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Preface

The fundamental goal of statistical mechanics is to provide a framework in which the
microscopic probabilistic description of systems with large numbers of degrees of free-
dom (such as the particles which constitute a gas) can be reconciled with the description
at the macroscopic level (using equilibrium state variables such as pressure, volume and
temperature). When we first meet these ideas they are usually developed in parallel with
simple examples involving collections of weakly or non-interacting particles. However,
strong interactions frequently induce transitions and lead to new equilibrium phases of
matter. These phases exhibit their own characteristic fluctuations or elementary excita-
tions known as collective modes. Although a description of these phenomena at the
microscopic level can be quite complicated, the important large scale, or long-time “hy-
drodynamic” behaviour is often simple to describe. Phenomenological approaches based
on this concept have led to certain quantum as well as classical field theories that
over recent years have played a major role in shaping our understanding of condensed
matter and high energy physics.

The goal of this course is to motivate this type of description; to establish and begin
to develop a framework in which to describe critical properties associated with classical
and quantum phase transitions; and, at the same time, to emphasise the importance
and role played by symmetry and topology. Inevitably there is insufficient time to
study such a wide field in any great depth. Instead, the aim will always be to develop
fundamental concepts.

The phenomenological Ginzburg-Landau theory has played a pivotal role in the
development of our understanding critical phenomena in both classical and quantum
statistical mechanics, and much of our discussion will be based on it. The majority
of the course will be involved in developing the important concept of universality in
statistical mechanics and establish a general framework to describe critical phenomena
— the scaling theory and the renormalisation group.
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Synopsis

> INTRODUCTION TO CRITICAL PHENOMENA: Concept of Phase Transitions; Order
Parameters; Response Functions; Universality. 1]

> GINZBURG-LANDAU THEORY: Mean-Field Theory; Critical Exponents; Symme-
try Breaking, Goldstone Modes, and the Lower Critical Dimension; Fluctuations
and the Upper Critical Dimension; Importance of Correlation Functions; Ginzburg
Criterion. 3]

> SCALING: Self-Similarity; The Scaling Hypothesis; Kadanoft’s Heuristic Renormal-
isation Group (RG); Gaussian Model; Fixed Points and Critical Exponent Identi-
ties; Wilson’s Momentum Space RG; Relevant, Irrelevant and Marginal Parameters;
Te-expansions. 4]

> TOPOLOGICAL PHASE TRANSITIONS: Continuous Spins and the Non-linear o-
model; XY-model; Algebraic Order; Topological defects, Confinement, the Kosterlitz-
Thouless Transition and TSuperfluidity in Thin Films. 2]

> QUANTUM PHASE TRANSITIONS: Classical/Quantum Mapping; the Dynamical
Exponent; Quantum Rotors; THaldane Gap; T Asymptotic Freedom; fQuantum Crit-
icality. 2]

Material indicated by a T will be included if time allows.
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Chapter 1

Critical Phenomena

The aim of this introductory chapter is to introduce the concept of a phase transition
and to motivate the subject of statistical field theory. Here we introduce the concept
of universality as applied to critical phenomena and define some of the notation used
throughout these lectures.

1.1 Collective Phenomena: from Particles to Fields

It is rare in physics to find examples of interacting many-particle systems which admit to
a full and accessible microscopic description. More useful is a hydrodynamic description
of the collective long-wavelength behaviour which surrenders information at the micro-
scopic scale. A familiar example is the Navier-Stokes equation of fluid dynamics. The
averaged variables appropriate to these length and time scales are no longer the discrete
set of particle degrees of freedom but rather slowly varying continuous fields describ-
ing the collective motion of a macroscopic set of particles. Familiar examples include
magnetic spin-waves, and vibrational or phonon modes of an atomic lattice.

The most striking consequence of interactions among particles is the appearance of
new phases of matter whose collective behaviour bears little resemblance to that of a few
particles. How do the particles then transform from one macroscopic state to another?
Formally, all macroscopic properties can be deduced from the free energy or the partition
function. However, since phase transitions typically involve dramatic changes in response
functions, they must correspond to singularities in the free energy. Since the canonical
partition function of a finite collection of particles is always analytic, phase transitions
can only be associated with infinitely many particles, i.e. the thermodynamic limit.
The study of phase transitions is thus related to finding the origin of various singularities
in the free energy and characterising them.

Consider the classical equilibrium statistical mechanics of a regular lattice of an Ising
ferromagnet (i.e. spin degrees of freedom which can take only two values, 1, with short
range interactions that favour the spins to be aligned). When viewed microscopically, the
development of magnetic moments on the atomic lattice sites of a crystal and the subse-
quent ordering of the moments is a complex process involving the cooperative phenomena
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of many interacting electrons. However, remarkably, the thermodynamic properties of
different macroscopic ferromagnetic systems are observed to be the same — e.g. temper-
ature dependence of the specific heat, susceptibility, etc. Moreover, the thermodynamic
critical properties of completely different physical systems, such as an Ising ferromagnet
and a liquid at its boiling point, show the same dependence on, say, temperature. What
is the physical origin of this Universality?

