E(P)*#) — 1~ (5133)

Remember that Eq.5.132 is an implicit equation to determine p ((N)). We
rewrite this as

(N) = V/dwp (w) W. (5.134)

The integral diverges if p > 0 since then for w ~ p
p(w)
(N) ~ V/dwi — 00 (5.135)
Bw—p)

if p(p) # 0. Since p (w) =0 if w < 0 it follows
1< 0. (5.136)

The case ;1 = 0 need special consideration. At least for p (w) ~ w'/2, the above
integral is convergent and we should not exclude p = 0.
Lets proceed by using

p(w) = Agvw (5.137)
with Ag = %\@mg/ 2. Then follows

(V) >
= 140\/0 dweﬁ(

e w—p) — 1
(oo} \/@
< A()/O dw R
00 $1/2
- AO(kBJU3/2/C do—— (5.138)
It holds 1o
© VT (3
d =Y2(2) ~232 5.139
té Ter 17 2 g(z) (5.139)
We introduce 2
h? ((N)
kpTy = ag— |~ 5.140
oo = ot (157) (5.140)
with 5
4o = — _ ~3.31. (5.141)

2/3
<(3
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The above inequality is then simply:
Ty < T. (5.142)

Our approach clearly is inconsistent for temperatures below Ty (Note, except
for pre-factors, kgTp is a similar energy scale than the Fermi energy in ideal
fermi systems). Another way to write this is that

T\ 3/2
(N) < (N) () . (5.143)
To

Note, the right hand side of this equation does not depend on (N). It reflects
that we could not obtain all particle states below Tj.

The origin of this failure is just the macroscopic occupation of the state with
p = 0. It has zero energy but has been ignored in the density of states since
p(w =0) = 0. By introducing the density of states we assumed that no single
state is relevant (continuum limit). This is obviously incorrect for p = 0. We
can easily repair this if we take the state p = 0 explicitly into account.

1 1
W= g} BE® - 1 " e=Bn 1 (5.144)
P

for all finite momenta we can again introduce the density of states and it follows

(N) = V/dwp (w) eﬁ(w—lu) — + e*ﬁi— 1 (5.145)
The contribution of the last term
No= —p— (5.146)
e Pr—1
is only relevant if
UVI%IBOO <NWO> > 0. (5.147)

If 4 < 0, Np is finite and lim(yy 00 <NT°> = 0. Thus, below the temperature T" =
Ty the chemical potential must vanish in order to avoid the above inconsistency.
For T' < Tj follows therefore

3/2
(N) = (N) <;;) + No (5.148)

which gives us the temperature dependence of the occupation of the p = 0 state:

T <T, . 5
No = (N) <1 - <To) > . (5.149)
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and Ny =0 for T' > Ty. Then p < 0.
For the internal energy follows

U=V | dwp(w)w— !
e—B(

w—p) — 1
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(5.150)

which has no contribution from the condensate which has w = 0. The way the
existence of the condensate is visible in the energy is via u (T < Tp) = 0 such

that for T' < Ty

W32

23/2

e~ —1

= VAO (ijT)5/2/ dx
0

It holds again [;~ dx efi/il = 3/m¢(5/2) ~ 1.78. This gives

T\ 32
U = 0.77(N) kpT (>
Ty

leading to a specific heat (use U = oT°/?)

QU 5 5U

_OY _ 2 m3/2_°2Y 32
C T 2aT 5T T°/°.
This gives
T / T
c(T') . 5/ 11/2 3t 5 3/2 5U
S = dr’ = - T 2T = —a T°/% = = —
/O T 2"/, 3% 3T
which leads to
2
Q:UfTS—uN:—gU
The pressure below Ty is
o0 50U m3/2 5/2
— = 22— 0.08— (kpT)"
P="%v ~ 30v pr (ko)

which is independent of V. This determines the phase boundary

Pec = Pe (Uc)

with specific volume v = U‘\/fj at the transition:

h2
pe = 1.59—75/3,
m

(5.151)

(5.152)

(5.153)

(5.154)

(5.155)

(5.156)

(5.157)

(5.158)
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5.2.7 Photons in equilibrium

A peculiarity of photons is that they do not interact with each other, but only
with charged matter. Because of this, photons need some amount of matter to
equilibrate. This interaction is then via absorption and emission of photons, i.e.
via a mechanism which changes the number of photons in the system.

Another way to look at this is that in relativistic quantum mechanics, parti-
cles can be created by paying an energy which is at least mc?. Since photons are
massless (and are identical to their antiparticles) it is possible to create, without
any energy an arbitrary number of photons in the state with ¢ (p) = 0. Thus,
it doesn’t make any sense to fix the number of photons. Since adding a photon
with energy zero to the equilibrium is possible, the chemical potential takes the
value p = 0. It is often argued that the number of particles is adjusted such
that the free energy is minimal: g—f\'} = 0, which of course leads with p = g—ﬁ to
the same conclusion that p vanishes.

Photons are not the only systems which behave like this. Phonons, the exci-
tations which characterize lattice vibrations of atoms also adjust their particle
number to minimize the free energy. This is most easily seen by calculating the
canonical partition sum of a system of N, atoms vibrating in a harmonic g)vo—
tential. As usual we find for non-interacting oscillators that Z (Nu) = Z (1)
with

o

—Bhw n+ — Bhwo 1
Z o e T (5.159)

Thus, the free energy
—Bhw
F = Ny —— 5 O 4 kgT Ny log (1—e °) (5.160)

is (ignoring the zero point energy) just the grand canonical potential of bosons
with energy hwgy and zero chemical potential. The density of states is

p(€) = Nugd (¢ — huwg) . (5.161)

This theory can be more developed and one can consider coupled vibrations be-
tween different atoms. Since any system of coupled harmonic oscillators can be
mapped onto a system of uncoupled oscillators with modified frequency modes
we again obtain an ideal gas of bosons (phonons). The easiest way to determine
these modified frequency for low energies is to start from the wave equation for
sound

1 9%u

2

which gives with the ansatz wu (r,t) = upexp (i (wt —q-r)) leading to w(q) =
¢s |a|, with sound velocity ¢s. Thus, we rather have to analyze

F=3 L’Q@ + T Y log (1 e hla)) (5.163)
q

q
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which is indeed the canonical (or grand canonical since p = 0) partition sum
of ideal bosons. Thus, if we do a calculation for photons we can very easily
apply the same results to lattice vibrations at low temperatures. The energy
momentum dispersion relation for photons is

e(p) =clp| (5.164)
with velocity of light ¢. This gives
_ 1 B pe)e
P
The density of states follows as:
1 1
I = pYFEE) = 5 [ dor@
P
1 9 4m 9
= ﬁélw p“dpF (cp) = 373 dee”F (e). (5.166)
which gives for the density of states
dr
p(e) = 9355 (5.167)
Here g = 2 determines the number of photons per energy. This gives the
radiation energy as function of frequency ¢ =hw:
~ gVh w3
v=27 /dweﬁm — (5.168)
The energy per frequency interval is
dUu Vh 3
S AL A— (5.169)

dw — 3272 ePhw

This gives the famous Planck formula which was actually derived using thermo-
dynamic arguments and trying to combine the low frequency behavior

dU ng'BT 2
= w

- = 5.170
dw 3272 ( )
which is the Rayleigh-Jeans law and the high frequency behavior
daUu gVh 5 g
i w A7l
dw o2 (5.171)
which is Wien’s formula.
In addition we find from the internal energy that = = Shw
gV 4 3
h3c32m2 (ksT) / Ter 1 ( )
\% 2
= T (ksT) (5.173)

h3¢330
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where we used [ dac% = ’17—; U can then be used to determine all other
thermodynamic properties of the system.

Finally we comment on the applicability of this theory to lattice vibrations.
As discussed above, one important quantitative distinction is of course the value
of the velocity. The sound velocity, c, is about 1076 times the value of the
speed of light ¢ = 2.99 x 108ms~!. In addition, the specific symmetry of a
crystal matters and might cause different velocities for different directions of
the sound propagation. Considering only cubic crystals avoids this complication.
The option of transverse and longitudinal vibrational modes also changes the
degeneracy factor to g = 3 in case of lattice vibrations. More fundamental
than all these distinctions is however that sound propagation implies that the
vibrating atom are embedded in a medium. The interatomic distance, a, will
then lead to an lower limit for the wave length of sound (A > 2«) and thus to
an upper limit ~ h/(2a) =hZ. This implies that the density of states will be
cut off at high energies.

Any ke g3
U, =0—== E—. 5.174
phonons gc§h3 0 655 1 ( )
The cut off is expressed in terms of the Debye temperature 6p. The most
natural way to determine this scale is by requiring that the number of atoms
equals the total integral over the density of states

kgbp A ksfp 47V
N o— _ 2 _ 3

This implies that the typical wave length at the cut off, Ap, determined by
hedpt = kpfp is

Nat dr -3
=g—A 1
A (5.176)

If one argues that the number of atoms per volume determines the interatomic
spacing as V = %’“a?’Nat leads finally to Ap = 3.7a as expected. Thus, at low
temperatures T' < 0p the existence of the upper cut off is irrelevant and

w2V g 4
Uphonons = Cg’?% (kBT) (5177)

leading to a low temperature specific heat C' ~ T3, whereas for high tempera-
tures T > 6p

= TV 9 4T (k) = NasksT
Uphonons = 30277713% B ( B D) — LVathB (5178)
which is the expected behavior of a classical system. This makes us realize
that photons will never recover this classical limit since they do not have an
equivalent to the upper cut off 6p.
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5.2.8 MIT-bag model for hadrons and the quark-gluon
plasma

Currently, the most fundamental building blocks of nature are believed to be
families of quarks and leptons. The various interactions between these particles
are mediated by so called intermediate bosons. In case of electromagnetism the
intermediate bosons are photons. The weak interaction is mediated by another
set of bosons, called W and Z. In distinction to photons these bosons turn out to
be massive and interact among each other (remember photons only interact with
electrically charged matter, not with each other). Finally, the strong interaction,
which is responsible for the formation of protons, neutrons and other hadrons,
is mediated by a set of bosons which are called gluons. Gluons are also self
interacting. The similarity between these forces, all being mediated by bosons,
allowed to unify their description in terms of what is called the standard model.

A particular challenge in the theory of the strong interaction is the formation
of bound states like protons etc. which can not be understood by using pertur-
bation theory. This is not too surprising. Other bound states like Cooper pairs
in the theory of superconductivity or the formation of the Hydrogen atom, where
a proton and an electron form a localized bound state, are not accessible using
perturbation theory either. There is however something special in the strong
interaction which goes under the name asymptotic freedom. The interaction
between quarks increases (!) with the distance between them. While at long
distance, perturbation theory fails, it should be possible to make some progress
on short distances. This important insight by Wilczek, Gross and Politzer led
to the 2004 Nobel price in physics. Until today hadronization (i.e. formation
of hadrons) is at best partly understood and qualitative insight was obtained
mostly using rather complex (and still approximate) numerical simulations.

In this context one should also keep in mind that the mass of the quarks
(my, =~ 5MeV, mg ~ 10MeV) is much smaller than the mass of the proton
m, =~ 1GeV. Here we use units with ¢ = 1 such that masses are measured in
energy units. Thus, the largest part of the proton mass stems from the kinetic
energy of the quarks in the proton.

A very successful phenomenological theory with considerable predictive power
are the MIT and SLAC bag models. The idea is that the confinement of quarks
can be described by assuming that the vacuum is dia-electric with respect to
the color-electric field. One assumes a spherical hadron with distance R. The
hadron constantly feels an external pressure from the outside vacuum. This is
described by an energy

4
Up = %BR?’ (5.179)

where the so called bag constant B is an unknown constant. Since Ug ~ RF =
RAp with pressure p and bag area A it holds that B is an external pressure act-
ing on the bag. To determine B requires to solve the full underlying quantum
chromodynamics of the problem. Within the bag, particles are weakly interact-
ing and for our purposes we assume that they are non-interacting, i.e. quarks
and gluons are free fermions and bosons respectively. Since these particles are
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confined in a finite region their typical energy is
h
e(p) ~ cp ~ ‘R (5.180)

and the total energy is of order

hoo4
U=cp+ %BR3 (5.181)
Minimizing this w.r.t. R yields
B\ 14
Ry = (Z) B~VA (5.182)
7

using a the known size of a proton Ry ~ 1fm = 10~ 3cm gives B ~ 60MeV /fm?.
In units where energy, mass, frequency and momentum are measured in electron
volts and length in inverse electron volts (¢ = 2’—; = 1) this yields B ~ 160MeV.

