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Introduction

Thermodynamics is a phenomenological, empirically derived description of the equilibrium prop-
erties of macroscopic physical systems. These systems are usually considered large enough such
that the boundary effects do not play an important role (we call this the ”thermodynamic
limit”). The macroscopic states of such systems can be characterized by several macroscopically
measurable quantities whose mutual relation can be cast into equations and represent the theory
of thermodynamics.

Much of the body of thermodynamics has been developed already in the 19*"* century before the
microscopic nature of matter, in particular, the atomic picture has been accepted. Thus, the
principles of thermodynamics do not rely on the input of such specific microscopic details. The
three laws of thermodynamics constitute the essence of thermodynamics.

Statistical Physics provides a road towards thermodynamics from a microscopic models of mat-
ter. We consider a macroscopic systems consisting of an extremely large number of (often
identical) microscopic entities which can be found in different microstates, whose dynamics is
often understood through a Hamiltonian. The number of degrees of freedom (variables) is large
enough such that following the evolution of each microscopic entity individually becomes in-
accessible. Rather a statistical approach taking averages over the microstates is appropriate
to derive the essential and desired information on the macroscopic properties of a macroscopic
system.

9th

There are two basic viewpoints to this: (1) kinetic theory such as the Boltzmann kinetic gas
theory and (2) statistical physics based on the Gibbsian concept of ensembles.

(1) The kinetic theory is based on statistical time evolution of a macroscopic system using the so-
called Master equations. This allows us to discuss systems out of equilibrium which gradually
approach equilibrium after long time when they are left on their own . The motion towards
equilibrium is most impressively displayed in Boltzmann’s H-theorem. Equilibrium is reached
when macroscopic quantities do not show any time-dependence. Average properties are obtained
through time averages over microstates.

(2) The Gibbsian approach considers a large number of identical copies of the system each one
being in another microstate of the system, corresponding to the same macroscopic parameters
(energy, volume, etc). Here time does not play a role and the averages are taken over en-
sembles, as we will see below. In many aspects this is the more accessible approach to derive
thermodynamics and is for equilibrium physics equivalent to the kinetic theory if the ergodicity
of the system is guaranteed. This means any microstate in the ensembles is (approximately)
connected to any other microstate through temporal evolution following the dynamics given by
the Hamiltonian.



Chapter 1

Classical statistical Physics

Statistical physics deals with the equilibrium properties of matter and provides the microscopic
understanding and basis for thermodynamics. This chapter develops a new practical approach
to equilibrium state of macroscopic systems. Time is not a variable anymore and measurements
may be considered as averages over a large ensemble of identical systems in different possible
microscopic states under the same external parameters.

1.1 Gibbsian concept of ensembles

As a practical example, we consider the state of a gas of IV classical particles, given by 3N canon-
ical coordinates qi, . . ., g3y and by the corresponding 3N conjugate momenta p1,...,psn. These
define a 6 N-dimensional space I', where each point in I' represents a state of the microscopic
system. Considering the whole system of N particles under certain macroscopic conditions,
given external parameter such as temperature, pressure, volume, internal energy, .... , we find
that an infinite number of states in I' are compatible with the same external condition, and
would not be distinguishable by macroscopic measurements.
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Fig. 1.1: Time averages are replaced by averages over an ensemble of systems in different
microscopic states, but with the same macroscopic conditions.

If we would like to calculate a certain macroscopic quantity we could perform temporal average
of the microscopic variables over a very long evolution time. Based on the states in I' this
is, however, not a practical method as it involves the discussion of the temporal evolution.
Gibbs introduced the concept of ensembles to circumvent this problem. Taking a large (infinite)
number of systems under identical macroscopic conditions, we can find macroscopic quantities
by averaging over an ensemble of states. That this scheme is equivalent to a temporal average
is a hypothesis, as it is assumed that the time evolution of the system would lead to all possible
states also represented in the ensemble. This is the ergodicity hypothesis.! The set of states

'Ergodicity hypothesis: We consider the subspace defined by H(p,q) = E in I'. Due to energy conservation a
point in this subspace, evolving in time, does not leave this subspace. The ergodicity hypothesis states, that a
point on H = E can reach in its temporal evolution every point of this subspace (Boltzmann, 1887). This is not



for given macroscopic parameters is then represented by a distribution of points in the space I'.
This distribution is generally continuous for a gas of particles.
For the calculation of averages we introduce the density function p(p,q) providing the measure
of the density of points in I'-space ((p,q) stands for the whole state (pi,...,psn;q1,--.q3N))-
Then

p(p, q)d*N pd*Nq (1.1)

gives the number of representative points contained in the small volume d*¥pd®V¢q in T, very
analogous to the distribution function in Boltzmann theory. This can now be used to calculate
averages of any desired quantity which can be expressed in the variable (p, q), A(p, q):

[ dpdqA(p, q)p(p, q)
[dpdgp(p,q)

We will use from now on the short notation dpdg for d®¥pd3N ¢ where it is not misleading.

(4) = (1.2)

1.1.1 Liouville Theorem

The dynamics of the system of N particles shall be described by a Hamiltonian #H(p, q) which
yields the equation of motion in the Hamiltonian formulation of classical mechanics,

OH d i — OH
o " o
This equation describes the motion of the points in I". If H does not depend on time derivatives
of p; and/or ¢;, then the equations of motion are time reversal invariant. They determine the
evolution of any point in I' uniquely.
Now let us consider the points in the I'" space and note that their number does not change in
time, as if they form a fluid. Thus, they satisfy the continuity equation
Op
ot
where ¥ = (p1,...,P3N;q1,---,G3n) and vV = (0/0p1,...,0/0psN;0/0q1,...,0/0q3n). Intro-
ducing the generalized substantial derivative we can rewrite this equation as

pi=— (i=1,...,3N). (1.3)

+V - (o) =0 (1.4)

Dp
= 1.
Dr +pV-T=0. (1.5)
The divergence of the ”velocity” ¥ is
3N . . 3N
- 8% 8p2- 8 37-[, 8 87‘[
v ;{8Qi+6pi} ;{3%31% 3171:8%'} (1.6)

=0
This means that the points in I' space evolve like an incompressible fluid. This property is
known as Liouville’s theorem. We may write this also in the form

Dp dp (. .0p .0 oM dp  OH dp
——_r_=F i50 T hig . 1.
Di ot t ; ¥ o P opi Z Op; 0gq;  Oq; Ip; (1)
Using Poisson brackets? this equation reads
0
5= {Hp} . (1.9)

rigorously valid, however. Ehrenfest’s version of this hypothesis (1911) states: The trajectory of a point comes
any other point in the same subspace arbitrarily close in the course of time. Of course, it is possible to find
(singular) counter examples, for which only a tiny fraction of the subspace is accessed.

2The Poisson bracket is defined as

ou Ov ou Ov
{u,v} = 21: {8% o0 o aqi} =—{v,u} . (1.8)




1.1.2 Equilibrium system

A satisfactory representation of a system in equilibrium requires for an ensemble that the density
function does not depend on time t, i.e. 9p/0t = 0. From Liouville’s theorem we get the
condition that

< [ . 9p 9p
0= q-+p-}:17-Vp: H,p} . 1.10

> {use i) =7 9= 00 a0
A general way to satisfy this is to take a density function which depends only on quantities
conserved during the motion, such as energy or particle number. Then the system would evolve
within a subspace where p is constant.
We may use this feature of p now to consider averages of certain quantities, based on the above
mentioned equivalence between the temporal and ensemble averages. Defining the temporal
average of A(p,q) as

T
(A) = lim 1/0 A(p(t), q(t))dt (1.11)

for any starting point (p(t = 0),¢(t = 0)) in the space I and (p(t), ¢(¢)) obeying the equation
of motion (1.3). The hypothesis of ergodicity, even in its restricted sense, implies that this
average can be taken as an average of an ensemble of an infinite number of different microscopic
states (points in I'-space). As the evolution of (p,q) conserves the energy, this leads naturally
to consider an ensemble of states of a fixed energy (internal energy). We call such ensembles
microcanonical. Although the microcanonical ensemble is not so frequently used in practice
than other ensembles which we will consider later, it is very useful for illustrative purposes. It
describes an isolated closed system with no energy exchange with the environment.

We postulate that in equilibrium any state of a macroscopic system satisfying the external
conditions appears with equal probability. In our microcanonical description with fixed energy,
number of particles N and volume V', we postulate

const. E<H(p,q) <E+JE

p(p,q) = (1.12)
0 otherwise

where JF is small. The average value of A is then given by (1.2). The validity of this approach
is based on the assumption of small mean square fluctuations (standard deviation)

<1. (1.13)

Such fluctuations should be suppressed by the order N~! as we will see below.

1.2 Microcanonical ensemble

We consider a macroscopic system of N particles in a volume V' which is isolated and closed.
The microcanonical ensemble for a given energy E consists of all systems of this kind, whose
energy lies in the range [E, E + 0E]. First we define the phase volume

O(E) = AN/ dpdq , (1.14)
H(p,q)<E
which contains all point in I" space with energy lower than or equal to . Moreover, Ay is a

renormalization factor 1

~ N3N
which compensates for the over-counting of the phase space in the integral by dividing by the
number of equivalent states reached by permutations of the particles, N!. The factor h*"V corrects

An (1.15)



for the dimension integral to produce a dimensionless ®(E). Thus, h has the units of action
([pg] = Js). While this could be Planck constant h, its magnitude is completely unimportant in
classical statistical physics. From this we obtain the volume of the microcanonical ensemble as

_ dP(E)

w(E) =®(E+JFE) — ®(E) 15

SE . (1.16)

Thus we now can renormalize p(p,q) with the condition,

A
1= AN/dp dg p(p,q) = N/ dp dg (1.17)
W(E) Je<H(pq)<B+SE
such that .
— E<H(p,q) <E+JFE
w(F
p(p,q) = (&) (1.18)
0 otherwise
As postulated p(p, q) is constant in the energy range [E, E + 0E].
1.2.1 Entropy
We use w(F) to define the entropy
S(E,V,N)=kplhw(E) . (1.19)

We can consider w(E) or S as a measure of the imprecision of our knowledge of the state of the
system. The more states are available in microcanonical ensemble, the less we know in which
state the system is at a given time and the larger is the volume w and the entropy.

We consider a composite system consisting of two subsystems, 1 and 2,

H(p,q) = Hi(p1,q1) + Ha(p2, ¢2) , (1.20)

with (N1, V1) and (Ng, Va), resp., for the corresponding particle number and volume. Each of
the two systems is characterized by wi(F1) and wy(F>), respectively. The volume w(FE) of the
microcanonical ensemble is the product of the subsystems under the conditions

EFE=FE+FE,, N=N+Ny and V=Vi+1V;. (1.21)

For simplicity we assume that the volumes and particle numbers of the subsystems may be fixed,
while they can exchange energy, such that F; and Fy can fluctuate. Therefore the volume of
the microcanonical ensemble of the total system for given E reads,

wE)= Y wi(E)w(E-FE), (1.22)
0<E'<E

where we assume for the sum a ”discrete” mesh of equally spaced E’-values of mesh spacing
dF (< E). We claim that this sum is well approximated by a single value E|, giving rise to
a sharp maximum among the summands (E) = E| and Ey = E — E6)3. The largest term is

3Note that Inw; oc N; and E; < N; (i = 1,2) as both quantities are extensive. We then find quickly the
following bounds:

(BB ~ ) < w(B) < 5en (B (B — By) (1.23)
Note that E/JF is the number of summands. Thus, we obtain for the entropy
ks nwi (E))ws(E — Ey) < S(E) < kg Inwn (Ey)wa(E — EY) + ks In % . (1.24)

It is important to see that the last term only scales with system size as In N (keeping §F fixed), while the first
term scales with N. Therefore in the very large-N limit the last term is irrelevant. Which proves that S(E) is
given by the maximal term in the sum (1.22).



obtained by
Ow1 (E") wa(E — E')
OF'

=0 (1.25)
E'=E),

such that

0 — 1 Owi(E) n 1 Ows(E — E')
- wi(E)  OF wo(E — E) oE' E=E,

(1.26)
_ Olnwi(Ey) _ Olnwy(Es)
B OE E\=E} OE, Eo,=E—FE) '
From this we obtain with Fy = Ej), and F» = E — E|,
981(En) ~ 053(E») (1.27)
OEy g g, OEy g5,

which can be considered as the equilibrium condition. Note that this is equivalent to the state-
ment that the equilibrium state corresponds to the macrostate with the largest number of mi-
croscopic realizations.

Identifying F as the internal energy U we define the temperature

os 1 1 1

95 _ 1 1 _1 1.2
U T T, T (1.28)

leading to T" as an equilibrium state variable. We have ignored the other variables V, N which
we will consider later.

Let us assume that there is some impediment which forces the two subsystems to specific vari-
ables such that each subsystem independently is at equilibrium, but not the total system. For
example, a big vessel of gas may be separated by a wall into two subvessels. Then we find for
the corresponding w of the combined system,

E=F + F»
W(E,V,N) =wi(E1, V1, N1)ws(E2, Vo, No) with V=V+W (1.29)
N = Ni + Na
such that the entropy is given by
S(E,V,N) = S1(Ey,Vi,N1) + Sz(Es, Va,Ny) < S(E,V,N) , (1.30)

i.e. the entropy is concave. This means also the equilibrium is obtained by the maximal entropy,
which is a consequence of the second law of thermodynamics. In terms of the volume of the
microcanonical volume w the equilibrium state assumes among all volumes the maximal one,
the most likely one in terms of probability.

1.2.2 Relation to thermodynamics

With (1.19) we have a definition of the entropy which for the variables E(= U), V and N is a
thermodynamic potential and allows us to calculate a variety of state variables and relations,

oS oS oS 1 D 1
dS = | — dE — d — dN = —dFE + =dV — —=dN . 1.31
i mew *(mJENV+<Msz o 130

This allows also to calculate the thermodynamic equation of state,
oS
=T(= 1.32
r=7(5v), 32

10



and to determine other thermodynamic potentials. The caloric equation of state is obtained

from o .
(25) -1, nsn
ov)yy T
by using U = FE as the internal energy. The derivative with respect to N yields finally the
chemical potential
oS
=-T|—=—— 1.34
n= (5w, 39

the energy in order to add a particle to the system.

1.2.3 Ideal gas - microcanonical treatment

We consider a classical gas of N independent mono-atomic particles in the fixed volume V|
which is closed and isolated. The Hamiltonian is simply given by

N =2
pA
= = = 1.35
H(p,q) = H(p) ; o (1.35)
Hence we obtain the volume
®(E) = Ay / dpdq = ANV / dp . (1.36)
H(p)<E H(p)<E
This p-integral corresponds to the volume of a sphere of radius R in 3N-dimensional space.*
The integral is straightforward,
O(E) = AyVNCay (2mE)*N/? e "/ 1.39
— it = )
( ) N 3N(m ) w1 F(%—i—l) ( )

“Volume of sphere in v-dimensional space: V(R) = CR”. The volume enclosed in a thin shell of width R at
the radius R is given by

Vshet = V(R) — V(R —0R) = CR” {1 — (1 - %) } (1.37)
with 0R < R, see Fig. 1.2 . In the limit v very large, v6R > R, we find
Vshenn = V(R) . (1.38)

Thus, the main part of the volume in the sphere is concentrated at the outermost shell.

R"™ Vshei,1%/CR™

0 02 04 06 08 1 R 02 200 400 600 800 n
Fig. 1.2: The volume of the sphere is located close to the surface in high dimensions, see the central diagram.
Thus, the fraction of the volume close to the shell and the total volume converges towards one as n — 0o
(diagram on the right hand side).

11



where Csy is the proper prefactor for the volume of an 3N-dimensional sphere.® This leads to
_09(E)
- 0OFE

Remarkably, for very large N (~ 102%) we find that the following definitions for the entropy are
identical up to terms of order In N and constants:

Sw =kplnw(E,V,N) and Se =kpln®(E,V,N) (1.43)

w(E)

N
SE = ANCgNVN%2m @mE)PN21 55 | (1.42)

leading to

N N
S, =kg ln(ANVNCgN) + kg (32 — 1) In(2mFE) + kpln <322m5E)

(1.44)
N 3N
:kBIH(ANV 03N>+k371n(2mE)+O(lnN) :Sq>—|-O(IIIN) .

Since we can drop terms of order In IV for the extensive entropy, we will continue, for convenience,
using Sg¢ instead of S,

omrE\Y?| 3N 3N 3N
S(E,V,N):NkBln{V <”272r> }2k31n2+2kBNkBInN+NkB (1.45)

where we used Stirling’s formula
1
Inn! %nlnn—n—l—iln@wn) for n— oo, (1.46)

and neglected all terms of order In N. We then rewrite

V (4rmEN*?] 5

This equation may now be solved for E so that we obtain the internal energy as a thermodynamic
potential

3N/3h 2S5
Ny=FE=—"—__ B 1.4
US,V.N) demy 23 &P { 3Nkp 3} (1.48)
The thermodynamic quantities are obtained by derivation: the temperature
oU 2U 3
T=|— = = U= _-NkpT 1.49
( as > vy 3Nkp 2" "B (1.49)
the pressure
ou 2U  NkpT
=— | = =-—= = V = NkpT 1.50
p < 6V> oy BV 7 p BT, (1.50)

and the chemical potential

C(OUN U (5 2 8\ _ V([ 2emkpT\*/*
= (mv)sy N (3 - 3NkB> = _kBTln{N (m) - (15D

Through further derivatives it is possible to obtain various response functions. The ideal gas is
readily described by means of the microcanonical ensemble.

SPrefactor C,,: Use the n-dimensional Gaussian integral in Cartesian coordinates

+oo “+oo —( 2+...+ 2) “+oo 9 n /2
I :/ da:l---/ dxn,e 1 n) = (/ dze™ " > =nx"". (1.40)
oo —oo —oco

The same integral in spherical coordinates is given by

I =nC, [ dr—tert =T n/oodtt%_l +_"or(2Y=c,r(2+1 1.41
nC’/O rr e 2C | e 20 (2) C (2—|—) ( )

such that we obtain C), given in (1.39). Note, I'(n + 1) = n! for n > 0 as an integer.

12



1.3 Canonical ensemble

We change to a macroscopic system for which we control the temperature by connecting it to a
very large heat reservoir. The system together with the reservoir forms a closed system of given
total energy. Therefore we consider two subsystems, system 1 describing our system and system
2 being the heat reservoir,

H(p,q) = Hi(p1,q1) + Ha(p2, ¢2) - (1.52)

The heat reservoir is much larger than system 1, No > Nj, such that energy transfer between
the two subsystems would be too small to change the temperature of the reservoir. Within
the microcanonical scheme we determine the phase space of the combined system in the energy
range

E<E+Ey,<E+JF. (1.53)
E2,32,T

Fig. 1.3: The two systems 1 and 2 are coupled thermally. System 2 acts as a huge reservoir
fixing the temperature of the system 1 which we want to investigate.

Therefore the volume of the microcanonical ensemble of the total system is

wE)= Y wi(B)w(E—-E). (1.54)
0<E:1<E

Analogously to our previous discussion in section 1.2.1, there is one value Ey = E}, (Fy = E— E})
which provides the by far dominant contribution. In addition here E, > FE; is valid. The
corresponding volumes in T'-space are wi(E1) and wo(Es) and w(E) ~ wi(E1)ws(E — E1). Due
to this simple product form we can determine the density function p;(p1,q1) of the system 1, by
considering the mean value of A(p, ¢) in system 1,

_ Jidpdai A(py, 1) [, dpadaap(p,q) [} dprdqiA(pr, q1)p1(p1, q1)

A =
(A J1 dprdqy [, dp2daap(p, q) J1 dprdaip1(p1, 1)

(1.55)

Taking into account that p(p, q) is constant in the range F < Hi(p1,q1) + Ha(p2,q2) < E 4+ 0FE

we obtain
_ Jidpidqi A(pr, q1)wa(E — Ha(p1, q1))
J1 dprdqrwa(E — Hi(p1,q1)) '

Using the assumption that Ey ~ E > E; we may expand wa(E — Hi(p1,q1)) in Hi(p1,q1)) ,

(Ah

(1.56)

05 (E
kplnwe(E — Hi(p1,q1)) = S2(E —Hi(p1,q1)) = S2(E) — Hi(p1, q1) 82;32)
2 |BEx=E
:SQ(E)_W+...
(1.57)

13



from which we derive
wy(E = Hi(p1,q1)) = e EV/ko e pra)/ksT (1.58)

Here T is the temperature of both systems which are in equilibrium.
Within the canoncial ensemble, taking the temperature 1" as a given parameter, we write gener-
ally for the density function, the probability to find the system of N particles in the microstate

(p,q), ,
plp,q) = e Pt (1.59)

where we introduced the partition function Z

1
Z=An / dp dge PHPD)  with 8= - (1.60)

kpT
which, up to prefactors, corresponds to the volume of the ensemble of system 1, called canonical
ensemble, again renormalized by Ay.5
1.3.1 Thermodynamics
The connection to thermodynamics is given by the relation

7 = e PFTVN) (1.61)

where F(T,V,N) is the Helmholtz free energy, a thermodynamical potential. Note, F' is an
extensive quantity, because obviously scaling the system by a factor A would yield Z*. Moreover,

F=U-TS (1.62)
with OF
U= (H) and S=—|=—= . (1.63)
or )y n
This can be proven using the equation,
1= AN/dp dgePF=H) (1.64)

which through differentiation with respect to 5 on both sides gives,

0= AN/dp dgePF-M L F 43 <8F> —H
9B ) vn

N F(T,V,N)—U(T,V,N)—T<8F> _0.
V.N

(1.65)

aT

Using this formulation for the free energy we obtain for the pressure

oF
(%),

which in the case of a gas leads to the thermodynamic equation of state.
The internal energy is easily obtained from the partition function in the following way,
_ An 10z 0

7 /dp dgHe P = 22 —InZ. (1.67)

This is the caloric equation of state.

SNote that there is, rigorously speaking, the constraint Hi(p1,q1) < E. However, ignoring this constraint is a
good approximation, as the main contribution is from the valid range.

14



1.3.2 Equipartition law

We now consider a set of special average values which will lead us to the so-called equipartition
law, the equal distribution of energy on equivalent degrees of freedom. We examine the mean
value,

OH A 87-[, A 0
<> N dpdqqua pH = 2N dpdqcm(9 e M

g, Z ZB
1.68)
= = T
Zﬁ dp dqque """ +—7— Zﬁ dpdqe 0uwkBT
=0
where we used integration by parts leading to the boundary terms in the g,-coordinate (expressed
by f d'q...), which we assume to vanish. Analogously we find for the momentum
oH
— ) =0,,kpT . 1.69
<pu Opy > w B ( )

If the Hamiltonian is separable into a p-dependent kinetic energy and a ¢-dependent potential
energy part and, moreover, if the following scaling behavior is valid

H(p,a) = Brin(p) +V(g) with  Epin(Ap) = AXEgin(p) and  V(Ag) = A*V(q)  (1.70)
then we can use the above relations and find for mono-atomic particles
3N
<Ek;m> = Tk?BT and <V> 7]€BT (1.71)

The total energy is given by the sum of the two contributions.

1.3.3 Ideal gas - canonical treatment

Consider a gas of N particles without external potential and mutual interactions described by
the Hamiltonian

N o
= LI 1.72
M) =X 5 (1.72)
The partition function is given by
N N
A :ANH/dspi dqu‘ e—ﬁiz/kaBT = Ay {/d3p d3q e_ﬁ2/2kaT}
= (1.73)
= ANVN {27mkpT}3N/?
From this we obtain the free energy and the internal energy using Stirling’s formula,
V [ 2nmkpT\*?
F(T,V,N) :—kBTan:—N]{ZBTln{N<h23> _NkBT7
(1.74)
0 3N . .
UT,V,N) = —%1 nz = —/@BT (caloric equation of state) .
The entropy is given by
Srv.N)=—(%5)  Z Ngpmd ¥ (2mmksT " LN (1.75)
s Vo - oT VN - B n N h2 ) B .
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and the pressure by

_ (0F\ _ NkpT
= (3v),. =7 (170

which corresponds to the thermodynamic equation of state. Finally the chemical potential is

obtained as 3/2
oF V [ 2mmkpT
= — = —kpTIln{ — | —=—"— . 1.
0= (ox),, =+ “{N( ) } (70

An important aspect for the ideal system is the fact that the partition function has a product
form because each particle is described independently. In this way it leads to an extensive free
energy and internal energy.

1.4 Grand canonical ensemble

We consider now a new situation by allowing beside the heat exchange also the exchange of
matter of our system with a very large reservoir, see Fig. 1.4 . Thus we take the system 1 with
Ny particles in a volume V; coupled to the reservoir 2 with Ny particles in the volume Vo with

Ny < Ny and Vi« Vy , (1.78)

and N = Ny + Ny and V = V] + V5 fixed.

T
Na, Vs NV
T, T

Fig. 1.4: The two systems 1 and 2 can exchange matter between each other while the
surrounding heat reservoir fixes the temperature of system 1 and 2. System 2 acts as a huge
particle reservoir fixing the chemical potential p of the system 1 which we want to investigate.

The Hamiltonian can be decomposed into two parts

H(p,q, N) = H(p1,q1, N1) + H(p2, a2, N2) (1.79)
such that the corresponding partition function for given temperature (everything is coupled to
an even larger heat reservoir) is given by

Zn(V,T) = / dp dq e PHPaN) (1.80)

1
h3N N
The factor 1/N! takes into account that all possible commutation of the particles give the same
states (distinguishable classical particles). Now we segregate into the subsystems fixing the
volumes and particle numbers (No = N — Ny),

N
1 N!
Iy = dp: d d dgoe—PTHD1.a1.N)+H(p2,02,N2)}
N = NZOM!NQ!/ P12 /v m/vQ e
-

(1.81)

N
! 1
= [ dp1 d —BH(p1,91,N1) / dpo d —BH(p2,42,N2)
NIZ:(] h3N1N1! /Vl P1 aqy € hSNQNQ! v P2 Aqa €
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Note that the distribution of the particles into the two subsystems is not fixed yielding the
combinatorial factor of N!/Nj!Ny! (number of configurations with fixed N7 and Ny by permuting
the particles in each subsystem). From this we define the probability p(p1, q1, N1) that we can
find Ny particles in the volume V; at the space coordinates (p1,q1),

p(p1 o Nl) WM/ dps dgs e~ BH(p2,92,N2) (1.82)
B ZNNl‘thQN'
which is renormalized as
Moo
> /V dp1dgip(pr, g1, N1) = 1. (1.83)
N1=0 1
We may write
Zn, 1
N 2 —BH(p1,q1,N1) 1.84
p(p1,q1,N1) = Zn N ~ ¢ ) ( )
where we now use the relation
ZN,(Va,T) — ¢~ B{F(T.V=Vi,N=N1)~F(T,V,N)} (1.85)
Zn(V,T)

with

OF OF
F(T,V—-Vi,N—N)— F(T,V,N) ~ — <av> Vi — <6N) Ny = —uNy +pV; . (1.86)
T,N T,V

Thus we define
z=ePr (1.87)

which we call fugacity. Thus within the grand canonical ensemble we write for the density
function

N
z _
p(p,q, N) = i B{pV+H(p.a,N)} | (1.88)
u is the chemical potential as introduced earlier. We now introduce the grand partition function
oo
Z(T,V,2) =Y 2NZn(V,T), (1.89)
N=0

which incorporates all important information of a system of fixed volume, temperature and
chemical potential.

1.4.1 Relation to thermodynamics

We use now (1.88) and integrate both sides

_ dp dq _ _
1=e PPV Z N / N € FRPaN) — =BPV Z(TV, 2) (1.90)
which leads to
QUT,V,u) =—pV =—kpTIn Z(T,V,z) , (1.91)
the grand potential
dQY = —SdT — pdV — Ndy . (1.92)
The average value of N is then given by
Q
(N) = — (;) = k:BTaa InZ = zgan = Z NzNZy . (1.93)
It is also convenient to derive again the internal energy
0 ou
U=——InZ = Cy = () . (1.94)
op or )y,
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1.4.2 Ideal gas - grand canonical treatment

For the ideal gas, it is easy to calculate the grand partition function (here for simplicity we set
h=1),

o0 o0 N
Z(TV,2) =Y 2NZNT,V)=> %VN(mekBT)?’N/Q = exp {zV(27rkaT)3/2} . (1.95)
N=0 N=0 '

We can also derive the probability Py of finding the system with N particles. The average value
is given by

(N) = zaan(27rkaT)3/2 = 2V (2rmkgT)*? = Z=¢M. (1.96)
z
From this we conclude that the distribution function for the number of particles is given by
NN 1 2
P o~ T o~ (N—(N))2/2(N) 197
N N i) (1.97)

which is strongly peaked at N = (N) > 1.7 The fluctuations are given by
O(N) v 1

N%) — (N)? = = (N = =-. L.
(V) (NP =25 =) s k== (1.98)
The grand potential is given by
Q(T,V, 1) = —kpTe® "V (2nmkpT)*? = —kgT(N) = —pV . (1.99)
The chemical potential is obtained by solving Eq.(1.96) for
N)(2 T)=3/2
p=kpT In << i ”kaB ) ) . (1.100)

1.4.3 Chemical potential in an external field

In order to get a better understanding of the role of the chemical potential, we now consider an
ideal gas in the gravitational field, i.e. the particles are subject to the potential ¢(h) = mgiL,
where h and g denote the altitude and We introduce a reference chemical potential pg as a
constant. Then we write for the chemical potential,

1= pio +mgh + kgT In {n(27rmk:BT)_3/2} (1.101)

where we define n = (N)/V as the local number density of particles. In equilibrium the tem-
perature and the chemical potential shall be constant. We may determine p by the condition
that at h = 0 the density is n = ny,

u(T) = o + kpT In {no(%kaT)*?’/?} = mgh=kpT In (%) . (1.102)

We can now solve this equation for n = n(h),
n(h) = nge=Pmah (1.103)

and with the (local) equation of state we find
p(h) = n(h)kpT = poe 79" (1.104)

This is the famous barometer formula.

"Note that for 2 > 0 it pays the energy p to add a particle to the system. Therefore as T' goes to 0 the average
particle number (N) increases (diverges). Oppositely, (N) decreases for T' — 0, if u < 0 and energy has to be
paid to add a particle.
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1.5 Fluctuations

Changing from one type of ensemble to the other we have seen that certain quantities which
have been strictly fixed in one ensemble are statistical variables of other ensembles. Obvious
examples are the internal energy which is fixed in the microcanonical ensemble but not in the
other two, or the particle number which is fixed in the microcanonical and canonical ensembles
but not in the grand canonical ensemble. The question arises how well the mean values of
these quantities are determined statistically, which is connected with the equivalence of different
ensembles. In this context we will also introduce the fluctuation-dissipation theorem which
connects the fluctuations (statistical variance) of a quantity with response functions.

1.5.1 Energy
In the canonical ensemble the internal energy is given as the average of the Hamiltonian U = (H).
Therefore the following relation holds:

AN/dp dg [U—H] T =0, (1.105)

Taking the derivative of this equation with respect to 5 we obtain

ou

0—8U+AN/dpdq(U—”H) [F—TaF—%] e’B(F_H):%+

~ 98 aT

This leads to the relation for the fluctuations of the energy around its average value U,

(U-=H1)2.  (1.106)

ou ou
() = (W) = (U = HP?) = =55 = keT* 5 = keT°Cy (1.107)
Because Cy is an extensive quantity and therefore proportional to NV, it follows that
(H?) —(H)* 1
il 1.108

which is a sign of the equivalence of microcanonical and canonical ensembles. In the thermo-
dynamic limit N — oo, the fluctuations of the energy vanish compared to the energy itself.
Therefore the internal energy as U = (H) = E is a well defined quantity in the canonical
ensemble as well as it was in the microcanonical ensemble.

We now consider the partition function

Z—M/@mwﬁmm—/fmmmew—/?mewwwm—f%EﬂmmE>

0 0 0
(1.109)
where the entropy S(F) is defined according to the microcanonical ensemble. The maximum of
the integrand at FF = Ej is defined by the condition, see Fig. 1.5,

oS 0?8
T — =1 and vl <0. (1.110)
OF | p_p, OE? | p_p,
Note that 20 5 5
1 1 0T 1
ool = == =—0 75 == <0. (1.111)
OE? |pp, OET|p_p, 1% OF |p_p, T°Cy
If we now expand the exponent in the integrand, we obtain
1
TS(E)— E =TS(Ey) — Ey — (E — Ep)*+ - (1.112)
2TCy

19



such that with U = Ej,

7 s BITS=U) /OO dE e—(E—U)2/21cBT2CV — BTS-U) /27T7<?BT2CV
‘ (1.113)

1
= FxU-TS- 5lfBTln{27r/cBT20V} =U-T5+0(nN).

Since the free energy is extensive, the term of order In N is in the large-N limit irrelevant.

Gaussian approximation

GP(TS(E)—E)

U =Ep
Fig. 1.5: Saddle point approrimation of the partition function, i.e. the approrimation of the
integrand by a Gaussian.

1.5.2 Particle number

We consider now the fluctuations of the particle number. The following relation holds

(1.114)

from which we derive

0? (N)
N?) —(N)? = —kgT—UT,V,p) = kgT——".
(N7) = (N) Baﬂg(>,u)BaM
We now relate the right hand side with the isothermal compressibility. Introducing the specific
volume v = V/N we consider u = pu(v,T) (note that p is not extensive). Moreover we use the

Gibbs-Duhem relation

(1.115)

SdT' — Vdp+ Ndp =0 (1.116)
which derives from considerations on the Gibbs free energy (see thermodynamics course) and
obtain g 3 3

K D
du=vdp— —dT = — | =v|=— . 1.117
PRI <av)T ”<8v>T .

Since v = V/N depends on both V' and N, the following derivatives are useful

9\ _ (9N 9N _ N (9

ov V7T_ v )yp \ON V,T_ vV \ON V7T’
(50)0 = (50) 0 (0) = (o7)

o) N o ) yr \OV ) 1 oV N,T.