Suppose we take a ferromagnetic material and measure some of its material properties
such as magnetisation. Dividing the sample into two roughly equal halves, keeping the
internal variables like temperature and magnetic field the same, the macroscopic proper-
ties of each piece will then be the same as the whole. The same holds true if the process
is repeated. But eventually, after many iterations, something different must happen be-
cause we know that the magnet is made up of electrons and ions. The characteristic
length scale at which the overall properties of the pieces begins to differ markedly from
those of the original system defines a correlation length. It is the typical length scale
over which the fluctuations of the microscopic degrees of freedom are correlated.

Ml\

-
—y

Figure 1.1: Phase diagram of the Ising ferromagnet showing the average magnetisation M
as a function of magnetic field H and temperature 7. Following trajectory 1 by changing
the magnetic field at constant temperature T' < T,, the sample undergoes a first order
phase transition from a phase in which the average magnetisation is positive (i.e. ‘spin-
up’) to a phase in which the average is negative (i.e. ‘spin-down’). Secondly, by changing
the temperature at fixed zero magnetic field, the system undergoes a second order phase
transition at T' = T, whereupon the average magnetisation grows continuously from zero.
This second order transition is accompanied by a spontaneous symmetry breaking
in which the system chooses to be in either an up or down-spin phase. (Contrast this
phase diagram with that of the liquid-gas transition — magnetisation M — density p,
and magnetic field H — pressure.) The circle marks the region in the vicinity of the
critical point where the correlation length is large as compared to the microscopic scales
of the system, and ‘Ginzburg-Landau theory’ applies.

Now experience tells us that a ferromagnet may abruptly change its macroscopic
behaviour when the external conditions such as the temperature or magnetic field are
varied. The points at which this happens are called critical points, and they mark a
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phase transition from one state to another. In the ferromagnet, there are essentially
two ways in which the transition can occur (see Fig. 1.1). In the first case, the two states
on either side of the critical point (spin up) and (spin down) coexist at the critical point.
Such transitions, involve discontinuous behaviour of thermodynamic properties and are
termed first-order (cf. melting of a three-dimensional solid). The correlation length at
such a first-order transition is generally finite.

In the second case, the transition is continuous, and the correlation length becomes
effectively infinite. Fluctuations become correlated over all distances, which forces the
whole system to be in a unique, critical, phase. The two phases on either side of the
transition (paramagnetic and ferromagnetic) must become identical as the critical point
is approached. Therefore, as the correlation length diverges, the magnetisation goes
smoothly to zero. The transition is said to be second-order.

The divergence of the correlation length in the vicinity of a second order phase tran-
sition suggests that properties near the critical point can be accurately described within
an effective theory involving only long-range collective fluctuations of the system. This
invites the construction of a phenomenological Hamiltonian or Free energy which is con-
strained only by the fundamental symmetries of the system. Such a description goes
under the name of Ginzburg-Landau theory. Although the detailed manner in which
the material properties and microscopic couplings of the ferromagnet influence the pa-
rameters of the effective theory might be unknown, qualitative properties such as the
scaling behaviour are completely defined.

From this observation, we can draw important conclusions: critical properties in
the vicinity of classical and quantum second order phase transitions fall into a limited
number of universality classes defined not by detailed material parameters, but by
the fundamental symmetries of the system. When we study the critical properties of the
transition in an Ising ferromagnet, we learn about the nature of the liquid-gas transition!
(See below.) Similarly, in the jargon of statistical field theory, a superconductor, with
its complex order parameter, is in the same universality class as the two-component or
‘XY Heisenberg’ ferromagnet. The analysis of critical properties associated with different
universality classes is the subject of Statistical field theory.

1.2 Phase Transitions

With these introductory remarks in mind, let us consider more carefully the classic ex-
ample of a phase transition involving the condensation of a gas into a liquid. The phase
diagram represented in Fig. 1.2a exhibits several important and generic features of a
second order phase transition:

1. In the (T, P) plane, the phase transition occurs along a line that terminates at a
critical point (T, F,).

2. In the (P,v = V/N) plane, the transition appears as a coexistence interval,
corresponding to a mixture of gas and liquid of densities p, = 1/v, and p; = 1/y
at temperatures T < T..
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@

Liquid

Gas

(b)

Figure 1.2: Phase diagrams of (a) the liquid-gas transition, and (b) the ferromagnetic
transition. In each case the phase diagrams are drawn in two different planes. Notice the
similarity between the two (1/v <> m, P <> H). Isotherms above, below, and at T, are
sketched.