Using this simple picture we can now estimate the temperature needed to
melt the bag. If this happens the proton should seize to be a stable hadron and
a new state of matter, called the quark gluon plasma, is expected to form. This
should be the case when the thermal pressure of the gluons and quarks becomes

larger than the bag pressure B
pQ +pc =B (5.183)

Gluons and quarks are for simplicity assumed to be massless. In case of gluons
it follows, just like for photons, that (kg = 1)

2 4
=gg—="T 5.184

P =96 g5 (5.184)
where gg = 16 is the degeneracy factor of the gluon. The calculation for quarks
is more subtle since we need to worry about the chemical potential of these
fermions. In addition, we need to take into account that we can always thermally
excite antiparticles. Thus we discuss the ultra-relativistic Fermi gas in the next
paragraph in more detail.

5.2.9 Ultra-relativistic fermi gas

In the ultra-relativistic limit kg T can be as large as mc? and we need to take into

account that fermions can generate their antiparticles (e.g. positrons in addition
to electrons are excited). Electrons and positrons (quarks and antiquarks) are
always created and annihilated in pairs.

The number of observable electrons is

1
Ne=Y_ T (5.185)
e>0
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Since positrons are just 1—not observable electrons at negative energy, it follows

1
N, =Y ( L ) =Y e (5.186)
e>0

e<0

The particle excess is then the one unaffected by creation and annihilation of
pairs

N=N; - N_ (5.187)
We conclude that electrons and positrons (quarks and antiquarks) can be consid-
ered as two independent ideal fermi systems with positive energy but chemical
potential of opposite sign

He = —lp = [ (5.188)
It follows with € = ¢p

g Z (log (1 + e_ﬁ(e(p)—“)) + log (1 4 e—ﬂ(e(p)+u)))
P

47V
g h3¢3

log Z,

w2dwlog (1 n e*fi(w*lﬁ) +log (1 n e*ﬁ<w+ﬂ>§5.189)

Performing a partial integration gives

_avp [ 1 1
log Z, = =953 3/ dw (eﬁ(“’ D1 + BT 1 1) (5.190)
substitute z = 8 (w — p) and y = 8 (w + )
3 ; 3
v | e (5eu) e (5on)
logZ, = = de—-———-"— dy—-———"
08 29 Y353 /Bu B 11 +/ﬂu efr 41

_ v /d (x + p)’* /wd(y—ﬂmg
I3 3 I Y eha 11

0

d
+ _mxeﬁz—f—l efr 41

The first two integrals can be directly combined, the last two after substitution
y=—x

dnV 573 200 4 6x (Bp)” (M

with z = x + Bu. Using

P
Tee 21 T 120

2
x T
= — 1
/dxe:v—1 12 (5.193)
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follows finally

gV Am 3 (Tt w2 s uN2 1\t
log Z, = 4 (kT)* (- + = (L) + = (L 194
0825 = 4553 (KT) (120+ > Gz) 1 Ga) (5.194)
Similarly it follows
garV 3 (T 1/ p\4
N = KT | ——=+ == 1
pac () (3 73 ) (5.195)

It follows for the pressure immediately
g 4m A NI RN
= ——— (kT — + — = — = 5.196
P= e g (K1) (120+ > Gz) 1 0G7) (5.196)

Using these results we can now proceed and determine, for a given density
of nucleons (or quarks) the chemical potential at a given temperature. For
example, in order to obtain about five times nuclear density

1
ng =2.55— (5.197)

at a temperature 7'~ 150MeV one has a value p ~ 2.057.
Using the above value for the bag constant we are then in a position to
analyze our estimate for the transition temperature of the quark gluon plasma

pQ +pc =B (5.198)

3772 fhe\ 2 1 (u 4
B=T! (7) (B 5.199
¢ ( 90 * T + 212 \ T. ( )
For example at p. = 0 it follows T, ~ 0.7B*/* ~ 112MeV and for T, = 0 it

holds . = 2.1BY* ~ 336MeV.
To relate density and chemical potential one only has to analyze

which leads to

3

y=x+ - (5.200)

with = /T and y = %;—2 with go = 12.



Chapter 6

Interacting systems and

phase transitions

6.1 The classical real gas

In our investigation of the classical ideal gas we ignored completely the fact that
the particles interact with each other. If we continue to use a classical theory,
but allow for particle-particle pair interactions with potential U (r; —r;), we
obtain for the partition function

ENpd Ny -3( T Vi)

Z= | T8 m

with d®Nr = []d®r and similar for d*¥p. The integration over momentum can

1
be performed in full analogy to the ideal gas and we obtain:

Qn (V,T)
where we have:
o (v1) = [drep | -8 U (-1
i<j
= /d?’NrHe_BU” (6.2)

1<j

If BU;; < 1it still holds that e~ PV ~ 1 and an expansion is nontrivial, however

one can consider instead
fij = 6_6U1‘j -1 (63)

67
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which is also well defined in case of large U;;. Then

[Ta+r)=1+4> fii+ > fifim+ - (6.4)
i<j i<j i<k;l<m
And it follows
N(N -1
Qv (V,T) =V + VN*1¥ /d3r (e*ﬁU“) - 1) (6.5)
where we took into account that there are w pairs i < j. If we set
a(T) = /d?’r (eiﬁU(T) - 1) (6.6)
follows N )
v N
It follows for the equation of state that
2
OF dlogZ  NkgT 2 ()
p av BT oy % B 14 (X)?
NkgT a N
~ 1——-= .
7 (1-57) ©9

An often used potential in this context is the Lennard-Jones potential

o=t (%) -2(%)") (69

which has a minimum at r = rg and consists of a short range repulsive and a
longer range attractive part. For simplicity we approximate this by

00 r<Tg
Ch TN

called Sutherland potential. Then

T0 (oo} ”
a(T) = —47r/0 rzdr+47r/ r? (eBUO(T(‘))G - 1) dr (6.11)

T0

(6.10)

expanding for small potential gives with 473 f:}o r2Uy (%0)6 dr = 2Zr3BU, such

that A
a(T) = —?ﬂrg (1 - BU). (6.12)

2l<

This gives with v =

(1 + %ré’ (1— BUy) ) (6.13)
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or
2T kT 2mrd 2mrd -1
—rqUp=—|(14+—— ) =kgT |v— — 6.14
p+31)27‘0 0 v ( * 3v Y 3 (6.14)
which gives
(p+ %) (v—b) = kT (6.15)
which is the van der Waals equation of state with
2 .
a = %TSU@
2 3
b = ”TTO (6.16)

The analysis of this equation of state yields that for temperatures below

a U()
T r — =
T 2Tbkg  2Tkp

(6.17)

there are three solutions V; of Eq.?? for a given pressure. One of these solutions
(the one with intermediate volume) can immediately be discarded since here
j—{} > 0, i.e. the system has a negative compressibility (corresponding to a local
maximum of the free energy). The other two solutions can be interpreted as
coexistent high density (liquid) and low density (gas) fluid.

6.2 Classification of Phase Transitions

Phase transitions are transitions between qualitatively distinct equilibrium states
of matter such as solid to liquid, ferromagnet to paramagnet, superconductor to
normal conductor etc. The first classification of phase transitions goes back to
1932 when Paul Ehrenfest argued that a phase transition of nt"-order occurs
when there is a discontinuity in the n*"-derivative of a thermodynamic potential.
Thus, at a 15t-order phase transition the free energy is assumed to be continuous
but has a discontinuous change in slope at the phase transition temperature 7,
such that the entropy (which is a first derivative) jumps from a larger value in
the high temperature state S (T, + ¢) to a smaller value S (T, — ¢) in the low
temperature state, where ¢ is infinitesimally small. Thus a latent heat

AQ =T.AS =T, (S (T, +¢) — S (T, — €)) (6.18)

is needed to go from the low to the high temperature state. Upon cooling,
the system jumps into a new state with very different internal energy (due to
F=U—-TS must U be discontinuous if S is discontinuous).

Following Ehrenfest’s classification, a second order phase transition should
have a discontinuity in the second derivative of the free energy. For example
the entropy should then be continuous but have a change in slope leading to
a jump in the value of the specific heat. This is indeed what one finds in
approximate, so called mean field theories. However a more careful analysis of
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the role of spatial fluctuations (see below) yields that the specific heat rather
behaves according to a power-law with C ~ (T —T.)”“ or (like in the two
dimensional Ising model) diverges logarithmically. In some cases o < 0 occurs
making it hard to identify the effects of these fluctuations. In other cases,
like conventional superconductors, the quantitative effect of fluctuations is so
small that the experiment is virtually indistinguishable from the mean field
expectation and Ehrenfest’s picture is a very sensible one.

More generally one might classify phase transitions in a way that at a n'-
order transition a singularity of some kind occurs in the n'P-derivative of the
free energy, whereas all lower derivatives are continuous. The existence of a
latent heat in first order transitions and its absence in a second order transition
is then valid even if one takes fluctuations into account.

Finally one needs to realize that strictly no phase transition exists in a finite
system. For a finite system the partition sum is always finite. A finite sum of
analytic functions ~ e~ #i is analytic itself and does not allow for similarities in
its derivatives. Thus, the above classification is valid only in the thermodynamic
limit of infinite systems.

6.3 Gibbs phase rule and first order transitions

We next discuss the issue of how many state variables are necessary to uniquely
determine the state of a system. To this end, we start from an isolated sys-
tem which contains K different particle species (chemical components) and P
different phases (solid, liquid, gaseous,... ) that coexist. Each phase can be un-
derstood as a partial system of the total system and one can formulate the first
law for each phase, where we denote quantities of the ' phase by superscript
t=1,..., P. We have

P ]
dUD =1WdsH — piay 4% ul(i)le( ) (6.19)
=1

Other terms also may appear, if electric or magnetic effects play a role. In
this formulation of the first law, U of phase i is a function of the extensive

state variables S, V() Nl(z)7 i.e., it depends on K + 2 variables. Altogether
we therefore have P(K + 2) extensive state variables. If the total system is in
thermodynamic equilibrium, we have () = T, p(¥ = p and Mgz) = 1. Each
condition contains P—1 equations, so that we obtain a system of (P — 1) (K + 2)
equations. Since T®), p( and ul(i) are functions of S, V() Nl(i) we can
eliminate one variable with each equation. Thus, we only require

(K+2)P—(K+2)(P—1)=K+2 (6.20)

extensive variables to determine the equilibrium state of the total system. As
we see, this number is independent of the number of phases. If we now consider
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that exactly P extensive variables (e.g., V(?) with i = 1,..., P) determine the
size of the phases (i.e., the volumes occupied by each), one needs

F=K+2-P

intensive variables. This condition is named after J.W. Gibbs and is called
Gibbs’ phase rule. It is readily understood with the help of concrete examples.
Let us for instance think of a closed pot containing a vapor. With K = 1 we
need 3 = K +2 extensive variables for a complete description of the system, e.g.,
S, V, and N. One of these (e.g., V), however, determines only the size of the
system. The intensive properties are completely described by FF=1+2—-1=2
intensive variables, for instance by the pressure and the temperature. Then also
U/V, S/V, N/V, etc. are fixed and by additionally specifying V' one can also
obtain all extensive quantities.

If both vapor and liquid are in the pot and if they are in equilibrium, we can
only specify one intensive variable, F —1+2—2 =1, e.g., the temperature. The
vapor pressure assumes automatically its equilibrium value. All other intensive
properties of the phases are also determined. If one wants in addition to describe
the extensive properties, one has to specify for instance V" and V' i.e., one
extensive variable for each phase, which determines the size of the phase (of
course, one can also take N and NV, etc.). Finally, if there are vapor,
liquid, and ice in equilibrium in the pot, we have F' = 1+2—3 = 0. This means
that all intensive properties are fixed: pressure and temperature have definite
values. Only the size of the phases can be varied by specifying V4, V° and
VveP. This point is also called triple point of the system.