From (1.117) then conclude

N2 [ Ou dp 1 (ON 1 [oV K
== = = — [ = = — = —. 1.11
v ( aw)w v <av>N7T - N <6u>V,T vV <8p>N,T v (1119)

Consequently the fluctuations of the particle number is connected with the response function,
kT, the isothermal compressibility,

(1.118)

K = W%BT {(N?) = (N)?} . (1.120)
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1.5.3 Magnetization

Considering a system of N classical magnetic moments 771 ; which have fixed magnitude m and
can be fully rotated, we define the magnetization

N
M=) ;. (1.121)
i=1

The average value of the magnetization is

N
e F
(M) = N(m.) = /HinMZeﬁ[F_H(ml""’mN’H” = - <§H ) : (1.122)
=1 2/ T,N

Note that the magnetic field couples to magnetic moments through Zeeman coupling,
H(mm,..., mn; H) =Ho(mvy,...,mn)— H - M . (1.123)
Now we discuss the equation,

0= /d91 e dQUN (M) — M)ePEH) (1.124)

taking the derivative with respect to the field H, leads to

O(M.,) 0 _
0 =203 [dQy - -dQn((M,) — M,)—— (F — M) PF=H)
S =0 [ oo (n) M) (- H)e
(1.125)
= Xzz — /B/dgl e dQN(<Mz> - Mz)2eB(F_H) = Xzz — B<(<MZ> - Mz)2> .
This yields the convenient fluctuation-dissipation relation for magnetic susceptibility,
1

or = — {(M2) — (M)?} . 1.126
X = o L2 — (M)2) (1.126)

21



Chapter 2

Quantum Statistical Physics

Quantum statistical physics opens the door to new phenomena and also provides an under-
standing of the third law of thermodynamics, which we had found to be often violated within
classical statistical physics. Moreover, we will find that for ideal quantum gases the concept of
indistinguishable particles leads to the classification of particles into two categories: Bosons and
Fermions.

2.1 Basis of quantum statistical physics

Every state of a quantum mechanical system can be described by a superposition of stationary
states |i,) of the Hamiltonian #, which form a complete orthonormal basis,

‘\Il> = ch’wn> (2.1)

where the complex coefficients ¢,, represent the wavefunction whose time dependence is deter-
mined by the Hamiltonian H. For the stationary states the following holds:

Hvn) = enltbn)  with  (Pplthy) = 0pp and 1= [thn) (thu] - (2.2)

n
The renormalization of the state |¥) requires

L= (O0) = 3 e (ltnr) = 3 feal® - (2.3)

n,n’

The square modulus |c,|? denotes the probability to find the state [1,) in |¥).
Observable quantities are represented by Hermitian operators A, and their expectation value is

<\II|A’\II> - Z C:Cn’ <¢n’¢4"¢n’> : (2'4)

n,n’

This expectation value is generally time dependent, ¢, = ¢, (t).

Let’s consider now a measurement of a macroscopic observable, which corresponds to an average
(indicated here by over-bar) over a time much longer than the microscopic time scales (time
between collisions, inverse energy spacing, etc.),

(UIA[D) = chcw (nl Alpw) (2.5)

n,n’

and focus on eigenstates in a certain narrow energy range, E < ¢, < E + §F (microcanonical
point of view). The quantum statistical physics is based on two key postulates:
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e Equal probability:
r, E<e, <FE+4+IF,

Cn = (2.6)
0, otherwise,

I *

where 7 is a real constant.

e Random phase: if n # n’ then

e =0, (2.7)

%
n
i.e. the phase of the wavefunction is a random variable. Such a behavior requires an at
least weak coupling to the environment in order to randomize the phases.

As a consequence averaged expectation values are given by

(UIA[D) = > fenl* (n] Altpn) (2.8)

which corresponds to considering the state |¥) as an incoherent superposition of the eigenstates
(pure versus mixed state). We may consider the drop out of interference terms as an effect of
averaging over a long time whereby the phases depend on time. Alternatively, we average over
an ensemble of many different states with different phases.

2.2 Density matrix

Mixed states or incoherent superpositions of states are conveniently described by density matrices
p. We define first the density matrix as an operator through its matrix elements

<wn|ﬁ|¢n’> = Pnn! = ‘Cn|26nn’ . (29)

In the basis of stationary states the density matrix is diagonal. Therefore we may formally write
the density matrix in spectral form as

p= Z |cn’2|wn><wn| : (2'10)

We may also express the average value of A as a trace of the form,

S Wal Apln) _ tr(Ap)
S (nlplbn)  trp

Note that the final expression is independent of the basis {|¢,)}, as known from standard linear
algebra. The cyclic permutation of matrices (operators) does not change the trace: tr(ABC) =
tr(BCA). Thus the basis transformation U yields A’ = UAU !, such that

(A) =

(2.11)

tr(A) = tr(UAU™Y) = tr(AUTU) = tr(A) . (2.12)

In this sense the density matrix is a convenient tool to perform ensemble averages as it contains
basis-free informations. In order to describe equilibrium properties p should not depend on
time t and therefore it should commute with the Hamiltonian,

% _

L 0h _
ot

[H,p] =0. (2.13)

It is obvious that the density matrix defined in (2.10) commutes with H. Compare this with
Liouville’s theorem of classical mechanics.
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2.3 Ensembles in quantum statistics

We now formulate the quantum statistical physics in terms of the three types of ensembles which
we introduced for the classical statistical physics.

2.3.1 Microcanonical ensemble

The microcanonical ensemble is suitable for closed systems which do not exchange energy and
particles with the environment. We take the density matrix in its diagonal form p,,, = 6, |cal?.
In this ensemble we consider an incoherent state which consists of the equally distributed set of
states within a certain narrow energy range between F and E + F. Thus,

len|? = (2.14)
0 otherwise .

The energies €, are the eigenenergies of the stationary states |¢,) for the Hamiltonian H.
Formally we then write the density matrix as

p= > n)al  with  trp=> pun=w(E). (2.15)

E<en<E+0E

Here w(F) is the number of quantum states |¢,,) with energy in the given energy range. Anal-
ogously to the classical case we use now w(FE) to define the entropy

S(E,V) =kphw(E) . (2.16)

From this we may derive the thermodynamics. Note that w(F) is connected with the density of
states d®(FE)/dE of the quantum system.

Z@ —€n) = w(E) = 1B OF (2.17)

with O(z) as the step function
1 >0

@(:c):{ 0 z<0 - (2.18)
2.3.2 Canonical ensemble

For a system which is in thermal equilibrium with a reservoir of given temperature 1" we use the
canoncial ensemble formulation. Analogously to the classical statistical physics we define the
density matrix here as

p(pv Q) = e—ﬁ’H(p,q) — Pnn’ = 5nn’e_5en ; (219)

and we define the partition function as

Z = Z e Pen = trp = e PE(TVN) (2.20)

where F' is the Helmholtz free energy. The density matrix can be written as an operator,

Z\w e (i, I—e‘ﬁ”Z\wn (th| = e PH. (2.21)

%,_/
=1

Thus the partition function can also be expressed as

Z = tre M (2.22)
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and average values of observables are given by

r e_m"
(A) = W - %tr (Ae*ﬁ”) . (2.23)

The connection to thermodynamics is given via the Helmholtz free energy,

F(T,V,N) = —kgTIn Z . (2.24)

2.3.3 Grand canonical ensemble

Now we connect the system in addition to the heat reservoir also to the particle reservoir of
given chemical potential . In the same spirit as for the canonical ensemble we use the analogy
to the classical systems. The density matrix now reads,

p = e BO-uN) (2.25)
with N the particle number operator and the grandcanonical partition function is then

Z = tre PR = 5" Nz (2.26)

with z = e as the fugacity, leading to the grand potential
AT, V,u) = —kpTlnZ . (2.27)

2.4 Ideal quantum paramagnet - canonical ensemble

The ideal paramagnet with quantum spins represents a simple example to illustrate some aspects
of quantum statistics before going to the more involved cases.

2.4.1 Spin 1/2

We consider N quantum spin 1/2 moments where for each spin the Hilbert space contains two
states, {| 1),] )} for a given quantization axis which we may choose to be the z-axis. In a
magnetic field these moments are described by the Hamiltonian,

_ kB 3,_ Q,UB
= 7§ = ZH (2.28)

with pp the Bohr magneton and g = 2 the gyromagnetic ratio. The Pauli matrices are defined

01 0 —i 1 0
5T = 5Y = 5% =
G <1 O)’ o <z 0 ) and & (O _1>, (2.29)
and 60 is the 2 x 2 unit matrix. Now we use the properties!
(@ o) =|a|*6° and (a@-8)"'=l|dla- & (2.31)

and tr & = 0 and ¢r6° = 2 in order to determine the partition function,

Z :tT{eiﬁrH}:tr{eﬁy‘BZiﬁ‘Aﬁ'i}: (tr{eﬁuBﬁ-?r})N

= (tr {60 cosh(BupH) + H - 3sinh(ﬂuH)}>N = (2cosh(BugH)" |

(2.32)

'We use the well known relation:

(b-G)=a-bo’ +i(@xb)-&. (2.30)
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where H = | H | and H = H /H. We obtain the free energy

—NupH kpT < upH
F = —NkgT In[2cosh(BupH)] = (2.33)
_NkgT?2 kT > upH

which is interpreted as F' = U — T'S being dominated by the internal energy U at low and by
the entropy S = kpIn2 in the high-temperature limit. Note that the entropy is given by

S(T) = ——= = NkpIn[2cosh(BupH)] — NkpfupH tanh(BupH) (2.34)

which goes to zero for T' — 0 satisfying the third law of thermodynamics. Now we turn to the
magnetization,

N

M, ZMBZOA%' i) = upN (i - &)
i—1

tr {,uBﬁ .G {&0 cosh(BupH) + H - 3sinh(5uH)] }
N
2 cosh(BupH)

= N - Hup tanh(BugH)

(2.35)
where 7 is a normal vector. Let us calculate the magnetic susceptibility for the case that H || 2,
first for a moment along z,

Xex = pBBN {(6°%) — (67)%} = upBN {(6°) — (6%)*}

2 2 (2.36)
ppN 2 ppN 1
= 1 — tanh H); = .
kpT { nb (G i)} kgT cosh?(BupH)
This yields a high-temperature behavior (kT > upH)
2
ppN
2(T) = 2.37
xee(T) = 522 (2:37)

corresponding to a Curie-behavior.

2.4.2 Spin S - classical limit

We now turn to larger quantum spins with magnitude S = hs where s is an integer or half-
integer. The Hilbert space of such a spin contains 2s+ 1 basis states {|s, s.)} = {|s, —s), |s, —s+
1),...,]s,s —1),]s,8)} with §2|s,s.) = h2s(s +1)|S, S.) and S.|S, S.) = hs.|S, S.). We apply
a magnetic field parallel to the z-axis of the IV independent spins, leading to the Hamiltonian,

N

N
_ _9¢B S F _ _9MB Gz
H=—" ;S H p Z;SH (2.38)

where g = 2 again. Note that the field direction does not matter for the following discussion.
We calculate again the partition function of the canonical ensemble,

N s N s
Z = tr{e_m‘} :tr{Heﬁg"BHSiz/h} = ( Z <S,Sz’$€Bg“BHSf/ﬁ‘S,Sz>> = ( Z ePonpHs:

=1 Sz=—S8 S,=—8

eBorsH — 1 sinh (BupH)

v

2s N H(2s+1 N : N
_ (e‘ﬁg“BHsZeBg“BH”> _ (e_ﬁgﬂBHseﬁguB (2s+1) _ 1) _ <s1nh (ﬁ,uBH(Qs—i-l))) '

n=0
(2.39)
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We obtain the free energy

(2.40)

F— NkgTl {sinh (BupH(2s+ 1)) }

sinh (BupH)

and the internal energy
U= —NMBH{(QS +1) coth (BupH (25 +1))) — coth (Bup H) } — _NupHsB,(BupH) (2.41)

where Bg(x) is the ”Brillouin function”. In Fig.2.1 the heat capacity is depicted, which is the
derivative of U with respect to temperature. Note the approach towards the classical limit with
increasing spin s (see also discussion for F' below). Also the magnetization can be expressed by
the Brillouin function,

N
M. = gup S (57) = Nup2sB.(BupH) | (2.42)
i=1
which also identifies the internal energy as U = —M_,H. The other components vanish, M, =

M, = 0.
The limit of s > 1 leads us to the classical limit?. Let us examine this by simultaneously fixing
2spp = m to be finite. The free energy and entropy take the limit for kgT > mH,

F=—-NkgTIn2s and S = Nkgln2s (2.47)

where we may identify the value of S with Sy of the classical case in the footnote. In the
low-temperature limit we distinguish two regimes:
(1) 2skpT > mH > kpT: we find

F=—NmH + NkgTIn(BmH/s) and S = Nkpln2s— Nkpln(26mH)+ Nk  (2.48)

which corresponds essentially to the low-temperature classical regime.
(2) mH > 2skpT: we obtain

1
F=—-NmH (1 - 28) +0 (Te—QﬁmH/S) and S —0 (2.49)

2 Classical ideal paramagnet: We take a classical vector magnetic moment 77 of length m and assume a magnetic
field along the z-direction. Thus, each moment possesses only the angular orientation as a degree of freedom.
This leads to the partition function,

N s, i A smieoss\”  (sinh(BmH)\"
Z:/E{‘“Te }: (/Ee > = <7BmH > . (2.43)

The free energy is given by
—NmH + NkgTIn(28mH) kT < mH

F = —NkgT {ln (sinh(8mH)) — In(BmH)} = NEsT [ mH\>2 (2.44)
— — T H
31 (kBT> kol > m
and the entropy in the limiting cases,
—NkpIn(28mH) + Nkg kT < mH
oF
S —S)=— <—> = 3 (2.45)
o ) 4 n N (mH
, == T H
3 (IcBT> kol > m

where we observe that in the zero-temperature limit the classical entropy diverges logarithmically in temperature.
In the high-temperature limit the entropy should reach a value connected to the phase space of each magnetic
moment, such that we may choose

So = NkpIn(2s+ 1) =~ NkpIn(2s) . (2.46)
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which corresponds to the quantum result. This quantum range shrinks for increasing s, see
Fig.2.1 .

—— classical
- = quantum

kT

Figure 2.1: As the spin s increases, the ”quantum” heat capacity approaches the classical heat
capacity.

2.5 Ideal quantum gas - grand canonical ensemble

A gas of independent particles in quantum mechanics has the additional key feature that in-
distinguishable particles are classified in fermions (particles with half-integer spins) and bosons
(particles with integer spins). The former follow the Pauli principle, i.e. we cannot find two
fermions in the same quantum state. For bosons no such restriction exists. A many-particle
state of bosons (fermions) is described by a wavefunction which is completely symmetric (anti-
symmetric) under the pair-wise exchange of particle variables. We will discuss this in detail in
the next chapter when we introduce the technique of second quantization. The free particles in
quantum mechanics are represented by plane waves

1 ip-7/h : 2
V() = (FlYp) = WGZP /R with €5 = g—m . (2.50)

The grand partition function for a gas of such particles is given by

—B(E—pN)
2= gpuye (EHD (2.51)
{nz}
with
E = Z egny  and N = Znﬁ. (2.52)
2 2

Here nj is the number of particles per state, the occupation number, whereby the sum ) {ny}

runs over all allowed configurations of occupations. The factor 9{nz} is given by

1 indistinguishable particles (fermions and bosons) |,

I{nz} = 1 ] ‘ (2.53)
H nTﬂ classical particles (Boltzmann) .

—

p

Each many-particle quantum state for indistinguishable particles includes all permutations
through the total symmetrization (bosons) or antisymmetrization (fermions) of the wavefunc-
tion. For fermions we find that for each state [ the occupation number is ny = 0,1 and for
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bosons ny = 0,1,2,.... Thus, calculating the partition function we obtain for fermions/bosons,

z = Y [{2675%}”’“ {2676652}"’72...]

Ty Mgy
H <1 + 26_565> fermions (2.54)
SIS () ]
7oy H = zle_ b bosons

—

with z = e?* as the fugacity.?
From the partition function we arrive at the equation of state

Z In (1 + z67665> fermions ,
i

o —BQ(T, V, ) = (2.56)

kT
B — Z In (1 — ze*’&ﬁ) bosons ,
P
and the particle number

Z ; fermions
65652—1 + 1 ’

N = za2 InZ = (2.57)

z 1
———— bosons.
E 66652_1 _ 1

These equations can be used to determine the chemical potential when N is fixed. The occupa-
tion number of a state is also easily obtained,

(ng) = % 11> (ze*ﬁeﬁ/)nﬁ/ ;nﬁ(Ze_BEﬁ)nﬁ

P'#P N
1 2.58
—Bes\ng ﬁ fermions s ( )
_Znﬁnﬁ(ze P)P_ kTalz_ z—tePP 4+ 1
= Z (Ze_/geﬁ)nﬁ = —RB e n =
nﬁ P 1 b
m osons .

These correspond to the Fermi-Dirac and the Bose-Einstein distribution, respectively.

3 Classical particles: The partition function is given by

1 —Beg 1 —Bes. =) - N 1 —Bez i - N r(class)
Z= Z [nﬁll{ze pl} n52!{ze p2} :|:ZZ N! ;e ! :NZ:OZ ZN )

L L =0

(2.55)
which corresponds to the usual partition function of independent classical particles within the grand canonical
ensemble.
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Eventually we compare the grand potential and the internal energy. Using (2.56) we obtain

Q =FhpT> In (1 + ze—@Eﬁ) = :Fk'BT/dE g(¢) In (1 + 28_56>
7

1 /2m\?*? [
= FVkpTg 5 <h?> / de /2 In(1 + ze=5¢) (2.59)
0

2 1 (2m\*? [ 3/2
L (e e
3 8w \ h? 0 zlefe 11
where the plus (minus) sign corresponds to fermions (bosons). For the second equality we
performed an integration by parts. We have also introduced the density of states

N 32
gle) = Z de—e€) =V ! <2712> e/? (2.60)
P

812

for the energy integration. Now we consider the internal energy

1 /2m\3/? oo 3/2
Thus from €2 = —pV we obtain the general relation
3
U=2pV. (2.62)

Note that we did not so far include the spin s of the particles in our considerations. This gives
an additional factor 2s + 1 to 2 and U.

2.6 Properties of Fermi gas

We consider now fermions of spin s, i.e. there are 2s 4 1 different species. The equation of state
and the equation for the particle number of the Fermi gas are given by

p _47T > 2 —Bes
M—hg(ZS—'—l)/O dpp In (1“1‘2’6 EP) ,
(2.63)
1 N dr © 1
—=—=—(2 1 dp p? ——————
vV h3(5+ )/0 Py zlePer 17

where we used the relation Zﬁ = % / d3p. We rewrite these equations introducing special

functions of z,

P 2s+1
m = Tf5/2(z)
L X (2.64)
s+
- = Tf?,/z(z)
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where \ = h/v/2rmkpT is the thermal wavelength. These functions are defined as*

2 s !
f52(2) f/ dz z*In(1 +Z€x):—2( 1)ll5z/2
(2.66)
f3/2(2) = Z*f5/2 =-> (-1 13/2 :
=1

For the following it will also be important to consider the asymptotic behavior of these functions.
For z < 1 we may use the expansion just given. For z > 1 we find®

7'['2
fs/2(2) ~ 15%(1112)5/2 [1 + 8(?112)2 4. ]
(2.70)
7.[.2
f32(z) = 3\/»(1112)3/2 [1+8(lnz)2+"'] _

2.6.1 High-temperature and low-density limit

Low density (high temperature) implies A\*> < v = V/N and z = ¢’* < 1. We can use now
(2.64)

A3 22 PUA| 1 A3\
2 @2s41)z— e == Z) 27
. (2s5+ ){Z 32+ } = T 28+1+23/2(28+1)2 <U> i 27

This allows us to replace z in the equation of state ©

P 2s+1 22 N N A3
~ - AP § [N A 2.73
ksT A3 {Z 25/2} v TR0V (2.73)

“Expansion of f5/2(z):

2 (e
4 o 5 —22y 4 lzle_lx _ I
ﬁ/o dr z°In(l1+2z2e" % )= ——= dx g (-1 = — E (-1) R (2.65)

SDerivation of the large-z-expansion: Use v = u/keT = In z and rewrite

Y

V)5/2 €

fs/2(z f/ dyy'*In(1+e"7¥) = Ttev )’ (2.67)

15\f
where the second equation is obtained by twice integrating by parts. More over we extend the lower integration
boundary to —oco, at the expense of a small error of order e™” = 1/2z. We now expand (y" + 1/)5/2 assuming v
large and find

’

8 oo T a2 5 a2 15 1 g2 e¥
g — d 2 R
Jora(2) 15y/7 /,oo Y [V Ty ARVt Ay

(2.68)
8 5/2 5 3/2 15 1/2
= _° 17 27 ey
5y/r { oV T+ o v + g2V +
where N )
I, = dy—"—— = Io=1,1 =0, = —,.... 2.69
/_OO y(1+ey)2 0 1 2= (2.69)

Note that all I, = 0 for n odd. It is easy to obtain f5/5(2) by taking the derivative.
5Note that the lowest order expansion reproduces the chemical potential of the classical ideal gas, as given in

Eq.(1.51) and (1.77): )
N V [ 2rmkpT\*?
— Pt )3 - _ Y[ £TMmEBL
z=eP =X = pu kgTIn { N ( W2 ) } . (2.72)
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The second term represents the first quantum correction to the classical limit of the ideal gas.
This allows us also to calculate the isothermal compressibility,

1 <8V> Vv 1
Vv 8}) T,N NEkgT 1 + W(JQ\;—&—I)

The quantum correction suppresses the compressibility, as a consequence of Pauli’s exclusion

principle, i.e. fermions avoid each other. The occupation numbers is approximatively given by
3 3

)\7 1 e Ber — Nh e~ Pe
v 2s+1 V(2rmkgT)3/2

(ng) ~ g (2.75)

corresponding to the Maxwell-Boltzmann distribution. With the general relation (2.62) we
obtain immediately the internal energy and the heat capacity

N
27/2(2s + 1)V

N3

3
U SNkgT {14+ —t
2" P { T PREs OV

} and CV = gNk‘B {1 } 5 (276)

including the first quantum corrections.

2.6.2 Low-temperature and high-density limit: degenerate Fermi gas

At low temperature we reach the ” quantum limit” A3 > v = V/N, which implies large fugacity z.
First we consider the zero-temperature situation. The occupation numbers follow a step function

1, e<up,
(np) = O — €5) = (2.77)
0, €5 > -

The fermions occupy states within a sphere in momentum space, the Fermi sphere (Fig.2.2).
The particle density n is

n =

N 2s+1 25+ 14n 2s 4+ 1)k3
— /d?’p(nﬁ): =3 ( )F

A E R 3PP T T g2 (2.78)

where pp is the Fermi momentum (ez, = u(T = 0) = €F), isotropic, and kr = pr/h is the Fermi
wavevector. The groundstate energy is

2s+1
Uy = %

3
1% / d*pes(ng) = 1—0(28 +1)Nep (2.79)

where er denotes the Fermi energy. The zero-point pressure is obtained through (2.56),

20U 1 N
=-—=—-(254+1)—¢€p. 2.80
P=3y =gty (2.80)
In contrast to the classical ideal gas, a Fermi gas has finite zero-point pressure which is again
a consequence of the Pauli principle and is responsible for the stability of metals, neutron stars

etc.

Next we turn to finite temperatures for which the occupation number broadens the step at pp.
We use now (2.70, 2.78) to obtain the relation

il 3/2_§ﬁ)\3ﬁ_ M 3/2+£2 K _1/2+... (2.81)
kgT C42s+1V  \kgT 8 \ kgT ’ ’

32



Y.O

Figure 2.2: Fermi sphere of occupied single particle states. Fermi radius pg.

which at constant density n = N/V can be solved for the chemical potential,

7T2 2
W(T) = ep (1 -5 (kfFT> +> : (2.82)

and analogously we obtain for the pressure,

2 2
p(T) = po <1+517;<kfFT> +> : (2.83)

Again we derive the internal energy from the relation (2.56)

3 572 (kT >
U 2pV Uo(+12<EF)+ ), (8)

which also leads to the heat capacity for fixed N

2 kT
Cy = kBN%(QS-i- 1) B

e (2.85)
€F

see Fig.2.3. This is the famous linear temperature dependence of the heat capacity, which can
be well observed for electrons in simple metals. Obviously now the third law of thermodynamics

is satisfied, Cy 290, Also the entropy goes to zero linearly in T

Cv
v ENkg --------c====oo,
z /g/ NkgT
—— quantum —— quantum
%NEF g - - classic - — - classic
oLk’ 0
0 ksT 0 ksT

Figure 2.3: The internal energy U and the heat capacity Cy in the quantum situation compared
with the classical situation.
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2.6.3 Spin-1/2 Fermions in a magnetic field

We consider now the magnetic response of spin s = 1/2 fermions in a magnetic field (ideal
paramagnetic gas). The Hamiltonian has to be extended by a Zeeman term. Taking the field
along the z-axis this reads,

s N
_ Tz:: (2.86)

with ¢ = 2 as gyromagnetic ratio and pup the Bohr magneton. This can be absorbed into a
spin-dependent fugacity,”

2y = ePrEBrBH (2.90)

such that the density of fermions is given by

N 1 1
n=v =533 {fs2(24) + fs2(z2)} = ny + 1 (2.91)
and the magnetization
M
m=r = e (ny —n )\3 {f3/2 20) = fapa(22)} - (2.92)

Let us now calculation the spin susceptibility for zero magnetic field, given by

om na 228]"3/2(,2)

=3g| = 2
YT on oo A%kpT 0z fiy2(2) (2.93)

o AkpT

with z = eP#. We may now again consider limiting cases.

High-temperature limit: We replace z < 1 in Eq.(2.93) using Eq.(2.71) with n = 1/v and find

2 3
WEn A°n
=21 - —1 . 2.94
X kT { 25/2 } (2.94)
The first term is the result for particles with spin and has a Curie like behavior and the second
term is the first quantum correction reducing the susceptibility.

Low-temperature limit: Taking only the lowest order for z > 1 we obtain,

2 2 1/2
pp 4 12_ _Mp 4 cr 2 3N
- | 2 - 2.95

NokpT v 07) kT /x \ kgl = i 2er (2:95)

This is the famous Pauli spin susceptibility for a Fermi gas, which is temperature independent.

"We calculate the grand canonical partition function

Z = H {; (Ze_ﬂ‘ﬁ+5#BH)n5} {Z (ze‘ﬂ‘ﬁ_B“BH)nﬁ} H H Z ( )nﬁ (2.87)

ng p o=+,— ng
where z, is defined as in Eq.(2.90). The grand canonical potential is given by

0= kT2 = "L {f0(z0) + foale)) (2.88)

from which we determine the magnetization

7i@ kBT kBT c’)zo

VOH ~ X 6Hf5/2( V=8 25K o 52 For2)

KB 0
33 ;UZU afs/g(z)

corresponding to Eq.(2.92).

z=zo

(2.89)

=zs

= % ZO’fg/Q(ZO—)
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2.7 DBose gas

There are two situations for Bosons: (1) a system with well-defined particle number, e.g. bosonic
atoms, “He, ... ; (2) Bosons which results as modes of harmonic oscillators (no fixed particle
number), e.g. photons, phonons, magnons, etc..

2.7.1 Bosonic atoms

We consider Bosons without spin (S = 0) for which *He is a good example. Analogously to the
fermions we introduce functions of z to express the equation of state and the particle number,

P 1 1 o 2
kgT = F95/2(z) 3 Z 1572
=1
(2.96)

1 N 1 1 = 7
o= v = =52
=1
For small z both functions grow linearly from zero and gs/5(z) has a divergent derivative for
z — 1. We concentrate on the range 0 < z < 1, such that p(7) < 0. For z = 1 we obtain
1 1
g32(1) =D g =C(3/2) 2612 and gsp(1) = > 5 = C/2) > 1342 (2.97)
! !

where ((z) is Riemann’s (-function (see Fig.2.4).

1.5 -]

05

Figure 2.4: Functions g3/5(2) and g5/9(2).

2.7.2 High-temperature and low-density limit

It is easy to see that (like the fermions) the bosons behave in this limit as a classical ideal gas.
An intriguing aspect occurs, however, in the quantum corrections. For the pressure we find

N N 23
The quantum correction reduces the classical ideal gas pressure and yields the compressibility
1 <8V> Vv 1
V \ op TN NkgT 1 — 2{3\%\(/
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In contrast to the fermions where the quantum nature of the particles diminishes the compress-
ibility, here the compressibility is enhanced. Actually, in this approximation the compressibility
even diverges if

N
23/2 = 1 \3 2.100
V ) ( )

i.e. at low enough temperature or high enough density. We will now see that this indeed indicates
an instability of the Bose gas.

2.7.3 Low-temperature and high-density limit: Bose-Einstein condensation

Let us now consider Eq. (2.96) carefully. The function gs/5(z) is monotonically increasing with

z. If T is lowered, A oc T~1/2 increases, such that z has to increase too in order to satisfy (2.96).
Therefore p approaches the singular point at 0 (z = 1). The critical point is determined by

h2
N I. = 2rkpm[((3/2)V/N]%/3 "’
gp2(1) =B/ =X = (2.101)
T—— h?
©7 C(3/2) (2rmkgpT)32

This defines a critical temperature 7, and critical volume V. below which a new state of the
Bose gas occurs. Note that this equation is qualitatively very similar to (2.100) and even
quantitatively not so far (¢(3/2) ~ 2.612 < 23/2 ~ 2.85) . The question arises what happens for
T < T, or V < V.. Actually the problem occurring in (2.96) and (2.101) arises in the step

1 Vo[ o 1

N = Z e e e d P e T (2.102)
P

The integral does not count the occupation of the state p = 0, because the momentum distribu-

tion function entering the integral,

p2

p(p) =
This is fine as long as the occupation of the 'p'= 0’-state (single-particle groundstate) is vanish-
ingly small compared to N. However, for T' < T, (V < V.) the occupation becomes macroscopic,
(np=o)/N > 0 and we cannot neglect this contribution in the calculation of N (see Fig.2.5). Thus,
the correct density is

N 1

T = 1393/2(2) + 10(T) = nn(T) + no(T) (2:104)
with no(7T") denoting the density of bosons in the single-particle groundstate (p = 0). These
particles form a condensate, the Bose-Finstein condensate. What happens at T, is a phase
transition. We encounter here a ”two-fluid” system for which the total particle density split
into a condensed fraction ng and a normal fraction n,. From (2.104) we find the temperature
dependence of ng (see Fig.2.5),

N T\ 3/2
= — 1 — E— .1
i) = 1= (1) (2,105
Next we also determine the equation of state,
kT
795/2(2) , V>V
p= . (2.106)
kT

795/2(1) , V<L
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p—

p ‘ T. f

Figure 2.5: Occupation: Left panel: A macroscopic fraction of particle occupy the momentum
p = O-state for T' < T,. Right panel: Temperature dependence of the condensate fraction.

We now consider the compressibility for V' > V. . For this purpose we first determine

v 93/2(2)
322 ’ 2.107
Dz 93/2(2)2 ( |
and consider
8]) ]ﬁBT . Oz N>\6 95/2(2)
Op _ kpT 9z _ 2.108
v~ 3 95/2(Z)3v - " VkpTgs3/2(2)? g5 5(2) ° ( |

where we use the notation ¢, (z) = dgn(z)/dz. As anticipated earlier the compressibility diverges
at the transition V. — V. (or T" — T¢), since the derivative gé/Q(z) — oo for z — 1. In the
condensed phase the pressure is independent of V' as is obvious from (2.106). Therefore the
condensed phase is infinitely compressible, i.e. it does not resist to compression.

Some further thermodynamic quantities can be derived. First we consider the entropy S from
the grand canonical potential

Nkp ov ~305/2(2) —Inz ) , T>T,,
oN opV 2X°
STV =—(5) =(%) = (2.109)
oT oT 3/2
Vi Vi 5952(1) (T
Nkp () ) T<T,,
B2 93/2(1) \T¢

where we used (2.96).8 For the heat capacity at fixed particle number N we find from the

8Calculation of the temperature derivatives: (1) Fixed chemical potential:

8 VkBT 5Vk'B VkBT gs 2(2) 82
ST e 9s/2(2) = —ggs/2(2) + o (2.110)
k v = —Nkpl
- Bﬁga*/z(z)ﬁﬂ = —NNkpinz
where we used %95/2 = g3/2/%.
(2) Fixed particle number: we use
gs/a(2) = ﬁ/\3 N dgs 2 !]1/2( 2)dz 7%5)\7 (@2111)
8/ % T z dT ~ 2V T '
which leads to the relation p 5
9oj2 _ 93/2(2) dz __99y2() NAT (2.112)

ar z dT 4g1/2(2) V

This leads to the expression for the heat capacity.
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internal energy U = %pV,

15v 993/2(2)>
Nk — z2)— — , T >1T,,
o B <4)\3.g5/2( ) 491/2(2)
Cyv = | =—= = 2.113
Nkp— — , T<T,..
B4 g0(1) <T)
Cyi
Nkg !
3/2 b ,,,,,,,,,,,,,,,,,
T T

Figure 2.6: Heat capacity: Cy has a cusp at the transition and vanishes as T%/2 towards
zero-temperature. In the high-temperature limit C,, approaches 3Nkp/2 which corresponds to
the equipartition law of a mono-atomic gas.

In accordance with the third law of thermodynamics both the entropy and the heat capacity go
to zero in the zero-temperature limit. The entropy for T' < T, can be viewed as

S <T>3/2 nn(T) 5 gs2(1)

Te

— =35 = s with s= —kp (2.114)

N n 2 7 g3/2(1)

where s is the entropy per normal particle (specific entropy), i.e. a non-vanishing contribution
to the entropy is only provided by the normal fraction (two-fluid model). The heat capacity has
acusp at T =T..

p \ I1‘r<:1nsh‘ion line o) A
' fransition line

Figure 2.7: Phase diagrams; left panel: p-v-diagram; the isothermal lines reach the transition
line with zero-slope, i.e. the compressibility diverges. Right panel: p-T-diagram; the condensed
phase corresponds to the transition line, there is no accessible space above the transition line.