3. Due to the termination of the coexistence line, it is possible to go from the gas phase
to the liquid phase continuously (without a phase transition) by going around the
critical point. Thus there are no fundamental differences between the liquid and
gas phases (i.e. there is no change of fundamental symmetry).

From a mathematical perspective, the free energy of this system is an analytic
function in the (P,T) plane except for some form of branch cut along the phase
boundary. Observations in the vicinity of the critical point further indicate that:

4. The difference between the densities of the coexisting liquid and gas phases vanishes
on approaching T¢, i.e. p — pgas T — T .

5. The pressure versus volume isotherms become progressively more flat on approach-
ing T, from the high temperature side. This implies that the isothermal com-
pressibility, the rate of change of density with pressure, K = —(1/V)0V/OP|r
diverges as T — T.f.

6. The fluid appears “milky” close to criticality. This phenomenon, known as critical
opalescence, suggests the existence of collective fluctuations in the gas at long
enough wavelengths to scatter visible light. These fluctuations must necessarily
involve many particles, and a coarse-graining procedure must be appropriate to
their description.
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How does this phase diagram compare with the phase transition that occurs between
paramagnetic and ferromagnetic phases of certain substances such as iron or nickel?
These materials become spontaneously magnetised below a Curie temperature, T.. Re-
drawn in cross-section, the phase diagram of Fig. 1.1 is shown in Fig. 1.2b. There is
a discontinuity in magnetisation as the magnetic field, H goes through zero, and the
magnetisation isotherms, M (H) have much in common with the condensation problem.
In both cases, a line of discontinuous transitions terminates at a critical point, and the
isotherms exhibit singular behaviour in the vicinity of this point. The phase diagram is
simpler in appearance because the symmetry H — —H ensures that the critical point
occurs at H, = M, = 0.

In spite of the apparent similarities between the magnetic and liquid-gas transition,
our intuition would suggest that they are quite different. Magnetic transitions are usually
observed to be second-order — that is, the magnetisation m, which plays the role of an
order parameter, rises continuously from zero below the transition. On the other hand,
our everyday experience of boiling a kettle of water shows the liquid-gas transition to be
first-order — that is, the order parameter, corresponding to the difference between the
actual density and the density at the critical point, p — p., jumps discontinuously at the
critical point with an accompanying absorption of latent heat of vapourisation (implying
a discontinuous jump in the entropy of the system: @ = T.AS).

However, the perceived difference in behaviour simply reflects different paths through
the transition in the two cases. In a ferromagnet, the natural experimental path (b —
¢ — d in Fig. 1.3a) is one in which the external magnetic field takes the value H = 0.
For T' > T, the average magnetisation is zero, while for T < T, the magnetisation grows
continuously from zero. In a liquid, the natural path is one in which temperature is varied
at constant pressure (b’ — ¢ — d' in Fig. 1.3b). Along this path, there is a discontinuous
change in the density. This is the first-order boiling transition.

A path in the ferromagnetic (H,T') plane analogous to the constant pressure path in
a fluid is shown in Fig. 1.3c. Along this path m is negative from b — ¢’ and then jumps
discontinuously to a positive value as the coexistence line is crossed and remains positive
from ¢ — d’. It is clear that the path in a fluid that most closely resembles the H = 0
path in a magnet, which shows a second-order transition, is the one with density fixed
at its critical value p., i.e. the critical isochore (b — ¢ — d in Fig. 1.3d).

"The Lattice-Gas model: We can directly show the equivalence between the Ising
ferromagnet and a lattice gas model. Consider a classical three dimensional gas of N
particles in a volume V' and subject to the Hamiltonian

Yoo
H:ZQTZn +§Zu(ri—rj).
i=1 ij

By integrating over the phase space configurations of the particles, the grand partition
function © = tr e PH=#N) can be written as



6 CHAPTER 1. CRITICAL PHENOMENA

H @) P (b)
d S b 2
_e.___<___
- b ¢ d
T
(d)
T

Figure 1.3: Comparison of the ferromagnetic phase transition with the liquid-gas transi-
tion. The different paths identified in the figure are discussed in the text.

o) 1 eﬁ" N N
0= NI (F) /Hd?’ri exp [—g Zu(rl — rj)] :
N=0" " i=1 ij

where 1 denotes the chemical potential, and A = h/(2rmkT)"2,

The volume V is now subdivided into N, = V/a?® cells of volume a® (Nj is not to be
confused with N), with spacing a chosen small enough so that each cell « is either empty
or occupied by one particle; i.e., the cell occupation number n,, is restricted to 0 or 1
(¢ =1,2,--- N). After approximating the integrals [ d’r by sums a* Zgil, the grand
canonical partition function becomes

asebPr

Zana 5 Ns
O~ Z ( 33 ) exp [—§Znan@u(ra —rg)] .
a,p

{na=0,1}

By setting n, = (1 4+ 0,)/2 and approximating the potential by u(r, —rg) = —J
for nearest-neighbours only, the model becomes identical to the Ising ferromagnet with
discrete spins o, + 1.