6.4 The Ising model

Interacting spins which are allowed to take only the two values S; = 41 are
often modeled in terms of the Ising model

H=— Z JijSiSi—i-l — MB Z Sz (6.21)

] i

where J;; is the interaction between spins at sites ¢+ and j. The microscopic
origin of the J;; can be the dipol-dipol interaction between spins or exchange
interaction which has its origin in a proper quantum mechanical treatment of the
Coulomb interaction. The latter is dominant in many of the known 3d, 4f and
5f magnets. Often the Ising model is used in a context unrelated to magnetism,
like the theory of binary alloys where S; = +1 corresponds to the two atoms of
the alloy and J;; characterizes the energy difference between two like and unlike
atoms on sites ¢ and j. This and many other applications of this model make
the Ising model one of the most widely used concepts and models in statistical
mechanics. The model has been solved in one and two spatial dimensions and for
situations where every spin interacts with every other spin with an interaction
Jij/N. No analytic solution exists for three dimensions even though computer
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simulations for a model with nearest neighbor coupling J demonstrate that
the model is ordered, with limp_,o {S;) # 0, below a temperature T, ~ 4.512.J.
Similarly the solution for the square lattice in d = 2 yields an ordered state below
T, = 2J/arccoth v/2 ~ 2.269J, while the Ising model in one spatial dimension
has T, = 0, i.e. the ground state is ordered while no zero field magnetization
exists at a finite temperature. The latter is caused by the fact that any domain
wall in a d-dimensional model (with short range interactions) costs an energy
FE; = JNjil, where Ny is the number of spins in the domain. While this is a
large excitation energy for d > 1 it is only of order J in d = 1 and domains with
opposite magnetization of arbitrary size can easily be excited at finite 7". This
leads to a breakdown of long range order in d = 1.

6.4.1 Exact solution of the one dimensional model

A first nontrivial model of interacting particles is the one dimensional Ising
model in an external field, with Hamiltonian

H = _JZSiSiJrl - /LBZ Sl
= —JZSisi_;_l — % Z (57 + Si+1) (622)

The partition function is
7z = Ze_BH
{si}
R O e S I e

=+1 Sy==%1

We use the method of transfer matrices and define the operator T' defined via
its matrix elements:

(i |T| Si41) = e ZlISiSers t 12 St S (6:24)

The operator can be represented as 2 x 2 matrix

eB(J+upB) e—BJ
T= ( e—BJ eB(J—upB) ) (6.25)
It holds then that
zZ = Z > (S1[T|S2) (S2|T| Ss) ... (Sn [T S1)
=41 Sny==%1
= Z (S1|TN|8) = TN, (6.26)
Si==%1

This can be expressed in terms of the eigenvalues of the matrix T’

1/2

A+ =eYcosha + [e7? 4 ¥ sinh? z] (6.27)
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with
= p[upB
BJ. (6.28)
It follows
Z =X\ + ¥ (6.29)
yielding
AN
F = —kgT (Nlog)\+ + log (1 + <_> >>
N
= —kpTNlog\; (6.30)

where we used in the last step that A_ < Ay and took the limit NV — oc.
For the non-interacting system (y = 0) we obtain immediately the result of
non-interacting spins
F = —NkpTlog(2coshz). (6.31)

For the magnetization

oF N sinh x
— 2 = Nup )
oB (6—49 + sinh? 1:) 1/2

(6.32)

For T = 0 follows M = Npup, i.e. the system is fully polarized. In particular
M (B — 0,T =0) # 0. On the other hand it holds for any finite temperature
that

M(T,B — 0) = 0. (6.33)

Thus, there is no ordered state with finite zero-field magnetization at finite
temperature. In other words, the one dimensional Ising model orders only at
zero temperature.

6.4.2 Mean field approximation

In this section we discuss an approximate approach to solve the Ising model
which is based on the assumption that correlations, i.e. simultaneous deviations
from mean values like

(Si = (Si)) (S5 — (55)) (6.34)
are small and can be neglected. Using the identity
SiSj = (Si = (8:)) (85 — (85)) + 5: (S;) + (Si) S; — (i) (55) (6.35)

we can ignore the first term and write in the Hamiltonian of the Ising model,
assuming (5;) = (S) independent of i:

H=-Y (J(S)+uB)S; - gN (S)? (6.36)

%
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This model is, except for the constant —=*N (5')2 equal to the energy of non-
interacting spins in an effective magnetic field

Buyy =B+ % (S). (6.37)

Thus, we can use our earlier result for this model to find the expectation value
(S} in terms of the field

WBeyy
(S) = tan ( T ) (6.38)
Setting now the external field B = 0, we obtain
zJ
(S) = tan (kBT <S>> (6.39)
If ;
T>T, =22 (6.40)
kB

this nonlinear equation has only the solution (S) = 0. However, for T below T
another solution with finite (S) emerges continuously. This can be seen more
directly by expanding the above tanh for small argument, and it follows

2
(S) = tanh (? <s>> ~ TT (S) — % (TT> (8)? (6.41)
which yields
(8) o (T, — T)"/? (6.42)

.d.e. the magnetization vanishes continuously. Right at T, a small external field
B causes a finite magnetization which is determines by

pB+zJ(S) 1 (puB+zJ(S)\?
— _z A
& kT 3 kT, (6.43)
which yields
1/3
uB
Sy=13 . 6.44
s = (327 (6.44)
Finally we can analyze the magnetic susceptibility x = 88—]\34 with M = pN (S).
We first determine yg = % above T,. It follows for small field
S\ ~ ik il 6.45
(5) = T (6.45)
such that T
_ HFFRBleXs (6.46)

XS lnT
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yielding
1
S 6.47
XS = T T (6.47)
and we obtain o
pr— 6.48
X=F (6.48)

with Curie constant C' = p?N/kp. This is the famous Curie-Weiss law which
demonstrates that the uniform susceptibility diverges at an antiferromagnetic
phase transition.

6.5 Landau theory of phase transitions

Landau proposed that one should introduce an order parameter to describe the
properties close to a phase transition. This order parameter should vanish in
the high temperature phase and be finite in the ordered low temperature phase.
The mathematical structure of the order parameter depends strongly on the
system under consideration. In case of an Ising model the order parameter is a
scalar, in case of the Heisenberg model it is a vector. For example, in case of a
superconductor or the normal fluid - superfluid transition of *He it is a complex
scalar, characterizing the wave function of the coherent low temperature state.
Another example are liquid crystals where the order parameter is a second rank
tensor.

In what follows we will first develop a Landau theory for a scalar, Ising type
order. Landau argued that one can expand the free energy density in a Taylor
series with respect to the order parameter ¢. This should be true close to a
second order transition where ¢ vanishes continuously:

a b c
f(9) =f0—h¢+§¢2+§¢3+1¢4+... (6.49)
The physical order parameter is the determined as the one which minimizes f
? =0. (6.50)
¢ p=do

If ¢ < 0 this minimum will be at +00 which is unphysical. If indeed ¢ < 0 one
needs to take a term ~ ¢% into account and see what happens. In what follows
we will always assume ¢ > 0. In the absence of an external field should hold
that f (¢) = f (—¢), implying h = b = 0. Whether or not there is a minimum
for ¢ # 0 depends now on the sign of a. If @ > 0 the only minimum of

a C
f(6)=fo+ 50+ 70" (6.51)

is at ¢ = 0. However, for a < 0 there are two a new solutions ¢ = £,/=".

Since ¢ is expected to vanish at T'= T, we conclude that a (T") changes sign at
T. suggesting the simple ansatz

a(T) = ao (T — T,) (6.52)
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with ag > 0 being at most weakly temperature dependent. This leads to a

temperature dependence of the order parameter M

aO(Tc_T)
bo=4 Ve T<TL (6.53)
0 T>T,

It will turn out that a power-law relation like
¢~ (T, —T)" (6.54)

is valid in a much more general context. The main change is the value of .
The prediction of the Landau theory is f = %

Next we want to study the effect of an external field (= magnetic field in
case ¢ characterizes the magnetization of an Ising ferromagnet). This is done
by keeping the term h¢ in the expansion for f. The actual external field will be
proportional to h. Then we find that f is minimized by

ago + o =h (6.55)
Right at the transition temperature where a = 0 this gives
@3 ~ ht/° (6.56)

where the Landau theory predicts 6 = 3. Finally we can analyze the change
of the order parameter with respect to an external field. We introduce the
susceptibility

= 990 (6.57)
oh h—0
and find from Eq.6.55
ax +3cog (h=0)x =1 (6.58)

using the above result for ¢f (h =0) = 2 if T < T, and ¢3 (h = 0) = 0 above
T, gives
L (T.-T)" T<T,
] ) (6.59)
= (T -1T.) T>T,
ag
with exponent v = 1.
Next we consider the specific heat where we insert our solution for ¢q into

the free energy density.

a(T) 5 ¢4 _7a§(T_T)2 T <T,
_ 1c c c
f D) &5 + 4(250 0 T~T. (6.60)

This yields for the specific heat per volume

f B T
=71 =1 1 ¢, 6.61
¢ oT { 0 T>T, (6.61)
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The specific heat is discontinuous. As we will see later, the general form of the
specific heat close to a second order phase transition is

c(T)~ (T —T,) "%+ const (6.62)
where the result of the Landau theory is
a=0. (6.63)

So far we have considered solely spatially constant solutions of the order
parameter. It is certainly possible to consider the more general case of spatially
varying order parameters, where the free energy

F= [dairsjowm) (6.64)

is given as

)= 2601+ So0() ~h()o() + 2 (Vo) (6:69)

where we assumed that it costs energy to induce an inhomogeneity of the order
parameter (b > 0). The minimum of F' is now determined by the Euler-Lagrange
equation

0 0

of o _

¢ oV

which leads to the nonlinear partial differential equation

0 (6.66)

a¢ (r) + cp (1) = h (r) + bV2 (1) (6.67)

Above the transition temperature we neglect again the non-linear term and
have to solve

ap (r) —bV2¢ (r) =h(r) (6.68)

It is useful to consider the generalized susceptibility

5 (r) = /ddr’x (r—r")5h (r") (6.69)

which determines how much a local change in the order parameter is affected
by a local change of an external field at a distance r — /. This is often written
b 56 (r)
, r
—7r') = . 6.70
X (r—r') 5h () (6.70)
We determine y (r — r’) by Fourier transforming the above differential equation
with

o (r) = / dke™ ¢ (k) (6.71)

which gives

ao (k) + bk2¢ (k) = h (k) (6.72)
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In addition it holds for x (k):

0¢ (k) = x (k) oh (k). (6.73)
This leads to
b—l
X (k) = = (6.74)

where we introduced the length scale

¢ = \/E = \/Z(T —T,)'? (6.75)

This result can now be back-transformed yielding

W= (25 7 e (-520) 676

Thus, spins are not correlated anymore beyond the correlation length £. In
general the behavior of ¢ close to T, can be written as

E~(T—-T)7" (6.77)

with v = %
A similar analysis can be performed in the ordered state. Starting again at
ag (r) +cp (r)° = h(r) + V26 (r) (6.78)

and assuming ¢ (1) = ¢ + ¢ (r) where ¢ is the homogeneous, h = 0, solution,
it follows for small ¢ (r):

(a+3cdd) ¥ (r) = h(r)+ bV (r) (6.79)
and it holds a + 3c¢2 = —2a > 0. Thus in momentum space
dy (k b1
(k) = S (6.50

T dh(k) T4 k?

¢= \/_TQQ = \/Z (T.— 1) (6.81)

We can now estimate the role of fluctuations beyond the linearized form used.
This can be done by estimating the size of the fluctuations of the order parameter
compared to its mean value ¢g. First we note that

with

X (r=r") ={(®(r) = ¢0) (¢ (r') = do)) (6.82)
Thus the fluctuations of ¢ (r) in the volume ¢9 is
1

(66°) /T B d'rx (r) (6.83)

3
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x(r) = /:ldl;lk;b;;ze_ikr
/r<£ d'rx(r) = /(;ljrkd W22 / dire=ikr
- [l o
where we used L ‘ in k¢
: [ et o (6.85)

The last integral can be evaluated by substituting z, = k. leading to

Az b1 osinz
d* 2 / ® ocdte? 6.86
A =¢ ()Z2+1£ Lod e (6.86)
Thus, it follows
(6¢*) oc b te2 e (6.87)
This must be compared with the mean value of the order parameter
2 _a b o,
=-x - 6.88
oA c X c§ ( )
and it holds < 2>
o9 € pa—d
~ £ 6.89
e (6:89)

Thus, for d > 4 fluctuations become small as £ — oo, whereas they cannot be

{907)

neglected for d < 4. In d = 4, a more careful analysis shows that ol logé€.

Role of an additional term ¢%:

I 5 €4 W g
== - — 6.90
f=g50"+ 9t gp (6.90)
The minimum is at
o =ap +co® +we® =0 (6.91)

which gives either ¢ = 0 or 7 + cp? + we* = 0 with the two solutions

—c+ V2 — daw

o (6.92)

vl =
If ¢ > 0 we can exclude the two solutions ¢_ which are purely imaginary. If

a > 0, then the ¢, are imaginary as well and the only solution is ¢ = 0. Close

to the transition temperature at a = 0 holds for 7 — 07: ¢ = /=%, i.e. the
behavior is not affected by w.
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If ¢ < 0 then the solutions ¢_ might become relevant if ¢> > 4aw. For

a* = % new solutions at ¢* = 4, /55 occur for the first time. for a < a* these

solutions are given by

Ve —daw — ¢

.
¥ 2

(6.93)

3/2

c®—6acw— (62 74aw)
24w?