We consider now the phase diagram of various state variable.
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(1) p-v-diagram: phase transition line

s P* g5p(1)

5
pov’® = , (2.115)
2mm [g3/2(1)]/3
(2) p-T-diagram: phase transition line
kgT
Po = —\5-95/2(1) T/ (2.116)

which is the vapor pressure (constant for 7' < T;) (see Fig.2.7). We use this line to determine
the latent heat [ per particle via the Clausius-Clapeyron relation,
dpo 1

The condensate takes no specific volume compared to the normal fraction. Thus, Av = v,.
Therefore we obtain
dpo 5kpgs/2(1) 5 gs2(1)

POy 2 BTS2 pOy
ar ~ T s 27 450(1)

I=Tv (2.118)

where we used the relation A3 = v.g3 /2(1). Note that this is consistent with our result on
the specific entropy s. The condensed phase has no specific entropy such that As = s and,
consequently, [ = T'As using (2.114).

Examples of the Bose-Einstein condensates is the quantum fluid *He which shows a condensation
below Ty ~ 2.18K into a superfluid phase. We will discuss this in more detail in Chapt. 6. A
further very modern example are ultracold atoms in optical traps, e.g. 87 Rb (37 electrons +
87 nucleons = 124 Fermions — Boson). For 2000 atoms in the trap the critical temperature to
Bose-Einstein condensation is as low as 170 nK (for the measured momentum distribution see
Fig.2.8).

Figure 2.8: Velocity distribution of Rb-atoms: Left panel: T > T,; middle panel: T ~ T, ;
right panel T" <« T.. A peak at the center develops corresponding to the fraction of particles
with ”zero-velocity” and at the same time the fraction of particles with finite velocity shrinks.
(Source: http://www.nist.gov/public_affairs/gallery /bosein.htm)

2.8 Photons and phonons

We consider now classes of Bose gases whose particle numbers is not conserved. They are derived
as normal modes of harmonic oscillators. Thus we first consider the statistical physics of the
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harmonic oscillator. The most simple example is the one-dimensional harmonic oscillator whose
spectrum is given by

1
€n = hw (n—|—2> with n=0,12,... (2.119)

and the eigenstates |n).? The quantum number n is considered as the occupation number of

the oscillator mode. We analyze this within the canonical ensemble formulation with a given
temperature 7. The partition function reads

00 —Bhw/2
Z =tre ™ = "(n|e"Mn) = Ze Ben — g=Phw/2 Z e Phwn — 16_ e - (2.123)
n=0

The internal energy is obtained through
olnz 1 huw

U=- a8 —ghw%—eﬁmi_l. (2.124)
The heat capacity is )
¢= % = ko <2Z:T> sinh2(;hw/2) ’ (2:125)
with the limiting properties
kp kpT > hw
C = (2.126)

hw \?
—Bhw T
kg <k3T> e kT < hw .

In the high-temperature limit the heat capacity approaches the equipartition law of a one-
dimensional classical harmonic oscillator. The mean quantum number is given by

1 1
75 n
== E One = AR (2.127)
n=

This corresponds to the Bose-Einstein distribution function. Thus we interpret n as a number
of bosons occupying the mode w.

9Harmonic oscillator with the Hamiltonian

P2 2 5 + 1
H_7+7Q = hw (a a+§) (2.120)

with @ and a' as the lowering and raising operators, respectively,
= [a,a']=1 & [Q,P]=ih (2.121)
The stationary states |n) are defined by H|n) = e,|n) and obey

aln) = v/n|n — 1) and a'ln) =vn+1ln+1). (2.122)

We can interpret a! and a as creation and annihilation operator for a particle of energy fw. In the language of
second quantization the commutation relation of a' and a corresponds to that of bosons.
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2.8.1 Blackbody radiation - photons

Electromagnetic radiation in a cavity is a good example of a discrete set of independent harmonic
oscillators. Consider a cubic cavity of edge length L. The wave equation is expressed in terms

of the vector potential
1 9% =) =
cj@_v A=0 (2.128)

and the electric and magnetic field are then
E=—-—-—"—"and B=VxA, (2.129)

where we used the Coulomb gauge V-A=0and ¢ = 0. This can be solved by a plane wave,

1 ~ w=wp = C\E| ,
T(7 1) — o kit —ik-iwt .
A(7t) = i g {AEAEEA ki + Az éq e “*’} with

(2.130)
i.e. a linear dispersion relation and a transverse polarization €, (A: polarization index). As-
suming for simplicity periodic boundary conditions in the cube we obtain the quantization of

the wavevector,
27

=
Each of the parameter set (E, A) denotes a mode representing an independent harmonic oscillator.
These oscillators can be quantized again in the standard way.'? The states of a mode differ by
energy quanta fiwz. The occupation number ng, is interpreted as the number of photons in this
mode.

The partition function is then derived from that of a harmonic oscillator

2
Bﬁw efﬁhw,;/Q
Z= H = o H (1_ _5%) (2.135)

e
k

k=""(ng,ny,n.)  with  n;=0,41,42 ... (2.131)

kX

where the exponent 2 originates from the two polarization directions. The internal energy follows
from

U(T) = aan Z B,W /de(w)emZ"’_l = V/dwu(w,T) (2.136)

where we have neglected the zero point motion term (irrelevant constant). The density of modes
n (2.136) is denoted as

34 V= 2V r [ ik k26w — ck) = v w* (2.137)
= W —wgp) = Iy w—C = .
B (2m)? 23
10Canonical quantization of the radiation field: Introduce the variables
1 . Wi .

Qin = Ve (AE/\ + AEA) and  Pp, = Tfrc ( Ex T AE)\) (2.132)

which leads to the following expression for the Hamiltonian
3 E + B (JJ 2

This is the Hamiltonian of a harmonic oscillator for each mode which we can quantize and obtain the new form
"= z g ( g+ ) Z g (n ) (2.134)
where Ay, — aj, annihilates and A7, — aTEA creates a photon in the mode (K, \).
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which leads to the spectral energy density

w? huw
which is the famous Planck formula (Fig.2.9). There are two limits
2
kT 2.3 hw < kT Rayleigh-Jeans-law
u(w,T) ~ (2.139)

ﬁw3

Tge_ﬁh‘“ fw > kT Wien’s law

e

whereby the Rayleigh-Jeans law corresponds to the classical limit. The maximum for given T’
follows Wien’s displacement law,
hwo = 2.82kpT . (2.140)

The total internal energy density leads to the Stefan-Boltzmann law

U 72 (kgT)*
7= /dwu(w,T) = 15((56)3 x T*. (2.141)

The energy current density of a blackbody is defined as

U energy
—= —= 2.142
VC area - time ( )

Thus the emission power of electromagnetic radiation per unit area for the surface of a blackbody
is defined by

vl ki U1 /[ Ue w2 (kgT)*
Pon = —c— | d~——= = Zc— [ dQpcosf = — = — = oT* 2.143
o VC47T/ ER VC47T/ FOUT W T 60 w7 (2.143)

where for the current density the component perpendicular to the surface counts (7i: surface
normal vector). Note that the integral [ ' d2;: only extends over the hemisphere with cos > 0.

i | i | = |
15l Rayleigh—-Jeans
' Planck

0.5

Figure 2.9: Spectral density of black body radiation.

This blackbody radiation plays an important role for the energy budget of the earth. The sun
can be considered a blackbody emitting an energy current at the temperature of T ~ 6000K.
This delivers an energy supply of 1.37kW/m? to the earth. The earth, on the other hand, has
to emit radiation back to the universe in order not to heat up arbitrarily. The earth is not a
black body but a "gray” body as it is strongly reflecting in certain parts of the spectrum. A
further example of blackbody radiation is the cosmic background radiation at a temperature
2.73 K which originates from the big bang.
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2.8.2 Phonons in a solid

We consider Debye’s theory of the lattice vibration and their influence on the thermodynamics of
a solid. A solid consists of atoms which form a lattice. They interact with each other through a
harmonic potential. Let us assume that the solid consists of N4 atoms arranged in a cube of edge
length L, i.e. there are 3N4 degrees of freedom of motion. For our purpose it is convenient and
sufficient to approximate this solid as a homogeneous isotropic elastic medium whose vibration
are described by the following equations of motion:

10%0 =,= longitudinal
gﬁ —V(V-i4) =0 longitudinal sound mode ,
(2.144)
1 9% =
7271; —V3i=0 transversal sound mode .
c; Ot

There are two independent transversal (k - @ = 0) and one longitudinal (kK x @ = 0) sound
mode. These equation can be solved by plane waves and yield linear dispersion analogous to
the electromagnetic waves:

wlg) = ¢|K| and wl(;) = c/|k| . (2.145)

The density of states is obtained analogously using periodic boundary conditions for the waves,

Vw? (1 2

A difference occurs due to the finite number of degrees of freedom. In the end we get 3N4
modes. Thus there must be a maximal value of w and |k|. We take the sum

3V ke VS 6m>Na\ "/’
3Na = Z 3= (2ﬂ)347r/ dk k* = 275) = kp= ( d A) (2.147)
|k|<kp 0

and define in this way the Debye wave vector kp and the Debye frequency wp = cerrkp where
3 1 2
Corf o

The internal energy is obtained again in the same way as for the electromagnetic radiation apart
from the limit on the frequency integration,

@ = /OWD dw u(w,T) . (2.149)

We consider first the limit of small temperatures kT < kpfp = hwp (6p: Debye temperature).
The internal energy is given by

(kpT)* 3 /°° z? 2 (kgT)*  3n*kpT (T \®
T) = 4 d = = — | N 2.1
v =v (2wh)3 cgff i 0 Ter 1 v 1071302’” 5 0p A (2.150)

= 71/15

and correspondingly the low-temperature heat capacity is

1274 T\?
Cv= - Nakp (—) | (2.151)
5 o
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Figure 2.10: Density of states of phonons. Left panel: Debye model; right panel: more realistic
spectrum. Note that the low frequency part in both cases follows an w? law and leads to the 73-
behavior of the heat capacity at low temperature. This is a consequence of the linear dispersion
which is almost independent of the lattice structure and coupling.

the famous Debye law. On the other hand, at high temperatures (7> 6p) we use

1 1 1 fBhw

This yields for the internal energy

3V wo hw? R2wt

UT) = —a— d 2kpT — —
@) om2d Jo <“ Bl 12k:BT> *
(2.153)
Shwp 1 (hwp)’
=3NpgkpT {1l ——-—%+ — | —

AMB { 8kpT 20 <l<:BT> +
and leads to the heat capacity

Cy =3Npkp<1 i% + (2.154)

In the high-temperature limit the heat capacity approaches the value of the equipartition law
for 3N 4 harmonic oscillators (Fig.2.11).

The Debye temperature lies around room temperature usually. However, there also notable
exception such as lead (Pb) with p = 88K or diamond with 6p = 1860K.
2.9 Diatomic molecules

We now investigate the problem of the diatomic molecules (made out of N atoms) which are

bound by a two-particle interaction potential V(r) = >, . V;;i(r) with Vi;(r) = v(|55 — 7).

A good approximation for the binding potential is the Lenard-Jones potential composed of an
attractive and a "hard-core’ repulsive part,

o(r) = 4e [(:) v (:)6] (2.155)

with € as the potential depth and ry = 2Y/67 as the minimal point, see Fig.2.12 . Quantum
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Figure 2.11: Heat capacity: Low-temperature behavior follows a T3-law. At high-temperature
the universal Dulong-Petit law recovers, which is a classical result of the equipartition law for
particles in a harmonic potential.

harmonic

Figure 2.12: Lenard-Jones potential.

mechanical aspects appear in the low-temperature regime kT < € (e: depth of the Lenard-Jones
potential). Under this condition we consider the Lenard-Jones potential around its minimum as
a harmonic potential. Ignoring for the moment the motion of the center of mass, the Hamiltonian
can be restricted to the relative coordinates r and relative momenta p,

172 132 2 p2 EQ 2
~ Pr
H= S T v(r) = s T Alr —rg)” — e~ G m—— + A(r —rg)” —¢ (2.156)

where the reduced mass is given by m* = m/2 and p, is radial momentum along the axis of
the molecule bond. The motion separates into radial vibrational part which corresponds to a
one-dimensional harmonic oscillator and the rotational motion. The two independent spectra
are given by

R+ 1)

* a2
2m*rg

(2.157)

; 1
EY = hw <n + 2) and Byt =

with w = \/2A4/m*.
Let us now analyze the partition function of the different degrees of freedom. The translational

degree of freedom (center of mass motion) corresponds to the motion of a particle of mass 2m
in three dimensions. At low temperatures this has to be treated as a bosonic quantum liquid in
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the case that the atoms are identical (not only chemically but also as an isotope, same mass m),

1
Zirans = H T (2.158)
P
Next we have the vibrational part and the rotational part which we want to consider more
carefully,
B2 \ N2
and

0o N/2
Zyot = (Z(m + 1)e—ﬁl(l+1)/fmt) (2.160)
1=0

where I, = 2m*r% / h?. Note that per angular momentum quantum number [ there are 21 + 1
degenerate states. Since we know the behavior of Z;..,s and Z,; already from the previous
sections, we address now only the rotational part. The partition function cannot be expressed
in closed form. Thus we examine only the limiting behaviors. As a characteristic energy scale
we take kpOrot = 2/Iot. For T > 6., we obtain

Lrot = </ dl (21 + 1)eﬁl(l+1)/lrot> — <_IrothT/ dl (ﬂe,@l(lJrl)/Imt)
0 0

(2.161)
T \ N2
= (IyotkpT)N/? = <2) .
Hrot
We may expand further in 3/1I.,;!' and find
T 1 erot N2
rot = [ 2 — e . 2.163
rot < broc 3 30T T (2.163)
For T' « Gmt,
_B9/I N/2
me(1+3e B/mwm) : (2.164)

There is a hierarchy of temperatures in this system, T, < 0,0t < Oyip < Tyis, where T, is
the critical temperature for the Bose-Einstein condensation of the molecules, kp0,;;, = hw and
kpTys is the molecule dissociation temperature (~ binding energy). We consider in the different
regimes the behavior of the heat capacity per molecule, C(T") = dU/dT (see Fig.2.13,

( 2
0
*kB + 3kp < ;t> e_emt/T T. < T < 0ot
20(T —k k4 K (ot 2+/7<: Ouit 2e‘"m’b/T Orot < T < Oy
(1) _ BTEET 30 \'T B\ ar ot P (2.165)
N
3
5k3+k3+k3 Oviv < T < Tis
3kB Tdis <T.
11YWe use the Euler-MacLaurin sum,
SO I = / 0 )+ Z Qk FE(0) + R (2.162)
1=0 =1

with By the Bernoulli numbers By = 1/6, B, = 1/30, .... and R is a small correction.
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Figure 2.13: Schematic behavior of heat capacity of a diatomic molecule.

Note that due to the vibrational modes the heat capacity goes through maxima when molecules
are formed. Also the rotational modes are responsible for a non-monotonic behavior. Upon
lowering temperature it looses gradually in magnitude due to the quantum mechanical freezing
out of degrees of freedom.

For the hydrogen molecule Ho the energy scales are Ty;s ~ 50000K, 0,; ~ 2000K and 6, ~
85K. 2 There is no Bose-Einstein condensation for Hy, because it solidifies at 14K .

12 Note that due to the fact that the nuclear spins of the H-atom is 1/2, there is a subtlety about the degeneracies.
Actually, as identical Fermions their wave function has to be totally antisymmetric under exchange. If the two
spins form a spin singlet then the orbital part has to have even parity, i.e. I =0,2,4,... (called ”para-hydrogen”),
while for the spin triplet configuration odd parity is required, i.e. [ = 1,3,5,... (called "ortho-hydrogen”). As
a consequence in the partition function (2.160) the summands of odd [ should have a prefactor 3. This does not
affect the heat capacity at temperatures T >> 0.+ which is the classical limit of the rotator. But there is a (minor)
correction at lower temperature such that

2
% ~ ng + 9k (%) e ot/ T (2.166)

fOI‘ Tc < T < 07‘0t~
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Chapter 3

Identical Quantum Particles -
Formalism of Second Quantization

Here we introduce the formalism of second quantization which is a convenient technical tool
discussing many-body quantum systems. It is indispensable in quantum field theory as well as
in solid state physics. We distinguish between fermions (half-integer spins) and bosons (integer
spins) which behave quite differently, as we have seen in the previous chapter. This behavior
is implemented in their many-body wave functions. While in the previous chapter we could
circumvent to deal with this aspect as we considered independent indistinguishable quantum
particles, it is unavoidable to implement a more careful analysis once interactions between the
particles appear.

3.1 Many-body wave functions and particle statistics

Quantum mechanical systems of many identical particles are described by Hamiltonians which
are formulated in such a way that they are invariant under exchange (permutation) of particle
degrees of freedom (coordinate, momentum, spin etc). These particles are indistinguishable,
since in quantum mechanics it is impossible to follow the trajectories of particles under gen-
eral conditions, unlike in classical mechanics. Permutations play indeed an important role in
characterising quantum particles. We introduce the many-body wave function of N particles,

¢(771,81;772,82;...;77N,8N) (3.1)

where each particle is labeled by the coordinate 7 and spin s. In the following we will use for
this the short-hand notation #(1,..., N). Analogously we define many-body operators,

AQ,...,N)=A(T1, p1, S1;-.-; TN, PN, Sn) (3.2)

with A?j, iij and Ej being the operators for position, momentum and spin of particle j. Note
that the Hamiltonian A belongs to these operators too.

We introduce the transposition (exchange) operator ]fjij which is an element of the permutation
group of N elements and exchanges the particle 7 and j (1 <4,j < N),

P, ..o iy gy, N)Y=0(1, .00, dy. .. N

N

(3.3)
iy gy NY=AQ,....4,...i,...,N).

<.
s

—~

=

%

Note that (P;;)~! = P;;. As it is invariant under particle exchange, the Hamiltonian commutes
with P,

[H,Pi] =0 (3.4)
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and, consequently, any combination of several transpositions, i.e. all elements of the permutation
group Sy, commute with #. Hence, eigenstates of H have the property

Hp) = Ely) = HPyl) = PyHp) = EPyly) (3.5)
where we define the wave function as

W(1,...,N)=(1,...,N|¥). (3.6)

We distinguish now between fermions and bosons through their behavior under transpositions
Pij7
+y(1,...,4,...,i,...,N) Bosons,
v, gy N) = (3.7)
—(1,...,4,...,4,...,N) Fermions .

This means that bosonic wave functions are completely symmetric under exchange of particles,
while fermionic wave functions are completely antisymmetric!. Note that the antisymmetric
wave functions prevents two fermions from having the same quantum numbers. If (7;,s;) and
(7,s;) are identical, then we find

W1, iy N)Y=—p(1,. . 0. N) =0, (3.8)

which implies the Pauli exclusion principle.

3.2 Independent, indistinguishable particles

We consider N identical particles in a potential V' which are not interacting among each other.
The Hamiltonian is then given by

5
o V(7). (3.9)

N
H=> H; with H;=
=1

The states of each particle form an independent Hilbert space {1, } and we can find the stationary
states

Hiwv<77i73i) = El/wv(F%si) . (3'10)

These single-particle wave functions are renormalised, i.e.
Z/d% (7, 8)>=1. (3.11)
S

We may now construct a many-body wave function as a product wave function with the corre-
sponding exchange property.
For bosons we write

(71,815, P, s UB) = Up(L,... ,N) = > Py, (71,81) Uy (7, sw) (3.12)
pESN

and for fermions

(F1, 815, Ty s UR) = Up(l,.. . N) = Y sgn(P) Py, (71,81) -ty (P, sw) (3.13)
pESN

L Composite particles: Note that this property is valid also for composite particles. Any particle composed of
an even number of particles would be a Boson, e.g. *He which contains 2 protons + 2 neutrons + 2 electrons = 6
fermions, as exchange two such particles leaves the sign of wave function unchanged. In the same way a particle
with an odd number of fermions is a fermions, e.g. *He with 2 protons + 1 neutron + 2 electrons = 5 fermions.
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where the operator P permutes the state indices v; of the wave functions and sgn(P) is the
sign of the permutation P which is +1 (—1) if P is composed of an even (odd) number of
transpositions. Interestingly the fermionic wave function can be represented as a determinant,
the so-called Slater determinant,

1/}#1(1) wm(N)
Up(l,...,N)=Det : : . (3.14)

bun(@) (V)

Obviously the determinant vanishes if two rows or columns are identical, enforcing the Pauli
principle. These wave functions are not renormalized so that

<\IJB‘\I/B> :N!nyl!n-nl,N!,
(3.15)
(Up|¥p) = N!,

where n,,, denotes the number of particles in the stationary single particle state labeled by v;.
For fermions it is n,,, = 0,1 only.

3.3 Second Quantization Formalism

It is in principle possible to investigate many-body states using many-body wave functions.
However, we will introduce here a formalism which is in many respects much more convenient
and efficient. It is based on the operators which ”create” or ”annihilate” particles and act on
states in the Fock space F which is an extended space of states combining Hilbert space Q,, of
different particle numbers n,

n=0

Note that the name ”second quantization” does not imply a new quantum mechanics.
We can express a many-body state of independent particles in the particle occupation number
representations,

[Ty s Mgy - -2 (3.17)

which is a state in 7 whose particle number is given by N =n,, + ny, +---

3.3.1 Creation- and annihilation operators

We define operators a, and &}, which connect Hilbertspaces of different particle number,
dy:Opn— Qn_1  and  al:Qp— Qnat . (3.18)

The first we call annihilation and the second creation operator whose action is best understood
in the particle number or occupation representation.

Bosons: Let us first consider bosons which, for simplicity, do not possess a spin. The two
operators have to following property,

R N R N VR T s P I
(3.19)
di]nyl,nw,...,ny,..) =y + 1|y, Ny, oony + 1,000
and
<nl,1,n,,2,...,n,,,...|&l: VT (Mg, Mgy ooy — 1,0 ]
(3.20)
(M s Mgy e ey My e |Gy = V1 + TNy, Mgy ooy + 1,000
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It is obvious that
My s gy oo smy =0,...) =0 and  (ny,, My, ..., my =0,... |, = 0. (3.21)
The operators satisfy the following commutation relations,

[ay,a!,] =6, and [a,,a,] = [a,a,]=0. (3.22)
Note that these relations correspond to those of the lowering and raising operators of a harmonic
oscillator. Indeed we have seen previously that the excitation spectrum of a harmonic oscillator
obeys bosonic statistics.
The creation operators can also be used to construct a state from the vacuum, denoted as
|0), where there are no particles, such that a@,|0) = 0. A general state in occupation number
representation can be written as,

[Ty s Mgy e e ey My o) = — |0) . (3.23)
1y Iy,
The number operator is defined as
My :dld,, with T | Ty s Mgy« v s Moy o) = N | My s Moy ey My ) (3.24)

and the total number of particles is obtain through the operator
V=" ", . (3.25)
i
Knowing the spectrum of the Hamiltonian of independent particles as given in Eq.(3.10) we may

express the Hamiltonian as
H=> eala, =) en,. (3.26)
v

v

Fermions: Now we turn to fermions with spin 1/2 (half-integer spin). Again the single-particle
state shall be labelled by v including the spin index for 1 and |. Analogously to the case of
bosons we introduce operators &j, and a, which obey anti-commutation rules,

{a,,, =0, and {a,, a4} ={a),a V,} =0, (3.27)
where {...} is defined as {4, B} = AB 4+ BA. In particular this implies that
alal =0 and a,a, =0 (3.28)

such that n, = 0,1, i.e. each single-particle state labelled by v can only be occupied by at most
one particle, because

ny=1,..)=alall....n,=0,..)=0. (3.29)
A general state may be written as

[Ty s Mgy ey My o) = (@b (@l )™ (al )™ o) (3.30)

1

which restricts n, to 0 or 1. The order of the creation operators plays an important role as the
exchange of two operators yields a minus sign. We consider an example here,

In1, ng, ng,na) = |1,1,1,1) = afajalal |0 . (3.31)
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Removing now one particle yields

d9l1,1,1,1) = agfaatalal] |0) = atalaqalal |0y = alal(1 — alag)al |0)
(3.32)
—alalal [0) =1,1,0,1)
and now analogously
asl1,1,1,1) = aslahalalal] 0y = —alasalalal |0y = —aj(1 — alas)alal |0)
(3.33)

= —ahalal |0) = —[1,0,1,1) .
Clearly the order of the operators is important and should not be ignored when dealing with
fermions.

3.3.2 Field operators

We consider now independent free particles whose states are characterized by momentum g = A k
and spin s with an energy ez = h% k2 /2m. The wave function has a plane wave shape,
| - 27

v with k =

VE = 5 7 (naymy,m2) (3.34)

where we used periodic boundary conditions in a cube of edge length L (volume 2 = L3). On
this basis we write field operators

~ - ~ 1 o
) ik-7 A T=) — —ik-7 AT
V(1) \F E e ag, and U l(7) 7 %; e ag (3.35)
and the inverse,
ik k-7

L g (7) (3.36)

~

Also these operators WU 4(7') and 7 l( 7') act as annihilation or creation operators, respectively,
in the sense,

U (7)10) =|7,s) and  ¢(7) = (F,s|¢) = (0| U s(7)[e) . (3.37)
Moreover we have the condition
T (M0y=0 and (0|¥I(7)=0. (3.38)

~

~ -~ VNI 5 1 M S M- A R R “ . .
V(M) UL 7 UL U(F) =5 D TR apal, el ap) =07 — 7)o

S 9) £ s /g E’S'
K,k
- 5E E/(sss’
(3.39)
and analogously
Uo(F) W (F) F W (F) U (7) =0 and IR TLF)F $L(F)UT) =0 (340)
for bosons (—) and fermions (+4). Taking these relations it becomes also clear that
(7,8|7.s) = (0| W o (7) W5(7)7|0)
(3.41)

= (0|6(7 — 7)855|0) F (0| U (7)1 T o (7)]0) = 6(F — 7")0ssr -
~
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Applying a field-operator to a N-particle state yields,

@l(f'ﬂf’l,sl;...; TN,SN) = VN + 1| 71,815...5 TN, SN; 7, 8) (3.42)
such that
‘7_"1,81; FQ,SQ;...;FN,SN>: \I/T (FN)\I/L(T_"l)’O> (3.43)

VNI N

Note that particle statistics leads to the following relation under particle exchange,
‘771,81; FQ,SQ; ooy FN,SN> = :t‘FQ,SQ; 7"'1,31; ooy FN,SN> (3.44)

where + is for bosons and — is for fermions. The renormalisation of the real space states have
to be understood within the projection to occupation number states, yielding many-body wave
functions analogous to those introduced Egs.(3.12, 3.13),

cD(l""?*N):<F1781;"‘7FN?‘SN’nISl,s’l’n (3.45)

Fawsh? 7nEN75IN> )
Taking care of the symmetry / antisymmetry of the many-body wave function we recover the
renormalization behavior in Eqgs.(3.42, 3.43).

3.4 Observables in second quantization

It is possible to express Hermitian operators in the second quantization language. We will show
this explicitly for the density operator by calculating matrix elements. The particle density

operator is given by
N

P =D o7 -

=1

i) - (3.46)

=)

Now we take two states |¢), |¢') € Qn with the fixed particle number N and examine the matrix
element

(@12 (7)|9) :/dgrl"'dSTN<¢/‘7?la~--77"N> T, ?“N\Z5 (7 — 7))
:/d3T1'-'d3TN26(F— Fi)<¢,|F1,..., FN><F1,..., FN|¢> (347)

:N/d37“1'--d3TN_1<¢/‘771,..., 77]\[_1, 77><771,..., 77]\[_1, 77|¢> y

where we suppress spin indices for the time being. Here we used in the last equality that we
can relabel the coordinate variables and permute the particles. Since we have the product of
two states under the same perturbation, fermion sign changes do not appear and N identical
integrals follow. We claim now that the density operator can also be written as

~

p() = UI(F) W (), (3.48)

which leads to

(¢ H(7) W (7)|g) /d?’ﬁ Py (ST F 1, PN (P, T U (7))

_N/dSTl--'d37"N_1<¢/"F1,..., FN—l, 7?><7?1,..., FN—lv F‘(ﬁ)
(3.49)
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which is obviously identical to Eq.(3.47).
According to Eq.(3.26) the kinetic energy can be expressed as

k2 . 2k
Hiin = Z ! ag = Z om 'k (3.50)
3

which, using Eq.(3.36), may also be expressed in field operator language as

. 1 Lo N -
T = 3 3/( zk-r)( l—zk-r)\I,T—»\Ij —/
QmQZ/d rd’r” (hVe hV'e ()W (1)
k
(3.51)
[ (951 - (95 (7))
= — r 7)) - 7).
2m
Note the formal similarity with the expectation value of the kinetic energy using single-particle
2 — —
wave functions, Qh—m [d3r Vo*(7) - V(7). In an analogous way we represent the potential

energy,

~

H pot = /d3rU(f)\irT(F)@(f) = /d?’rU(f’)A(F). (3.52)

Beside the particle density operator p(7) also the current density operators can be expressed
by field operators,

> h ~ - o~ - o~ ~
J(F):Tmi(WT(F)(VW(F))—(vqﬁ(?))\y(ﬁ)) (3.53)
and the spin density operator for spin-1/2 fermions (writing spin indices again),
- A ~ ~
-\ T -\ = —
S(T)_zz\ps(r)gss’lps’(r); (354)

i = /d3reii'Fﬁ(F) =Y al ag,,, (3.55)
E,s

= h A o .

S g = 5 aE7sass/aE+q’,s’ (356)
k,s,s’

> h > q\

J q = E ) (k =+ 2> aE7saE+§:3 . (357)
k,s

2 !
8,8
. (3.58)
— _at A1 PP
20 Z Zanﬂ+q_’,sa1}”ft7,8’ak’,s’ak78’
k,k'q s,s’
where the factor 1/2 corrects for double counting and
1 L
V(f) =45 D Vgelt T (3.59)
q

Note that the momentum space representation has the simple straightforward interpretation that
two particles with momentum %k and hk’ are scattered into states with momentum A(k + q)
and A( k' — q), respectively, by transferring the momentum 4 ¢
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3.5 Equation of motion

For simplicity we discuss here again a system of independent free quantum particles described
by the Hamiltonian

H=> epalag (3.60)
i

where we suppress again the spin index. We turn now to the Heisenberg representation of time

dependent operators, ‘ ‘
ag(t) = Mg e (3.61)

Thus, we formulate the equation of motion for this operator,

Ld . At oA s
zh%al—ﬁ» =—[H,az] = —Zeg,[a%,a,;,,ag]
Y]
at, lag, ag]+[al., aglag,  for bosons
—_— —-
=0 =5~ -
E, k!
k! &%,{dgm&g}—{&%,adg}&k‘/ for fermions
—— ~——
- =05 &
=D epbpdg g =cgap
Py
and analogously
indat — —[H,al] = —ezal. (3.63)
dt Kk "k E7E )
A further important relation in the context of statistical physics is
e_/m&% ePH = e_ﬁEE&TE . (3.64)

Analogously we find for the number operator N = 2ok d%d P

= ePral,

N gl =N (3.65)

Both relations are easily proven by examining the action of this operator on a eigenstate of the
Hamiltonian [®) = |nz ,...,ng,...),

e~ PHal. P () = PPe ol (@) =\ /np +TePPeMn o np +1,..)
(3.66)
=/np+ 165(E’E)\ngl,...,n]; +1,...) = eﬁ(E’E)&%\CI>>

where F = ZE' €pmy, and E = ZE’ €pmy, + € such that £ — FE = —c. Note that for
fermions the operation of al. on |®) is only finite, if n;; = 0 otherwise we have a zero. Still

the relation remains true for both types of quantum particles. The analogous proof applies to
Eq.(3.65).

Fermi-Dirac and Bose-Einstein distribution: Let us look at the thermal average,

tr{e Bﬂ/dtd];}
() =akag) = ———gi—— (3.67)
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where we use the Hamiltonian H' = H — uN. We can rearrange the numerator of (3.67) using
Eqgs.(3.64) and (3.65),

tr{e_fBH,&T az} = tr{e‘ﬁH,&%eﬁHle_BH/dE} = e’B(EE*”)tr{&% e P}

KUk i
(3.68)
= e PerMir{eMapal.} = e Pe M {e M1 £ al.ag)}
where '+’ and '—’ stand for bosons and fermions, respectively. Inserting this into Eq.(3.67) we
find,
1
bosons
ePleg—m) _
(hp)=e Pl mM1L(az)) = (ag)= (3.69)
1
———— fermions
65(65 —pt) +1

which corresponds to the standard Bose-Einstein and Fermi-Dirac distribution.

3.6 Correlation functions

Independent classical particles do not have any correlation among each other. This is different
for quantum particles. The second quantization language is very suitable for the formulation of
correlation functions and to show that fermion and bose gases behave rather differently.

3.6.1 Fermions

First let us write the ground state of a free Fermi gas of spin-1/2 fermions as we have introduced
it already in Sect.2.6.2. Starting from the vacuum |0) we fill successively all low lying states
with a fermion of both spins s until all fermions are placed. This defines the Fermi sphere in
k-space with the radius kr, the Fermi wave vector. The ground state is then,

@)= [I I a.. 10 (3.70)
k

and np = (®o|n ;;|Po) = O(kr — | k) is a step function with np =3, dTgs&Es'
First we formulate the one-particle correlation function in real space using field operators,

50s(F = ) = (@0 TL(7) V(7)) (3.71)

which measure the probability amplitude to be able to insert a Fermion at place 7 after having
removed one at 7/ with the same spin s. We evaluate this expression by going to k-space,

3
noo ., 1 iR PR g (At~ / d°k g
Zgs(7 — == oolal. @, |®o) =
GF = 7) =g D i ap = [ e
=NEOf
zl/kF dk k2/+1dcos9 eik|f’F’0059:1/dek ksin(k| 7 — 7'])
(2m)% Jo -1 2m2| 7 — 7' Jo

3nsinx —xcoszx

2 3

r=kp|7—7'

(3.72)
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Note the limits: gs(7 — 0) = n/2 and gs(7 — 00) = 0 where gs(7 — 7’) corresponds to the

overlap of the two states
2~ 2~
g\I/S(r)|<I>0> and E\PS(T )| Po) - (3.73)

Next we turn to the pair correlation function which we define as

(5) gon(7 = #) = (o] B1(7)

(SN
flb\‘—l‘
S

(S
fl:\
S

(SN
»

=3
=
2

(3.74)

being the probability to be able to pick two fermions at the different places, ¥ and 7/, with the
spins s and ', respectively. Again we switch to the more convenient k-space,

2 ]- (L. 7 - - A2
(ﬁ) gSS/(F— F’) [ — Z e*l(kfk )'Te*l(Q*q )7 ((E()|aJr ’dT aq'/s’/d];/ |<I>0> . (375)

2 X
k7k/7q7§l

Note that the expectation bracket only remains finite, if every particle annihilated is created by
these operators again, otherwise we get zero.

We start with the simpler case s # s’ which implies that in Eq.(3.75) the wave vectors satisfy
k= k'and ¢ = ¢'. This leads to

(3)2955/(7? - )= % Z@OW Rs 1 ge|®o) = @2 (3.76)
R.q

such that gs¢ (7 — 7’) = 1 independent of position. Fermions of different spin are uncorrelated.
Now we consider s = s’ where the expectation value in Eq.(3.75) has to be rearranged carefully,

(Bolaly 01, 1 g [B0) =0

From this it follows straightforwardly,
n\Z oL, 1 i(R—q) (77" n\?2 L e
(5) gl = =z > (1-e Jngangs = (5) 1= g7 = 7%, (378)
k.q

and we can write,
9(sinx — z cos x)?

gss (T — 7') =1~ (3.79)

6

a=kp|7— 7|
In Fig.3.1 we see that the equal-spin correlation function goes to zero as the two positions
approach which is called the exchange hole with a radius of the order of k;l. On long distances
there is no correlation apart from weak ripples of the wave length k;l. The probability to find
another fermion around the position of a fermion at 7 corresponds to

o(7) = 3 lor(7) + 91,7 (350)
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Figure 3.1: The equal-spin pair correlation function for fermions.

The density depletion around such a fermion is then,
. n - 2 1 i(k—kEN-7
nfdr o) =1 =5 [Erig (O =-2 [#r 5 3 ngng, 0
(3.81)

2
= _mzngs = _1’
k

which means that the exchange hole expels one fermion such that each fermion ”defends” a
given volume against other fermions of the same spin.

3.6.2 Bosons
We consider a general occupation number state for free spinless bosons (S = 0),
@) =g, g, )= @k )R (@t "olo) (3.82)

The ground state would be the state with all bosons occupying the lowest-energy single-particle
state. For such a state |®) the one-particle correlation function looks similar to the fermionic
case,

~ ~ 1 IR M AT ]. = =/
(@A) W (F)D) = = D e TR GG L |0) = S Tnpe T (3.83)

which in the limit 7/ — 7 approaches the constant density n and vanishes at very large distances.
The pair correlation functions is given by

ng(7 — ) = (@ UI(F) TI(F) W (7)) T (7)@)

where we have to evaluate the expectation value again

(@jat.ala a0

En(f (3.85)
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This leads to

1 e
n’g(F =) =5 2(1—5;;5)(”6_’(“”“”)>";;"q + ngplng —1)

LE,q i
r 2

1 -

=g [2omena = mp = 2 mg 2T ng (3.86)
Lk,q k E E
2

Let us now consider two cases. (1) All particles are in the same momentum state n; = Ndj %o

which, for a Bose-Einstein condensate, is the ground state Eo = 0. In this case,

L 1 N(N -1)
n?g(7 — 7)) = 2n? — @N(N +1)= —g (3.87)
no correlation is observed. The probability to pick the first particle is n = N/Q and a second
one (N —1)/9Q (= n for large N). (2) We broaden the distribution into a Gaussian

_ @m)Pn (kR
E— (Aﬁ)ge ) (3.88)

which corresponds to the classical Maxwell-Boltzmann distribution, if we write A2 = 2mkpgT/h?
47 /A% (A: thermal wave length). Then the correlation function is calculated as follows,

n

2

d?’]{? S (= = 1
2 (2 2\ 2 —ik-(F—7 . -
n°g(7 — ') n“ + /(27_‘_)36 ng +O<Q>

~
ne—AZ(7— 72 /4—iko(F—7')

= n? (1 + e*AQ(F*W)Q/?) +0 <(12> .

(3.89)

The probability of finding two bosons at the same position is twice as large as for long distances,
see Fig. 3.2 . Thus, in contrast to fermions, bosons like to cluster together.

0.5f

0.0 - ; >
r

Figure 3.2: The pair correlation function for bosons.
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3.7 Selected applications
We consider here three examples applying second quantization to statistical physics systems.

3.7.1 Spin susceptibility

We calculate the spin susceptibility of spin-1/2 fermions using the fluctuation-dissipation rela-
tion.

1 r2 o \2
X = g ) — (ALY (3.90)
where
v JHB 9 (= p z o AR
it = 8 [ 8.7 = 3 Sl o, = s Yosil ag, (39
ik ss k,s

using Sect.3.4. Moreover, g = 2 and s = +1. First we calculate the magnetization in zero
magnetic field,

(M.) =gy 8<&%S@gs> =ppY snp=0. (3.92)
E,S l;,s
Now we turn to
<MZQ> - ’U’zB Z Z 88/<&%5dﬁsd%/5/dlg’s’> ’ (3'93)
E,s E’,s’

which we determine by applying the scheme used in Sect.3.5 to calculate the Fermi-Dirac dis-
tribution. Thus, we write

O
<aESaE i, a

ks
(3.94)
which leads straightforwardly to
@l apal., agp) =@l ag) (1 - <dT,;S&;;s>> O pbsw + (@6 ap Ml ag.,) . (3.95)
We now insert this result into Eq.(3.93) and obtain
012y =2p Y (al ap) (1 (@ ag)) =2k > ng (0 -ng,)
k k
(3.96)

1
_ 2
o ; Teosh®(B(e; — 1m)/2)

where the second term cancels due to the spin summation. In the low-temperature limit this is
confined to a narrow region (~ kp7') around the Fermi energy, such that we approximate

+o0 1

(M?) ~ MQBQ/ deN (er)

— 2
oo Teost2(ej)  BkETN(er) (3.97)
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where the density of states is defined as

N(e) = % D d(e—ez). (3.98)

Then the spin susceptibility is given as the Pauli susceptibility,

3n
X = pN(ep) = ph— Ser (3.99)

where the expression with the density of states at e is general and the second equality is valid for
free fermions. The Pauli susceptibility is independent of temperature, because only N(ep)kpT
fermions can be spin polarised (thermal softening of the Fermi sea). Thus, the factor (kgT)~!
is compensated by the shrinking density of polarisable spins as temperature decreases.?

3.7.2 Bose-Einstein condensate and coherent states

Our aim here is to characterise the Bose-Einstein condensate further beyond what we did in
the last chapter. Here, we consider the concepts of both the off-diagonal long-range order and
the order parameter for the condensate. We start with the discussion of the single-particle
correlation function for a homogeneous gas of spin-0 bosons,

o(7 = ) = (B1(7) T (7)) = <aT g ) B 2 LS e RO (3.108)

where (72;) is the Bose-Einstein distribution. For independent free bosons we may write

. d3k e —ik-R
9(R) Z/(%)g, pcmm (3.104)

with €5 = h2k2/2m and R = 7 — 7'. Let us look at the two limits £ — 0 and R — oo. For
the first limit we may expand

3 Z'_‘,_’f L. )2 .. 2
g(é):/(dk 1+ik-R—(k-R)3?/2+ (1_R<k >+...>, (3.105)

27‘(’)3 @ﬂ(gﬁ_“) -1 6
where n = N/Q is the particle density and

(3.106)

where A = (2rmkpT /h?)'/? is the thermal wave length providing the characteristic length scale.
The correlation falls off quadratically for finite, but small R. For the long-distance limit we

2 Classical limit: The classical limit can be discussed using the Maxwell-Boltzmann distribution function,

N 7,
ng, = ”Te KENE fam (3.100)

with A as the thermal wavelength. Inserting into Eq.(3.96) we obtain
—QHBQ/ d3 - n,”)—Q/ABQ/ Bk {n;\ . k’é’ﬁ/uf@g%%ﬁ/%}zuégn (172/\‘:7/7;> 7
which using Eq.(3.90) leads to the susceptibility found earlier in Eq.(2.94).
_ ZZL; (1 _ %) (3.102)

The factor 1 —n in Eq.(3.96) introduces the quantum correction in the second term.
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note that only the small wave vectors contribute to the integral so that we may expand the
integrand in the following way,

- o —

. 3 —ik-R 9 T 3 —ik-R
g(R)%/ ke _ 2mhy /dk - (3.107)
@) Bleg —w 2 ) @0P B2y

where k% = —221—2“ > 0. This form we know from the Yukawa potential,
. EnT e—%ol Bl —kol B|
g(Rym B2 ¢ (3.108)
(2m)*h? | R)| (27)3 22| R |

The single-particle correlation function decays exponentially for large distances (Fig.3.3). This
behavior is valid for T' > T, where p < 0.

A

Figure 3.3: Schematic behavior of the single-particle correlation function in the normal(7T" > T)
and the Bose-Einstein condensed phase (I' < T,). n is the overall particle density and ng the
density of condensed particles.

For T' < T, the chemical potential lies at the lowest single-particle state, i.e. u = 0, such that
ko = 0. The short-distance behavior is still described by Eq.(3.105). For the long-distance
behavior we conclude from Eq.(3.108) that the correlation function goes to zero like | B |1,
However, this is not true, since our integral approach neglects the macroscopic occupation of
the k = 0 state. Thus, we should use

R - 1 1
<7’LE>—TZO(5(]€)+ (271')3 Bz 1’ (3.109)
such that for | R | — oo,
. 1
R)y=ngy+ ———=. 3.110
o) =t (3.110)

The correlation function approaches a finite value on long distances in the presence of a Bose-
Einstein condensate (Fig.3.3).

Bogolyubov approximation:

We consider this now from the view point of the field operator for free bosons,

aop

- 1 —_ 1 -
\1} ’)? = — E &ﬂ@Zk'r :7+7 d*elk.T . 3111
() VQ - k VQ \/ﬁ%éo g ( )
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The correlation function in Eq.(3.110) suggests the following approximation: a9 — ag = v/Np.
For a Bose-Einstein condensate we may replace the operator ag simply by a complex number,
such that

(7)) = U (7)) =o(7)+0W (7), (3.112)

with ¢o(7) = /nge’?, where ¢ is an arbitrary phase and ng = No/S2. In a uniform system
this phase does not affect the physical properties. This so-called Bogolyubov approximation is,
of course, incompatible with the occupation number representation. On the other hand, it is
possible for a condensate state whose particle number is not fixed. Indeed a state incorporating
this property is a coherent state.

Coherent state:

We introduce a coherent state as an eigenstate of the annihilation operator a, of a bosonic state
of energy €,. Let us call this state |¥,) with

iy |0a) = a|W,) (3.113)

with a a complex number. Such a state is given by

Ny

—lal? !
’\Ila> =e€ | |/2NZ m’Nu>;v (3‘114)

with a,|N,) = VN, |N, — 1). The expectation value for n, = &IT,&,, is
() = (\Ila]&:ﬂ&l,]\If@ = (U] a|¥y) = a*a = \042 (3.115)
and the variance is

(i) —(w)? = (alayabay) —|of" = (a}a,) +(afalava,) — ol = |af +]al' — o' = |af* (3.116)

such that (2) ()2
no) — (N, 1 1
YL = =—. (3.117)
(f,)? o> (Aw)
Taking now the k = 0 state as coherent we identify
ao|¥) = ag|¥) = \/Noe| W) . (3.118)

In this spirit we find that the mean value is

(W (7)) = o(7), (3.119)

which does not vanish for the condensed state. Note, however, <€LE> =0, if k # 0. The finite
value of (ag) requires states of different number of particles in the k = 0 state for the matrix
elements making up this mean value. This is an element of spontaneous symmetry breaking.
The condensate can be considered as a reservoir with on average Ny > 1 particles, to which we
can add or from which we can remove particles without changing the properties of the system.
The coherent state satisfies this condition. We also can define an order parameter characterizing
the condensate, the condensate wavefunction of Eq.(3.119),

Yo(7) = o(7)]e ) = \/nge'® . (3.120)

Spontaneous symmetry breaking occurs via the (arbitrary) choice of the phase of the condensate
wave function.

The number of particles and the phase ¢ are conjugate in the sense that a state with fixed
particle number has no definite phase (also no order parameter like Eq.(3.120)) and a state
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with fixed phase has no definite particle number. 3 First we consider the wave function of the
coherent state in the number representation,

N
Ty = (N|T,) = e—\aW?% (3.125)

with o = /Npe'®. Thus, the probability for the particle number N is given by

o N 1
Py = [Un[ =M ~ \/ﬁe—W—Nﬁ/WO (3.126)

for large Ny. On the other hand, projecting into the phase representation,

—|a|?/2 X —i¢pN

e Oé e

Ty =(0|Ta) = > (SIN)}N|T,) =
N=0
(3.127)

o) —(N—Np)2/4N, 1/4
~ 1/ Nwe_uv(‘ﬁ_%) — % e—(¢—¢0)2N0/4
V2r Jo (27 No) /4 o

such that
N,
Py = (8[Ta)f ) 5 e O l2, (3.128)
T

The Gaussian approximation is in both representations only valid, if Ny > 1. The coherent state
is neither an eigenstate of N nor €®. But for both the distributions are well localized around
the corresponding mean values, Ny and ¢g. The uncertainty relation is obtained by considering
the deviations from the mean values,

1

AP = (W, (d — $0)?| Vo) = N

= AN Ap=1, (3.129)
ANZ = (U,|(N — Np)2|¥,) = Ny

compatible with a commutation relation of the form [N, ¢] = i.

3 Phase and number operator eigenstates: The define the number operator and the phase operator and their
corresponding eigenstates.

NIN)=N|N)  and  €"|¢) = e|¢) (3.121)
where the two states are connected by the Fourier transform
== 3NN with  (Nlg) = S (3122
V2T o V2T .

analogous to the relation between real and momentum space states. In this context care has to be taken to ensure
that the states |¢) form an orthogonal complete set of the Hilbert space. A way to construct this is to start with
an finite Hilbert space {|N)} assuming that 0 < N < L —1 > 1. Then we can restrict ourselves to a discrete
set of phases ¢ = ¢ = 2wk/L with k = 0,...,L — 1 (analog to wave vectors in a finite system with periodic
boundary conditions). Now it is easy to see that

(Prldnr) = O - (3.123)

Keeping this in mind we take the limit L — oo.
Based on this above operators can be represented as

N=3 NNN| and 9= NN +1];. (3.124)
N=0 N=0

Thus for both N and e'® the coherent state does not represent an eigenstate, but rather the best localized in
either basis.
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3.7.3 Phonons in an elastic medium

We consider here vibrations of an elastic media using a simplified model of longitudinal waves
only. As in Sect.2.8.2 we describe deformation of the elastic medium by means of the displace-
ment field @ (,t). The kinetic and elastic energy are then given by

Pm oa(7,t)\? A T,

Eyi, = /dgr <> and Eq = /d3r(v S (7)), (3.130)
2 ot 2

where p,, is the mass density of the medium and A denotes the elastic modulus. Note that we

use a simplified elastic term which is only based on density fluctuations, corresponding to Vi ,

and does not include the contributions of shear distortion. This two energies are now combined

to the Lagrange functional L[#] = Fyy, — Ee, whose variation with respect to @ (7,t) yields

the wave equation,
Lo V(V-@)=0 (3.131)
—_—Uu — - U = .
c? ot? ’

for longitudinal waves with the sound velocity ¢; = \/A/pm. The general solution can be
represented as a superposition of plane waves,

q(7 1 > ik-7 x —ik-T
u(r,t):ﬁzeg(qg(t)ek +qp(t)reih ) (3.132)
B

with polarization vector € ; = k /| k| and the amplitudes ¢ i (t) satisfy the equation,

d?

with the frequency wg = al E| = ¢ik. We may rewrite the energy, ¥ = Fyi, + Fe, in terms of
e
E=) pmey [q;z(t)ff;; ) +azp(®) gz ()] - (3.134)
E

which we express in a symmetrized form. Now we introduce new variables

Qp =Vpmlap +ap) and  Pp=—0Qp=—iwpyomleg —az), (3.135)
leading to the energy
1 2, 22
E_§Z(PE+wEQE) . (3.136)
K

This corresponds to a set of independent harmonic oscillators labelled by the wave vectors k ,
as we have seen in Sect.2.8. We now turn to the step of canonical quantization replacing the
variables (P, Q E) — (P ii» @ ) which satisfy the standard commutation relation,

Q7 Pyl =ihdg 10 - (3.137)
This can be reexpressed in terms of lowering and raising operators,
BE :ﬁ@%@g%ﬁﬁg) )
, ’ (3.138)
4 a5
k 2hw (kak sz) ’
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which obey the following commutation relations due to Eq.(3.137),
]=0. (3.139)

Therefore b". and b i can be viewed as creation and annihilation operators, respectively, for
bosonic particles, called phonons. The Hamiltonian can be now written as

_ A AN s 1
H=> hop <bEbE+2>—ZhwE <n,—€’+2> (3.140)
3 i

whose eigenstates are given in the occupation number representation, |n B iy D

We can now also introduce the corresponding field operator using Eq.(3.132),

S 1 > h P ikeR it —ik-T
u(r):ﬁZeE Do [bEek —l—b%e K } (3.141)
k

which is not an eigen operator for the occupation number states. Actually the thermal mean
value of the field vanishes ( @ (7)) = 0.

Correlation function:

The correlation function is given by

g(F = ) = (@ (7) @ (7)) = (@ (7))~ (@ (7)) = (@ (F)- i@ (i)

(3.142)
Note that
(BLbp)y = (np)op s (bpbl) = {1+ (p)}op o BLOL) = (bpbp) =0, (3.143)
such that
o7 =) = s ST (U ) e et
meQ — wE k k
p
(3.144)
h sin(k| 7 — 7'|) A
= dk 1+ 2~
(27r)2,0mcl/ P LA

where we turn the k -sum into an integral and performed the angular integration*. With (7 p) =

(ePMr — 1)~1 and abbreviating R = 7 — 7, we obtain

5 h ko ek
g(R) = (27r)2pCzR/o dk sinkR coth <ﬂ ;Z ) : (3.146)

where we include the cut-off at the Debye wave vector to account for the finite number of degrees
of freedom. Note kp ~ 7/a with a being the lattice constant. We focus on length scales much

4 Angular integral:

. 27 +1 +ikr cos @ [cos 0=+1 .
tik- 7T +ikr cos 6 € sm(kr)
/ dQ) i e = /O d¢ /;1 dcosfe =27 W =A4r Er . (3145)

cos 0=—1
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larger than the lattice constant, we consider the limit kp R > 1, for which we rewrite the above
expression to

h kDR%OO 9D
~o dy si th ith ~ = 14
g(R) B 2 /0 y siny coth(yy) with v = om0 (3.147)
= h(7)
where we find
) 27 ’ '7 < ]- )
h(v) = lim dy siny coth(yy)e ™ ={ ~ (3.148)
n—=0+ Jo
1, y>1.
This leads to
R™2 T < T*(R)
(R)~ 229D (3.149)
I = om2a kD :

T
™ kpR™' T > T*(R)
Op
where the Debye temperature is defined by kp©p = hckp and T*(R) = Op/2kpR.

Melting:

Next we consider the local fluctuations of the displacement field, i.e. ¥ — 7', leading to

kpkpT
T>0p,
o h kp Bheyk 2m2\
(a(7)°) = —5— dk k coth = (3.150)
(277)2:07”01 0 2 kpkp®p

which are at high (low) temperature thermal (quantum) fluctuations. As @ denotes the deviation
of the position of an atom from its equilibrium position, we can apply Lindemann’s criterion for
melting of the systems. We introduce the lattice constant a with kp ~ 7/a. If (@?2) is a sizeable
fraction of a? then a crystal would melt. Thus we define the Lindemann number L,, with

(@?)y kT
a?  2whad

L, = = kT, = 27\a’L,, = 27Tpma3012Lm = 27rMiclsz ,  (3.151)

where M; = p,,a® is the atomic mass per unit cell. Note that usually L, =~ 0.1 give a reasonable
estimate for a melting temperature T5,.

Coherent state:

We introduce the following coherent phonon state,
o (il )"
—laf? o}
@ 5) =e 12y —=—|0) (3.152)
n=0 \/T?
with @ = |@e~® and @ a finite wave vector. Now we consider the expectation value of i (7),

~ [ hn G . =
<<I>Q'|u(r)|<I>Q>: W@QMCOS(Q-T—@). (3.153)

The coherent state describes a density wave state, where |t| determines the amplitude and ¢
the global shift of the wave. The density modulation is obtained by V - @ (7) = dp(7)/p.
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The density wave state may be interpreted as the Bose-Einstein condensation of phonons with
wave vector (), which yields an obvious breaking of the translational symmetry and the phase
(0 < ¢ < 27) leads to all degenerate states, one of which has to be chosen spontaneously by the
system.

—k— K k+ K
72 7.7 b Bt
bbb i bibibp
K g
— e
/ = — —

CEUNE NG

P it P

b DRy bibe b e s

Figure 3.4: Diagrams of the three-phonon coupling terms. Arrows entering the circle denote
annihilation and arrows leaving the circle denote creation of phonons.

Anharmonic elastic energy - phonon-phonon interaction:

In order to illustrate the emergence of interaction terms we consider a straightforward extension
of the elastic energy in Eq.(3.130), restricting to density-density coupling, i.e.

C -
= 3/d3r(V )3 (3.154)

We turn now to the quantized version inserting (7) of Eq.(3.141),

/ :g h 3/22(512'E)(gE/'EI)(5E+E/'(E+k,))
el 3 \ 20mQ e N
k k! WEYEYE LR
oo oy R
X {bgbg, _E_E,+3bgbg,bg+g,+3b,§+g,bgbg,+bEbE,b_E_E,}
C hoo\Y? 1/2
_v EIIE'|E
(o) X (FIFUEF)
E k!
o P oy S I S
><{b,gb,z,bfkfg/+3bEbE,bE+EI+3bE+E,bEbE,+bEbE,b_E_E, .
(3.155)
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This interaction term can be interpreted as ”scattering” processes involving three phonons. The
expression contains three types of processes:

b EIA) E'i)— hay 3 phonons are annihilated ,
IA)EZA)E,BTEJFEI 2 phonons are annihilated and 1 phonon is created ,
(3.156)
br N E’bT;; bTE, 1 phonon is annihilated and 2 phonon are created ,
oot bt L 3 phonons are created .
E k" —k—k

Note that in all processes the momentum is conserved, but the phonon number is not conserved.
As shown in Fig.3.4, these processes can also be represented as diagrams, so-called Feynman
diagrams.
Usually interaction terms are difficult to handle. But various approximative techniques are
available.
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Chapter 4

One-dimensional systems of
interacting degrees of freedom

So far we considered almost exclusively ideal systems of non-interacting degrees of freedom,
which we could treat with reasonable effort. Systems with interactions are considerably more
complex to handle and in most cases no exact analytical discussion is possible. Notably in one
spatial dimension we find a number of models which can be treated exactly and give us some
interesting new aspects. Here we consider two classical systems, the spin chain and the lattice
gas in one-dimension. Note, however, that in principle there are exact solutions also for quantum
spin chains and other one-dimensional quantum models whose statistical physics, nevertheless,
is rather complex to address.

4.1 Classical spin chain

We consider here a chain of spins (magnetic moments) {8;} which are represented by freely
rotating vectors of fixed length S. They interact with each other via nearest-neighbor coupling
in the following way:

N
H(5) =T &8 (4.1)
=1

where J is the coupling strength. Note that this model has a global spin rotation symmetry,
i.e. the Hamiltonian remains invariant, if we rotate all the spin in the same way. It is known as
the Heisenberg Hamiltonian. For J < 0 the spins tend to align parallel (ferromagnetic) and for
J > 0 they tend to be antiparallel, alternating (antiferromagnetic). We require that the chain
is open and occupied by N + 1 spins (N bonds).

4.1.1 Thermodynamics

First we tackle the thermodynamics of the system using the canonical ensemble. Interestingly
the topology of the coupling allows to calculate the partition function exactly.! We consider the
spins as vectors of fixed length whose degree of freedom is the angular orientation and we write
the partition function as

Z = /dQl e dQyy e P RS (4.2)

which decays into a product form, if we consider the reference polar axis (” z-axis”) for the spin §;
given by the direction of the spin §;11 (6; is defined as the angle between §; and §;11). Therefore

'We follow here M.E. Fisher, American Journal of Physics 32, 343 (1964).
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ferromagnetic antiferomagnetic

Figure 4.1: Spin chain: Coupling J between spins of arbitrary orientation. J < 0: ferromagnetic
alignment preferred; J > 0: antiferromagnetic alignment preferred.

we may write

N

7 = H{/e_ﬁJgi‘§i+1dQ¢}/dQN+1 — H{/e—ﬁJ525059¢in}/dQN+l
i=1 i=1
(4.3)
+1 N ; h(BJSQ) N
= 47 {2 dre P18 = gn {ap 002 )
7['{ Tr/1 zTe me4r 3752

which looks similar to the expression obtained for the classical ideal paramagnet (see Sect.2.4.2).
We may actually consider each spin being subject to a Zeeman field induced via the coupling
by the neighboring spins, a feature which we will use later in the context of the mean field
approximation. It is interesting to see that Z does not depend on the sign of J. Thus, the
thermodynamics is the same for a ferromagnetic and an antiferromagnetic chain.

Easily we can determine the free and the internal energy,

F(T,N) = NkgTIn(3JS*) — NkgT In {sinh(8JS*)} — NkpT In4r ,
(4.4)
U(T,N) = NkgT — N.JS?coth(8.JS?).

In the low-temperature limit, 3.J.52 > 1, the internal energy approaches the ground state energy,
U — —N|J|S?, i.e. all spins are parallel (J < 0) or alternating (J > 0). The heat capacity is
obtained through the derivative of U with respect to T',

2 2
o1 (i) | (45

with a similar form as for the ideal paramagnet. Note, that C' — Nkp in the zero-temperature
limit and, consequently, the third law of thermodynamic is not satisfied (see Fig.4.2).

4.1.2 Correlation function

We now discuss the correlation among the spins along the chain. Due to the spin-spin interaction,
a spin influences the orientation of other spins over larger distances. We define the correlation
function

Ly = (8- Sia) = (sisip) + (sisiyy) = (sisiyn) = 3(s7sip)
3 (4.6)
= /dQl c dQUn 152 cos O cos O e TS Eicosbi
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where ©; is the angle of spin i with respect to the general z-axis (e.g. along the chain). We can
perform all integrations for the spin 5; with j <4 and j > ¢ + [ which can be decomposed into
the same product form as discussed above. The remaining integrals are now

2 I+1
s
(4.7)

2 .
X /in_:,_leﬁJS 008 fit1 "‘/sz’—H cos O, 4y

Taking again the direction of spin 5;, ;1 as the reference for the spin 5; we find the relation?
cos ©; = cos O;41 cosB; + sin ©; 41 sin 6; cos ¢; . (4.10)

Inserting this we notice that the averages (cos#;) # 0 and (sin; cos ¢;) = 0. Thus

2 I+1
I = 352 (BJS )> /in cos 0i6_6J52 cos f;

47 sinh(BJS?
X /sz’H cos 41 Cosei“"-/dﬂw €08 ©; 1 (4.11)
BJS? / —BJS? cos; 2
=T /= Q cosb; __ =T
! 4z sinh (BJS?) dSYi cosfie 1-1u(BJ5%)
with .
u(z) = o cothz . (4.12)

If we take into account that I'i—g = S? we find
T, = 8% [u(BTS%)]' = S%e & (—sign(J))! with &' = —In{|u(8JS?)} . (4.13)

Note that 0 < |u| < 1 for all finite temperatures and couplings. The correlation function decays
exponentially for all finite temperature and allows us to introduce a characteristic length scale,
the correlation length &:

[In(3kpT/|J|S?)] kgT > |J|S?
(1) = 2 (4.14)
5‘? kT < |J]S?
B

For large temperature the correlation length shrinks rather slowly to zero and in the zero-
temperature limit it diverges indicating an infinitely extending correlation at T" = 0. Indeed we
find for T = 0 that v — 1 such that

Iy(T = 0) = §%(—signJ)! (4.15)

for all {. This means that the spins order either ferromagnetically for J < 0 or antiferromag-
netically for J > 0 at T' = 0. However, for any finite temperature we find I'; — 0 for | — .

2Consider 57 and &> and take §' L 2,5 with |§'| = |4 = 1:
§1 = 82 cos01 + (§ x 52)sin b1 cos ¢1 + ¢S sin 61 sin ¢ (4.8)
and multiply by Z:
52-81 =cosb 2-5 +i§ - (52 x %) sinbcose . (4.9)
—— —— ——
=S cos©; =S cos O3 =4'S sin O
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10

kT /IS KT/ g2

Figure 4.2: Thermodynamic properties of spin chain: a) heat capacity: saturates at low temper-
ature to Nkp like the potential energy of a two-dimensional harmonic oscillator; b) Susceptibility
plotted inversely: ferromagnetic case show divergence at T" = 0 and antiferromagnetic case ap-
proaches non-monotonically a finite value at T' = 0. Extrapolations from high-temperature
region cut horizontal axis at positive (ferromagnetic) and negative (antiferromagnetic) axis,
indicating effective energy scales for the corresponding correlations.

4.1.3 Susceptibility

Finally we want to study the susceptibility by assuming a coupling to the magnetic field of the

form
N+1

=H-g>» & H. (4.16)
=1

Since it is impossible to use the above scheme to calculate the partition function for H’ with a
finite magnetic field, we will use the relation derived earlier (1.126) based on the fluctuations
of the magnetization, which does not require the knowledge of the partition function at finite
fields. In this way we obtain the susceptibility in the zero-field limit (linear response). The

—

magnetic moment is give by m =g ZN g Thus, the susceptibility per spin is given by

. g2 e
Xzz = WBT {<m§> - <m2> NkBT ; Jz:l { <3§>} . (4.17)

The second term on the right hand side vanishes, since (s7) = 0 for all 7 in zero magnetic field.
For the first term we can use our result for the correlation function. In the limit of very large
N we obtain

g2 N+1N+1 N

9 e
e SNkBT Z Z:: Vsl ® 3NkaT ; (Flzo + 252Zul>

(4.18)

¢ o 2u \  ¢*S® 1+u(BJS?)
~ 3kgT 1) T 3kpT 1 —u(BJS?) "

Here we use that for large systems (N — o0) the corrections due to boundary contributions is
negligible. This susceptibility at high temperature (kg7 > |J|S?) follows the Curie behavior

9252

— 4.1
3kpT (4.19)

Xzz =
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irrespective of the sign of J. For the antiferromagnetic coupling x.., goes through a maximum at
kBTimaz ~ 0.238J 52 to a finite zero-temperature value. On the other hand, in the ferromagnetic
case ., diverges at low temperatures

202 2
g°S< 2|J|S
= 4.20
more strongly than the Curie 1/T behavior.
Let us now also look at the first lowest order correction in the high-temperature limit,
1 3kpT 2.J5? 3kp C
o~ (1 = T—06 = = — 4.21
T ( * 3kBT> #52 ~Ow) =S i, o 42
where Oy = —2J52%/3kp defines the so-called Weiss temperature. Thus the extrapolation

from the high-temperature limit of 1/y., allows to determine Oy from the intersection on the
temperature axis and consequently the sign and magnitude of the J (see dashed lines in Fig.
4.2).

The Weiss temperature indicates the relevant energy scale of interaction among the spins. How-
ever, it does not imply that we would find a phase transition to a long-range ordered state (see
Sect.4.3). As our discussion in this section shows, there is no ordering at any finite temperature.

4.2 Interacting lattice gas

We consider a simple model of a gas of hard-core particles which occupy sites on a lattice.?
”"Hard-core” means that it is not allowed to place two or more particles on the same site,
i.e. there is an infinite repulsive onsite interaction or the Pauli principle is in action. We
introduce nearest-neighbor interaction and neglect the kinetic energy. Then the Hamiltonian

can be formulated as
L L+1 1
H=V El NiMit1 — I El <nl — 2) (4.22)

where the lattice has L+ 1 sites and the coupling strength V for the interaction can be attractive
(V' < 0) or repulsive (V' > 0). The chemical potential is introduced because we do not want to
fix the particle number, but work within a grand-canonical ensemble which makes the problem
more easy to solve. The variables n; can only take the values 0 and 1 due to the hard-core
constraint. We assume periodic boundary conditions such that ¢ = L +1 — ¢ = 1 . The
particles may represent spinless (or spin polarized) fermions or hard-core bosons. The statistics
of the particles cannot be determined, since on a chain they cannot pass each other. In the given
form the Hamiltonian describes also classical particles.

4.2.1 Transfer matrix method
Let us immediately determine the partition function,
Z=>Y ef. (4.23)
{ni}

We introduce the 2 x 2-matrix (transfer matrix) for the bonds (7,7 + 1),

P = e BlVninip1—p(nitnip—1)/2]
POO POl 6*5#/2 1 (424)
= P= _
Py P 1 =BV +Bu/2

3In the exercise we will show the connection of the lattice gas model to the Ising spin model. The corresponding
discussion will make the similarity of the two systems clear.
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When we have one bond with periodic boundary condition it is obvious that the partition
function is given by four terms

Zy = Z e_BH(me) - Z Pn17n2Pn2,n1 = tT{p2}
ni,ng ni,n2 (425)
= PooPoo + Po1Pio + PioPo1 + PiiPii = e PP 1+ 14 e 2PV HA1

This allows us to rewrite the sum in the partition function as

Z= Z Z Z Pm,nzpnmns"'PNL71JLLP”L,711:tr{pL}: Z PnL1,n17 (4.26)

n1=0,1n2=0,1 ny=0,1 n1=0,1

where we performed the matrix multiplication. Interestingly, we have now to analyse P* which
can easily be done in the eigenbasis of the matrix P. For the trace we actually only need the
eigenvalues,

Ar = e V2 cosh (BVQ_M> + \/e—BV sinh? <ﬁv2_ﬂ> +1 (4.27)

and
Z=X+AEx N for L>1. (4.28)

Then the grand canonical potential and internal energy are given by

e PV/2 cosh (5‘/2_M> + \/eﬁv sinh? (BVQ_M> + 1]

QT, ) = —kpTIn A = —LkgTIn

(4.29)
The particle number and the isothermal compressibility of the system can then be calculated
easily,
L 01} L (ON
N = L i) = <= — —_ d = - a . 4'
= <0u)T we TN <8u>T (430

We start with the high-temperature limit (kg7 > |ul,|V|) where we obtain the following ex-
pansion,

L 2y
N;u{l—ﬂ(V—,u)—i—ﬁ(V—,u)—&----}. (4.31)
In this limit it is equally probable to find or not to find a particle on a site (N — L/2). The

particle number increases (decreases) upon lowering temperature, if V' is attractive, V' < 0,
(repulsive, V' > 0), or the chemical potential is positive (negative). The compressibility for

p =0 is then given by
1 1%
~ 1— 4.32
KT 2k3T< 5 T > (4.32)

which is enhanced (reduced) for attractive (repulsive) interaction V', as we would expect simply
by noticing that it is easier to add particles, if they attract each other than when they repel
each other.