At a. = fg; the energy f = of this solution equals the one
for ¢ = 0. The order parameter at this point is ¢, = £/ 213”6. Finally, for

a™* = 0 the solution at ¢ = 0 which was metastable for a** < a < a. disappears
completely.
If ¢ = 0 the solution is for a < 0:

o= (”)1/4 (6.94)

whereas it vanishes for a > 0.

o = p'?
Ao q5o1 s
i % =¢ (6.95)

6.5.0.1 Statistical mechanics motivation of the Landau theory:

We start from the Ising model

HI[S;]=—)_Ji;SiS; (6.96)
ij

in an spatially varying magnetic field. The partition function is Z = Z{Si} e PHIS:],

In order to map this problem onto a continuum theory we use the identity

N
1
/H dz; exp 4 Z T (Vfl)ij T+ sy | = (2ﬁ)N Vet VeXis Viasisi
% 17
(6.97)

which can be shown to be correct by rotating the variables z; into a represen-
tation where V' is diagonal and using

2
/dw exp (—i + sx) = 2V/ArveVs’ (6.98)
v
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This identity can now be used to transform the Ising model (use Vij = BJZ']')
according to

N
>gsy J Tl dai exp (—i SywiVite+ miSi)

= ¥ (6.99)
(47m)% Vdet V
N 1 —1 S,
J 11 dziexp (_Z 245 Vi xj) 2iqsy e
= — 5 (6.100)
(47)% Vdet V

The last term is just the partition function of free spins in an external field ~ x;

and it holds
Z e ~ exp (Z log (cosh :1:2)> (6.101)
{s:} g

Transforming ¢; = % > Vij_-lxj gives

ZN/D(Z)eXp —§Z¢ijij¢j+21og cosh { V2~ B¢,
ij i J

(6.102)
where D¢ = [[ d¢;. Using
22
~— - — 103
log (cosh 2) 5 13 (6.103)
we obtain
2~ [ Doexp (-t o) (6.104)
with

1
Heg (9] = 3 Z¢i (Jij - fzJﬂJlj> ¢j + TIQ Z JijJikJit Jim @ Ok P10m
i !

i,7,k,l,m
(6.105)
It is useful to go into a momentum representation
dPk ik
b= = [ Cpen (6.106)

which gives
Hald] = 5 / &k (Jk _ fJi) St

1
+1 / dk1d kadkzu (K1, k2, k3) @iy By kg Oty — ko —k46.107)
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with .
u(kl,kg,kg) = %Jkljk2Jk3J—k1—k2—k3 (6.108)

Using J;; = J for nearest neighbors and zero otherwise gives for a cubic lattice

—2
Jp=2J z:cwwdo:zud—&w)=%<1—2kﬂ (6.109)

a=x,y,...

Here @ is the lattice constant and we expanded Ji for small momenta (wave
length large compared to @)

B

B o, oB o
%—Zﬁ

— k2 - = 2= k2
Jo JO d JO + J d
p

B
= %—4ﬁ+@4ﬁ—%
B

d
. JO Jo Jo a?

k2

At the transition 8Jy = 4 such that

%—%ﬁ:%@—nmww (6.111)

with T, = MJC—‘;, ag ~ 4kp, b~ JO%. Using u ~ % (,6’]0)3 gives finally

1

Harlo) = 5 [ dhon (a0 (T = T.) + %) o

u
+ / AHndead®s By By By s by ke (6112)

This is precisely the Landau form of an Ising model, which becomes obvious if
one returns to real space

Hﬁw%:;/ﬁr@MT—Z)&+bwwf+%&). (6.113)

From these considerations we also observe that the partition function is given
as

- / Déexp (—fHes [9]) (6.114)

and it is, in general, not the minimum of Heg [¢] w.r.t. ¢ which is physically
realized, instead one has to integrate over all values of ¢ to obtain the free
energy. Within Landau theory we approximate the integral by the dominating
contribution of the integral, i.e. we write

/D(b exp (—SHeg [¢]) =~ exp (—BHes [Po]) (6.115)

where 5¢‘¢ o =0.
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6.5.0.2 Ginzburg criterion

One can now estimate the range of applicability of the Landau theory. This is
best done by considering the next order corrections and analyze when they are
small. If this is the case, one can be confident that the theory is controlled.
Before we go into this we need to be able to perform some simple calculations
with these multidimensional integrals.

First we consider for simplicity a case where Heg [¢] has only quadratic
contributions. It holds

7z = / D¢ exp <—; / d"k¢y, (a + bk?) qzﬁ_k)
= /Hd({)k exp (—A2k¢k (a + bk2) (/)k)
k

1/2
B (27T)d
o 1;[ (a + bk2>

~ exp (; / ddklogx(k)) (6.116)
with 1
x (k) = Pl (6.117)
It follows for the free energy
F= —ks%/ddklogx (k) (6.118)
One can also add to the Hamiltonian an external field
Heg [¢] — Heg [¢)] f/ddkh(k)qb(k) (6.119)
Then it is easy to determine the correlation function
X (k) = (prd—k) — (Pr) (d—k) (6.120)
via
gaz| o oo
_ %/waike_we“w e D¢¢keZ—25Hcff[¢])2
= x(k) (6.121)

This can again be done explicitly for the case with u = 0:

/ Dé exp (_; / dky, (0 + bk?) d_p, + / d'kh (k) ¢k>
Z [0] exp (;/ddkhkx (k) hk> (6.122)

Zh
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Performing the second derivative of log Z gives indeed (¢ro_k) = Ttk?' Thus,
we obtain as expected

0Pk
k)= . 6.123
) = 5 (6123)
Let us analyze the specific heat related to the free energy
kT
F=-"22 [ d%klog yx (k) (6.124)
It holds for the singular part of the specific heat
0’F k?=1dk
Cn~ ——— ~ /ddkx (k)? ~ / — o~ (6.125)
92 (€2 + 1)

Thus, as £ — oo follows that there is no singular (divergent) contribution to the
specific heat if d > 4 just as we found in the Landau theory. However, for d < 4
the specific heat diverges and we obtain a behavior different from what Landau
theory predicted.

Another way to see this is to study the role of inhomogeneous fluctuations
as caused by the

Hipp = g / dr (V¢)? (6.126)

Consider a typical variation on the scale V¢ ~ /=%¢ ~! and integrate those

over a volume of size £% gives

ggd*‘* (6.127)

_o5Q
Hinp ~bE2 = ~
u U

Those fluctuations should be small compared to temperature in order to keep
mean field theory valid. If their energy is large compared to kg7 they will be
rare and mean field theory is valid. Thus we obtain again that mean field theory
breaks down for d < 4. This is called the Ginzburg criterion. Explicitly this
criterion is L
-1 u 1—d

el (b—QkBT> . (6.128)
Note, if b is large for some reason, fluctuation physics will enter only very
close to the transition. This is indeed the case for many so called conventional
superconductors.

6.6 Scaling laws

A crucial observation of our earlier results of second order phase transitions was
the divergence of the correlation length

E(T —T,) — . (6.129)
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This divergency implies that at the critical point no characteristic length scale
exists, which is in fact an important reason for the emergence of the various

power laws. Using h as a dimensionless number proportional to an external

field and
T-T.,

T,
as dimensionless measure of the distance to the critical point the various critical
exponents are:

t=

(6.130)

E(t,h=0) ~ t7
$(th=0) ~ [t
p(t=0,h) ~ h'/?
Xt h=0) ~ t77
c(t,h=0) ~ @
x(z —=o00,t=0) ~ 27977 (6.131)

where D is the spatial dimensionality. The values of the critical exponents for
a number of systems are given in the following table

exponent mean field d=2, Ising d =3, Ising

o 0 0 0.12
B 3 % 0.31
v 1 u 1.25
v 3 1 0.64
é 3 15 5.0
n 0 1 0.04

It turn out that a few very general assumptions about the scaling behavior
of the correlation function x (¢) and the free energy are sufficient to derive
very general relations between these various exponents. Those relations are
called scaling laws. We will argue that the fact that there is no typical length
scale characterizing the behavior close to a second order phase transition leads
to a power-law behavior of the singular contributions to the free energy and
correlation function. For example, consider the result obtained within Landau
theory

1
)= —— 132
x (g,1) TP (6.132)

where we eliminated irrelevant pre-factors. Rescaling all length r of the system
according to  — x/b, where b is an arbitrary dimensionless number, leads to
k — kb. Obviously, the mean field correlation function obeys

X (g, t) = b°x (bq, tb?) . (6.133)

Thus, upon rescaling ( k& — kb), the system is characterized by a correlation
function which is the same up to a pre-factor and a readjustment of the distance
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from the critical point. In what follows we will generalize this expression and
assume that even beyond the mean field theory of Landau a similar relationship
holds

x (g, ) = b*"x (bg, thY) . (6.134)

The mean field theory is obviously recovered if y = 2 and n = 0. Since b is
1

arbitrary, we can for example chose tb¥ = 1 implying b = ¢~ v and we obtain

directly from our above ansatz

_2=-n _1
x(q,t) =t *f]x(qt 1) (6.135)

By definition, the correlation length is the length scale which characterizes the
momentum variation of x (g,t) i.e. x (q,t) ~ f (¢g€), which leads to £ ~ t~v and
we obtain

v=1y L (6.136)

The exponent y of our above ansatz for x (q,t) is therefore directly related to
the correlation length exponent. This makes it obvious why it was necessary to
generalize the mean field behavior. y = 2 yields the mean field value of v. Next
we consider ¢ = 0 and chose bg = 1 such that

1
x(g,t=0)= 27X (1,0) (6.137)
which gives
d’q ik 47"
X:c,t:O:/ix q,t=20 eZ‘”N/dqez””—l 6.138
wi=0)= [ x(at=0 = (6.139)
substituting z = kx gives
x (r,t =0) ~ 227477, (6.139)

Thus, the exponent 1 of Eq.6.134 is indeed the same exponent as the one given
above. This exponent is often called anomalous dimension and characterizes the
change in the power-law decay of correlations at the critical point (and more
generally for length scales smaller than £). Thus we can write

x (g, t) = b* 7"y (bq,tb%) . (6.140)

Similar to the correlation function can we also make an assumption for the

free energy
F(t,h) = b=PF (tb¥, hb'*) . (6.141)

The pre-factor b~¢ is a simple consequence of the fact that an extensive quantity
changes upon rescaling of length with a corresponding volume factor. Using
y = v~ we can again use tbY = 1 and obtain

F(t,h) =tPYF (1, ht~"). (6.142)
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This enables us to analyze the specific heat at h = 0 as

62F (t,O) ~ tdv—Q
ot?

~ (6.143)
which leads to
a=2-—dv. (6.144)

This is a highly nontrivial relationship between the spatial dimensionality, the
correlation length exponent and the specific heat exponent. It is our first scaling
law. Interestingly, it is fulfilled in mean field (with & = 0 and v = %) only for
d=4.

The temperature variation of the order parameter is given as

b (t) ~ M ~ v (d=yr) (6.145)
oh h—0
which gives
B=v(d—yn)=2—a—vy, (6.146)

This relationship makes a relation between y; and the critical exponents just
like y was related to the exponent v. Within mean field

yp =3 (6.147)
Alternatively we can chose hbY» = 1 and obtain
F(t,h) = hin F (th—ﬁn,o) (6.148)

This gives for the order parameter at the critical point

OF (t=0,h) 4 _q

¢ (t=0,h)~ o ~ hn (6.149)

and gives % = yih — 1. One can simplify this to

5 _Yn _2-a-p

= 6.150
d—yn B ( )
and yields
B(1+6)=2—a (6.151)
Note, the mean field theory obeys ¢ = ¥ only for d = 4. whereas § = 2—a-p

is obeyed by the mean field exponents for all dimensions. This is valid quite
generally, scaling laws where the dimension, d, occurs explicitly are fulfilled
within mean field only for d = 4 whereas scaling laws where the dimensionality
does not occur are valid more generally.