At low temperatures we obtain for the particle number with p = 0,

— <1 + L > V>0
—BV/2 ; )
N L 1 e sinh(8V/2) 2 NG

(4.33)
2 \/ 1+ e=BV sinh?(8V/2)

L V <0,

where the case V' > 0 yields a partial filling optimizing the free energy for a given chemical
potential. On the other hand, V' < 0 tends towards complete filling. The compressibility
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remains in both cases finite,

1 55/2 Vo
- > ,
kBT (1 ++/5)2
RT = (4.34)
1
TipT V<0

Case u=V

Analogously to the case of the classical spin chain also the one-dimensional lattice gas does
not show a phase transition at finite temperature. However, obvious trends towards order are
visible. It is interesting to consider this system for a special value of the chemical potential,
namely pu = V where we have no bias concerning the particle number. This choice looks ”fine-
tuned”, as the particle number at all temperatures and V is fixed to N = L/2. It is also
particularly easy to follow the calculations through, which gives the compressibility,

Ky = %Jlﬂe—ﬁm (4.35)
which indicates that for low temperatures the compressibility goes to zero for V' > 0 showing
that repulsive interaction yields an incompressible (crystalline) state of particles (one particle
every second site). On the other hand, attractive interaction yields a diverging compressibility,
indicating that the gas tends to get strongly compressible, i.e. it goes towards a ”liquid” phase
with much reduced effective volume per particle.

We may consider this also from the point of view of the fluctuation-dissipation theorem which
connects the response function k7 with the fluctuations of the particle number,

2 _ kpT(N)?

(N?) — (V)2 = 222

rp(T) x Le PV/2 (4.36)

The message of this relation is that for the repulsive case the particle number fluctuations go
rapidly to zero for kp < |V|, as expected, if the system ”solidifies” with the particle density
n = N/L = 1/2. On the other hand, for attractive interaction the fluctuations strongly increase
in the same low-temperature regime for the given density (n = 1/2) at finite temperature,
indicating that particles can be further ”condensed”.

4.2.2 Correlation function

The transfer matrix method is also very convenient to obtain the correlation function,
Iy = (ninia) — (na){nita) - (4.37)

We consider first

1
<7”LZ> = E E Pmﬂlzpm,m . 'Pni—laninipnivni-&-l : PnLﬂll

N1y

(4.38)
= lt'r {pi_luﬂsL_’} = lt'r {uﬂf’L}
Z Z
with @ defined as wy, v = nd, /. Let us transform this to the basis in which Pis diagonal
through the unitary transformation

/ /
opr = (M O Yo and Owert = Y00 Wor ) _ gy (4.39)

0 A Wy Wn
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This leads to

A I AL I AL
In the same way we treat now
Lo f i Bl L 1 o
(niniss) = tr {PoPwPt ) = o {aPop} =

%tr {w’(ﬁ’)lw’(ﬁ’)“l}

) L1 L1 2 l
_ WA +whwip(A AT+ AT 4w AT — W' + whwly </\_>
Ar)

M+ 2
(4.41)
The correlation function is given by
Ai l
T = w37 = e s /)] (4.42)
+
where we identify I')—g with n? and the correlation length
go 1 (4.43)
S In|ae /] '

For V' > 0 the correlation function shows alternating sign due to the trend to charge density
modulation. In the special case y =V we obtain

1
" In|coth(BV/4)| -

In the zero-temperature limit £ diverges, but is finite for any 7" > 0.

Fl:%(tanh(BV/zl))l and 3 (4.44)

It is important that both the thermodynamics as well as the correlation functions are determined
through the eigenvalues of the transfer matrix P.

4.3 Long-range order versus disorder

We find in the one-dimensional spin chain no phase transition to any long-range ordered state at
finite temperatures. The term ”long-range order” is easiest understood through the correlation
function. We consider here again the example of a spin chain. The correlation function has the

property,
= N N N N l
D= (5 8i) —(5) - (5ip)) =% 0 (4.45)
which is true for a spin system with or without order. By rewriting
lim (5 - §540) = (53) - (Sita) 5 (4.46)
=00

we see that the left hand side is finite only with a finite mean value of (§;). Note that for the
classical spin chain only at T" = 0 long-range order is realized. All spins are parallel for J < 0
(ferromagnet) or alternating for J > 0 (antiferromagnet) such that

z8 J <0
(75) = | (4.47)
2(=1)'S J>0
assuming that the spin align parallel to the z-axis (2 is the unit vector along the z-axis). Natu-

rally the limit in Eq.(4.46) is then finite. ¢ Also the lattice gas in one dimension does not show
long-range order except at T' = 0.

4Previously we encountered long-range order in a Bose-Einstein condensate looking at the correlation function
in Egs.(3.103) and (3.110). Extending the correlation function to

G(R) = (UI(7) T (7 + R)) = (TI(7))(T (7 + R)), (4.48)
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Interestingly, in the case of quantum systems quantum phase transitions can destroy long-
range order even at T’ = 0. An important example is the antiferromagnetic spin chain with a
Heisenberg Hamiltonian. In contrast the ferromagnetic Heisenberg chain has an ordered ground

state with all spins aligned, because the state with all spins parallel is an eigenstate of the total

spin operator, gtot = Zf\i J{I ATS'Z and E'tot commutes with the Hamiltonian, since it has full spin

rotation symmetry as in the classical case (/N 4 1: number of spins on the chain),
[Upne) = [M11--) = S5 Wem) = (N + 1)hs|Upy) (4.50)

In case of the antiferromagnetic chain the (classical) state with alternating spins |U .ap) =
| 1414 -+ +), is not an eigenstate of the quantum Heisenberg Hamiltonian and consequently not
the ground state of the quantum antiferromagnetic chain.

Our discussion of the melting transition in Sect. 3.7.3 is suitable to shed some light on the
problem of quantum fluctuation. Also a crystal lattice of atoms is a long-range ordered state.
Considering the melting transition based on the Lindemann criterion for the displacement fields,
we tackle the stability of the lattice from the ordered side. Thus, we use again the language
of the elastic medium as in Sect.3.7.3 and rewrite the fluctuation of the displacement field in

Eq.(3.150),
h dPk 1 Bheik
Y
= — — coth 4.51
(0 = - | s (%5%) oy
with D, the dimension. For D = 1 we find
h ko1 Bhak\  T—o h ko1
2
= dk — coth dk — . 4.52
) 27Tpncl/0 T ( 2 ) 7 27rpncl/o k (4.52)

This integral diverges even at T' = 0 and, thus, exceeds the Lindemann criterion in Eq.(3.151),
Ly, > (u?)/a®. At T = 0 only quantum fluctuations can destroy long range order. We call
this also quantum melting of the lattice. For D > 2 we find a converging integral at T = 0.
Nevertheless, also here quantum melting is possible, if the lattice is ”soft” enough, i.e. the
elastic modulus is small enough. Note that He is such a case, as we will discuss later. At zero
temperature He is solid only under pressure which leads to an increase of the elastic modulus A,
i.e. under pressure the lattice becomes stiffer.

At finite temperature also in two-dimensions an ordered atomic lattice is not stable,

,thlk
")

ho ko

(@ (7)?)

dk coth ( (4.53)

"~ 2mpma Jo

which diverges at the lower integral boundary due to the fact that for & — 0 we expand
coth(Bhek/2) ~ 2kpT /hcik yielding a logarithmic divergence. That two-dimensional are rather
subtle can be seen for the case of graphene, a single layer of graphite (honeycomb lattice of
carbon) which is stable.

—

we find that always lim 5 _, __ §( R) = 0, since with the Bogolyubov approximation,
lim (UT(7) W (7 + R)) = lim (UI(F)(T(F+ R))= lim ¢5(7)vo(7 + R) = no (4.49)
R —o0 R — o0 R —

for T' < T and a constant phase ¢ of 1o (7).
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Chapter 5

Phase transitions

Phase transitions in macroscopic systems are ubiquitous in nature and represent a highly impor-
tant topic in statistical physics and thermodynamics. Phase transitions define a change of state
of a system upon changing external parameters. In many cases this kind of change is obvious,
e.g. transition between liquid and gas or between paramagnetic and ferromagnetic phase, and
in most cases it is accompanied by anomalies in measurable macroscopic quantities.
In the previous chapter we have seen a phase transition, the Bose-Einstein condensation. This
transition is special in the sense that it occurs for non-interacting particles. Generally, phase
transitions require an interaction favoring an ordered phase. Then the phase transition occurs as
a competition between the internal energy (or enthalpy) which is lowered by the order and the
entropy which at finite temperature favors disorder. The relevant thermodynamic potentials to
describe phase transitions are the Helmholtz free energy F(T,V, N) and the Gibbs free energy
G(T,p,N),

F=U-TS and G=H-TS. (5.1)

These potentials show anomalies (singularities) at the phase transition.

5.1 Ehrenfest classification of phase transitions

The type of singularity in the thermodynamic potential defines the order of the phase transition.
According to Ehrenfest classification we call a phase transition occurring at a critical temperature
T, (different phase for T > T, and T < T,) to be of n'" order, if the following properties hold:

6mG> <3mG> (8’”G> <8’”G>
— = | = and —-— =(=— (5.2)
<8Tm » or™ plrer, op™ T=T,, op™ ).

form<n—1, and
" P 1 " T—*T'(H, j " T—*’TC,

(or+)
orj,

The same definition is used for the free energy. In practice this classification is rarely used

T=Te

T=T., T=T,._

beyond n = 2.

n = 1: A discontinuity is found in the entropy and in the volume:

() we v () ”

The discontinuity of the entropy is experimentally the latent heat. The change in volume is
connected with the difference in the density of the substance. A well-known example is the
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transition between the liquid and the gas phase, for which the former is much denser than the
latter and accordingly takes a much smaller volume.

n = 2: The discontinuities are not in the first derivatives but in the second derivatives of the
Helmholtz free energy or Gibbs free energy, i.e. in the response functions. Some such quantities
are the heat capacity, the compressibility or the thermal expansion coefficient:

2 2 2
1 (30) meo b (58), 4 b(55) e
P P /T P
As we will see later, second order phase transitions are usually connected with spontaneous
symmetry breaking and can be associated with the continuous growth of an order parameter.
Such transitions show also interesting fluctuation features which lead to the so-called critical
phenomena and universal behavior at the phase transition.

Ehrenfest relations: Interesting relations between various discontinuities at the phase transition
exist. They are generally known at Ehrenfest relations. We consider first a first-order transition
such as the gas-liquid transition. The phase boundary line in the p-T-phase diagram describes
the relation between temperature and vapor pressure in the case of liquid-gas transition. For
the differentials of the Gibbs free energy in the two phases, the following equality holds:

dG; = dG, =  —SdT +Vidp=—5,dT + Vdp . (5.6)

This allows us to get from the vapor pressure curve (p(7T') at the phase boundary in the p-T-
plane) the relation
dp . Sg — Sl . L
dT  V,—V, TAV
where L = T'(S, — 5;) is the latent heat and AV =V, — V] is the change of the volume. This
relation is known as the Clausius-Clapeyron equation.
If the transition is of second order then the both the entropy and the volume are continuous
through the transition between two phase A and B:

(5.7)

Sa(T,p) = Sp(T,p) and Va(T,p)=Vs(T,p), (5.8)

which yields the relations through the equality of their differentials,
954 0S4 0Sp 0SB
dSp=|—=| dT — | dp=|—=| dT — | dp=dS
= (o), (5) = (57) or () =5

V4 OV Vi Vi
= —_— T s = — T e— = .
Va <3T>pd +<3p )po <3T>pd +<0p >po W

We now use the Maxwell relation

(), (),

and obtain <3 ) <8S )
9oB ) _ (224
0 8 AC,
Ccllg:_(&s;>;_ <a€;>i = TVApa (5.11)
and analogously
@ — _ <%L7]§>p_ <%7ff4>p _ Ax . (512)

Various other relations exist and are of experimental importance.
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5.2 Phase transition in the Ising model

The Ising model is the simplest model of a magnetic system. We consider magnetic moments
or spins with two possible states, s; = +s (Ising spins). Sitting on a lattice they interact with
their nearest neighbors (analogously to the spin chain in the Chapter 3). We write the model

Hamiltonian as
H == —JZ SZ'Sj — Z SZ‘H . (5.13)

The sum Z denotes summation over nearest neighbors on the lattice, counting each bond
only once. J 15 the coupling constant which we assume to be positive. The second term
corresponds to a Zeeman term due to an external magnetic field. The Ising spins are classical
variables, unlike quantum spins § whose different components do not commute with each other.
Ising spins represent only one component of a quantum spin.

The interaction favors the parallel alignment of all spins such that this model describes a fer-
romagnetic system. The ferromagnetic phase is characterized by a finite uniform mean value
(s;) = m # 0, the magnetization, even in the absence of an external magnetic field.

5.2.1 Mean field approximation

The analysis of many coupled degrees of freedom is in general not simple. For the Ising model we
have exact solutions for the one- and two-dimensional case. For three dimensions only numerical
simulations or approximative calculations are possible. One rather frequently used method is
the so-called mean field approximation. In the lattice model we can consider each spin s; as
being coupled to the reservoir of its neighboring spins. These neighboring spins act then like
a fluctuating field on the spin. In case of order they form a net directed field on s;, a mean
field. Since this conditions applies to all spins equally, the scheme can be closed by having a
self-consistency in the mean field.

Let us now tackle the problem in a more systematic way. We rewrite the spin for each site

si=(si) + (s; — (si)) =m+ (s; —m) =m+ ds; (5.14)

and insert it into the Hamiltonian, where we approximate (s;) = m uniformly.

== (o (= mHm (o )} = st
(1,5

= —J> {m® 4+ m(si —m) +m(s; —m)+sibs;} — > s H (5.15)
(i.9) :

= —JZ <zmsz — f'm ) ZSZH JZ&SZ(SSJ .

Here z is the number of nearest neighbors (for a hypercubic lattice in d dimensions z = 2d). In
the mean field approximation we neglect the last term assuming that it is small. This means
that the fluctuations around the mean value would be small,

08:08, 08;08;

iy = (Bs050) _ B 516

(si)(s;) m
to guarantee the validity of this approximation. We will see later that this condition is not
satisfied very near the phase transition and that its violation is the basis for so-called critical
phenomena. We now write the mean field Hamiltonian

i
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which has the form of an ideal paramagnet in a magnetic field heg. It is easy to calculate the
partition function and the free energy as a function of the parameter m,

ZN(T,m,H) = ¢ PTzm*N/2 {2 cosh(Bsheg) ™ (5.18)

and
F(T,H,m)=—kpTlnZy = NJ%m2 — NkpT In{2cosh(Bshes)} - (5.19)

The equilibrium condition is reached when we find the minimum of F' for given T and H. To
this end we minimize F' with respect to m as the only free variable,

F
0= gm = NJzm — NJzstanh(Bsheg) . (5.20)

This equation is equivalent to the self-consistence equation for the mean value of s;:

e—BJzm*N/2 N Zs:is Sie,@siheﬁ 1 /OF

m = <3z> = T {Z}Siezi/_1 ithefr — Z;_i eﬁsiheff = Stanh(ﬁsheff) = _N (M)T
55 (=TS m

(5.21)

This is a non-linear equation whose solution determines m and eventually through the free
energy all thermodynamic properties. !

5.2.2 Instability of the paramagnetic phase

The disordered phase above a certain critical temperature T, is called paramagnetic phase. For
this phase we consider first the magnetic susceptibility x(7') at zero magnetic field, which is
obtained from

d(si)

x(T)= N e

H_o  dH?|,_,  dH

d*F d{E)F aFE)mH _d 9F
H=0

oi Vomon (|, ,~ " adoml, , ©*

! Variational approach: Consider the Ising model (5.13) without magnetic field. We now determine the free
energy on a variational level assuming a distribution of N independent spin with a net magnetization M = Ny —N_
(N = N4 + N_). The probability that a certain spin is ”+s” or ”-s” is given by w4 = %(1 + ) with m = M/N.

There are
N!

EREST TR
configurations corresponding to a given M. We may now determine the free energy as F = U — TS = (H)m —
kpT Inw(M) in the following way:

w(M) = (5.22)

2 2
U= (Hwu=-J) (sisj) = BRALL (wrwy +w-w- —wiw- —w_wy) = _INES

> 5 (5.23)
(i,9)

where we use for (s;s;) simply the configurational average for pairs of completely independent spins for given

M, ie. wywy +w_w— (wyw— + wiw-_) is the probability that neighboring spins are parallel (antiparallel).

In this approach there is no correlation between the neighboring spins. For the entropy term we use Stirling

approximation and keep only extensive terms,

TS = kpTInw(M) ~ NksT [mz _ %(1 + ) In(1 + ) — %(1 — ) In(1 — m)] . (5.24)

Thus, we have expressed the free energy by a variational phase represented by independent spins whose variational
parameter is the mean moment m = (s) = s(w+ — w—) = sm. We minimize F' with respect to m,

_OF o NkgT  (1+m _ Jzs*m
0= Ey =—Jzs"Nm + 5 ln(l—ﬁz) = m—tanh( T ) (5.25)

which corresponds to Eq.(5.21) in the absence of a magnetic field. Thus, this variational approach and mean field
are equivalent and give the same thermodynamic properties. As we will see, the mean field approach is more
easily improved. In many cases similar variational calculations of the free energy based on independent degrees
of freedom yield thermodynamics equivalent to a mean field approach.
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where we used the equilibrium condition (5.20). Thus we obtain

dm d
X(T) =N —= T N tanh [3(Jzsm(H) + sH)] o
(5.27)
Ns dm s N’
— J - = J T .
kBT{ z8 dH o +S} kT ZSX( )+ kgT

where we used that for a paramagnet m(H = 0) = 0. This leads to the susceptibility

Figure 5.1: Graphical solution of the self-consistence equation (5.21). The crossing points of the
straight line and the step-like function gives the solution. There is only one solution at m = 0
for T' > T, and three solutions for T' < T.

Ns?

T)="———— 5.28
which is modified compared to that of the ideal paramagnet. If kgT — Jzs? from above x(T)

is singular. We define this as the critical temperature

Jzs2

T
kp

(5.29)

As the system approaches T' = T, it becomes more and more easy to polarize its spin by a tiny
magnetic field. This indicates an instability of the system which we now analyze in terms of
the self-consistence equation (5.21) in the absence of a magnetic field. Looking at Fig. 5.1 we
find that indeed the critical temperature T, plays an important role in separating two types of
solutions of equations (5.21). For T" > T, there is one single solution at m = 0 and for T" < T,
there are three solutions including m = 0,m(7T),—m(T). The physically relevant solution is
then the one with finite value of m, as we will show below. It is obvious that below T = T,
the mean field m grows continuously from zero to a finite value. In order to see which of the
solutions is a minimum of the free energy we expand F' in m assuming that m and H are small.

m? B kT {(5Sheﬂ‘)2 (Bsheg)*

F(T,H,m)~ NJz {2 7, 5 - H — NkgT1n2 (5.30)
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For H = 0 we find

[ TC 2 1 Tc 3
F(T,H=0,m) ~F(T)+NJz (1_>";+<> m4]

(5.31)

r T 2 4
~ Fo(T) + NJz (—1>m+m]

where for the last step we took into account that our expansion is only valid for T =~ T..
Moreover, Fy = —NkpT In2. This form of the free energy expansion is the famous Landau
theory of a continuous phase transition.

Figure 5.2: Landau free energy: T > T,: 2"%-order term is positive and minimum of F at
m = 0; T = T., 2"% vanishes and free energy minimum at m = 0 becomes very shallow; T' < Tp:
2n_order term is negative and minimum of F is at finite value of m, bounded by the 4**-order
term.

It is obvious that for T > T, the minimum lies at m = 0. For T' < T, the coefficient of the
m2-term (2"%-order) changes sign and a finite value of m minimizes F (see Fig. 5.2). The

minimization leads to
+sV3r T < T,

m(T) = (5.32)
0 T>T,

with 7 =1 — T/T, as a short-hand notation. There are two degenerate minima and the system
chooses spontaneously one of the two (spontaneous symmetry breaking).
Next we analyze the behavior of the free energy and other thermodynamic quantities around

the phase transition. The temperature dependence of the free energy and the entropy is given
by

3NkgT,r? OF (T 3Nk
F(T) = Fy(T) — #@(7) and  S(T)=— agr ) _ Nkpln2 — 2376(7) ,
(5.33)
and eventually we obtain for the heat capacity,
N
C_05 _3Nksgy 4oy (5.34)

T or 2T,

where Cj is zero in the present approximation for H = 0. While the free energy and the entropy
are continuous through the transition, the heat capacity shows a jump indicating the release of
entropy through ordering. Thus, we conclude that this phase transition is of second order.

Within mean field approximation the region close to 7. is described by the Landau expansion.
However, taking the solution of the complete mean field equations leads to the thermodynamic
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Figure 5.3: Thermodynamic quantities within mean field theory. Free energy, entropy and heat
capacity.

behavior for the whole temperature range as shown in Fig. 5.3. Note that in this mean field
approximation the entropy is NVkp In 2 in the paramagnetic phase, the maximal value the entropy
can reach.

5.2.3 Phase diagram

So far we have concentrated on the situation without magnetic field. In this case the phase
transition goes to one of two degenerate ordered phases. Either the moments order to m = +|m/|
or m = —|m|. An applied magnetic field lifts the degeneracy by introducing a bias for one of the
two states. The order with m parallel to the field is preferred energetically. In a finite field the
transition turns into a crossover, since there is already a moment m for temperatures above 7.
This is also reflected in the thermodynamic properties which show broad features around 7, and
not anymore the sharp transition, e.g. the heat capacity is turned into a broadened anomaly
(see Fig. 5.4).

15 ————T—— T —T———T— 15

|

!

|
CT,/Nk,T

I
|
e
”

Figure 5.4: Ising system in a finite magnetic field: (left panel) Magnetization as a function of
temperature in a fixed magnetic field (solid line) and in zero field (dashed line); (right panel)
heat capacity for a fixed magnetic field. In a magnetic field no sharp transition exists.

Next we turn to the behavior of the magnetization m as a function of the magnetic field and
temperature (illustrated in Fig. 5.5 and 5.6). At H = 0 going from high to low temperatures
the slope of m(H)|pg—o is linear and diverges as we approach T.. This reflects the diverging
susceptibility as a critical behavior.
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Figure 5.5: Magnetization as a function of magnetic field for different temperatures.

For all temperatures T > T, m(H) is a single-valued function in Fig. 5.5 . Below T, however,
m(H) is triply valued as a solution of the self-consistence equation. The part with dm/dH > 0
is stable or metastable representing local minima of the free energy. The part of dm/dH < 0
corresponds to a local maximum of the free energy and is unstable. Considering for T' < T, the
magnetic field running from negative to positive values, we find for H < 0 the state with m < 0
has lowest free energy. At H = 0 there is a degeneracy between +|m| and —|m/| as both minima
have the same energy and for H > 0, m > 0 is the lowest energy phase. Thus we encounter
a level-crossing of the free energy for the two states at H = 0 and magnetization jumps from
negative to positive direction. This represents a first-order transition, since the free energy as a
function of H is singular, i.e. it has a sharp slope change (a discontinuity in the first derivative
of F with respect to H).?

This may be visualized also in a three-dimensional graph in m, H and T (Fig. 5.6). The
shaded region appearing for T' < T, is a coexistence region of two degenerate phases. As m is
changed in this region, the fraction of the two degenerate finite magnetization phases is changed
continuously following a Maxwell construction.

m(q) = glm(H = 0,T)| + (1 = g){=|m(H = 0,T)[} = (2¢ = 1)|m(H = 0,T)| (5.35)

where ¢ can change continuously with 0 < ¢ < 1. This may be viewed as domains of the two
states changing in size.

In the H-T-plane this shaded region is simply a line for the first order transition of a discontin-
uously changing magnetization.

5.3 Gaussian transformation

We analyze the mean field approximation from a different point of view, using the Gaussian
transformation. The partition function of the Ising model can be rewritten by introducing an

2Note that in reality ramping H through 0 does not necessarily lead to a sharp transition. Flipping all
magnetic moments at once is not a trivial matter. Thus the system may stay trapped in the metastable free
energy minimum for a certain range of positive H. The transition may happen through the nucleation of reversed
magnetic bubbles (domains) and the subsequent expansion of the reversed region by means of domain wall motion.
(Similar to the nucleation and expansion of droplets in undercooled vapor.) There is a certain field where the
metastable minimum becomes a saddle point and thus unstable for infinitesimally higher fields. Varying the
magnetic field periodically can lead to hysteretic loops.

86



isothermal

T isothermal

- \
liquid

gas

%

Figure 5.6: Left panel: phase diagram of ferromagnetic Ising model in (H,m,T); right panel:
phase diagram of the liquid-gas transition in (p, V,T'). In both cases the shaded region represents
a coexistence region.

auxiliary field ¢;:

7 = Z €—§ > JigsisitB 3, il
{si}

1 oo 8 -1
_ doy 522, (T )i (di—Hi) (¢ —Hj) Boisi
st | (I 0y

i Si==s

— 1 /+OO H doy eg Zi,j(J_l)ij(¢i—Hi)(¢j_Hj)+Zi In[2 cosh(Bs¢;)]
(27TkBT)N/2\/M —00 i '

(5.36)

where we use the N x N-matrix

—J (i,7) nearest neighbors
Jij = (5.37)
0 otherwise

and (J *1)@ is the inverse of J;;. We take the magnetic field as site dependent, which will be
convenient later. We used the identity

+o0 $2 a2 00 1 2 252
/ dop e~ %aT5¢ = 3% / d¢ e 240730 — \/orqess

—0o0 oo

(5.38)
+oo
— / (H dd%) 6_% i $i(ATN) i+, disi (27T)N/2‘ /det A e% >y sidijsg

with A being a positive definite N x N-matrix. This exact rewriting of the partition function is
called Gaussian transformation (sometimes also called Hubbard-Stratonovich transformation).?
We replaced here the discrete variable s; by a continuous field ¢;.

We introduce the potential S(¢;, H;) and write

+oo
Z = C/ (H d¢i/> e=PS(@iHi) — o=BF (5.39)

3 Reference: ”Field Theory, the Renormalization Group, and Critical Phenomena”, Daniel J. Amit, World
Scientific.
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with C' = 1/(2nkgT)N/?\/det.J and

1

S(0s ) = =5 S0 ) o= 0 — H)) = 5 Y Inf2eosh(dsa)]  (5.40)
2 i

From this we can derive the mean field result by the saddle point approximation (sometimes
also called method of steepest descent) which is based on the idea that one set replaces the
auxiliary field by the value ¢; which dominates the integral for the partition function.* This is
analogous to discussions we had earlier when we tested the equivalence of different ensembles.
This method relies on the fact that the fluctuations of the field ¢; are small - something which
has to be tested. Therefore we look for the maximum of S now and approximate Z then by

Z ~ CePS(%iHi) with 0= g(i s = — Z(Jfl)ij(qgj — Hj) — stanh(Bs¢;)  (5.44)
i =®q j
which leads to the saddle-point equation
qf;i = Hl — S Z Jij tanh(ﬁsi)j) (545)
J

For H; = 0 the saddle point is given by the uniform solution ¢; = ¢, satisfying

¢ =—s Z Jijtanh(Bs@) = Jzstanh(Bse) . (5.46)
J

This yields the same critical temperature for the onset of a finite solution for ¢ as the mean field
solution. The relation to m of the mean field approximation is given by the condition

olnZz dS(¢:, H; a8 1 7 -
82@- = - (jHi ) o =D (I ij(éj — Hj) = stanh(Bs¢i)  (5.47)

J

<Si> = /i'BT

such that
m = stanh(Bs¢) = ¢=Jzm. (5.48)

The discussion of the thermodynamic properties are in this formulation analogous to the ordinary
mean field treatment and give exactly the same behavior. We are, however, now in a position
to go beyond the mean field level and, in particular, to test the validity of the mean field
approximation.

4 Method of steepest descent: We consider the integral
b
I= / N9 gy (5.41)

and N > 1 and g(z) a function with a unique maximum at x = Z in the interval [a, b], i.e.

9(x) = g(2) +4' (@) (= — 2) + %g”(f)(m —T) (5.42)

For the maximum, the conditions ¢’(Z) = 0 and g”(Z) < 0 holds. We approximate the integral

Ng(z) ’ -3 Nlg" (@) (z—2)* Ng(z) e -3 Nlg" (@) (z—z)? 2m 2 Ng(z)
I~e gz/daze2 gAETE e gz/ dx e” 2719 WHETE :<ﬁ) eI (5.43)
o Nlg"(z)|

—o0

which is exact in the limit N — co. Considering In I we find that InI =~ Ng(z) + O(In N).
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5.3.1 Correlation function and susceptibility

We consider first the correlation function

0’InZ d*S(¢;, H;)
o— (g.6.) _ (g N\ — 27 7 o haliadh Sk Bl T .
Ty = (susy) = () s5) = (BT s kT (5.49)
With (5.47) we obtain
d 2 (bz
pryj = d?stanh(ﬁsgbz) Bs” cosh™ (ﬁsqb) (5.50)
which if inverted yields
_ 1 dH; 1 Bs%J;i
I'! = — cosh? — cosh? 4 51
y 2 5 COS (Bsg) dqﬁ, 2 5 COS (Bsqb){ coshQ(Bsgé)} (5.51)
where we use (5.45)
- - de ,382Jij
HJ = ¢j + s Z Jjj’ tanh(ﬁsgbj/) = dgf_)z = 045 + m . (552)

j/

The following Fourier-transformations lead to a simple form for (5.51), °
1 0 q- (75 —75 1 id (7 — 7 1 i q (7 — 7
Jij — NZ J((f)elq (75—77%) , Fij — N Z: F((T)ezq (75—77%) , 5ij _ N Z eld (7—75) (5'57)
q q q
with

kgTT
M@ =117

1+ToJ(q)

ps?

cosh”(Bs¢)

= Bs* {1 — tanh®(Bs¢)} = B(s* — m?) ,

(5.58)
using (5.48). On a d-dimensional hypercubic lattice with only nearest-neighbor coupling, we
obtain for the Fourier transformed coupling strength,

d
ZJ,]e G (Ti=75) = —2JZcosqaa (5.59)
a=1

with the lattice constant a. As we will see below, if we focus on the long-distance correlations
only, we can restrict ourselves to the small ¢ range and we expand J(q) as

J(q) ~ —Jz + Jg*a?

N M) ~ kgT N kpT's? (5.60)
v f — Jz + Jqg2a? T kp(T —T,.) 4 Js2q2a2 + kpTm?/s?

s

SFor the inversion of I';; it is important to realize that I';; = I'(7; — 7;) is translation invariant. We use now
the linear equation
a; = Zr;jlbj = ZFijaj = bz . (5.53)
; -
We perform now the Fourier transform of the second equation,
1 —1iq-7; 1q- (7 —T —1iq-7 —q-7
szrijaje B —NZZF”ae T e T = D (q)a(q) NZb Tr = . (5.54)
i
On the other hand, we find

1 = —iqT 1 - —iq-(F; —75) —iq-7; _ 1 e
NS e = LSS e e S (@b(g) = o Y T =a(@), (5.59)
i g i g B

leading to the relation
1
= ; 5.56
@ =g (5.56)
1

which is a convenient way to handle the inverted matrix I';;
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where for the last approximation, we assumed m < s as is the case in ordered phase close to T,
and for T' > T,.. This correlation function has then the famous Ornstein-Zernike form,

A
I'g) = ———
where £ is the correlation length, as introduced in (4.13).
First let us use this result to determine the susceptibility. For this purpose we take the earlier
derived connection of the susceptibility with the fluctuations.

x=5§2ﬂ&%%ﬂ&ﬂ%ﬂ=5§:Dr=NmW@=®=k

i?j

(5.61)

Ns?
B(T —T;) + kgTm?/s?

(5.62)

We use now the earlier mean field result for m? = 3s%7 in (5.32) and obtain for the regime very
close to T, the behavior,

Ns?
T>T,,
k(T —T,) ¢
X(T) = , (5.63)
Ns
— - T<T
2kp|T — T,| 7

showing that the susceptibility is singular approaching 7, from both sides of the phase transition
with the same exponent for |7|.

Now return to the correlation function in the paramagnetic phase (T' > T,) and represent the
correlation function in real space, where we restrict ourselves to the long-distance behavior
r — 0o. Thus we have the Fourier-transform T'(§). For large || the phase factor €47 rapidly
oscillates for for large ¢ such that in I'(¢) only small ¢’ are important.

For simplicity we consider only the three-dimensional case,

d3q L A o0 eiqr cos 6 A o0 eiqr o efiqr
Ty = D(Qe'T" ~ — [ dqq¢® | df sin = dg q——————
7 / oL D~ /0 74 / YT e T i /0 197 ez
A +°°d etar Ae "¢ kT e /¢
 An2ir /_OO qql—l—ﬁgq2 T 4w €2 And v
(5.64)
where we used residue calculation for the last integral and introduced the parametrization,
52 kpT&? Js?a?
A= = d 2 — 5.65
1-T,/T Ja? o : kp(T —T¢) (569)
The general form of the correlation function for other dimensions d is
671“/6

if T'> T..5 In all cases there is a correlation length which diverges as we approach 7' — T....
At T, we find

o 1 d=2
kT dig e nr
Tr=7r | i (5.70)
q ,r.2—d d ?é 9
SNote that the correlation function in ¢-space
__ A 2 _
is the Fourier transform of the differential equation
1 292 _ 1 9 400
AS(F)={1—-&V }I'r = {1 v e 8r}rr . (5.68)

With the ansatz I'= = r’¢~"/¢ we obtain easily, b = (1 — d)/2 as given in (5.66). At the transition point we have
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This suggests that for T" — T, the correlation function should rather behave as

Inre /¢ d=2
(5.71)

FF x e_r/g

—ry d#2

which we will encounter later in the context of scaling again.
Eventually we may characterize the ordered phase (T' < T), also through the behavior of the
correlation function, which has the property

lim I'==0 (5.72)
7—00
for T' > T, as well as T < T,. In the latter case £ plays the role of ”"healing length” over which
any distortion of the mean field recovers to its uniform value (s;) = m. This means now that

0 T>1T,,
L lim (sisg) = (si)(s5) = (5.73)
|7 —7] =00 m2 T < T. .

Thus in the ordered phase spins are correlated of ”infinite” distances (defined only in the ther-
modynamic limit of infinitely large systems) and are called long range ordered in contrast to
short range order which means correlations over short distances only.

5.4 Ginzburg-Landau theory

We have used the Landau expansion of the free energy above to discuss phase transitions in
the vicinity of the critical temperature where m was small. This method can be extended
to a highly convenient scheme which allows us to discuss phase transition more generally, in
particular, those of second order. Landau’s concept is based on symmetry and spontaneous
symmetry breaking. The disordered high-temperature phase has a certain symmetry which is
characterized by a group G of all symmetry operations leaving the system invariant. At the
second order phase transition a form of order appears reducing this symmetry such that the
low-temperature phase obeys a symmetry group G’ which is a subgroup of G. This change of
symmetry is called spontaneous symmetry breaking. This symmetry lowering is described by
the appearance of an order parameter, a quantity which does not possess all symmetries of the
group G.

A further important aspect emerges when long-length scale variations of the order parameter
are taken into account. This can be easily incorporated in the Ginzburg-Landau theory and
allows to discuss spatial variations of the ordered phase as well as fluctuations.

5.4.1 Ginzburg-Landau theory for the Ising model

For the Ising model of the previous section we can identify m as the order parameter. The order
parameter m is not invariant under time reversal symmetry K,

Km=—-m. (5.74)
&' = 0 such that the differential equation has then the form,
~ r d=1
VT = As(7) = TIpx{ Inr d=2 |, (5.69)
Pt d>3

as given in (5.70).
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The two states with positive and negative m are degenerate. The relevant symmetry group
above the phase transition is
G=GxK (5.75)

with G as the space group of the lattice (simple cubic) and K, the group {E, K } (E denotes
the identity operation). As for the space group we consider the magnetic moment here detached
from the crystal lattice rotations such that G remains untouched through the transition so that
the corresponding subgroup is

G=Gcg (5.76)

The degeneracy of the ordered phase is given by the order of G/G" which is 2 in our case.
The Ginzburg-Landau free energy functional has in d dimensions the general form

Flm: H,T| = Fy(H,T) + / dir {’gm(f‘f + D~ HEm) + 5 [Im()?

(5.77)
= Fy(H,T) + / d% f(m,Vom; H,T)
where we choose the coefficients according to the expansion done in (5.31) as
Jz (T Jz Jz

Here a is the lattice constant. We have introduced the spatial continuum limit for the order
parameter m which is based on the procedure of coarse graining. We take a block of sites with
the volume Lg with L much larger than the lattice constant a and define

1 d
i) =5 S (s)  with N, = %
1€ A () b

(5.79)

and Ay(7) is the set of sites in the block around the center position 7. Here we assume that (s;)
is changing slowly in space on the length scale L.

Under this condition we can now also determine x from the model Hamiltonian using the fol-
lowing consideration. The variational equation of the free energy functional is given by

_of g 0f
dm ovm

A

0=%m

0

= —kV%m + Am+ Bm® — H (5.80)

Let us compare this equation with the saddle-point equation (5.45,5.46) assuming H = 0. It is
sufficient to keep only the terms of first order in m. We then take the equations (5.45,5.48) and
expand the self-consistence equation to linear order

b = ¢(F) = —Bs” Y Jyd(Fy) = Bs® D TG + a)
J {@}n.n.
(5.81)
=27 |20+ X A VAt Y Y auans a0

0% -
(7%)
{@}nn. {@Yn.n. WV=T,Y... 8rMaTV

The sum ) (@}n.,, Tuns over nearest-neighbor sites. Note that the second term in the bracket
[...] vanishes due to symmetry. Now using the coarse graining procedure we may replace

¢(73) = Jzm(r) and obtain

0=Jz <§ - 1> m(7) — Ja®>V2m(F) , (5.82)

C
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and the comparison of coefficients leads to
k=Ja??. (5.83)

We may rewrite the equation (5.82) as

- 2L T 2.2
0=m—€V2in  with ¢2=_2FBlc Js7a

T Zkg(T—T,) kp(T —T.) (5:84)

where we introduced the length £ which is exactly equal to the correlation length for T' > T, in
(5.65).
5.4.2 Critical exponents

Close to the phase transition at T, various quantities have a specific temperature or field depen-
dence which follows powerlaws in 7 = 1 — T'/T, with characteristic exponents, so-called critical
exponents. We introduce here the exponents relevant for a magnetic system like the Ising model.
The heat capacity C and the susceptibility x follow the behavior

C(T) o ||« and X(T) oc|r|77 (5.85)
for both 7 > 0 and 7 < 0. Also the correlation length displays a powerlaw
&T) o |T|77 . (5.86)
For 7 > 0 (ordered phase) the magnetization grows as
m(T) o |77 . (5.87)
At T =T, (7 = 0) the magnetization has the field dependence
m oc HY9 (5.88)

and the correlation function has a powerlaw dependence on the distance r

1

I'Pox —— .
r rd—2+n

(5.89)

These exponents are not completely independent but are related by means of so-called scaling
laws:

e Rushbrooke scaling: a + 28 +v =2
e Widom scaling: v = (6 — 1)

e Fisher scaling: v = (2 —n)v

e Josephson scaling: vd =2 — «

We do not derive all relations, but restrict to Fisher’s result in order to show the basic idea. We
consider the correlation function for 7 < 0 but very close to T.. Then using (5.89) we assume
that we can write 'z as

D o 0 /6) (5.90)

According to our previous discussion the susceptibility is given by the integral of I'> over space

1 - 1 o ~
o [atrteo [t /o) < € [ dly—mmat) < r T T G0

which leads to v = v(2 — 7).
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Let us now determine the exponents within mean field theory. The only one we have not
determined so far is . Using the Ginzburg-Landau equations for 7 = 0 leads to

Bm?® = H = §=3 (5.92)

Thus the list of exponents is
1
a=0, 5:5, y=1 6=3, v== n=0 (5.93)

These exponents satisfy the scaling relations apart from the Josephson scaling which depends
on the dimension d.

The critical exponents arise from the specific fluctuation (critical) behavior around a second-
order phase transition. They are determined by dimension, structure of order parameter and
coupling topology, and are consequently identical for equivalent phase transitions. Therefore,
the critical exponents incorporate universal properties.

5.4.3 Range of validity of the mean field theory - Ginzburg criterion

In Eq. (5.16) we gave a condition for the validity of the mean field approximation. The fluc-
tuations around the mean field should be small. We formulate this statement more precisely
here. In previous chapters we have found that for large systems the fluctuations are very small
compared to the mean value (e.g. energy, particle number, ...). Looking at the fluctuations of
the magnetic moments, the question arises what is the ”system size”. The natural length scale
for fluctuations here is the correlation length which we know from the correlation function I';;.
Thus, the relevant ”system size” corresponds to the volume V; = ¢4, Looking at the ratio

o Xgeacdo
(s:(55) - s o

where A¢ denotes the set of lattice points around 0 covered by the volume Ve. We first look at
the numerator and use the fact that 'z decays on the length & quickly. Thus we use

(5.94)

d¢ L= fk @ .
/Vg r e = fhsT (5.95)

where the factor f is independent of £ and temperature and gives the fraction to which integral
limited to Ve corresponds to the susceptibility xkgT' = Z I';;. We can estimate it by using
the scaling form of I'z,

13 1 ')
/ ar’ T /e = / ' T Ay S /0 d wg(x) = €2 /0 d vg(z) |
(5.96)

which leads indeed to f independent of £ and of order one. Next we consider the denominator
of Fgr, and we restrict to T° < T, so that we immediately find

> (s0)(sj) = m(T)*Ne (5.97)

jEVs

with Ne = (£/a)? as the number of lattice sites within the volume V;. The criterion for the
mean field theory to be applicable is then given by

d
fkpT. g) < <§) m(T)? = f: < 3s%T <£°> 4?2 (5.98)
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with &y as the correlation length at zero-temperature. From these we obtain the range of validity

At st (a)d (5.99)
3 \ &

which excludes obviously a narrow range of temperature close to T, for dimensions d < 3. For
dimensions d > 4 there is no limitations and the mean field theory including the Ginzburg-
Landau theory is valid also close to T.. The temperature region

Frand P
AT =T, —T~T. 3(50) (5.100)

is called the critical region and grows with shrinking &y as the number of spins in the correlation
volume V¢ becomes smaller.

One important result is the fact that the dimension d. = 4 has been identified as an upper
critical dimension. For d > d. the mean field exponents are valid. This does, however, not mean
that the mean field approximation delivers the exact thermodynamics.

5.5 Self-consistent field approximation

Fluctuation effects affect not only the critical exponents, they also alter the condition for the
instability. The mean field approximation overestimates the tendency to order by ignoring
fluctuations. The functional integral formulation based on the Gaussian transformation allows
us to tackle the discussion of fluctuation effects in a systematic way. A good insight into some
aspects of the fluctuation effects is obtained by the so-called self-consistent field approximation
which is used to analyze the instability condition. We consider the fluctuations around the mean
order parameter value by looking at the partition function in Eq.(5.39)

+oo
Z = C/ (H d@.) e~ BS(¢i i) (5.101)

Our aim in the following will be to examine the instability condition of the paramagnetic state
in the absence of a magnetic field, i.e. H; = 0. Including thermal fluctuations we find that the
mean square of the field ¢; is finite above the transition temperature, while the simple mean
value vanishes, i.e. (¢?) # 0 while (¢;) = 0.

5.5.1 Renormalization of the critical temperature

We take now advantage of the fact that in the paramagnetic phase only small values of ¢; are
important. Therefore, we expand to S(¢;) to second order in the fields ¢; in the following way,

1 9? In[2 cosh 5
S(9) =S+ > (T Vi + kT > < n[a;é;(biﬁsqj ] > Di9;
i,j i.J !

1 _ 1
=S+ > {(J Dij + 8520 <cosh2(55¢>)>} bid; (5.102)

1,3
1 _
~ S+ D {(T i + Bs20i5(1 — Bs*(97) } dichj -
1,7
We take (¢?) = (¢?) independent of position. Now we turn to Fourier space,

1 i G - *
bi = Z:(;S@e T with ¢ =¢_g, (5.103)
q
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and we obtain

1 1
50 =5+ 5 270

20— ﬁ%<¢2>>} P

~

~ 0

QJZN Z { T1-Jz%6 JZS453<¢2>} $q9-q (5.104)

d
a 2 6023/ .2
:Swr%w % {kg® + A+3Bs°B*(¢*)} dgo_ g

A slightly more compact form is reached by taking the relation ¢ ;7 = Jzm 4 following Eq.(5.48)
and kgT. = Jzs? such that

S = Sﬁ—Z{nq +A+3BmA Y mgm_g; = So+ = ZG mgm_g  (5.105)
taking the coefficients from the above Ginzburg-Landau formulation.
Now we may rewrite the partition function in this approximation as
! 1
VAR ZOH /dmi dm_g exp {—BG (Q)mgm_g/2}
q
(5.106)

/
= ZOH /dmﬁ; dmg exp {—BGfl((j)(mé? + m’i;)/Q}
q

where we used the parametrization myz; = mij + im;i. The product [[' runs only over the
half-space of ¢, e.g. {7 | g > 0}, because the full product Hé‘ dm gdm_ z would constitute a
doubling of integrals compared to [ [, d¢;. Using this we calculate the mean value

) =g [ d'r () = 55 X mam_g)

(5.107)

//2 kBT i kT
NQZ N ZG LdZ(T:A—I-BB@nQ)—I-/iq2

which represents a self-consistent equation for (m?). Note that the G(q) corresponds to a
renormalized correlation function, analogous to I'z in (5.60).
On the other hand, we can determine the susceptibility using the fluctuations,

X(T) = 5ok [t ate {m@Em) — o) ()}
o (5.108)
 A+3B(m?)

The fact that the susceptibility diverges at the phase transition can now be used to determine
the instability temperature 7} which is different from the ”bare” T, defining the zero of A. Thus
we analyze the equation

_ 3BkgT 1
L=1A+3B(m?)]|=A 5.109
[A+3Bm®)] = A+ =75 ) s (5.109)

—
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where x~! = 0 determines 7). For the sum over ¢ we have to be careful because the form we

have chosen for the expansion in small powers of ¢ is not valid at large ¢q. We correct for this
by introducing an upper cutoff A for ¢, which is of the order o', the inverse lattice constant.
Then going to integral form L~¢ > [diq/(2m)? and setting x ' = 0 we reach at equation

T* Jza~% CykpT* D d=1
_ —d c o divBL . q
o=t (T -1) = - C0nE [ S (5110

where Cy = [ dQ) is the surface area of a unit-sphere in d dimensions as defined in Eq.(1.39).
Thus the renormalized transition temperature is

T
TF = < <T.. 5.111
¢ - Cyz (Aa)?=2 ( )
(2m)d d—2

Therefore the transition temperature is reduced by the fluctuations. The dimension d = dj, = 2
appears as a lower critical dimension. For dimension d < dj, the integral diverges at the lower
boundary (infrared divergence) such that no finite transition temperature is possible. The
dimension dj, is more subtle. Below we will comment from a different point of view on this
result.

5.5.2 Renormalized critical exponents

Now we turn to the behavior of the susceptibility at the new critical temperature. For this
purpose we rewrite (5.109) with the help of (5.110) and obtain for T" — T},

3BC; (M g gdt [ kBT kpTY
(2m)? X 1+rg? ke

X =(A-A)+

3BC kpT* A g3
~(A—A)— c 5.112
(44 (2m)dk /0 LR (5.112)
3BCykBT* _ AVEX 243
_ (A, 3BCakRT: (H)/z/v A
( ) (2m)dk {rx} du 1+ 22

Note that ky = £2. We distinguish now two cases. First choose the dimension larger than the
upper critical dimension d > d. = 4 and obtain

i 3BCkpTy e {A(kx) /24
1~ (A A c (2—d)/2

3BCdkBTC* G 1 kg Cd22 TC* (Aa)d_4

prg A_AC — —_ — — *\ —_—
( )= otz a=1X g T T T mmiT, a—1 X (5.113)
als? Cy2? T (Aa)t* !
T)=— —c T -1t
= x(T) kB(T—T;‘){ T oemniT, d—4 } x|T = T]

We observe that this corresponds to the behavior found in mean field calculation. Indeed above
the critical dimension d. the mean field exponents are correct, and the only effect of fluctuations
is to renormalize certain quantities such as the critical temperature.

Next we consider d < d. = 4. In this case the integral over x in (5.112) converges and the upper
bound does not enter in the limit 7" — 7. The integral only depends on d and is given by
Ky =T|(d—2)/2]T'[(4 — d)/2]. Therefore, we obtain

8BCksT! . (o ay

1o (A-4,) - 224 B e
X ( ) (27r)d/<&d/2

(5.114)
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Figure 5.7: Critical region.

This equation has two regimes. For large y the second term on the right hand side is dominating
over x~!. On the other hand, if y is small, ¥~ ! is dominant. The first case applies for T very
close to T7F such that we arrive at the behavior

2

X(T) o [T =T with == (5.115)

Away from T the second case holds and we return back to the usual mean field behavior,
X(T) o |T =T 7" . (5.116)

The crossover happens roughly at the boundary defined by the Ginzburg criterion. It is now
also obvious that the critical exponent v depends on the dimension. The critical dimensions
d;r, = 2 and d. = 4 need a special care in this discussion as the expression we have obtained do
not straightforwardly apply to them.

We can now also use this result to determine the exponent of the correlation length v. We may
use £2 = K such that we find immediately

UV =

.
—. A1
- (5.117)

5.6 Long-range order - Peierls’ argument

We have seen in the previous section that the critical temperature is reduced from its mean field
value by thermal fluctuations. The lower the dimension (the coordination number) the more
severe thermal fluctuations act against order. We consider here the case of the Ising model in one
and two dimensions. In one dimension no magnetic order is possible at any finite temperature,
while in two dimensions there is a finite-temperature phase transition.

5.6.1 Absence of finite-temperature phase transition in the 1D Ising model

We consider the ground state of the ferromagnetic Ising chain. All spins are aligned. The lowest
energy excitation is a domain wall for which the spins point up on the left and down on the
right hand side of the domain wall. The energy for such a wall is 2Js2. With N spins on the
Ising chain, there would be N — 1 positions possible for this wall and would yield an entropy
S = kpIn(N — 1) accounting for the uncertainty of the configuration of the state. Therefore a
simple estimate of the free energy for the presence of a domain wall leads to

AF =2Js*> —kgTIn(N —1) . (5.118)
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Taking now the thermodynamic limit N — oo would yield for any finite temperature a negative
AF such that the ordered phase (without domain wall) would be unfavorable.

AL

Figure 5.8: Domain wall as the lowest excitation.

In the one-dimensional Ising chain long-range order exists only at zero temperature analogously
to the classical spin chain discussed earlier.

5.6.2 Long-range order in the 2D Ising model

The argument given by Peierls to proof long-range order for the 2D Ising model is also based on
domains. We consider a square lattice and assume that all spins at the boundary are pointing
up. This requirement is not relevant, if the thermodynamic limit is considered, i.e. the number
of site or spins N — oco. However, it implies that all domain walls on the lattice are closed. The
energy cost for a domain wall of the length L compared to the completely aligned configuration
is

E(L) = 2Js°L . (5.119)

Now choose a site j somewhere in the interior of the system. We define Py as the probability
that this spin s; is &s. Thus the mean value of the spin is

(sj) = s(Py —P-) (5.120)

where in the case of long range order (sj) > 0 due to the boundary condition. Moreover the
correlation function satisfies for |i — j| — oo,

(si5) = (si){sj) = (Ps — P_)? (5.121)

which is finite for the long-range ordered system, if P, # P_. Thus our proof has to address
this point.
In case s; = —s we find an odd number of domain walls encircling the site j. The relative
probability that the shortest domain wall around j (closest to site j) has the length L is given
by

-KL

Prj=" > Y (5.122)
L/

where the sum >, runs over all other domain walls and K = 28Js?. If we consider s; = +s
this shortest domain wall is absent. Thus we may write

1 /
P, — y Ze—KL and P - ZQ(L)Q*KLPJr . (5.123)
% L

Here g(L) is the number of domain wall shapes of length L around j.
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Figure 5.9: Domain wall configurations.

From topological point of view the domain wall should not cut itself. If we ignore this condition
and in addition the requirement that the domain wall is closed, we can derive a simple upper
bound for ¢g(L), )
2

g(L) <4 x 371 x % X % X <i) = 2%6““3 , (5.124)
which can be understood as a walk of length L through the lattice. From the starting point,
we may start in 4 directions and every following step has 3 possible directions. On the contour
there are L equivalent starting points (assuming close contour) and 2 directions. Then there are
maximally (L/4)? sites enclosed by the domain and the starting point may be shift on any of
them (for given circumference the square has the largest area among all rectangles). Therefore
we can write
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L? L?
Po<y mewn?’*mﬂ < Y eliTh) (5.125)
L>4 L=468,...

since P, < 1. For sufficiently low temperature In3 — K = In3 — 2Js%3 < 0 so that the sum

converges very well. By making the temperature small enough, also the condition P_ < % can

be reached. With the condition P, + P_ =1 it follows that

P, —P_>0 = lim (s;s;) = const. (5.126)

[i—jl—o0

which means that we have long- range order at a finite temperature.
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Chapter 6
Superfluidity

Only the nobel gas Helium remains a liquid down to zero temperature at ambient pressure. After
liquefaction it is a quantum liquid which involves two isotopes, with bosonic (fermionic) character
for “He (*He). Note that the nucleus of “He consists of two protons and two neutrons, resulting
in a boson, while >He has only one neutron and forms a fermionic atom. Only under pressure
eventually solidification occurs (Fig. 6.1). Both quantum liquids undergo a phase transition to
the miraculous state of superfluidity, characterized by the frictionless or dissipationless flow of
the fluid through constrictions and narrow capillaries, beside a few other amazing properties.
Considering their phase diagrams in Fig.6.1, we recognize a profound difference for the superfluid
phase between “He (left panel) and 3He (right panel). The bosonic atoms undergo a Bose-
Einstein condensation to become a superfluid below Ty = 2.18K at ambient pressure. The
fermionic atoms, on the other hand, become superfluid only around 1072K, when they form so-
called Cooper pairs, in many aspects resembling the superconducting phase of electrons. Here
we will discuss only the case of superfluid *He.

40

w
o

= 5
8 2
2 20 > normal g 20 normal
e . . > T .
3 = liquid 2 Fermi liquid
w0 > (9]
o [} & ..
S 10 10 liquid
L ——"gas . L —eas
1.0 2.0 3.0 4.0 5.0 10 10 1 33 10
Temperature [K] Temperature [K]

Figure 6.1: Phase diagrams of Helium. Left panel: bosonic He. Right panel: fermionic 3He.
Note the logarithmic temperature scale in the right panel. While “He has one superfluid phase,
there are two, the A- and B-phase, for *He.

6.1 Quantum liquid Helium

We consider now the quantum liquid *He.! The first question we ask is why Helium remains
liquid even in its ground state. A classical system of interacting particles would form a solid

The quantum liquid 3He is a so-called Fermi liquid well described by Landau’s phenomenological theory
based on the concept of fermionic quasiparticles. This concept can be extended to other interacting fermions,
most notably to electrons in metals, as will be discussed in the course ”Solid State Theory”.
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lattice in order to minimize the potential energy, as the kinetic energy vanishes at zero temper-
ature. This is not the case when we consider quantum particles which are subject to zero-point
motion. Let us consider here a simple argument on why Helium is liquid while other noble gases
solidify.
The interaction between Helium atoms consists of two components. There is a strongly repulsive
interaction on short range, since the closed electron shells (two 1s electrons) repel each other
when the atoms come close. On long distances the atoms attract each other through the rather
weak van der Waals force. A good fit of the potential is given by?

V(r)=Ae /" - B (T—Q)G (6.1)

r

with A = 489¢V, B = 9.3 x 107 %V, r; = 0.22 A and rp = 4.64 A. Qualitatively this resembles
the Lenard-Jones potential we introduced earlier, with a negative minimum and a vanishing
potential for large distances r. It has a minimum at ry ~ 3A with a potential energy V =
—7.8 x10~%eV. The mean distance between Helium atoms towards zero temperature at ambient
pressure is d &~ 4.4A. Assuming that Helium is a solid with this lattice constant, the condition
for melting is that position fluctuations of the atoms acquire a ”considerable” fraction of the
lattice spacing d. The Lindemann criterion for melting request the mean displacement of the
atom from its equilibrium position,

A
77“ <L, with  Ln~01, (6.2)

such that for the solid the atom would have to be confined with a range of linear size Ar ~ 0.5A.
Taking Heisenberg’s uncertainty principle, Ar x Ap = h we obtain for the zero-point energy,
Ap? 1 h

2
=—=x—|—| =8. -4 .
AE =" 2m<m) 8.6 x 107V, (6.3)

which is slightly larger than the potential depth. Thus, the Helium atoms dissociate due to
the zero-point motion. Only pressure beyond 25 bar opens the way to solidifications at low
temperatures (7' < 5K). We encounter ”quantum melting” at very low temperatures, when we
lower the pressure isothermally through the critical pressure p. ~ 25bar (see also in Sect. 3.7.3).
Classical thermally driven melting is observed for isobar increase of temperature from the solid
phase with the pressure clearly above 25 bar.

6.1.1 Superfluid phase

Around Ty =~ 2.17K the quantum liquid undergoes a phase transition between a normal and
superfluid phase. This transition is called ” A-transition” due to the peculiar shape of the specific
heat as a function of temperature. (Fig.6.2). There is an obvious similarity with the specific heat
of bosons as shown in Fig.2.6, which suggest that the superfluid phase is based on Bose-Einstein
condensation. There are, however, also clear differences such as the low-temperature behavior
of the specific heat, which has a power law T3/ for the ideal Bose gas and T° for *He. This is
connected with the difference in the excitation spectrum.

We examine here the property of a superfluid to flow frictionless. First we ask the question
whether the ideal Bose-Einstein condensate is a superfluid. For this purpose we study an ideal
Bose gas of particles flowing in a capillary tube with a velocity — ¢ relative to the capillary
walls. We can view the same situation in the rest frame of the superfluid, such that the tube is
moving with velocity . The former inertial system we call K, the latter K. Then the following
relations for the momentum and energy of the superfluid hold,

—

K P E

o (6.4)
K': P'=P_-My E=E-P. 7+

*Reference: J.C. Slater and J.G. Kirkwood, Phys. Rev. 37, 682 (1931).

102



Figure 6.2: Specific heat at the superfluid transition 7).

where M is the total mass of all particles of the superfluid. Initially all particles have the same
velocity ¥ such that P =0and E=0in system K (rest frame of superfluid). Let us assume one
particle scatters with the wall and transfers the momentum § to the wall. Such an excitation of
the superfluid costs the energy e(p), viewed in system K. For this situation we obtain E = €( )
and P = — p. Thus, the energy difference between the initial and the final state in the rest
frame of the superfluid, K, is given by

AE =e(p)+ 57 . (6.5)

The minimal energy drop is obtained by choosing p antiparallel to ¥, such that the superfluid
overall slows down. The scattering process can only happen, if the energy of the superfluid is
reduced, AE’ < 0. For an ideal Bose gas the energy of an excitation is given by () = p2/2m.
There is always a momentum p with

=2

AE':p—+ﬁ-U:£—Up<O = p < 2mu . (6.6)

2m 2m
Consequently the condensed ideal Bose gas is not a superfluid and is subject to friction, as we
can always find a scattering channel which slows the superfluid down by transferring momentum
to the capillary.
Real Bose gases have interaction. This leads in the superfluid phase to a different form of
elementary excitations with a linear dispersion,

G(ﬁ):cs\ﬂ:csp, (67)

corresponding to a sound-like excitation. Inserting this in Eq.(6.6) we find that the inequality
can only be satisfied for v > ¢;. Therefore there is a critical velocity v. below which the fluid
flows frictionless (dissipationless).

The real excitation spectrum of the superfluid has a more complex structure as shown in Fig. 6.3.
At small energy and momentum the spectrum is linear as assumed above. However, with growing
momentum it turns non-monotonic with a local minimum around pg. This part of the spectrum
is called roton. For these two parts of €(p) we write

Csp P < po
e(p) = 2 (6.8)
A+ (p2 p*o) P = Po
m
where for “He the parameters are
- A
s = 240ms ! %:1.9/& L = =8TK, m"=016mi. . (6.9)
B
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The critical velocity is now given by the lowest possible excitation within Eq.(6.5), corresponding
to the dashed line in Fig.6.3,

~

Ve ==

A
Wo) _ A _ Goms (6.10)
Po Po

Note that the roton minimum is a precursor of solid He. Under pressure A shrinks and eventually

e(p)

>

Po p

Figure 6.3: Spectrum of a real superfluid with a linear sound-like behavior at low energy and
a local minimum around pg, the rotons. The dashed line (v.p) indicates the maximal velocity
of the superfluid to sustain frictionless flow, i.e. flow without generating elementary excitations
which would lead to a slow down.

reaches zero at a critical pressure where the rotons condense forming a coherent state with specific
momentum corresponding to a crystalline (hexagonal closed packed) lattice.
6.1.2 Collective excitations - Bogolyubov theory

In this section we discuss the low-energy excitations of a Bose gas of weakly interacting particles.
For this purpose we follow the theory developed by Bogolyubov. We write the Hamiltonian in
the second-quantization language for spinless bosons,

H = Hyin + Hint (6.11)

with

(6.12)

1 ~ ~ ~ ~
Hint = 2/d3rd3r’ U)WV (7 — 7)) W (7)) T (F)

where € = h2E2/2m and V(7 — 7') = US(7 — 7') denotes a contact interaction, i.e. the
particles repel each other when they are on the same position. We transform the interaction
part into the occupation number representations using Eq.(3.35),

U
Hi =5 . a al  apap. (6.13)

Now we turn to the Bogolyubov approximation introduced in Sect. 3.7.2, by identifying the dg
and ag by v/Ny (phase ¢ = 0 for simplicity). This is justified when Ny > N — Ny. We can
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then approximate the Hamiltonian by keeping only the leading terms in Ny obtained through
the following combinations of momenta:

TR S T N S

k, k' q aE+anI75ak,ak k, k' q aEJrq*aEuq*ak’ak
k=k'=g=0 NZ k=1Fk"=0, §+#0 Noa®al
§=—k+#0,k'=0 Nod%d,; G=k'#0,k =0 Nod%/d,;,
k=—k'=-q#0 Noaza_j §=Fk=0k'#0 Noal.ap,
§=k'=0,k #0 Noa%a,;

Terms of order Ng’/ 2 do not exist and terms of order Ng/ % and lower in Ny are neglected.
Collecting these terms we obtain to this order,

UN¢ UNo\ .t -
NG RN SEE
k#£0
o (6.14)
0 AT AT PP AT A P N
Wq {a;;‘a,;;"'_a—l?al? —f—aEaE +a,;ga—fé}
k0

The requirement that the total particle number remains constant at lowest temperature leads
to = Uny,
U’rlo 1 ~T A A
H = —Nyg— + B Z [{6,‘5 + Uno} (a%ag + ai

5 a_z)+Ung(aal
k#£0

This Hamiltonian has a single-particle form, but does not conserve the number of particles,

as terms like a_ and d% &T_q describe how particles from excited states are absorbed by

G~
E%E
the condensate and emitted from the condensate, respectively. We search a set of bosonic
annihilation and creation operators which diagonalize this Hamiltonian into a form

1

r AT 2 ~ T

W= 5 3 Ep (e +4
k #0

Y_z)+ Eo— ulNo - (6.16)

L

where the operators ’yt (9) create (annihilate) independent Bogolyubov quasiparticles. The

following Bogolyubov transformation allows us to reach this form,

t . .

d,—c’:;}/EUE—’Ay EUE and a_E:’y_EuE—ﬁ/%vE, (6.17)
where the new operators satisfy the relation,
Fe At =0_pdt =1 = lag.al]=u —0% =1. (6.18)

The diagonalization leads to

1 Ung
EE:\/W and E0:§Z [E,;—GE—UHO]—NOT (6.19)



and the transformation coefficients,

UE = 1 2 _ E K ?
L=x% XE —1+Un0—\/(1+Un0> —1
= (6.20)
v = Xi €z E;
- = Ong T

The spectrum of the elementary excitations is linear in the small momentum limit, k — 0,

[Unyg

corresponding to a phonon spectrum of compressive waves. Thus, for small k the Bogolyubov
quasiparticles represent phonons. In the large momentum region, €z > Ung the spectrum
merges gradually with ez,

Er ~e;p+Ung (6.22)

with a shift of Ung (see Fig.6.4). In E;: rotons are not included as they are beyond the simple
approximation applied here. Therefore, within the Bogolyubov theory the critical velocity is
determined by the slope of the phonon spectrum, i.e. by the speed of sound,

U
Ve = Cs =14/ Ll (6.23)
m

which is higher than the real v, discussed above. The constant Fj is the ground state energy.

A

>

EO U o

]

c

v E -
phonon €

Figure 6.4: Spectrum of the Bogolyubov quasiparticles in Eqs.(6.16) and (6.19). The solid line

-

displays E; with a linear dispersion for small momenta p" = ik and the dashed line shows €
There are no rotons in this simple approach.

E .

Note that in the approximation done here the sum in Fy diverges at large k. This is an artefact
of taking the potential as an infinitely sharp contact interaction, i.e. U is independent of k. 3

3 Groundstate energy: It is rather easy to see that in the large- k limit the integrand in Ey (Eq.(6.19)) behaves
like
m(Unp)?

E >

¢ —ex —Uno o — , (6:24)
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Now we turn to the condensate fraction of the interacting system. How many particles condense?
This can be straightforwardly calculated,

no=n—=y (alaz). (6.26)

This is advantageous when we want to calculate now mean values for which we insert the
Bogolyubov transformation in Eq.(6.17),

e =Y gvp)pug — A

o>+

(afag) =4
(6.27)

= Jug PO +1op PO_pAt ) —whop AT ) —upvh Gl pde) -
Then we use the fact that the Bogolyubov quasiparticles are independent, described by the
Hamiltonian in Eq.(6.16),

2 1 . o 1
WA =5 G ) =1+6G" g =1+,
ePrE 1 e~k 1
(6.28)
G_pig) = (il ) =0,
Note that E = E_ ;. The momentum distribution of the bosons for k # 0 is obviously,
L+x% 1 X%
_ (AT o~ _ 2 2 1 2 _ k k

The first term vanishes at 7' = 0 while the second remains finite. Thus, unlike for the ideal
Bose gas for which all particles condense into the k=0 state, here we have an interaction
induced reduction. Let us discuss this aspect. The zero-temperture distribution function has
the following behavior,

VmUno hk < 2mUng

T V2 ohik
(aap)r=0 = - R (6.30)
k 1_
X% (mUng)?
W hk > V QmUTLO

which represents the depletion of the condensate due to particle-particle interaction. We calcu-
late now the total reduction of ng at T' = 0 integrating over all &,

2 2 3/2
1 X2 / B X 1 <mUn0>
ngo=mn— —=< 2 =n — 3ﬁ:n—72 e (631)
Q E;éol X% (2m)3 1 X% 3 h

which is valid only for sufficient weak interactions. This can be measured in terms of the
characteristic length £, defined as

hZ k/2 h2
= i h ! == 1 2 =
5 Ung with k¢ = ¢ SmUng

(6.32)

and leads to a divergence of the sum. A careful and more extensive analysis of the problem shows that this
singular part can be extracted such that the renormalised ground state energy is given by

3/2
— (Uggm) } (6.25)

1572ng

Ung)? U U
ESZZ{E;;fe;;*UnoJr‘m(p?O*) + No—2 = No 722

" 2 2
& #£0

The approximation for the ground state energy used here relies on the assumption that we are dealing with a
Bose gas. This is, however, not guaranteed even for weak interactions.
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which leads to the condition

mUno
h2

3/2
3n2n > ( ) = ned > 1. (6.33)
The characteristic length is much larger than the mean distance between particles.
If we apply the same scheme to a one-dimensional interacting Bose gas, we find that the integral

2
d—kxik2 — 0 (6.34)
2r1 — x=

E
diverges due to the k=1 dependence of the integrand for small k (see Eq.(6.30). This leads to the
conclusion that in one dimension quantum fluctuations destroy the Bose-Einstein condensate,
as soon as interaction is present.
The phonon spectrum determines the low-temperature behavior of the superfluid. Let us con-
sider the heat capacity as an example. For this purpose we calculate the low-temperature internal
energy through the Hamiltonian H’ in Eq.(6.16),

. E- 772 m 3/2
U= (H)=E—pNo+ ) E,;W%’Y,ﬁ = Eo—puNot+ Y 65};];7’“ ~ N <Unoh2> (ksT)*

£ —1 30n
k0 K #0
(6.35)
for kT < Ung. The heat capacity is then
dU 272 m 3/2
=—=N—kp|—= kpT)? .
¢ ar 150 P <Un0h2> (k5T) (6.36)

which is different from the Bose-Einstein condensate with C oc T3/2.