The last result allows us to rewrite our original ansatz for the free energy

F(t,h) = b= ' (tb%,hb@) . (6.152)
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such that b+ = 1 leads to

F (t,h) = t*7°F (1,ht=7) (6.153)
We next analyze how the susceptibility diverges at the critical point. It holds
2
F
~ LELR N (6.154)
oh? h—0
which leads to
y=a—-2+280 (6.155)

which is yet another scaling relation.
The last scaling law follows from the fact that the correlation function x (g, t)
taken at ¢ = 0 equals the susceptibility x just analyzed. This gives

X (1) = by (tbY) (6.156)
and choosing again tbY = 1 yields
X (t) = t7v2=m) (6.157)
such that
y=v(2—-7). (6.158)

To summarize, we have identified all the exponents in the assumed scaling
relations of F' (¢, h) and x (q,t) with critical exponents (see Eqn.6.140 and6.152).
In addition we have four relationships the six exponents have to fulfill at the
same time which are collected here:

a+28+7=2 (6.159)
a = 2—dv
LA+ = 2—-a
26—y = 22—«
v = v(2-7n) (6.160)

One can easily check that the exponents of the two and three dimensional Ising
model given above indeed fulfill all these scaling laws. If one wants to calculate
these exponents, it turns out that one only needs to determine two of them, all
others follow from scaling laws.

6.7 Renormalization group

6.7.1 Perturbation theory

A first attempt to make progress in a theory beyond the mean field limit would
be to consider the order parameter

¢ (x) = ¢o + ¥ (2) (6.161)
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and assume that ¢ is the result of the Landau theory and then consider 1 (x)
as a small perturbation. We start from

1
H[¢] = i/dd$¢ (x) (r - V2) ¢ (z) + % /ddaﬁ(;ﬁ (x)4. (6.162)
where we have introduced
_a
r = E s
c

and a new field variable ¢new = VT'd¢, where the suffix new is skipped in what
follows. We also call Heg simply H.
We expand up to second order in 1 (x):

Higl =V (568 +708) + %/ddw (@) (r— V2 + 3ug?) ¥ (z)  (6.164)

The fluctuation term is therefore of just the type discussed in the context
of the u = 0 Gaussian theory, only with a changes value of r — r + 3ud3.
Thus, we can use our earlier result for the free energy of the Gaussian model
Faauss = —% Ik d?klog x (k) and obtain in the present case

F r w,, 1 d
V= §¢g + Z% + v /d klog (r+k*+ 3u¢yp) (6.165)

We can now use this expression to expand this free energy again up to fourth
order in ¢ using:
3udd 1 9u?¢

2 2\ ~ 2 _ -
log (r+ k*+3ugy) ~log (r+k )+r+l€2 2 1 ) (6.166)

it follows ror . ,
== 70 4 %ng + “ﬂ,ﬁ (6.167)
with
v = r+3u/ddk#,
r+ k2
o= u—9u2/ddkz(r+1k2)2. (6.168)

These are the fluctuation corrected values of the Landau expansion. If these
corrections were finite, Landau theory is consistent, if not, one has to use a
qualitatively new approach to describe the fluctuations. At the critical point
r =0 and we find that

1 At A2 d>2
dj. _—_
/dka(x/ dek‘fx{ o d<2




90 CHAPTER 6. INTERACTING SYSTEMS AND PHASE TRANSITIONS

where A is some upper limit of the momentum integration which takes into
account that the system under consideration is always embedded in a lattice of
atoms with interatomic spacing @, such that A ~ @~ !. It holds that 7’ is finite
for D > 2 which we assume to be the case in what follows. The finite correction
to 7’ only shifts the transition temperature by a finite amount. Since the value
of T, was not so much our concern, this is a result which is acceptable. However,
the correction, u’, to u diverges for d < 4:

1 At ATt d >4
d

and the nonlinearity (interactions) of the theory become increasingly stronger.
This is valid for arbitrarily small values of u itself, i.e. a perturbation theory in
u will fail for d < 4. The dimension below which such strong fluctuations set in
is called upper critical dimension.

The strategy of the above scaling laws (i.e. the attempt to see what hap-
pens as one rescales the characteristic length scales) will be the heart of the
renormalization group theory which we employ to solve the dilemma below four
dimension.

6.7.2 Fast and slow variables

The divergency which caused the break down of Landau theory was caused by
long wave length, i.e. the k& — 0 behavior of the integral which renormalized
u — u/. One suspicion could be that only long wave length are important for an
understanding of this problem. However, this is not consistent with the scaling
concept, where the rescaling parameter was always assumed to be arbitrary. In
fact it fluctuations on all length scales are crucial close to a critical point. This
is on the one hand a complication, on the other hand one can take advantage
of this beautiful property. Consider for example the scaling properties of the
correlation function

X (g,1) = b2~y (bq, tb%) . (6.169)

Repeatedly we chose thv = 1 such that b = t™¥ — oo as one approaches the
critical point. However, if this scaling property (and the corresponding scaling
relation for the free energy) are correct for generic b (of course only if the system
is close to T,.) one might analyze a rescaling for b very close to 1 and infer the
exponents form this more innocent regime. If we obtain a scaling property of
X (g,t) it simply doesn’t matter how we determined the various exponents like
v, n etc.

This, there are two key ingredients of the renormalization group. The first is
the assumption that scaling is a sensible approach, the second is a decimation
procedure which makes the scaling transformation © — x/b explicit for b ~ 1.
A convenient way to do this is by considering b = €' for small I. Lets consider
a field variable

¢ (k) = /dda: exp (ik - x) ¢ (x) (6.170)
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Since there is an underlying smallest length-scale @ (~interatomic spacing), no
waves with wave number larger than a given upper cut off A ~ @' should
occur. For our current analysis the precise value of A will be irrelevant, what
matters is that such a cut off exists. Thus, be observe that ¢ (k) =0if k> A.

We need to develop a scheme which allows us to explicitly rescale length or
momentum variables. How to do this goes back to the work of Leo Kadanoff
and Kenneth G. Wilson in the early 70" of the last century. The idea is to
divide the typical length variations of ¢ (k) into short and long wave length

components
[ ¢<(k) 0<k<AJb

If one now eliminates the degrees of freedoms ¢~ one obtains a theory for ¢<
only

exp (—H [¢<]) = /D¢> exp (—H [¢%,67]). (6.172)

The momenta in H [¢<] are confined to the smaller region 0 < k < A/b. We
can now rescale simply according to

kK = bk (6.173)
such that the new variable k' is restricted to the original scales 0 < k" < A. The
field variable is then ¢< (%) and will conveniently be called

¢/ (k') =b""¢~ (]:) (6.174)

where the pre-factor b~ is only introduced for later convenience to be able to
keep the pre-factor of the k2 term in the Hamiltonian the same. The renor-
malized Hamiltonian is then determined by

H'[¢/| = H[b=r¢]. (6.175)

In practice this is then a theory of the type where the initial Hamiltonian
1
Hlgl = 3 /ddk (r+ k%) |o (k)] +
U
7 [ d bt (k) 6 (k2) & () & (ks — ba — kaX6.176)

leads to a renormalized Hamiltonian
1

H6) = 5 [ ()4 82)jo ()] +

l
D [ttt ()6 ) (6) 8 (-4 — b — 6377)
If this is the case one may as well talk about a mapping

H(r,u) — H (r(1),u(l)) (6.178)
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and one only needs to analyze where this mapping takes one.

If one now analyzes the so called flow equation of the parameters r (1), u (1)
etc. there are a number of distinct cases. The most distinct case is the one
where a fixed point is approaches where 7 (I = 00) = r* | u (I = 00) = u* etc.
If this is the case the low energy behavior of the system is identical for all initial
values which reach the fixed point. Before we go into this we need to make sure
that the current procedure makes any sense and reproduces the idea of scaling.

6.7.3 Scaling behavior of the correlation function:

We start from H [¢] characterized by a cut off A. The new Hamiltonian with
cut off A/b, which results from the shell integration, is then determined by

e H[67] :/D¢>e*H[¢<’¢>L (6.179)
which is supplemented by the rescaling
¢ (k) = b¢' (bk)
which yields the new Hamiltonian H'[¢'] which is also characterized by the
cut off A. If one considers states with momenta with k& < A/b, it is possible

to determine the corresponding correlation function either from H [¢] or from
H'[¢']. Thus, we can either start from the original action:

Dgpe ¢l
(06 (1)) = [ 2256 ()6 (ke) = x (k) (ha k) (6.150)
or, alternatively, use the renormalized action:

/e—H'[qs/]
O)ol) = [ 22806 W) & (k)

b?°x' (kby) & (bky + bks)
> (bky1) S (ky + k2) (6.181)

where x’ (bk) = x (bk,r (I),u (1)) is the correlation function evaluated for H' i.e.
with parameters 7 () and u (I) instead of the bare ones r and u, respectively.
It follows

x (ky ) = b2~ (k,r (1) ,u (1)) (6.182)

This is close to an actual derivation of the above scaling assumption and suggests
to identify
20—d=2-—n. (6.183)

What is missing is to demonstrate that r (I) and u (I) give rise to a behavior
te¥! = tbY of some quantity ¢ which vanishes at the phase transition. To see this
is easier if one performs the calculation explicitly.
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6.7.4 e-expansion of the ¢*-theory

We will now follow the recipe outlined in the previous paragraphs and explicitly
calculate the functions r (1) and w (1). It turns out that this can be done in a
controlled fashion for spatial dimensions close to d = 4 and we therefore perform
an expansion in € = 4 — d. In addition we will always assume that the initial
coupling constant u is small. We start from the Hamiltonian

H) = 5 [ a6+ 1) o0
+%/ddk1ddk2ddk3¢ (k1) ¢ (k) & (k3) ¢ (—k1 — ko — k3(6.184)

Concentrating first on the quadratic term it follows

1

Hy[¢p”,¢~] = 7/ Ak (r + k?) |¢~ (k)
AJb<k<A

2
5 |

? (6.185)

+3/ A’k (r + k%) |¢= (k)
2 Jr<sp

There is no coupling between the ¢~ and ¢< and therefore (ignoring constants)
~ 1
Hy [¢~] = 7/ A%k (r + k%) |¢= (k)| (6.186)
2 Jr<an

Now we can perform the rescaling ¢< (k) = b*¢’ (bk) and obtain with k' = bk

b2p—d
H) = / dK' (r +b72k?) |¢/ (k)]
2 Jwea
b2p—d—2
- / & (B2 + k) | ()] (6.187)
2 k<A

This suggests p = # and gives r (1) = e?r.

Next we consider the quartic term
Hiyy = % /ddk1ddk2dd/€3¢ (k1) @ (k2) ¢ (k3) ¢ (—k1 — ko — k3) (6.188)

which does couple ¢~ and ¢<. If all three momenta are inside the inner shell,
we can easily perform the rescaling and find

Hl B Ub4p_3d
it =

1

[ AP RAPEG (1) 6 (1) 6 (05) 6 (~K; — B — KS) (6.159)
which gives with the above result for p:
4p—-3D =4—-d (6.190)

yielding
u (1) = ue. (6.191)
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The leading term for small u gives therefore the expected behavior that v (I — co0) —
0 if d > 4 and that u grows if d < 4. If d grows we cannot trust the leading
behavior anymore and need to go to the next order perturbation theory. Tech-
nically this is done using techniques based on Feynman diagrams. The leading
order terms can however be obtained quite easily in other ways and we don’t
need to spend our time on introducing technical tools. It turns out that the
next order corrections are identical to the direct perturbation theory,

1
ro= elr+ 3u/ dk 5
Ab<k<r THE
1
v = eflu— 9u? / dk———. (6.192)
Afb<k<n  (r+E2)

with the important difference that the momentum integration is restricted to
the shell with radius between A/b and A. This avoids all the complications of
our earlier direct perturbation theory where a divergency in u’ resulted from
the lower limit of the integration (long wave lengths). Integrals of the type

I= / dkf (k) (6.193)
A/b<k<A

can be easily performed for small {:

A
I = Kd/ kI F (k) dk ~ KA f (A) (A — Ae ™)
Ae—!l

KaAf (M) (6.194)

1R

It follows therefore

3K A
ro= (1+2)r+ T+A2ul
9K A
W= (Itel)u— — (6.195)
(r+A2)

which is due to the small [ limit conveniently written as a differential equation

ﬁ = 2r+ 3KdAdu

d r 4+ A2

d 9K 4A?

e et (6.196)
di (r + A2)

Before we proceed we introduce more convenient variables

r

A2

u = KAt (6.197)

r o —
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which are dimensionless and obtain the differential equations

@ = 2r+ Su

d 147

du 9u?

— = eu-— —. 6.198
dl (1 + T)2 ( )

The system has indeed a fixed point (where 47 = 9% = 0) determined by

9u*
E = ——
(1+7r*)
ot = W (6.199)
N 147+ '
This simplifies at leading order in € to
u* = g or 0
3
rto= —gu* (6.200)

If the system reaches this fixed point it will be governed by the behavior it its
immediate vicinity, allowing us to linearize the flow equation in the vicinity of
the fixed point, i.e. for small

or = r—r"

ou = u—u" (6.201)

Consider first the fixed point with u* = r* = 0 gives

51(22)‘(33)(22) (6.202)

with eigenvalues A\; = 2 and Ay = ¢. Both eigenvalues are positive for ¢ > 0
(D < 4) such that there is no scenario under which this fixed point is ever
governing the low energy physics of the problem.

Next we consider u* = § and r* = —£. It follows

d ( or 2-% 345 or
@ _ 3 2
dl ( du ) - ( 0 — ) ( ou ) (6.203)

y = 2—35
y = —¢ (6.204)

with eigenvalues

the corresponding eigenvectors are

e = (1,0)

o (3¢
¢ = <2+8,1 (6.205)



96 CHAPTER 6. INTERACTING SYSTEMS AND PHASE TRANSITIONS

Thus, a variation along the edirection (which is varying r) causes the system
to leave the fixed point (positive eigenvalue), whereas it will approach the fixed
point if

(r,u) ~ € (6.206)
this gives
3
r=u (—2 + Z) (6.207)

which defines the critical surface in parameter space. If a system is on this
surface it approaches the fixed point. If it is slightly away, the quantity

3 €
t=r—u <2 + 8) (6.208)

is non-zero and behaves as
t(1) = te’' = tb¥. (6.209)

The flow behavior for large [ is only determined by the value of ¢ which is the
only scaling variable, which vanishes at the critical point. Returning now to the
initial scaling behavior of the correlation function we can write explicitly

x (k,t) = b%x (K, tbY) (6.210)

comparing this with x (¢,t) = b~y (bq, tb%) gives immediately the two critical
exponents

2

~—

n = 0Ofe

14

R

+ = (6.211)

N |
co| ™

Extrapolating this to the e = 1 case gives numerical results for the critical
exponents which are much closer to the exact ones (obtained via numerical
simulations)

exponent ¢ — expansion d = 3, Ising

«@ 0.125 0.12
B 0.3125 0.31
y 1.25 1.25
v 0.62 0.64
) 5 5.0
n 0 0.04

A systematic improvement of these results occurs if one includes higher order
terms of the eexpansion. Thus, the renormalization group approach is a very
powerful tool to analyze the highly singular perturbation expansion of the ¢*-
theory below its upper critical dimension. How is it possible that one can obtain
so much information by essentially performing a low order expansion in u for
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a small set of high energy degrees of freedom? The answer is in the power of
the scaling concept. We have assumed that the form x (g,t) = b*>~"x (bq, tb%>

which we obtained for very small deviations of b from unity is valid for all b. If
for example the value of v and n would change with [ there would be no way
that we could determine the critical exponents from such a procedure. If scaling
does not apply, no critical exponent can be deduced from the renormalization

group.

6.7.5 Irrelevant interactions

Finally we should ask why we restricted ourself to the quartic interaction only.
For example, one might have included a term of the type

Hg) = % / Az (z)° (6.212)

which gives in momentum space
v
Hoy = g [ dhedhs (0) 0 (+) 6 (ba) (k) 6 (k)
X(b (—kl — kz — kg — k4 — k5) (6213)

The leading term of the renormalization group is the one where all three mo-
menta are inside the inner shell, and we can perform the rescaling immediately:

priSd / / / / / !/
o = " [ a0 ()6 (15) 0 () 6 () 0 ()
X (—k) — kb — K}, — K, — kL) (6.214)

and the v dependence is with p = 25% and 6p —5d =2(3 —d) = —2(1 —¢)
v(l) = ve 27N (6.215)
Thus, in the strict sense of the € expansion such a term will never play a role.

Only if u < € initially is it important to keep these effects into account. This
happens in the vicinity of a so called tricritical point.
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Chapter 7

Density matrix and
fluctuation dissipation
theorem

One can make a number of fairly general statements about quantum statistical
systems using the concept of the density matrix. In equilibrium we found that
the expectation value of a physical observable is given by

<O>eq = tr (peqO) (7.1)
with density operator
1 _
Peq = Ee ﬂH' (72)

The generalization to the grand canonical ensemble is straight forward. The den-
sity operator (or often called density matrix) is now given as peq = Zige*ﬁ (H=pN)
where N is the particle number operator.

Considering now a system in a quantum state |¢;) with energy E;, the ex-
pectation value of a physical observable is in that state is

O; = (Y |O| 1) . (7.3)

If the system is characterized by a distribution function where a state |1);) occurs
with probability p; it follows that the actual expectation value of O is

This can be written in a formal sense as
(0) = tr (p0) (7.5)

99
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with the density operator
p= Z i) pi (il - (7.6)

Inserting this expression into Eq.7.5 gives the above result of one uses that the
|1;) are orthonormal.
A state is called pure if p; = 0 for all ¢ # 0 and py = 1. Then

Ppure = [t0) (tol (7.7)

which implies pgure = ppure. States which are not pure are called mixed. Indeed,
it holds in general

tr(p) =Y pi=1 (7.8)

which gives

tr (p?) = Z:pl2 <1 (7.9)

The equal sign only holds for pure states making tr (p2) a general criterion for
a state to be mixed.

Next we determine the equation of motion of the density matrix under the
assumption that the probabilities are fixed: df; = 0. We use

0
m& [Vi) = H |[:) (7.10)

and 5
—ih& (Vi = (il H (7.11)

which gives

ihgp

ot ZHW%H% (il = i) pi (Y| H=Hp — pH

= [H.] (7.12)

which is called von Neuman equation.
The von Neuman equation should not be confused with the Heisenberg equa-
tion of operators in Heisenberg picture. The latter is given by
'hdA (t) 'haA (t) + [A: (t) , H] (7.13)
th— =ih— .
PTR ai t (1),
The first term is the explicit variation of the operator A; which might be there
even in Schrodinger picture. The second term results from the unitary trans-
formation A, (t) = e *Ht/m A et HE/M,

Once we know p, we can analyze for example the entropy

S = —kgtrplog p. (7.14)
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Using the von Neuman equation gives for the time variation of the entropy

as
ot

dp
—kptr [8t (logp + 1)]

= i%tr [[H, p] logp +1)] = 0. (7.15)

Obviously this is a consequence of the initial assumption d;f = 0. We conclude
that the von Neuman equation will not allow us to draw conclusions about the

change of entropy as function of time.

7.1 Density matrix of subsystems

Conceptually very important information can be obtained if one considers the
behavior of the density matrix of a subsystem of a bigger system. The bigger
system is then assumed to be in a pure quantum state. We denote the variables
of our subsystem with x and the variables of the bigger system which don’t
belong to our subsystem with Y. The wave function of the pure quantum
mechanical state of the entire system is

U (Y, 2,1) (7.16)

and we expand it’s z-dependence in terms of a complete set of functions acting
on the subsystem. Without loss of generality we can say

W(vat) :Z(Da (Kt) Pa (x) (717)

Let O (z) be some observable of the subsystem, i.e. the operator O does not act
on the coordinates Y. If follows

(0) = (W|0] ) = (@4 (1) [ (1)) (Pl Olpar) (7.18)

a,af

This suggests to introduce the density operator

Para (1) = (Pa () |Pa (1)) (7.19)

such that
(O) = trp0, (7.20)

where the trace is only with respect to the quantum numbers « of the subsystem.
Thus, if one assumes that one can characterize the expectation value exclusively
within the quantum numbers and coordinates of a subsystem, one is forced to
introduce mixed quantum states and a density matrix.

Lets analyze the equation of motion of the density matrix.

9 B 9% (Y, 1) 0D (Vi)
lhapa/a (t) = Zh/dy (at(Pa/ (Y, t) + @a (}/, t) T (721)
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where [dY... is the matrix element with respect to the variables Y. Since

U (Y, z,t) obeys the Schrédinger equation it follows
. 0%, (Y,t
i 3P0 = H D e Vi gae)  (72)

Multiplying this by ¢*, (z) and integrating over x gives

il %“T(ty’w = Y Hap(Y)®s(Y,1) (7.23)
B
ih %ZT(;/’” = —%:cpg (Y,t) Hao (V) (7.24)
where
Hga (Y) = <(,0,8 |H (Y7 LL‘)‘ 9004> . (7'25)
It follows
ih%pa/a (t) = /dY Z (@: (Y,t) Harp (Y) @p (Y, 1) — @5 (Y1) Hpo (Y) @0 (Y], t))
’ (7.26)
Lets assume that
H (Y,) = Ho () + W (Y,2) (7.27)

where Hy does not depend on the environment coordinates. It follows

L0 ‘
Zhapa/a (t) = Z (Ho,a'Ppa — ParpHopa) = iYa,ar () para (1) (7.28)

B
with
JAY S (@5 (Vi) Warg (V) @ (Vi) = 05 (Y, 6) Wi (V) @ (V1))
Yool = TdY®s, (Y1) D, (Y, 1)
(7.29)

which obeys Yoo =75, o/-

0 .

zh&p(t) = [H, p| — iTp. (7.30)

Thus, only if the subsystem is completely decoupled from the environment do
we recover the von Neuman equation. In case there is a coupling between
subsystem and environment the equation of motion of the subsystem is more

complex, implying dj’; # 0.
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7.2 Linear response and fluctuation dissipation
theorem

Lets consider a system coupled to an external field
d . )
W, = %W (w) e~ ilwFid)t (7.31)

such that Wy, o, — 0. Next we consider the time evolution of a physical
quantity A:

(A), = tr (peA) (7.32)
where 5
We assume the system is in equilibrium at t — —oco:
1
Ptos—oo = P = Ee*BH. (7.34)

Lets go to the interaction representation

pr = e_th/hPt (t) ez’Ht/h (735)
gives
L Ope —ite/h 0Pt (8) iem
ih 5 [H,pi] +e ih e (7.36)
which gives
L Ope (t
2l w0, 1) (7.7

which is solved by
t
pi(t) = pin [ dt W (€).p0 (0)
t . , . ,
o = p— ’Lh/ dt/e—zH(t—t )/h [Wt'7 Pt'] ezH(t—t )/h. (738)

Up to leading order this gives

t
pL=p— Zh/ dt/e—iH(t—t/)/h [Wthp] eiH(t—t’)/h' (739)
We can now determine the expectation value of A:
t
), = ()~ in [ ares (W ()] A (1) (7.40)

one can cyclically change order under the trace operation

tr (Wp — pW) A = tr (AW — WA) p (7.41)
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which gives

), = ()= ih [ ar (A, W @) (7.42)
It is useful to introduce (the retarded Green’s function)
((A(t); W (1)) = —ihb (t — ') ([A(t), W (1')]) (7.43)
such that -
W, = )+ [ a AW @), (7.44)

The interesting result is that we can characterize the deviation from equilibrium
(dissipation) in terms of fluctuations of the equilibrium (equilibrium correlation
function).

Example, conductivity:

Here we have an interaction between the electrical field and the electrical
polarization:

W,=-p-E, (7.45)
with
E; = Egexp (—i (w4 id) 1) (7.46)
If we are interested in the electrical current it follows
(G = — / dt' ((§* (t);p7 (t))) BP it (7.47)

which gives in Fourier space

(4% = — {(i%")),, Fo (7.48)
which gives for the conductivity
o (w)=— ((G%0%),- (7.49)

Obviously, a conductivity is related to dissipation whereas the correlation func-
tion ([j* (t),p” (¢')]) is just an equilibrium fluctuation.



Chapter 8

Brownian motion and
stochastic dynamics

We start our considerations by considering the diffusion of a particle with density
p (x,t). Diffusion should take place if there is a finite gradient of the density
Vp. To account for the proper bookkeeping of particles, one starts from the
continuity equation

o _ V-j 8.1)

5 = V1 (8.
with a current given by j ~DVp, which is called Fick’s law. The pre-factor D is
the diffusion constant and we obtain % = DV?p.This is the diffusion equation,
which is conveniently solved by going into Fourier representation

ddk —ik-x
p(x,t) = Wp(k,t)e , (8.2)
yielding an ordinary differential equation with respect to time:
ap (k,t
00t — Dip (k1) (83
with solution )
p(k,t) = po (k) e P, (8.4)

where pg (k) = p (k,t = 0). Assuming that p (x,t =0) = 0 (x), i.e. a particle at
the origin, it holds pg (k) = 1 and we obtain

d’k Dk*t ,—ik
p(x,t) = /76_ e ", 8.5
(x,1) 2n)? (8.5)
The Fourier transformation is readily done and it follows
1 2
p(x,t) = ————e X /4P, (8.6)
(47 Dt)?