6.1.3 Gross-Pitaevskii equations

We would like to introduce now a description of the Bose-Einstein condensate which allows
us to take also spatial variations into account. For this purpose we write the Hamiltonian of
interacting bosons entirely in the language of field operators,
RPN PN ~ ~
o= [ { G (FENT @)+ V() W FH() T (7)

(6.37)
+;/d3r &' UHR) U PNUS(F — 7)) (7) T (7)

where V(7)) is a potential (shifted by the chemical potential i) acting on the bosons which are
interacting by a contact interaction. We derive now the equation of motion for the field operator,

L0 =
zha\lf(r,t)

R2 V2

2m

(W (7,t),H] = FV(F) —p+ U7 )0 (7, ¢)| U(7,t). (6.38)

If the external potential varies very slowly or is even constant we will replace the field operator
by the Bogolyubov approximation discussed in Sect. 3.7.2 and obtain the equation

B2 V2
2m

ihgtwo(ﬁt) :< + V() —/J+U]1/Jo(f’,t)]2> Wo(7,t) (6.39)

which is called Gross-Pitaevskii equation. This equation is obtained by variation from the energy
functional

2 —
B [ @ [l F oI + V() — il P + SllP| 0)
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through
0 0E
ih— Ft) = ——— . 6.41
Por T = (v (040
We have also introduced the chemical potential ;1 which can be absorbed in the potential V(7).
In the homogeneous equilibrium (time independent) phase we require that io(7) = /ng and
fix V(7) = 0. In order to get the right magnitude for |¢)9| we have to choose u = Ung as in

Eq.(6.14).

Spatial variation:

Let us consider here some properties. First we address the characteristic length scale for the
recovery of the equilibrium phase near a local perturbation. For this purpose we assume a small
deviation,

Yo(7) = /no +n(7) , (6.42)
with [(7)|> < ng. Inserted into the Gross-Pitaevskii equation (Eq.(6.39)) we obtain to linear
order in n(7),

-
~5-V 2n(7) 4+ 2Ungn(7) = 0 (6.43)
which yields the long distance behavior around a point-like perturbation,
—r/ V2% h?
e
wF) =m— it €= (6.44)

the same length as introduced in Eq.(6.32).

Figure 6.5: Bose-Einstein condensate trapped in a harmonic potential V() oc 2. The Thomas-
Fermi approximation yields a condensate concentrated around the center of the potential well.
Note that the approximation is only justified for large condensate densities (no&3 > 1). Thus,
near the region where the condensate density vanishes a more accurate analysis shows a smoother
vanishing than the Thomas-Fermi approximation.

For very slow variations of the potential where the kinetic part (differential part) of the Gross-
Pitaevskii equation can be neglected, the solution is rather simple,

V() 2
$(7) = no <'”“’U:;<)> (6.45)

with pg = Ung the chemical potential where V(7) = 0. This is called the Thomas-Fermi
approximation. The approximation breaks down when [¢(7)| approaches zero. Then the full
problem has to be solved.
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Continuity equation and currents:

We multiply now the Gross-Pitaevskii equation by v (7, t) and subtract the complex conjugate
of the resulting equation. From this we obtain,

Glvo(7, 1)) = Wo( £)V 2o (7, ) — o (7,8) V245 (7, )]

 2mi
(6.46)
- = 2mz[w0(F )ﬁwﬂ(,’?7t)_wO(th)ﬁwg(Fat)]
which we may rewrite as
B p(7,t) = |yo(7,1)|?
(9”(87;’”+6 F(7,t)=0 with

J(7,t) =

2mz

5= [o(7,8) Vho( 7, 1) — tho(7, 1) Vg (7, 1)] -

(6.47
The current density is connected with the phase of the condensate wave function, ¥(7) =
\/%ei‘z’(m when the condensate density is constant.

F(7) = Lng ¥ 6(7) = no,(7) (6.48)

which we use also to define the superfluid velocity v ;. The energy of the homogeneous system
(V(7) =0) is then given by
- ) U”%
E(vs)=0Q Uy ng — — (6.49)
2 2

with which we determine the critical velocity by E(v.) = 0, i.e. there is no energy gain in
forming a condensate. The critical current is obtained as v, = /Ung/m = ¢, as found in the
Bogolyubov theory in Eq.(6.23).

Frictionless current and quantized vortices:

An important aspect of the condensate wave function is its property to be single-valued. This
gives rise to spectacular properties, for example, for the current flow in a torus. In this multiply
connected system the phase of the wave function can show a winding of the phase under the
constraint that (7)) has to match on a path around the torus. Thus the phase ¢ can only
change by an integer multiple of 27 (de Broglie condition). If we assume a regular torus the
current flow would be homogeneous with a constant velocity |7 s|. We find that the circular
integral of the velocity around the torus is quantized, because

ho[ = f
fﬁs'ds“:%ng'ds“:%n(ﬁ (6.50)
m m

with ng being an integer. Thus the current j = ngv, can only take discrete values in the torus,
such that a decay of current would mean an unwinding of the phase ¢. This constitutes a
frictionless flow of the superfluid as it will flow eternally.

A phase winding can occur within the superfluid also when the superfluid density forms a
singularity, a zero along a line. The solution of the Gross-Pitaevskii equations then has form

Go(re,0,z) = nof(ry)e™ (6.51)

for zero line along the z-axis with (r,0) being the cylindrical coordinates perpendicular to z.
The function f(r;) goes to zero on the line r; = 0 and recovers to 1 with the length scale &.
This structure represents a vortex with winding number ng4 and is a topological defect in the
superfluid. This means that it cannot be simply created or destroyed, but can only enter or leave
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Figure 6.6: Phase winding and vortex: Left panel: phase winding (red line) around the torus
leads to a current. As the phase has close the current is quantized. Right panel: Vortex structure
of [1(r1)|? with a core of linear extension ~ &.

the superfluid at the boundary. Two vortices with opposite winding numbers can annihilate each
other.

The energy of a vortex consists of the core energy due to the local depletion of the condensate
and the contribution of the circular flow of superfluid. The former can usually be neglected as it
takes only of order of Feore ~ U n%wa /2 = h%ngm/4m per unit length of the vortex. The latter,
however, is larger. To be concrete we place the vortex along the rotation axis of a cylindrical

vessel of radius R. Then the energy per unit length is given by
R 2 2 2 2
h” 1|0 0 h R
AE = / dr, 71/ df —— ¥(re,6) 4+ Eeore = ﬂ%ni In{— |+ FEeore, (6.52)
¢ 0 2mry 2m 13

00
where the lower integral boundary of r; has been set to & as for the superfluid density is
suppressed on smaller distances from the core. Indeed the amazing result is that the energy
scales logarithmically with the system size, i.e. radius of the cylinder in our example, although
the condensate density is only damaged on a comparatively small volume.

6.2 Berezinskii-Kosterlitz-Thouless transition

A peculiar behavior can be found in the two-dimensional superfluids, e.g. a ‘He film on a
substrate. How does superfluid order establish in this case? We will see that due to phase
fluctuations of the condensate wave function here a new type of phase transition appears.

6.2.1 Correlation function

First let us examine the correlation functions of the two-dimensional film. For the bosonic
system we can do this the same way as we did previously in Sect.3.7.2. The correlation function
is given

—

g(R)= (UMW (7 + R)) . (6.53)

In the high-temperature limit we have approximated the long-distance behavior by

_ a2k ik R omkpT [ d2k ek R
g(R) = /( ~ /(

27)2 ePleg—n) _q h? 2m)2 k2 + k2
(6.54)
2 1 [2n
—Ko(koR) = — —hoft
2 Bolkolt) ~ 35 koR



with k2 = —2mu/h%, X = h/v/2mrmkgT (thermal wavelength) and Ko(z) is the modified Bessel
function (also known as MacDonalds function). Thus, we find exponential decay of the correla-
tion.

The low-temperature limit can be conveniently discussed by taking advantage of the simple
formulation of the energy in Eq.(6.40), where we keep ng constant and restrict to the phase
fluctuations. Then we obtain

- Q
El¢] = Ung / d’r {5%%)2 - ﬂ =Unj | D €0 07075

q

(6.55)

with the Fourier transform

— 7i _‘eitj“r
o) = 7= zq;qﬁq (6.56)

and €) here as the area of the system. Now turn to the calculation of the correlation function

) ) —n(T)
() = np(ei@O-6CRDy _ 1 ~(6O-6(R)) _ <7TR> ! (6.57)

To

where the last equality is connected with the fact that with the above energy the averaging is
Gaussian. * Here the correlation function still decays, but now algebraically with n(T) = 2/no\?
being a function linear in 7" and r 3 = n being a characteristic length. At all temperatures there
is no real long-range order, but it looks like we are for all low enough temperatures always on a
critical point, since the correlation length is obviously infinitely larger.

4 Averaging: In order to calculate the correlation function in Eq.(6.57) we turn the Fourier space for the phase:

1 g
o(7) = 70 zq:¢(je ! (6.58)
and rewrite the energy
El¢] =Una€® > d*pad—q =Unp& > > (81,7 + b5.4) (6.59)
q q

ignoring the constant term and separating real and imaginary part, ¢ § = ¢1,4 + i¢2,¢. The partition function is
given by

7 = /Hd¢1,§ doa. g e—ﬁUng£2 Xq q2(¢%q-+¢§,q-) (660)
q

and the correlation function can be calculated by

9(R) = %/Hqu d, g exp {\/%Z(am +ida, ) (1= e F ) = BUNEE Y ¥ (1 4 +¢§,5)} (6.61)

which can be evaluated by completing the square.

s kT 1 1—cosc7~15[ kT 2 l—cosq’-ﬁ
_ _ 1 - _ . 62
g(R) exp{ UnZe? 0 Zq; pe } exp{ Un2e2(2m)? /d q 7 } (6.62)

We can again use the relation connection with the Bessel function used above and obtain

S kpT T/To 1~ Jo(gR) | mR/ro o Jo(x)
9(R) —exp{ W/o de = exXp U(T)/O de

oo () - ()™

1/3

(6.63)

where we introduce a cutoff for large ¢ with ro &~ n~ "/ the mean distance between the bosons.
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6.2.2 Topological excitations and BKT transition

This qualitative change of the correlation function indicates a phase transition which does not
fit into the picture of suppression of order due to collective modes of the phonon type. Phonons
are, however, not the only excitations possible. Kosterlitz and Thoulouss realized that in a two
dimensional superfluid (and also in other phases mentioned below) vortices play an important
role for this change of behavior. Vortices constitute a topological excitation.

A conceptual argument for the occurrence of transition can be derived through the free energy
of a single vortex. As we have seen above the energy of a vortex with ng = 1 is given by

hQTLO R
E= 2rln | — .64
5 7TII<§) (6.64)

where R a linear extension of the of the two-dimensional system. The entropy of the vortex is
given through the phase space of the vortex which is given by number of distinct vortex positions
in the system ~ R?/¢2 (number of cells of size £? where we can place the vortex), leading to
S = kpIn(R/£)%. Thus the free energy of the vortex is

2
F=E-TS= {hz Mor szT} In (?) (6.65)

which suggests a phase transition at

h2n
kTt = 5 0
m

- (6.66)

where the prefactor changes sign. Above Tkt vortices are favored below they are suppressed.
Note that this argument does not depend on the system size as both contributions in F' scale
the same way.

The transition can be understood in terms of vortex-anti-vortex pairs being bound or dissociated
(anti-vortex: has the same structure as the vortex but with opposite winding of the phase). The
high temperature phase corresponds to unbound free vortices destroying the phase coherence,
while at low temperatures vortices bind into pairs of opposite winding number such that there is
no phase winding of bound pairs. A vortex and anti-vortex pair behave like particle and antipar-
ticle. They can be created spontaneously at the expense of the energy of two vortices, without
changing the overall phase winding of the system. For the same reason they can annihilate each
other releasing the vortex energies. Thus the number of vortex pairs is not conserved. Only the
totel winding number of all vortices is conserved,

=S (6.67)

We can discuss the gas of vortices in terms of the grand canonical ensemble.
Two vortices interact with each other by an energy
2

_ N () e

T Tj
3

which is formally equivalent to the Coulomb energy of two charged particles (winding number as
charge). Note this expression is only true if the vortex cores do not overlap, i.e. |7; — 7| > &.
The grand canonical partition function is given by

s N
2:0 N/2 2 e2N Z/d ri---d*ry exp 26—277271 J)ln i

1<J

: (6.68)

— Tl (6.69)

where the first sum runs only over even numbers N (vortex pairs) such that > (n} restricts to

winding numbers adding up to nSZOt) = 0. The fugacity z includes the energy of each vortex.

113



Considering the very dilute vortex system with z — 0 we can restrict to N = 0,2 and discuss
only a single vortex-anti-vortex pair (n((;) = —ng) = 1). In view of the transition of the vortex

system it is now interesting to examine the vortex spacing. The mean square distance is given

_ 2mBR?
m

—

71— T2
3

where we renormalize by the volume (area) € of the system. The partition function can be
approximated by Z, ~ 1. Then decomposing the two positions 7y and 75 into center of mass
and relative coordinates, 7y, = (71 + 72)/2 and 7 = 7} — 72 we obtain

xBh2 [e%s) P 2 2 T; -1
7Py =€ [Tap oS = (;T _ 1) (6.71)
3 " mkpT

1
Fl— o) = ——— d’ry d?rq| 71 — 7ol? 6.70
7= 7l 2mQE2 2, /|F1—F2|>£ ndlT = (670

which shows that the vortex-anti-vortex separation is finite for T" < Tkt but diverges as T —
Txr. Note that here the same transition temperature Tkt is found as in Eq.(6.66).
The dissociated vortices move freely and destroy the phase coherence, while the moving bound
pair is not detrimental for the phase, as it does not carry a net phase winding. There are
similar two-dimensional systems which contain topological excitations. In a crystal lattice the
topological excitations are dislocations which have also a topological nature characterized by
means of the Burger’s vector. Another example is the two-dimensions XY-spin system with the
Hamiltonian,

Hxy =J Y (S7SFSYSY) =75 cos(6; — 6;) (6.72)

(4,9 (i,5)

considering classical spins with S, =5 (cos 6;,sin 6;) where the in-plane angle plays a similar
role as the phase of the condensate wave function discussed above.
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Chapter 7

Linear Response Theory

Much information about a macroscopic system can be gained through the observation of its re-
sponse to a small external perturbation. If the perturbation is sufficiently small we can consider
the response of the system in lowest order, linear to the perturbing field, as a so-called linear
response. We are familiar with this concept from our previous discussion of magnetism where
in a paramagnet the magnetization is proportional to the applied magnetic field. The magnetic
susceptibility as a linear response function incorporates important information about the mag-
netic system. We may extend our discussion by considering the response on time and space
dependent perturbations into account in order to observe dynamical properties of a system.

If we knew all stationary states of a macroscopic quantum system with many degrees of freedom
we could calculate essentially any desired quantity. As we mentioned earlier this full information
is hard to store and is also unnecessary in view of our real experimental interests. The linear
response functions are an efficient way to provide in a condensed form some of the most important
and relevant information of the system, accessible in an experiment. The linear response function
is one element of quantum field theory of solid state physics. We will introduce it here on an
elementary level.

7.1 Linear Response function

Some of the well-known examples of linear response functions are the dielectric and the magnetic
susceptibilities which describe the dielectric and magnetic response of a macroscopic system to
an external field, respectively. Including spatial and time dependence we can write the relation
between response and field as,

P(7,t) = /d3r’/dt’ Xe(F = 7't —tE(F',t)
(7.1)
M(F,t) = /d3r’/dt’ X (F =7 t =t )H (7, ¥)
where we consider here a homogeneous, isotropic medium. It is obvious from this form that
the response functions x.,, describes how a field at the position 7" at time ¢’ influences the
system at 7 at a later time ¢ (causality). Causality actually requires that x(7,¢t) = 0 for ¢ < 0.

The response functions are non-local in space and time. The convolution of Eq.(7.1) can be
converted into a simple product - a ”local” form - by going to momentum-frequency space,

P(f,w) = Xe(q,w)E(q,w) and M (7,w) = xm (7 w)H({,w) (7.2)

where the Fourier transformation is performed as follows,
1 T dw . =
Pt = — = (§,w)e”HWt=a7) 7.3
=53 [ S (73)
q
We now determine the response function for a general external field and response quantity.
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7.1.1 Kubo formula - retarded Green’s function

We consider here a quantum system described by the Hamiltonian Hy and analyze its response
9

to an external field h(7,t) which couples to the field operator A(r)
H="Ho+H({t)=Ho+ /dgr A(F)h(7, t)e™ (7.4)

where n = 04 is a small positive parameter allowing to switch the perturbation adiabatically
on, i.e. at time ¢ — —oo there is no perturbation. The behavior of the system can now be
determined by the density matrix p(t). Possessing p we are able to calculate interesting mean
values of operators, (B(t)) = tr(p(t)B) . We find the density matrix by means of the equation
of motion,

L 0p . .
ma%: =—[pH] = —[p, Ho + H]. (7.5)
We proceed using the concept of time-dependent perturbation theory, p = po + dp(t), with
1
po = Ee*[m‘) and 7 = tre PMo (7.6)

Then we insert this separated form and truncate the equation in linear order in H’,

L0 . .
ih=:0p = ~[0p, Hol = [po. 1 +- - . (7.7)

We introduce now the interaction representation (time-dependent perturbation theory),

5p(t) = e Tot/hgpyeiHot/h - z’hgtéﬁ = —[6p, Ho] + e~ Hot/h {ma%(tt)} eMot/h —(7.8)

Comparing Eqgs. (7.7) and (7.8) and using (7.5) we arrive at the equation for g,

y(t ) .
O — g0 ¢ (0] with  H (1) = g o (7.9)
which is formally solved by
.t
N ? N
i) = [ dt [ M (2], (7.10

We now look at the mean value of the observable B(F) For simplicity we assume that the
expectation value of B vanishes, if there is no perturbation, i.e. (B)o = tr{poB} = 0. We
determine

(BN = tr {057, B }
. . (7.11)
:tr{;e_mot/h /_ dt! [,30,H;m(t')]emot/hé(f)} :

By means of cyclic permutation of the operators in {...}, which does not affect the trace, we
arrive at the form

(BN = —% /_ ; d / v tr { pol Bt (7.0), Aint (7', 0]} B )
(7.12)

= /dt’/d?’r’ xBa(F— 7t —t"h(7' 1),

which defines the response function. Notably, it is entirely determined by the properties of the
unperturbed system.

116



Recipe for the linear response function: We arrive at the following recipe to obtain a general
linear response function: From now on we denote the Hamiltonian of the (unperturbed) system
H. Then the linear response function of the pair of operators A B (they are often in practice
conjugate operators, A= B’T) is given by

XBAG— 7't — 1) = 2 0(t — ) ([Bu (1), A )]} (713)
where (...)3 is the thermal mean value with respect to the Hamiltonian H,

M tr{Ce PH}

On ="y (7.14)

Ay (t) = eMt/h e~/ i the Heisenberg representation of the operator A (analog for B). Note
that the temporal step function ©(¢ — t’) ensures the causality, i.e. there is no response for the
system before there is a perturbation. The form (7.13) is often called Kubo formula or retarded
Green’s function.

Frequently used examples are:

e magnetic susceptibility:

perturbation H = —/d37" g S (F)h(7,t)

conjugate magnetization M (7) = pupS*(7)

7

response function Xoo(F =7t —t) = h@(t — % ([S5 (7 1), S5 (7 t)])x -
(7.15)
o dielectric susceptibility:
perturbation H = /d3r en(r)p(r, t)
conjugate density en(7) (7.16)
response function (7 — 7't —t') = —%@(t — e [y (7, t), i (7, 1)) -

7.1.2 Information in the response function

The information stored in the response function can be most easily visualized by assuming that
we know the complete set of stationary states of the system Hamiltonian H: H|n) = €,|n).
For simplicity we will from now on assume that A = BT which is the case in many practical
examples, and will simplify our notation. We can then rewrite the response function x as

_ﬁen

R N AR e THEIR (o —iHE /B iHE R a2\t —iHE T
X(F— 7t —t) -6t t)zn:Z {<n|e B(7)e~ MM In B () e In)

_<n|eth//hB(F/)Te—iﬂt'/heiﬂt/hé(f»)e—th/h|n>}

(7.17)
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where we inserted 1 = )" _, [n/)(n/|. It is convenient to work in momentum and frequency space.
Thus, we perform now the Fourier transform

e, . ) ] (7.18)
_ _% € ~ |<n[§q~|n’>|2/ df {ei(en—en/—l—ﬁw)t/h e'(en/—en+fw)t/h} et
n,n’ 0
where we introduce
By = / PrB(Fe 9T and Bl = / BB e . (7.19)
Performing the time integral in (7.18) we obtain
*56n N 1 1
e
— — B“ N2 _
X(qw) HZ; A |(n{Baln)| {hw—en/+en+ihn hw—en—i-en/—i—ihn}
’ (7.20)

> / — / ]‘ ]‘
= dw' S(q,w'") = — -
0 w—w+im wH+w+in
In the last line we write the response function in a spectral form with S(¢,w) as the spectral

function,
75677,
N € A
S(qw) =) ~ [(n|Bg|n/) 26 (hw — enr + €n) (7.21)

n,n’

We call S(7,w) also dynamical structure factor which comprises information about the excitation
spectrum associated with B. It represents a correlation function' ,

- _/_l B (= NP (= T
S(7 — 7't t)_h<BH(r,t)BH(r,t)>H, (7.23)

and contains the spectrum of the excitations which can be coupled to by the external perturba-
tion.

7.1.3 Analytical properties

The representation of the linear response function in (7.20) shows that x4 (¢, w) has poles only
in the lower half of the complex w-plane. This property reflects causality (x(7,t) = 0 for t < 0).
We separate now x = Y’ +ix” in real and imaginary part and use the relation

1 1
lim — =P— —ind(z) . (7.24)
n—04 T + 11 x

LConsider the Fourier transform

+oo B ) .
S(JyUJ) :/d3,’~;/ dtS(,r—,;t)ezwt—zq-r

= =)

nle ™M B(F e M) (| B e T

_1 3~ 43 1 too 67&"
—ﬁ/drdr/_ dty —{

oo
n,n’

—Ben

|<7’L|Bq’|n/> |2ei(en—en/ +hw)t/h

—Ben
e A
= > S lnlBeln) 6w — e + )

(7.22)
as given in (7.21).
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with P denoting the principal part. This relation leads to

o0 1 1
X’(q;w):/ do S(d,) {7? - } ,

0 w+ W

(7.25)
X' (qw) = = {S(q,w) - S(7, ~w)} .

Therefore the imaginary part of x corresponds to the excitation spectrum of the system.
Finally, it has to be noted that x(q,w) follows the Kramers-Kronig relations:?

1 —+00 "= /

)
T W'

—0o0

1 —+o00 1=,/
X//((T,w):/ dw/PX (q,w') _

(7.27)

/
oo w—w

7.1.4 Fluctuation-Dissipation theorem

First we consider the aspect of dissipation incorporated in the response function. For this
purpose we ignore for simplicity the spatial dependence and consider a perturbative part of the
Hamiltonian which only depends on time.

H' = h(t)B = (B)(t) = / dt’ x(t —t")h(t) (7.28)
0
with B = B. We assume now a monochromatic external field,

1 . .
A1) = 5 (hoe™™" + hje)

- ° 1 ! ! 1 ; ;
=  (B()= / dt' (= ¢)5 (hoe ™™ + hge™!') = 2 {x(w)"hoe™™" + x(w)hje™'} .
0
(7.29)

2 Kramers-Kronig relation: This relation results from the analytic structure of y. Consider a contour in the
upper half-plane of w’ where x(q,w’) has no poles due to causality.

- 7
c W —w —

= fj;o dw' x(q, w')Pﬁ +irx(q,w) =0.

(7.26)

Separating this equation into real and imaginary part yields the Kramers-Kronig relation.

Im -

Re o’

Fig. 6.1: Contour C close in the upper half of the w'-plane.
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The energy dissipation rate is determined by?>

dE 8 ~ 8h W * w * —24 * 24w
— = (51 = (B)5r = (W) = x(@)lhol® = 7 D" (w)hge ™" = x(w)hge™™]
_ (7.31)
@ W o 2
= =g} @lho® <0

where for the time averaged rate we drop oscillating terms with the time dependence et?2t,

The imaginary part of the dynamical susceptibility describes the dissipation of the system.
From the definition of the dynamical structure factor it follows that

S(7, —w) = e P 8(F, w) (7.32)
because
— e_ﬁen > N2
S(G—w) =) 7 1l Bgln)[76(—hw — & + €n)
’ (7.33)
o By —Bhw .
=3 Bl o — e + ) = ¢S w)

This is a statement of detailed balance. The transition matrix element between two states is the
same whether the energy is absorbed or emitted. For emitting, however, the thermal occupation
of the initial state has to be taken into account.
Using (7.25) we can derive the following relation

X'(Gw) = -7 [S(q,w) — (7, —w)] = —7[1 — e P"]S(q,w) (7.34)

which is known as the fluctuation-dissipation theorem. Let us consider here some consequences
and find the relation to our earlier simplified formulations.

+00 +oo e—ﬁen .
/ dw S(q,w) :/ dw Z 7 ](n\Bq~|n’>\26(M—en/ + €n)

—00 —00 /

1 efﬁen "

== >~ nlBgln) (| BYIn) (7.35)
1 ot - 1 +oo Xl/(q—;w)
= BB =~ [ ST

This corresponds to the equal-time correlation function (assuming (B) = 0).
Now we turn to the classical case of the fluctuation-dissipation theorem and consider the the
limit kT > hw. Then we may approximate this equation by

kT

. q . L
(1Bal*) ~ == dw=—"% = —kpTX'(7,0) = —kpTX(7,0) . (7.36)

—00

3The time-derivative of the Hamiltonian is given by

dH 8% oH

dat - ot h[H H] = ot (7.30)

for a quantum mechanical problem. The analogous relation is obtained for classical systems.
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This is valid, if x”(¢,w) essentially vanishes for frequencies comparable and larger than the
temperature.? For a uniform field we find

/ d*rd®r’ (B(7t = 0)BI(,t = 0)) = (Bg—oBl_g) = —~kpTx(§=0) = —kpTx,  (7.40)

i.e. the static uniform susceptibility is related to the integration of the equal-time correlation
function as we had used previously several times. Note the minus sign results from the sign of
coupling to the external field.

7.2 Example - Heisenberg ferromagnet

In this section we apply the concept of linear response function to discuss the ferromagnetic
Heisenberg quantum spin model with s = /2. Like in the Ising model the spins reside on a
hypercubic lattice and are coupled via nearest-neighbor interaction. The Heisenberg model has
the full SU(2) spin rotation symmetry.

Ho= I Y88 =Y (5854 {808, + 8 A;}}

(7.41)

with 77 =23, ., cos(qa) (lattice constant a = 1, unit of length). The exchange coupling
—J is negative so that the ground state is ferromagnetic (all spins aligned). This ground state

has maximal spin Sior = > S; which is a symmetry operator of the Hamiltonian. In the second
line we have introduced the Fourier transformed Hamiltonian with

—

LS G
Si=v Z Sze'l (7.42)
q

where we use again periodic boundary conditions with a hypercube of edge length L. The
quantum spins satisfy the following commutation relations:

[Ssﬂ S [Shﬂ = 216,397 |
(7.43)
Gz G| G+ o+ &— | Q2
(92,85 =#nS%. .. [S5.57] =28z,
It is possible to discuss the ferromagnetic state by means of mean field approximation which

is formally the same as for the Ising model leading to the same critical temperature kT, =

Jzs? = Jdh?*/2.

4 Static response function: We consider a system with

/ RN 1 - N
H=Ho+H :Ho-i-/dSTh(T) (T):Ho-l-Vthqu‘:Hoﬁ-ZquBq (7.37)
q q

where we assume for the following B_ ;7 = B]:y- The mean value

. oOF d A
(Bg)= 50 — = g koTInZ = tr(pBg) (7.38)

with p = exp[B(F — H)] and (Bz) = 0 for H; = 0. The static response function is obtain from

_ A0 sr-w) _ 5 iR N B\ _  aip_pt
HA:O—tT{Banqﬂe }‘H{?O—tr{Bqﬂ(<B—q> B—q)p} =-B(BzB%)

q

H ;=0
(7.39)
which is the classical form of the fluctuation dissipation theorem for spatially modulated perturbative fields.

121



7.2.1 Tyablikov decoupling approximation

Here we would like to go beyond mean field theory using the response function for the Heisenberg
model. We introduce the transverse dynamical spin susceptibility,

X(@ =) = 100t~ )87 (1,57 ()]) (7.4

We use now a method based on the equation of motion to find this response function.

B~ t) = 86— {){[87.873) + 10l — )57, 10 St )

= 20(t — t')h(SZq)

26l )57 S — ) {{[35: 0575 (0,5740)])

(7.45)
On the right-hand side this equation leads to new retarded Green’s functions containing three
spin operators of the form,

ro(— 1) ([$3:(087 (1), 5%, ) (7.46)

Thus we have also to set up equations of motion for them which in turn lead to Green’s functions
with four spin operators and so on. The resulting hierarchy of equation is intractable.
Therefore, we introduce here an approximation which truncates the hierarchy and leads to a
closed equation system, a scheme known as Tyablikov decoupling,

(7.47)

Replacing the corresponding terms on the right-hand side of the equation of motion we obtain

L0 a2 . S
lhaX((L t—t')=26(t—t)h( 7=0) — 7 (87=0) (o —vg)x(q,t — t' . (7.48)

We now perform a Fourier transform, replacing ¢ — t' = t:

N ~.

~-~_~,8 J > — ~7jw~—~ Gz
/dt et [zaer 7 (S7=0) (70 %j‘)] x(q,t) = /dt 25 (t — ') (S5g) (7.49)

which leads to

. J Qz = Qz
{utin+ 22485000 20 p x@.w) = 253 (7.50)
which leads immediately to the solution
. 2(52
X(q,w) = o) (7.51)

w+ 22 (S8 (o —g) +in

Here we define now the mean field (5‘6‘) = —Vm with 0 < m < h/2. We have introduced the
small imaginary part in in order to guarantee the causality.
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First let us look at the spectrum of excitations if m # 0. This is given by the imaginary part of
X-
X' (¢, w) = 27Vmé[w — 2Jm(vo — v7)]
(7.52)
=  wg=2Jm(y — ) =4Jm Z(l — COS Qo)
(0%
This is the dispersion of a collective magnetic mode, a magnon or spin wave, which corresponds
analogous to the phonons in a solid to a bosonic mode. This mode appears as an excitation
with well-defined momentum-energy relation. For small energy the dispersion is quadratic,
=2
wg = 2Jmq~.

Fig. 6.2: Dynamical structure factor for the spin excitation spectrum in the ferromagnetic
phase.

7.2.2 Instability condition

Now we construct the self-consistence equation for the mean field <§§> In principle we could
use the previous mean field approximation solution. However, we may also require that the
fluctuation-dissipation theorem is satisfied in order to take the effects of fluctuations into account.
Thus, we consider the dynamical structure factor,

S(q,w) = / dt eiwt%< Z(1)ST(0)) . (7.53)

Taking the g-sum and w integral provides an onsite equal time correlation function:
1 o 1 .- A+ 1 = G122 Gz h
732 [ v S@w) = (ST OSFO) = 7 {(5) = (52— (S)hp =5 +m.  (T54)
q

Now we express S(¢,w) by means of the fluctuation-dissipation theorem (7.34).
h 1 1 1 PN 2m
2+m__7T/dw1—eBMWZX(qu)_Vz:leﬁhwq‘ (7:35)

q q

The instability condition defining the critical temperature is obtained from the limit m — 0,
assuming it to be a second order (continuous) phase transition. Then we expand the denominator
on the right-hand side and obtain the equation

h  kgT.1 1
— = — 7.56
2 Jh 'V zq; Yo — Vg ( )
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For the three-dimensional system a numerical solution shows kg7, ~ 1.1Jh? which is consid-
erably smaller than the mean field result of 1.5Jh?. The reduction is, analogous to the self-
consistent fluctuation approximation, caused by thermal fluctuations which are ignored in the
ordinary mean field approximation.

In one and two dimensions we find that the integral on the right-hand side diverges at the lower
boundary (infrared divergence).

=5

P 70_'711

dlg 1
— dq— — oo for d<2. (7.57)
(2m)4 y0 — v

Thus kT, — 0. This is a consequence of the spin wave fluctuations which destroy the magnetic
moment. This result is also known as the Hohenberg-Mermin-Wagner theorem. It applies to
systems with a continuous spin symmetry and short-range interaction. Note that Peierls’ domain
wall argument fails here, since the domain walls have an infinite width due to the continuous
degeneracy of the magnetic ground state, i.e. any direction for the ordered moment has the
same energy.

7.2.3 Low-temperature properties

How do the spin wave fluctuations influence the low-temperature behavior? Let us first consider
m(T) = h/2 — ém(T). We insert this into the self-consistence equation,

h—om =<Z—(5m> Z<1+Zemwm>

0o 3 ) 3/2
i (7.58)

which leads to

om(T) =~ %(kﬂ)?’ﬁ . (7.59)

If we compare this with the result of the ordinary mean field approximation, dm o exp(—T1./T)
we find that the thermal spin wave fluctuations suppress the magnetic order at 7" > 0 more
strongly.
Finally we consider the spin wave contribution to the low-temperature heat capacity. The
magnons as bosons have a dispersion wg = csq?® leading to a density of states as

D(w) x w'/? (7.60)
With this we obtain

Uoc/dwwlmmdhw_l xT°? = CoxT3? (7.61)

which is also a consequence of low-energy spin wave excitations.
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Chapter 8

Renormalization group

While the mean field approximation describes second-order phase transitions in a very handy
way, we have seen that it treats fluctuations poorly so that the critical behavior is not adequately
reproduced. This is particularly true for the renormalization of the transition point and the
critical exponents of quantities which are singular at the phase transition. In this context
a powerful method has been developed in the late sixties and seventies which introduce a new
concept to describe critical phenomena: the renormalization group method. This method is based
on a method for the successive decimation of high energy degrees of freedom of the system with
the aim to extract the most important information on the low-energy physics from a complex
many-body system. In this way the properties of a phase transitions, in particular, its critical
regime can be described. There are many variants of the renormalization procedure also beyond
the discussion of phase transitions and much development is still going on. Here we will restrict
to one special formulation which gives a good insight to the ideas.

8.1 Basic method - Block spin scheme

Close to a second order phase transition fluctuations are large and hard to treat. The renormal-
ization group method has the aim to connect the behavior of a model close to with the behavior
of a related model far from the phase transition. The basic idea is to make a change of the length
scale at which the system is considered. Close to the critical point the only relevant length scale
is the correlation length, the length over which the degrees of freedom effectively interact. This
length is diverging, if the critical point approached. The procedure rests on diluting (reducing)
the number of degrees of freedom in a proper way so as to shrink effectively the length scale and
to "move away” from the critical point.

In order to illustrate the method we consider again the Ising model with the degrees of freedom
s; = +s on a regular lattice. The partition function is given by

Z(K,N) =Y HE A (8.1)
{si}
where we assume a generalized Hamiltonian of the form
/H(K’{Si}vN):NK0+Klei+KQZSiSj+"' (8.2)
g (1,3

with couplings among many spins, K = (Ko, K1, Ko, ...). In the standard form of the Ising
model we have

Ko=0, Ky=H/kgT, Ko=J/kgT, Knpss=0. (8.3)

The aim is now to reduce the number of degrees of freedom without changing the partition
function. This can be done by deriving an appropriate model of the remaining degrees of
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freedom. We introduce b > 1 which denotes the change of the length scale in the system. In
the decimation procedure we reduce the degrees of freedom by factor b%. In the following we
will use the so-called block spin or related formulations which gives an intuitive view of the
renormalization group procedure. We separate the spin degrees of freedom into two groups {Sp}
and {s'}. The first set will be eliminated while the second set represents the remaining degrees
of freedom.

Z(R,N) = 37 37 eHEASN ™ MRAIN _ 7R Npdy . (5.4)
{s'} {Sv} {s'}

Thus we express the Hamiltonian in terms of new coupling constants between the remaining
degrees of freedom. Looking at the reduced free energy per spin we find

F(K) = — lim %m [Z(I?,N)} = b~ lim

N—oo N_mmlﬂ [Z(K',Nb_d)} =b4f(K'). (85)

The transformation K — K’ can be repeated in the same way
K™ =REK" YV =R'K  with N — Nb~™ (8.6)

where the set of operations {R"} with n = 0,1,2,3,... represents a semigroup, leading to the
name renormalization group. It is a semigroup only, because it lacks the inversion. There is
namely no unique way to undo a decimation step. The renormalization group transformations
lead to a "flow” of the coupling constants K.

The instabilities of the system are determined by so-called unstable fized points where we find

RK.= K., (8.7)

i.e. the coupling constants do not change under renormalization group transformation. The
region of K close to the fixed point is most interesting as we can approximate the flow of the
coupling constants within a linear approximation,

K=K.,+6K and RK~K,+AK (8.8)

with A being a quadratic matrix of the dimension of K which can be infinite in principle.
This matrix is generally not Hermitian and its eigenvectors €; (unit length) are not orthogonal.
Nevertheless we can express (8.8) as

oo [e.e]
K=K.+) céi and RE=K =FK.+) bV (8.9)
=0 i=0
Thus we find
Re; = ¢ = ¢;bY' . (8.10)

The exponents y; characterize the eigenvectors ;. If y; > 0 (y; < 0) then ¢&; is called relevant
(irrelevant). €; with y; = 0 is called marginal. Along relevant eigenvectors we move away from
the fixed point under successive decimation (unstable fixed point).

Consider the case that only €] is relevant, setting the external field H to zero. The phase
transition (critical temperature) corresponds to the temperature T, where ¢; vanishes (fixed
point). Close to the fixed point (K’i close to K. or T close to T.) we can approximate

T
=Al=-1)]=-4 8.11
a=Aa(g 1) =-ar. (s.11)
and then consider the renormalization group step
T/
¢y =Rcy=A <T — 1> = —Ar = =T (8.12)
C
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Thus the renormalization group step corresponds effectively to a change of the temperature. Let
us use this relation first for the length scale. The correlation length is changed in a renormal-
ization group step by

§— ¢ =¢(T)/b=¢T") (8.13)
The fixed point is characterized by £ = £/b so that only two situations are possible { = oo for
the unstable fixed point and & = 0 for a stable fixed point which can be interpreted as the limit
of non-interacting degrees of freedom (no correlations). In case of an unstable fixed point we
obtain close to T,

|T’b =7 = = b/vr (8.14)
This leads immediately to
1

Therefore the exponent y; describing the change of temperature under the renormalization group
step is connected directly with the critical exponent, v of the coherence length.

We now turn to the free energy, still assuming that ¢; is the only component in the renormal-
ization group procedure. Then the singular part of the free energy per spin close to the critical
point has the following form:

Fr) =b70f () = b f (o) = b f (T (8.16)

where the last equality means that we consider [ renormalization group steps. We now choose [
as a real number so that 7b'%1 =1 and so b' = 7=1/¥1. Then the free energy takes the form

f(r) =7 g () (8.17)
with the critical behavior of the heat capacity C o |7]~% we find here that
d
2—a=—. 8.18
Y1 ( )

Thus, from the exponent y; we have obtained v and «. Equations (8.15) and (8.18) can be
combined to the Josephson scaling vd = 2 — «, which we had seen in Section 5.4.2. Modifications
and additional exponents can be obtained by keeping the magnetic field as another coupling
constant. For simplicity we ignore this here and turn to the examples.

8.2 Omne-dimensional Ising model

The one-dimensional Ising model can be solved exactly in a rather simple way. In the absence
of a magnetic field the partition function and the reduced free energy are given by

Z =[2cosh(K)]Y  and  f(K)=1In[2cosh(K)] , (8.19)

respectively, where K = J/kpT.
We define the partition functions as

7 =Y eNKotfedisisin (8.20)
{s}
which is convenient to illustrate the way of decimation. Note that K = Ky here. We now

reorganize this partition function in order to identify a decimation scheme, where we sum over
the spins on the even sides,

7 = E E eNKo+K2 3 (s2i—1+s2i+1)s2i

{80dd} {seven}
(8.21)
— Z H62K0 {6K2(32i71+32i+1)+6*K2(32i71+521'+1)} _ Z HeK(’)JrKészi,lsQiH
{50aa} {s0aa} *
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where s = 1. The new coupling parameter K’ is related through the condition

2Ko {6K2(32i—1+52i+1) 4+ e_K2(52i—1+52i+1)} — 6K6+K§52i—152i+1 (8.22)

In order to solve this equation we consider the configurations (s2;—1,$2+1) = (+1,+1) and
(+1,—1) which yields the equations

1
Ko [ 2Kz | o=2Ka) KK Ky =2Ky+ B In [4 cosh(2K3)]
= (8.23)

2K, — Ko K; 1
92¢2Ko = efto™H2 K} :§ln[cosh(2K2)]

Note that this decimation scheme conserves the form of the partition function, i.e. we end up
with the same connectivity of spins in the exponent (nearest neighbor coupling). We will see in
the next section that this is not generally the case.

There are two fixed points:

(KOC, Kgc) = (OO, OO) and (KOC, KQC) == (— In 2, O) . (8.24)

For the coupling constant K the first fixed point is unstable (the iterative renormalization leads
the coupling constants away from the fixed point) and the second is stable.

12 3 4 5 6 7 8 9 10 1
--@-0--9--0--0--0--0--0--9--0O--@-

RG | step
b=
] 3 5 7 9 11
- @ ----- o------ - o -—--- @------ -

Fig.7.1: Decimation scheme: Every second spin is integrated out to reach a renormalized new
system with only half the spins of the previous system.

We do not find a fixed point at a finite value of K5 which states that no phase transition occurs, as
expected in view of Peierls argument. The unstable fixed point corresponds to zero-temperature
limit where the spins order in the ground state. The stable fixed point K. = 0 is the limit
of non-interacting spins. The renormalization group treatment which had been here performed
exactly, shows that there is no phase transition at a finite temperature.

K2
® = <« - .- - @
0 (o @)
Fig.7.2: Flow of the coupling constant Ko = J/kpT of the one-dimensional Ising model under

the renormalization group scheme. For any finite coupling and temperature the flow goes
towards K = 0 the limit of completely decoupled spins.

Therefore we find that starting at any finite value of Ks leads us through successive application
of the decimation procedure towards weaker and weaker coupling K5. The fixed point of Ky =
0 eventually corresponding to non-interacting spins is the ultimate limit of disordered spins.
Through the renormalization group procedure it is possible to generate an effective model which
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can be solved perturbatively and obtain the essential physics of the system. We introduce
Ko = g(K3) and write

(In4+ K3) . (8.25)

| =

g9(K3) =
from (8.23). We start with K¢ = 0 and write
Zn(Kg) =) efexisisinn = NS 70 ) (Kh) = eNIEIINOED 2 70 (KY) = ... . (8.26)
{s}
The reduced free energy

F(Es) = - In Zy (K>) (8.27)

can now be approximated by

g(K&" ) 1

=1

by successively increasing n which leads to Kén) — 0. For K5 = 0 we find f = —In2. Thus
knowing the weak coupling limit allows us to determine the reduced free energy at any parameter
K5 (temperature).

8.3 Two-dimensional Ising model

Also for the two-dimensional Ising model there is an exact solution, due to Onsager, which is,
however, considerably more complicated than for the one-dimensional system. The partition
function is given by

7 = [2cosh(2K)e']" (8.29)
with ~ 4o .
— bl - _ ; /
I= /0 o 1n{2 {1—}— (1 — k?sin? ¢)! 2]} (8.30)
and 2 sinh(2K)
sin
- cosh?(2K) (8.31)

In this case there is a phase transition at finite temperature given by

sinh(2K,) =1 = kT, =227J K.=0.4407. (8.32)

Fig.7.3: Decimation scheme for two-dimensional Ising model: Every second site is integrate
yielding an effective coupling among all surrounding spins.
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Now we turn to the renormalization group treatment.! There are various decimation schemes
we could imagine. In analogy to the one-dimensional case we divide the square lattice into two
sublattices as shown in Fig. 7.3: The white sites are integrated out. We take the plaquette
indicated in the figure. Spins 1, 2, 3, and 4 encircle spin 0. The latter couples through nearest
neighbor interaction to the former four spins. Thus, our decimation works as follows

Z =... Z ZeK80(81+82+53+54)._.

51,52,53,54 S0

(8.33)
- ... Z {eK(81+82+83+84) 4 o K(sitsatsatsa)|
51,52,53,54
We reformulate the partition function for the remaining spin degrees of freedom
Z = Z eK(')-&-Ki(3152+5253+5354+84s1)+Ké(sls3+5254)+K§51525384 e (8.34)

51,52,53,54

Going through the space of spin configurations we find new effective interactions between the
four surrounding spins with the relation?

1
K) = gln {cosh*(2K) cosh(4K)} +In2

1
K| = s In {cosh(4K)}
(8.38)
1
K, = 3 In {cosh(4K)}

K}, = éln {cosh(4K)} — éln {cosh(2K)}

where K|) is again connected with the reduced free energy, K] and K) denote nearest- and
next-nearest-neighbor spin-spin interaction, and K} gives a four-spin interaction on the plaque-
tte. Note that the neighboring plaquettes contribute to the nearest-neighbor interaction, e.g.
summing in Fig. 7.3 over s on site (', yields another interaction between s; and ss. Therefore
we have to modify the second equation in (8.38) by multiplying by a factor 2,

K| = iln{cosh(élK)} . (8.39)

Literature: H.J. Maris and L.P. Kadanoff, Am. J. Phys. 46, 652 (1978).
2The renormalization group relations are obtained by looking at different spin configurations for

K (s1ts2ts3+s4) + e~ K(sitsatsztsa)

(8.35)
_ 6K6+K{(~91S2+3283+83S4+S451)+K§(8153+S2S4)+K§,31$23384 .
We use now the configurations
(51, 52, 83, 54) = (+7 +,+, +)a (+7 +, +, _), (+a -, +, _)7 (+a +,—, _) (836)
and obtain the equations,
’ / / /
A | omAK _ KOHAK]F2KG K
2K | 2K _ BK(’,ng ,
(8.37)

_ K\—4K{+2K,+K}
2 = ™0 3,

K)—2K.+K!
2 = ¢e0 2 3 ,

whose solution leads to (8.38).
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Unlike in the Ising chain we end up here with a different coupling pattern than we started. More
spins are coupled on a wider range. Repeating the decimation procedure would even further
enlarge the interaction range and complexity. This is not a problem in principle. However,
in order to have a more practical iterative procedure we have to make an approximation. We
restrict ourselves to the nearest neighbor interactions which would give a well-defined iterative
procedure. But simply ignoring the other couplings which additionally help to align the spins
would lead to an oversimplified behavior and would actually give no phase transition. Thus we
have to add the other couplings in some way to the nearest-neighbor coupling. It can be shown
that the four-spin interaction is small and not important close to the transition point, and we
concentrate on K1 and K} only. Let us define the effective nearest-neighbor in a way to give the
same ground state energy as both couplings. Each site has four nearest- and four next-nearest
neighbors, which yield the energy per site for full spin alignment

Ey=2NK) +2NK}, = 2NK' (8.40)

Thus we define the new renormalized nearest-neighbor coupling
3
K' =K +K)= 3 In {cosh(4K)} (8.41)

which now can be iterated. We find a stable fixed points of this new equation at K = 0 and co.
There is also an unstable fixed point at

K. =0.507 (8.42)

This unstable fixed point corresponds now to a finite-temperature phase transition at kg7, =
1.97J, which is lower than the mean field result kgT, = 4.J, but relatively inaccurate compared
to the exact result of 2.27.J.

K

c
o < =—@ > > »—@
0 disorder order o0

Fig.7.4: Renormalization group flow of coupling constant; The unstable fixed point K.
represents the critical point. On the left hand side, the flow leads to the stable fized point
K =0 corresponding to the uncoupled spins: disorder phase. The right hand side flows to the
stable fixed point K = oo, where system is ordered.

It is now interesting to consider the exponents which we had discussed above. Thus we take
into account that in our decimation scheme b = v/2 and calculate

K -K. = g (In {cosh(4K)} — In {cosh(4K.)}]

3 d
=—(K-K.,) —1 h(4K
S(K = Ko e nfeosh (4R}
3 (8.43)
= (K — Kc)§ tanh(4K.) = 1.45(K — K.) = V' (K — K.)
Inl.4
L w2145 o gy =2 7
In2
From this result we obtain the critical exponents v and «:
1
r=—=20.93 and a=2— 4 =0.135. (8.44)
n (A
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The exact result is Vegaer = 1 (mean field vy, = 1/2) and @ezaer = 0 meaning that the heat
capacity has a logarithmic singularity not describable by an exponent.

The decimation method used here is only one among many which could be imagined and have
been used. Unfortunately, for practice reasons approximations had to be made so that the results
are only of qualitative value. Nevertheless these results demonstrate that non-trivial properties
appear in the critical region close to the second order phase transition.

Other decimations schemes can be used. Decimations in real space are only one type of method,
know under the name of block spin method. Alternatively, also decimations schemes in momen-
tum space can be used. Depending on the problem and the purpose different methods are more
useful.
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Appendix A

2D Ising model: Monte Carlo
method and Metropolis algorithm

By Christian Iniotakis

A.1 Monte Carlo integration

In the description of many physical scenarios, one may be confronted with an integration prob-
lem, which is not solvable analytically. Thus, the correct result of the integration has to be
approximated by evaluating the function at a sufficiently large set of sample points:

/dxf(:v) ) (A1)

There are several well-established numerical integration methods based on sample points, which
are equally spaced, e.g. the midpoint or trapezoidal rules, as well as some more evolved adaptive
methods!. These methods work fine in lower dimensions. However, if the space of integration
is of higher dimension, they are practically not applicable anymore, since the number of sample
points grows exponentially with the number of dimension.

In contrast to this, the main idea of Monte Carlo integration is to use sample points, which are
generated randomly?. For low-dimensional problems, such a method is not useful, if compared
to the other methods mentioned above (an example is given in the lecture). Nevertheless, Monte
Carlo integration is easy to generalize and is the method of choice for high-dimensional problems.

A.2 Monte Carlo methods in thermodynamic systems

We have already seen, that the the expectation value of a quantity A in the canonical ensemble
(where = 1/kgT is fixed) can be written as

o s, A(S;)e~PH(S:)
< > o ZS' Q*BH(S'L)

(A.2)

Here the sums have to be performed over all possible microstates \S; of the system and H(S;) is
the energy of the state S;. With the partition function

Z =Y e PHE) (A.3)
S;

!These methods decide, whether and where more additional points should be evaluated.
2like in a casino, which gives some hint about the origin of the name.
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we may define

P(S;) = —e BHS) (A.4)

so that

(A) = P(S)A(S)). (A.5)
S;

The expectation value for A is the sum of the values A(S;), weighted with the function P.
Although this structure looks rather simple, it is generally not possible to evaluate it in a naive
way. One concrete problem is the tremendous number? of states S; involved. One might think
about using the Monte Carlo method here, generating a random sequence of n sample states
Sios Siys -y Si,,, for which we could evaluate the corresponding A(S;, ). However, normally it is
not possible to calculate the partition function Z, even with a Monte Carlo technique. Thus
we do not know the corresponding weighting factors P(S;, ). How can we manage to get the
expectation value, then?

Firstly, we notice that the weighting factor P represents the probability distribution of thermo-
dynamic equilibrium, since

> P(S) =1. (A.6)
S;

Thus, a rather elegant solution of the problem would be, to generate a series of sample states
for the Monte Carlo method, which contains the states S; according to their distribution P -
instead of a completely random sequence?. For these states, we could simply sum up all their
corresponding A values to get a good approximation for the expectation value. But still the
problem is, how to generate such a series, since we do not know the probability distribution P.
What we may access, however, is the relative probability of two states, because the partition
function drops out:

P(S5)
It turns out, that an algorithm originally developed by Metropolis et al. solves the problem®. It
is capable of generating sequences of random states, which fulfill the corresponding probability
distribution, based on the knowledge of the relative probabilities only. In the following, we will
illustrate the functional principle of the Metropolis algorithm for a very simple example, namely
an Ising model consisting of two sites only.

P(S;) o~ BLH(S:)~H(S))] (A7)

A.3 Example: Metropolis algorithm for the two site Ising model

Consider the two site Ising model, where the configuration space consists of the four states
Si = {11, 4, 1, 11} Without an applied magnetic field, we have a ground state energy Fg and
an excited state energy Fg, and both of them are twofold degenerate. The two states S7 and
S belong to the ground state level, and both S3 and S4 to the excited one. In the following, p
denotes the probability of the excited state relative to the ground state, given by

p = e PEE—Fa), (A.8)
Now, take a look at the following algorithm, which produces a sequence of states S(™):

1. Choose a starting state S out of the four S;.

3Note, that we assume a model system with a discrete configuration space here. For a continuous model, the
sums should be replaced by integrals over configuration space.

4For a non-degenerate system at low temperatures, for example, the ground state should appear much more
often in this sequence than any specific state of higher energy (if the sequence is long enough...).

5Cf. N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, A.H. Teller, and E. Teller, J. Chem. Phys. 21, 1087
(1953).
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2. Given a state S, randomly pick one of the other states and denote it S.

3. Generate the next state S +1) according to the rule:
If the energy H(S) < H(SM), set S+ .= §.

If the energy H(S) > H(S™), set S+1 .= S with probability p,
and keep S := §(™ otherwise.

4. Continue with step 2.

The algorithm works quite simple, but what are its properties? We can answer this question
in terms of probability. Let pgn) denote the probability, that S = S;. The corresponding
probability vector of the nth state lives in the configuration space and is given by

p™ = (p{"”,py"”, " )" (A.9)

One step of the algorithm may be represented by a probability matrix II in the following way:
p" ™) =T1p™), (A.10)

where the matrix elements II;; are the probabilities Pj_,; of the step getting from state S; to
S;. It is not difficult to find, e.g., P15 = % 1, P43 =Py = % -pand P, = %(1 —p).
Eventually,

2(1—-1p) 1 11
1 1 21—-p) 1 1
II=—- A1l
3 D D 01 ( )
P P 1 0
Note, that II is diagonalizable. The matrices
1
? 0o -2 -1
M= » O 0 1 (A.12)
1 -1 1 0
11 1 0
and
p p p p
1 _
Ml 0 0 (I1+p) 1+p (A.13)
21+p) | —» —p 1 1
-1 1+2p -1 -1
result in
MM = A (A.14)
with the diagonal matrix
1 0 0 0
0 -3 0 0
— 3

o0 o0 2
This is quite helpful in finding the actual probability vector after n steps. We have
p™ = 1p*V
— an(o)
= MA"M~'p.

The nth power of the diagonal matrix A simply is a diagonal matrix with the elements of A,
but each raised to the power of n. For a large number of iteration steps, n — oo, only the
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top-left entry of A™ will survive. The other eigenvalues have a modulus smaller than 1 and
vanish accordingly. In this limit, we get

1 1 1 1 1
1 1 1 1 1 1 1
(00) _ 0 _-_ - . A.16
P 20+p) | » P P P p 20+p) | P ( )
P ppDp P

Now, we can list several remarkable properties, which are typical for a Metropolis algorithm in
general: Firstly note, that p(>) is independent from the actual starting vector p(®) due to the
(0) _

normalization condition ), p,”’ = 1. Furthermore, it remains unchanged by II, since we have

p(>) = MIp(>). (A.17)

Finally, most important, the elements of p(>) show the correct probability distribution®. In
the practical use of such a Metropolis algorithm, one has to wait for a sufficiently large number
n of first initial steps’. After this initial process, the algorithm effectively produces a random
sequence of states according to the probability distribution of thermodynamic equilibrium. A
sufficiently large number of those states can then be used for the Monte Carlo integration.

The concrete generalization of the sample Metropolis algorithm presented above to an Ising
model with a larger amount of sites is straightforward. A typical way is as follows:

1. Choose a starting state S(©).

2. Given a state S, keep the spins at all sites, apart from one randomly picked site, where
you flip the spin. Denote this new state S.

3. Generate the next state S(™t1) according to the rule:
If H(S) < H(S™), set S+ .= G,
If H(S) > H(S™), set S+ := § with prob. p = e BH(S)—H(S™)]
and keep S("*t1 .= §(") otherwise.

4. Continue with step 2.

The basic step 3. remains unchanged. It fulfills the so-called detailed balance property
P(S;) - Pij = P(S;) - Pji, (A.18)

which is a sufficient condition for P being the stationary probability distribution. Thus, one can
be sure to finally get the thermodynamic equilibrium distribution using the Metropolis algorithm.
Note, that the algorithm given here differs from the one presented above by a minor point
regarding step 2. The new state is not randomly chosen from the huge amount of all possible
states, as above. Instead, the new state is generated from the old one by randomly picking a site
and flipping its spin, but all the spins at other sites remain unchanged®. Alternatively, the local
spin flip may be performed not for a randomly chosen site, but for all sites, one after the other,
in a sweep. In the lecture, some sample solutions for the 2D Ising model, that are based on
the Monte Carlo Metropolis method, will be presented. There are even more evolved techniques
using cluster updates to overcome the effect of the critical slowing down.

5 Actually, the Metropolis algorithm implements a Markov chain in configuration space, for which the thermo-
dynamic equilibrium distribution is stationary.

"The actual number severely depends on the initial values and the circumstances.

8This kind of local updating allows to determine the energy difference and thus the relative probability much
faster. An important aspect is to ensure the reachability of any state in a finite number of steps to keep ergodicity.
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Appendix B

High-temperature expansion of the
2D Ising model: Finding the phase
transition with Padé approximants

By Christian Iniotakis

In this section, we investigate the 2D Ising model using a specific approximation method, which
allows to determine singular critical points at phase transitions in a rather elegant numerical
way. Since we consider only the simplest two-dimensional cases, we may compare the final
results with those of exact analytical solutions'. We start with the Ising Hamiltonian

H=-J Z 0i0; —hZO'Z‘. (Bl)

<ig> i

Here, we assume a regular lattice of N sites with allowed spin values o; = +1 at site ¢. The
index < 4,5 > denotes nearest neighbor connections. Due to the constants J > 0 and h,
it is energetically favorable if a spin is parallel to its next neighbors and to the direction of
the magnetic field, respectively. Obviously, the configuration space of this system contains 2V
possible states.

B.1 High-temperature expansion

For a general quantity A, the expectation value is given by

B TrAe PH

(A4) = “Tye—BH (B.2)

where the abbreviation = 1/kpT has been used. In the following, we concentrate on the
average magnetization per spin/site

1N
m = <N g oi) (B.3)
=1
and the resulting zero-field susceptibility
om
= — B4
X0 oh |, _, (B.4)

1Cf., e.g., L. Onsager, Phys. Rev. 65, 117 (1944).
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The Tr-operator in the expression for the expectation value sums over all 2V possible states of
our system. Furthermore, for the concrete evaluation it is helpful to realize that

Trl="Tro}"os"...op =2V, (B.5)

whereas

Tr Uf”“d}”...aé =0. (B.6)

In words, as long as we deal with products of even powers of the o; only, we get 2. However,
as soon as at least one of the powers is odd, we get zero.
Exercise 1: Using above relations, show that the reduced zero-field susceptibility

x = ksT'xo (B.7)
is given by
1 Tr Y. . g;0,e PHo 1 Tr .. oj0,e PHO
Y= Z'L,j gV} =14 — Zz;éj ] (BS)
N Tr e—BHo N Tr e—BHo
with Hy denoting the zero-field Hamiltonian
Hy=-J > o005 (B.9)
<t,5>

As a next step, we want to evaluate both the numerator and the denominator of the reduced
zero-field susceptibility. For this purpose, we use the identity

0 n
ePJoioj Z (BJ) U?U;l

o n!

_ Z(BJ) Zﬂj2n+1
(2n)! 7i% (2n +1)!

n=0
= cosh8J + oio; s1nh BJ
= cosh(BJ)(1 4+ wojo;) (B.10)

with the definition
w = tanh 5J. (B.11)

Note, that w — 0 for T' — oo and w < 1 for finite 7. Thus, w is an ideal candidate (better than
B itself) for a series expansion in a small parameter, starting from the high-temperature regime.
Due to
e M — BT Xciyei0s = [T PP, (B.12)
<i,j>
Eq. (B.10) can be plugged into the expression for the reduced zero-field susceptibility Eq. (B.8),
and we find in orders of w:

Tr ZUin H (1 + wo,os)

1 i£j <r,s>
X = 1+
N Tr H (1 + wo,os)
<r,s>
Tr Zcriaj 1+w Z 0,05 + w2 Z 0r0s0nOm + ...
. 1 i#j <r,s> <rs>#<n,m>
N N

Tr [ 1+w g 0,05 + w? E OrOsOnTm + ...
<r,s> <r,s>#<n,m>
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n ‘ square lattice, ¢ = 4 | triangular lattice, ¢ = 6 | honeycomb lattice, ¢ = 3
0 1 1 1
1 4 6 3
2 12 30 6
3 36 138 12
4 100 606 24
5 276 2586 48
6 740 10818 90
7 1972 44574 168
8 5172 181542 318
9 13492 732678 600
10 34876 2 935218 1098
11 89764 11 687202 2004
12 229628 46 296210 3696
13 585508 182 588850 6792
14 1 486308 717 395262 12270
15 3 763460 2809 372302 22140

Table B.1: Coefficients a,, of the high-temperature expansion of the reduced zero-field suscep-
tibility x in orders of w = tanh 8J (cf. Exercise 2). The data for the different lattice types is
according to Sykes et al.

Exercise 2: Calculate the lowest orders in the numerator and the denominator. Show, that we
end up with

- 14 iQNqu+2NNq(q— Dw? + O(w?)
X N 2N 4 O(uwd)

= 1+qw+q(g—Dw? +0(w?),

where g denotes the number of nearest neighbors in the lattice.
The evaluation of higher coefficients is merely a combinatorial task. In Table B.1, we list the
results published by Sykes et al.? in 1972.

B.2 Finding the singularity with Padé approximants

The coefficients in Table B.1 grow rapidly for higher orders. In particular, the series
X=Y_ amuw" (B.13)
n

does not converge for all temperatures T or values of w, respectively. This is not surprising,
since we expect a singularity of the form

X~ Alw —w.)™ " (B.14)

to appear when w — w_ due to the phase transition. The specific values of both w. and the
critical exponent v > 0 are unknown so far. And obviously, an “ordinary” series expansion of the
Taylor-type is not sufficient to handle such a singularity appropriately. Therefore we employ the
method of the so-called Padé approximants® in the following, which will allow us to determine
the critical values w. and v with a high accuracy.

2Cf. MLF. Sykes, D.S. Gaunt, P.D. Roberts and J.A. Wyles, J. Phys. A 5, 624 (1972).
3Cf. H. Padé’s thesis of the year 1892 as well as G.A. Baker, Phys. Rev. 124, 768 (1961).
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The Padé approximant [m,n] to a given function f is the ratio of a polynomial of degree m
divided by a polynomial of degree n

_ po+pix+pezt 4+ ppa™

m,n| = B.15
[, 7] 14+ gz + ga? + ... + gna™ ( )
such that it agrees with f up to order m + n:

f=[m,n] + O™+, (B.16)

Note, that the coefficients p;, ¢; of the polynomials are uniquely determined, and with them also
is the Padé approximant [m,n|. The Padé approximants [m,0] just coincide with the Taylor
series expansion for f up to order m and are of no use for our purpose here. However, Padé
approximants of higher order in the denominator naturally exhibit poles. This feature makes
them good candidates for catching the singularity at the phase transition.

Since the expected singularity is of order =y, whereas the poles of the Padé approximants are
restricted to integer orders, we may introduce the following trick: Instead of x, we use the
auxiliary function 9,, In y, since

X ~ Alw—w.)"

Iny ~ InA—~In(w—w,.)
-

w—we

Oplny ~

Thus we expect the Padé approximants for the function 0, In x to display a singularity at the
critical value w,, representing the physical phase transition. Moreover, the value of the residue
corresponding to this singularity should provide us with —vy. In Table B.2, we list the first
coefficients for the auxiliary function 0, Iny. Results for the concrete numerical evaluation of
the Padé approximants will be presented in the lecture. Some samples can be seen in Figs. B.1,
B.2 and B.3 for the square, triangular and honeycomb lattice, respectively. We get a very good
estimate for the critical exponent compared to its exact value

v =7/4=175, (B.17)

which is independent of the lattice type. Furthermore, the results for the critical values w, are
in excellent agreement with those of analytical solutions given in the brackets:
waU ~ 0.414211 (V2 —1~0.414214)
wlFl 0.267944 (2 — /3 ~ 0.267949)
wlON  ~ 0.577348 (1/v/3 ~ 0.577350).

Q

The critical temperature 7, can easily be calculated from w.. We get

kT

~ 2.269 /3.641 /1.519 (B.18)

for the square, triangular and honeycomb lattice, respectively. Note, that the critical tempera-
ture roughly scales with the number ¢ of nearest neighbors in the lattice, which are accordingly
given by

q=4/6/3. (B.19)

This behavior indicates, that a coupling to more neighbors enhances parallel alignment of the
spins, allowing the phase transition to occur already at higher temperatures.

Summarizing, employing Padé approximants revealed the phase transitions of the 2D Ising
model on different lattice types with a high accuracy. The main work within this method lies
in calculating sufficiently many coefficients of the power series of the corresponding singular
quantity*. A generalization to, e.g., the 3D-case is straightforward.

“Note, that the success of this method crucially depends on the concrete type of singularity to deal with.
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n ‘ square lattice, ¢ = 4 | triangular lattice, ¢ = 6 | honeycomb lattice, ¢ = 3
0 4 6 3
1 8 24 3
2 28 90 9
3 48 336 15
4 164 1266 33
5 296 4752 27
6 956 17646 87
7 1760 65760 159
8 5428 245646 297
9 10568 917184 243
10 31068 3422898 795
11 62640 12773952 1503
12 179092 47674386 2499
13 369160 177928824 2355
14 1034828 664051230 7209
Table B.2: Coefficients of the high-temperature expansion of the function d, In x in orders of

w = tanh fJ. We only give results up to order 14, generated from Table B.1.

Fig. B.1:
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Poles of the [7,7] Padé approzimant for Oy lnx on the square lattice. The physical

pole is at w. ~ 0.414211 with residue —1.7497.
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Lattice: TRI 15 Pade: [7,7]
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Fig. B.2: Poles of the [7,7] Padé approzimant for Oy Inx on the triangular lattice. The
physical pole is at w. = 0.267944 with residue —1.7493.
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Fig. B.3: Poles of the [15,15] Padé approximant for Oy Inx on the honeycomb lattice. The
physical pole is at w, = 0.577348 with residue —1.7497.
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