In particular, it follows that <332 (t)> = 2Dt grows only linearly in time, as
opposed to the ballistic motion of a particle where (z (t)) = vt.
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8.1 Langevin equation

A more detailed approach to diffusion and Brownian motion is given by using
the concept of a stochastic dynamics. We first consider one particle embedded
in a fluid undergoing Brownian motion. Later we will average over all particles
of this type. The fluid is modeled to cause friction and to randomly push the

particle. This leads to the equation of motion for the velocity v = ‘fi—f:
dv (t) ¥ 1
— =——u(t)+ —&(). 8.7
e T ORE=A0) (5.7)

Here « is a friction coefficient proportional to the viscosity of the host fluid.
If we consider large Brownian particles, the friction term can be expressed in
terms of the shear viscosity, 7, of the fluid and the radius, R, of the particle:
~v = 6mnR. £(t) is a random force, simulating the scattering of the particle with
the fluid and is characterized by the correlation functions

) = 0
@), = got—t). (8.8)
The pre-factor g is the strength of this noise. As the noise is uncorrelated in
time, it is also referred to as white noise (all spectral components are equally
present in the Fourier transform of (¢ (¢) € (¢')),, similar to white light).

The above stochastic differential equation can be solved analytically for ar-
bitrary £ yielding

1 t
v (t) = voe ™ 4 — / dse™7(I=3)/me (g) (8.9)
m Jo
and

2 (t) = 20 + @ (1=em) + }y/ot ds (1) e (s). (8.10)

We can now directly perform the averages of this result. Due to (& (¢)) ¢ =0
follows

(B = voe ™
(@ () — w0 = %(176*7”’”) (8.11)

which implies that a particle comes to rest at a time 7 ~ %, which can be
long if the viscosity of the fluid is small (v is small). More interesting are the
correlations between the velocity and positions at distant times. Inserting the
results for v () and x (¢) and using (£ (¢) £ (¢)) = g6 (t — ') gives

(w(t)v () = (vé - 2%) e (i) /m ﬁeﬂ(t*t’)/m (8.12)
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and similarly

«wwmﬁzfj@_ﬁggﬂw@Q
+% (t - % (1 - e%/m)> . (8.13)

If the Brownian particle is in equilibrium with the fluid, we can average over all
. . . . 2 2 _ kT

the directions and magnitudes of the velocity vg — <”0>T = “E=. Where (...)

refers to the thermal average over all particles (so far we only considered one of

them embedded in the fluid). Furthermore, in equilibrium the dynamics should

be stationary, i.e.

(WO E)e) =FE—t) (8.14)

should only depend on the relative time ¢t — ¢’ and not on some absolute time
point, like ¢, ¢’ or t +¢'. This is fulfilled if

(v3). = ﬁ (8.15)

which enables us to express the noise strength at equilibrium in terms of the
temperature and the friction coefficient

g =2vkgT (8.16)

which is one of the simplest realization of the fluctuation dissipation theorem:.
Here the friction is a dissipative effect whereas the noise a fluctuation effect.
Both are closely related in equilibrium.

This allows us to analyze the mean square displacement in equilibrium

<(a: (t) — x0)2>T - zij (t - % (1 - e—“/’”)> . (8.17)

In the limit of long times ¢t > 7 = % holds

<(x (t) — aro)2> ~ 25T, (8.18)

T ¥

which the result obtained earlier from the diffusion equation if we identify
D = k2T Thus, even though the mean velocity of the particle vanishes for
t > 7 1t does not mean that it comes to rest, the particle still increases its
mean displacement, only much slower than via a ballistic motion. This demon-
strates how important it is to consider, in addition to mean values like (v (t)),
, correlation functions of higher complexity.

8.2 Random electrical circuits

Due to the random motion and discrete nature of electrons, an LRC series circuit
experiences a random potential £ (¢). This in turn induces a randomly varying
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charge @ (t) on the capacitor plates and a random current

dq
I1(t)=— 8.19
(1) == (819)
through the resistor and inductor. The random charge satisfies
*Q(t)  ,dQ(t) Q)
L = . 2
72 +R 7 + C E(t) (8.20)
Lets assume that the random potential is correlated according to.
€)e = 0
EMEW))e = go(t—1t). (8.21)
In addition we use that the energy of the circuit
_ 1 o Lo
E(Q7I)_20Q —|-2I (8.22)
implies via equipartition theorem that
(@), = CkgT
kT
2 —
<IO >T = I (8.23)
The above equation is solved for the current as:
1
_ ~Tt L Tt
I(t) = ILe *C(t) CIA Qoe™ " 'sinh (Af)
1/t /
+7 / ds¢ (s) e Tt — 1) (8.24)
0
with damping rate
R
== 8.25
; (8.25)
and time constant
R?Z-L/C
A= —Iz (8.26)
as well as r
C (t) = cosh (At) — A sinh (At) . (8.27)
Assuming (Qolo), = 0 gives (assume ¢t > t')
_ —I(t+t’ 2
(Tw1@)e), = e Mowe) (1),
1 ? 2 —D(t+t") . .
+ <C’LA) Q) e (t+4') sinh (At) sinh (At)

t/
+%/ dse T =20t _ O (' —s5)  (8.28)
0
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The last integral can be performed analytically, yielding

e ") 2 2 '
AT (I* — A?%) cosh (A (' — t))
SL(t=t")
A (sinh (At —1t)+ %Cosh (A (- t)))
oL (t+t")
+W (I cosh (A (¢ +¢)) + Asinh (A (¢ + ¢))) (8.29)

It is possible to obtain a fully stationary current-current correlation function if
g =4RkpT (8.30)

which is again an example of the fluctuation dissipation theorem.
It follows (¢’ > t)

<<I I (tl>>5> = kBTe_F(t/_t) (cosh (At —1t) — r sinh (A (¢’ — t)))

T L A
(8.31)
If C — 0, it holds A — I" and I'"! is the only time scale of the problem. Current-
current correlations decay exponentially. If 0 < A < T'; the correlation function
changes sign for ¢’ — ¢ ~ A~!. Finally, if R? < L/C, current correlations decay
in an oscillatory way (use cosh (iz) = cosz and sinh (iz) = isin(z)). Then

A =6 with § = /2952 and

<<I (t)I(L‘/)>5>T = kBTTe‘F(t"t) (cos (6 (' —1t)) — gsin (5t — t))) . (8.32)

For the fluctuating charge follows

t

Q1) :Qo+/0 I(s)ds. (8.33)
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Chapter 9

Boltzmann transport
equation

9.1 Transport coefficients

In the phenomenological theory of transport coefficients one considers a relation-
ship between generalized currents, J;, and forces, X; which, close to equilibrium
and for small forces is assumed to be linear:

Ji =Y Li;X; (9.1)
J

Here, the precise definition of the forces is such that in each case an entropy
production of the kind

ds
- 02
occurs. If this is the case, the coeflicients L;; are symmetric:

Lij = Lji, (9.3)

a result originally obtained by Onsager. The origin of this symmetry is the time
reversal invariance of the microscopic processes causing each of these transport
coefficients. This implies that in the presence of an external magnetic field holds

Lij (H) = L;; (-H). (9.4)

For example in case of an electric current it holds that from Maxwell’s equa-

tions follows i 5
E
— =J= 9.5
dt T (9:5)
which gives Xg = % for the force (note, not the electrical field E itself). Consid-

ering a heat flux Jg gives entropy flux Jg/T. Then there should be a continuity

111
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equation

iSq o
=L =V (Jo/T) = JoV (9.6)

which gives Xq = f%VT for the generalized forces and it holds

Jg = LEEXE+LEQXQ
Lgg Lgqg
= —F— T .
T T2 v (9.7)
JQ = LQEXE+LQQXQ
Loe ., Leq
= —F- T. .
T T2 v (9-8)

We can now consider a number of physical scenario. For example the electri-
cal current in the absence of a temperature gradient is the determined by the
conductivity, o, via

which gives
Lpg
= ) 9.10
7 T ( )

On the other hand, the thermal conductivity is defined as the relation between
heat current and temperature gradient in the absence of an electrical current

Jo = —kVT. (9.11)

This implies E = =22 VT for the electrical field yielding

LggT
1 Lk
=— | Log——]. 12
K T2 ( Q Lip (9.12)

Finally we can consider the Thermopower, which is the above established rela-
tion between F and VT for Jg =0

E =5VT (9.13)
with I
EQ
= . .14

One approach to determine these coefficients from microscopic principles is
based on the Boltzmann equation.

9.2 Boltzmann equation for weakly interacting
fermions

For quasi-classical description of electrons we introduce the Boltzmann distri-
bution function f,(k,r,t). This is the probability to find an electron in state
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n,k at point r at time ¢. More precisely is f/V the probability density to find
an electron in state n,k in point r. This means the probability to find it in a
volume element dV is given by fdV/V.

We consider both k and r defined. This means that we consider wave pack-
ets with both k and r (approximately) defined, however always such that the
uncertainty relation AkAr ~ 1 holds.

The electron density and the current density are given by

1
n(rvt) = Vﬂ%; fn(k,l‘ﬂf) (915)
i) = Ekj Viefn(k,T, ) (9.16)

The equations of motion of non-interacting electrons in a periodic solid and

weak external fields are
d 1 [0e,(k
r_szf ( € ( )) R (917)

dt h\ ok
and Ik
e

They determine the evolution of the individual k(¢) and r(t) of each wave packet.
If the electron motion would be fully determined by the equations of motion,
the distribution function would satisfy

fa(k(t),x(t),t) = fn(k(0),r(0),0) (9.19)
Thus, the full time derivative would vanish
df of 0k or B
%—E‘FE'ka-‘ra'vrf—o (9.20)

However, there are processes which change the distribution function. These
are collisions with impurities, phonons, other electrons. The new equation reads

af  of ok Or af
o _or ok, X v = (2 , 9.21
AT TR R TR (c’)t ol (0.21)
(3f B . . . .
where W)c = I[f] is called the collision integral.
Using the equations of motion we obtain the celebrated Boltzmann equation
0 1
(Bl B) Vi b Ve =] (02)

The individual contributions to % can be considered as a consequence of

spatial inhomogeneity effects, such as temperature or chemical potential gradi-
ents (carriers of a given state enter from adjacent regions enter into r whilst
others leave):

of

Vi Vif ~ vy - 8—TVT (9.23)
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In addition, there are effects due to external fields (changes of the k-vector at
the rate)
e

; <E + % (v x B)) Vif (9.24)

Finally there are scattering processes, characterized by I[f] which are deter-
mined by the difference between the rate at which the state k is entered and
the rate at which carriers are lost from it.

9.2.1 Collision integral for scattering on impurities

The collision integral describes processes that bring about change of the state
of the electrons, i.e., transitions. There are several reasons for the transitions:
phonons, electron-electron collisions, impurities. Here we consider only one:
scattering off impurities.

Scattering in general causes transitions in which an electron which was in the
state n1,k; is transferred to the state no,ks. We will suppress the band index
as in most cases we consider scattering within a band. The collision integral has
two contribution: in and out: I = I;;, + Iout.

The in-part describes transitions from all the states to the state k:

Lnlf] =Y Wik, k) f (ki 0)[1 = f(k,)] (9.25)
ki

where W (ky,k) is the transition probability per unit of time (rate) from state
ki to state k given the state k; is initially occupied and the state k is initially
empty. The factors f(ky) and 1 — f(k) take care for the Pauli principle.

The out-part describes transitions from the state k to all other states:

Iout[f] = =Y W(k ki) f(k,1)[1 = f(ky,T)] , (9.26)
k1

The collision integral should vanish for the equilibrium state in which

fk) = fo(k) = (9.27)
exp [E(I;)T"] +1
This can be rewritten as
e(k) —
exp [(k;T“} fo=1—f,. (9.28)

The requirement Iin[fo] + Tous[fo] is satisfied if

W (k, ki ) exp [2(:}) ] = W (ky, k) exp {ZS‘T)] . (9.29)
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We only show here that this is sufficient but not necessary. The principle that
it is always so is called detailed balance principle. In particular, for elastic
processes, in which (k) = e(k;), we have

Wk, k) = W(ky, k) . (9.30)
In this case (when only elastic processes are present we obtain)
1f] = ZW ki, k ZWqu K)[1 - f(ky)]
= ZW (k1, k) (f(k1) = f(k)) . (9.31)
ki

9.2.2 Relaxation time approximation

We introduce f = fo+ df. Since I[fy] = 0 we obtain
= S W) (67000 - 6709

Assume the rates W are all equal and ), df(ki) = 0 (no change in total
density), then I[f] ~ —d f(k). We introduce the relaxation time 7 such that
of
I[f]=——. (9.32)

T

This form of the collision integral is more general. That is it can hold not only
for the case assumed above. Even if this form does not hold exactly, it serves
as a simple tool to make estimates.

More generally, one can assume 7 is k-dependent, 7. Then

6/(k)

Tk

1f(k)] = — (9.33)

9.2.3 Conductivity

Within the T-approximation we determine the electrical conductivity. Assume
an oscillating electric field is applied, where E(t) = Ee~*!. The Boltzmann

equation reads
of f=Jo
‘E. =— .
9t h Vief +Vie- Ve f = Tk
Since the field is homogeneous we expect homogeneous response § f(t) = § fe ™.
This gives

(9.34)

RRNE (w—> 5 (9.35)

If we are only interested in the linear response with respect to the electric field,
we can replace f by fp in the Lh.s. This gives
& 8f0

~% a—kh k- E= (zw - ) of . (9.36)
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and we obtain

€Tk af 0

0f = ——F—— ——vi-E .
f 1 — wwrk Osx Vi (9 37)
For the current density we obtain j(t) = je™™*, where
) e
J = v kaéf(k)
k,o
262 Tk 8f0
= _— - - . E
1% z l—ink 861( (Vk ) Vi
d3k Tk 8f0
= —2¢° —— 2 (vk - E) v 9.38
¢ / ) T iy 9oy Ve B VK (9:38)

We define the conductivity tensor oo via jo =Y, 0a,sEs. Thus

262/ &k T 0fo VkaV
Oap = — ——— = UkaUkg -
s (2m)3 1 —dwT, Oek ka kg

At low enough temperatures, i.e., for kT < p,

O v s(ex - )

2
85k 6

(ksT)?8" (exc — 1) (9.39)

Assuming 7 is constant and the band energy is isotropic (effective mass is
simple) we obtain

e?r d) dfy
« = - d - 45 Va
Ta.p 17iw7/ ePE) I e Ve
e2rpr d2 2e%rpp v
= — Vg = ————— 045 - 9.40
1—iw7‘/47rvvﬁ 1 —iwr) 3 oF (9.40)
For the dc-conductivity, i.e., for w = 0 we obtain
2 2
Tap = % Sas (9.41)
where pp is the total density of states at the Fermi level.
9.2.4 Determining the transition rates
Impurities are described by an extra potential acting on electrons
Uimp (1) = Zv(r -cj), (9.42)
J
where c; are locations of the impurities.
In the Born approximation (Golden Rule) the rates are given by
2w 2
Wk, k) = — |Uimp k. k|” 6(e(k1) — e(k)) , (9.43)

h
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where the delta function is meaningful since we use W in a sum over kj.
Uimp k, .k is the matrix element of the impurity potential w.r.t. the Bloch states

1 :
Uimp k1 k = v Z /dV v(r —cj)uy, () (r) etk k) (9.44)
J

We assume all impurities are equivalent. Moreover we assume that they all have
the same position within the primitive cell. That is the only random aspect is
in which cell there is an impurity. Then ¢; = R; + dc. Shifting by R; in each
term of the sum and using the periodicity of the functions u we obtain

]' 3 .
Uimpk1 k= VZ eilk—k) R, /dVv(r —dc)uy, (r)uy (r)e’ Kk
J

o U Z it R, (9.45)

where vy, k is the matrix element of a single impurity potential.
This gives

1 . —_ . pa—
Uimnp tey el = 775 [t 1o D ethhr =R (9.46)
Jil
This result will be put into the sum over k; in the expression for the collision

integral I. The locations R; are random. Thus the exponents will average out.
What remains are only diagonal terms. Thus we replace

2 2 Nimp (9.47)

1
|Uimp, k1 k|~ — V2 |V, k

where Niyp is the total number of impurities.
This gives for the collision integral

If] = Y Wik, k) (f(ki) — f(K))
E1

= 2T S o l? (el — () (F K1) — 70))
ka1

h VZ

m 3 1
= T [ e nd?dletia) =) (k1) = £00) . (949

where nimp = Nimp/V is the density of impurities.

9.2.5 Transport relaxation time

As we have seen the correction to the distribution function due to application
of the electric field was of the form 0 f ~ E - vi. In a parabolic band (isotropic
spectrum) this would be §f ~ E - k. So we make an ansatz

5f=a(k)E-ex, (9.49)
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where ey = k/|k|. For isotropic spectrum conservation of energy means |k| =
|ki|, the matrix element vk, x depends on the angle between k; and k only, the
surface S is a sphere. Then we obtain

2m dQ)
167) = 2 o [ St od? (67(k1) - 5£00)
2 dQ
;nlmpppa VE /—1 |v(0x, 1)]? (cos O g — cos Oy, g) (9.50)

We choose direction k as z. Then the vector ky is described in spherical co-
ordinates by fx, = Ok, and ¢k,. Analogously the vector E is described by
0}3 = ek,E and PE- Then dQl = sin le dﬂkl d(pkl.

From simple vector analysis we obtain

cos O x, = cos O cos Oy, + sin Og sin by, cos(pr — @k, ) - (9.51)

The integration then gives

Nim .

16f) = ok E / sin O, O, die [0 (0, )|
X (cos g — cos O cos Oy, — sin Og sin by, cos(pr — @x,) )
'/TnimppF

= — @ (k)Ecosﬁg/sin9k1d0k1|v(0kl)|2(1 — cos by, ) (9.52)

Noting that a (k) Ecosfg = a (k) E - ex = —df we obtain

6
o = - (9.53)
Ttr
where
1 im .
1 _ mimpy / $in 06 |v(0)|2 (1 — cos ) (9.54)
Ttr h

Note that our previous relaxation time approximation was based on total
omission of the in-term. That is in the T-approximation we had

Zth (0f (k1) = 0f (k) ~ =6 (k ZWkl,

Thus

1 im .
==Y Wik k) = ”"hp” /d0|v(9)|2 sinf .

p
k;

The difference between 7, (transport time) and 7 (momentum relaxation
time) is the factor (1 — cosf) which emphasizes backscattering. If |v(0)|?> =
const. we obtain 1, = 7.
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9.2.6 H-theorem

Further insight into the underlying non-equilibrium dynamics can be obtained

from analyzing the entropy density

d d
szB/d( TR e ()10 fic (0) + (1~ fue (£)) In (1~ fe (£))]

It follows for the tim:d)ependence of H that
L eethontn,
_ —kB/d:;d)df(?; ka+‘9 Vrf)l 1f“]sz)
b

where we used that fi (r) is determined from the Boltzmann equation.
Next we use that

Vi fx (r)In 15)@(:)(” = Viyk (r)
with
i (1) = log (1 — fic (t)) + fic () In (%)

1-— fk (I‘)
which allows us to write the term with ’9
can be done for the term Wlth -V f Thub it follows

-V f as a surface integral. The same

OH d'wd'k Cfe(r)
T ke G b
d.]j d .
=t d<zyidkw<k"k>fk'<>[1—fk< ] = WKL~ fie] 25
dIE d v B (r
= 5 [ T Y Gt ] el
_ ks fdledk S e (YT ey Jie () (L= fie ()
- (2m)° (K, k) (fiw (0)[1 = fi(r)] — filr)[l = fir(r)] )1 MCIEAG)

It holds
(I1-—z)logz <0

where the equal sign is at zero. Thus, it follows

OH

— < 0.
o
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Only for
Ji(r) (1 = fie (r))

fo @ 1= fm)
is H a constant. Thus
log fki(r) = const.
(1 - fx(r))

which is the equilibrium distribution function.

9.2.7 Local equilibrium, Chapman-Enskog Expansion

Instead of global equilibrium with given temperature 1" and chemical potential
w in the whole sample, consider a distribution function f(r,k) corresponding to
space dependent T'(r) and pu(r):

1
exp [EI:];T“(%)} +1

fo= (9.55)

This sate is called local equilibrium because also for this distribution function
the collision integral vanishes: I[fy] = 0. However this state is not static. Due
to the kinematic terms in the Boltzmann equation (in particular vy - V. f) the
state will change. Thus we consider the state f = fy+ Jf and substitute it into
the Boltzmann equation. This gives (we drop the magnetic field)

00
O B Vu(fo o)t v Velfo 6N =TS (950
We collect all the § f terms in the r.h.s.:
86f
—ﬁ E-Vifo+ vk - Vefo=1[0f]+ + < E Vidf —vi-Vidf . (9.57)
We obtain of ( )
0 €k — U
r = -5 r = — rT .
Vi fo Oen (V W+ T \Y% ) (9.58)
and

3f

< Evkaf Vie- Vo f .

(9.59)
In the stationary state, relaxation time approximation, and neglecting the
last two terms (they are small at small fields) we obtain

~L ((vru+eE)+5kT_“ . ) = 1)+

dfo ek — 1 5f
_ . E T =-——, .
Der Vi ((V w4+ eE) + T \Y% - (9.60)
which yields:
0
of = nrJo Vi ((Vr,u +€¢E) + r ) . (9.61)
(961(
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Thus we see that there are two forces getting the system out of equilib-
rium: the electrochemical field: Eq on. = E + (1/¢)Vu and the gradient of the
temperature V1. More precisely one introduces the electrochemical potential
@el.ch. such that Eq cn. = E+ (1/e)Vi = —Vercn. = —Vo + (1/€)Vu. Thus
¢el.ch. = ¢ - (1/6)lu

On top of the electric current

. e
in(rt) = kZ:vkéf(k, r,t) (9.62)
we define the heat current
. 1
jo(rt) = ngj(ek — pvid f(k,r, 1) (9.63)

This expression for the heat current follows from the definition of heat dQ =

dU — udN.
This gives
ie K1 Ko Ee).ch.
. = 9.64
()= Cin &2 ) (e ) 000
Before we determine these coefficients, we give a brief interpretation of the
various coefficients. In the absence of VT, holds

e = KnEeen.
jQ = Ko Eeqen.
The first term is the usual conductivity, i.e.

J:K11

, while the second term describes a heat current in case of an applied electric
field. The heat current that results as consequence of an electric current is called
Peltier effect

Jjo = BEjE-

where

BE = Ka1/K11.
is the Peltier coefficient.

In the absence of Eg . holds
) K
. Ko
= —=VT
JQ T

Thus, with jo = —xVT follows

R = —K22/T
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for the thermal conductivity, while K75 determines the electric current that is
caused by a temperature gradient. Keep in mind that the relationship between

the two currents is now jo = frjg with .

Br = Koo /K12 = —Tk/K2

Finally a frequent experiment is to apply a thermal gradient and allow for

no current flow. Then, due to

K
0=KiEeen + #W

follows that a voltage is being induced with associated electric field

Eqcon = SVT
where X
g - 12
TK

is the Seebeck coefficient (often refereed to as thermopower).
For the electrical current density we obtain

. e
JE = v kaéf(k)
k,o
e 0 €k —
- v Z“ra%i {Vk' (eEel"’h'+ T MVT)] Y
k,o

Thus for K11 we obtain

Kiiap = Zm Uk alk,8 -
For Ky, this gives
Kiogp=—= Z Ttr 5k — [)Vk,aVk,j -
For the heat current density we obtain

o = %Z(Ek — p)vid f (k)

= v Zﬂr 87f [Vk : (6Eel‘ch‘ + X

Thus for K51 we obtain

Koiop = Z Ttr €k — 1) Vk,aVk g -

"1 v

(9.65)

(9.66)

(9.67)

.(9.68)

(9.69)
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For K5 this gives

1 dfo 9
K = — r—(ex — a . 9.70
208 = 7 k}g Tt 5'6k( k — M) Uk,alk,B ( )
K1 is just the conductivity calculated earlier. Ko = —Koy. This is one of

the consequences of Onsager relations. Kjo # 0 only if the density of states is
asymmetric around g (no particle-hole symmetry). Finally, for Koy we use

fo

2
~ —0(e— ) — " (knT)?8" (e — 1) . (9.71)
Oe 6
This gives
1 0
Koong = v ZTtr %(Gk — 1) Vg VLB
k,o
_ a2 dfo 9
= Ttr/P(E)dEE E(f—u) VaUp

2 dQ) 2
= —Ttr ? (/{BT)QpF / Evavﬂ = —? (kBT)QpFU%Ttr5a7B(9.72)

Thus, for thermal conductivity x defined via jo = —kVT we obtain

K. 2
K== 5 W TprvETs (9.73)

Comparing with the electrical conductivity

1
o=3 PFPVET (9.74)

We obtain the Wiedemann-Franz law:
Kk kT w*

- = . 9.75
o ez 3 ( )