J
0= Zexp [hZaa - % Z UQJBI , (1.1)
oot [

<af>
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where h = In (;—2) + Bu— %J B is the effective magnetic field. Using Maxwell’s relation

<%QMT:‘G%>W’ (1.2)

and from the fact that in the thermodynamic limit the variables are only functions of the
particle density p = %, we can relate the isothermal compressibility to the ferromagnetic

susceptibility
op\ _ [(Op\ 2V (Om -
(5), = (&), =7 (&), ~ -2 )

which has a power law divergence at the critical temperature T" = T,. The magnetisation
m is given by m = 2pV — N,. Note that the left and right hand sides of the above equation
are evaluated at h = 0. In fact, since the chemical potential p (7, p) can be expressed as
a function of temperature and pressure, the following relation serves to define p. at each
temperature T'

a’ 3
h =1In (F) + Bu(T, pe) — §J6 = 0. (1.4)

Using the relation (%%) = %, we can expand h around p = p.
T

hzgﬁwma- (15)

Further, note that the spontaneous magnetisation can be related to the shape of the
coexistence curve

m
po—p =T~ (T T), (16)
which rises with a power law below the critical temperature.

Comment: This type of manifest equivalence is usually quite straightforward. The
equivalence premised on the Universality Principle, with respect to quantitative critical
properties, connects systems which cannot be straightforwardly mapped onto each other.

1.3 Critical Behaviour

The singular behaviour in the vicinity of the critical point is characterised by a set of
critical exponents. These exponents describe the non-analyticity of various thermody-
namic functions. Remarkably transitions as different as the liquid/gas and ferromagnetic
transition can be described by the same set of critical exponents and are said to belong
to the same Universality class.
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1.3.1 Significance of Power laws

> INFO: Prior to defining physically relevant critical exponents, we take a mathematical di-
gression in probability theory. First consider an exponential probability density function

—ax

p(z) = ae

for > 0. The mean (z) = 1/a and mean squared (z%) = 2/a. So, for this distribution the
typical scale is 1/a with typical fluctuations of 1/a. Now, consider a power law distribution

1
gl

p(x) ~

For 1 < 1 the mean diverges (z) — oo, which implies that there is no typical size. Also for
p < 2, (2%) — oo so flucluations are also unbounded. Such power laws distributions have no
typical size and are thus scale invariant. They also have fluctuations or structure at all length
scales.

Those critical exponents most commonly encountered are defined below.

1.3.2 Order Parameter

By definition, there is more than one equilibrium phase on a coexistence line. As men-
tioned above, the order parameter is a thermodynamic function that is different in each
phase, and hence can be used to distinguish between them. For a (uniaxial) magnet, the
order parameter is provided by the total magnetisation M (H,T), or magnetisation den-
sity,

M(H,T)

m(H,T) = v

In zero field, m vanishes for a paramagnet and is non-zero in a ferromagnet (see Fig. 1.4),
ie.

0 T>T1T,

m(T,H — 0")
( ) {|t|/3 T <T,

where t = (T — T,)/T. denotes the reduced temperature. The singular behaviour
of the order parameter along the coexistence line is therefore characterised by a critical
exponent . The singular behaviour of m along the critical isotherm is governed by
another exponent, J (see Fig. 1.2)

m(T = T., H) oc H'°.

The two phases along the liquid-gas coexistence line are distinguished by their density
allowing one to define p— p.., where p. denotes the critical density, as the order parameter.
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m(H=0) C
(X.€)

Figure 1.4: Critical behaviour of the magnetisation and response functions close to the
ferromagnetic transition.

1.3.3 Response Functions

The critical system is highly sensitive to external perturbations: for example, at the
liquid-gas critical point, the compressibility kK = —(1/V)0V/OP|r becomes infinite. The
divergence of the compressibility or, more generally, the susceptibility of the system
(i.e. the response of the order parameter to a field conjugate to it) is characterised by
another critical exponent 7. For example, in a magnet, the analogous quantity is the
zero-field susceptibility

m
x+(T, H — 0%) = g_H aeor & |[t] 7%,
where, in principle, two exponents 7, and _ are necessary to describe the divergences on
the two sides of the phase transition. Actually, in almost all cases, the same singularity
governs both sides, and v, = v_ = 1.
Similarly, the heat capacity represents the thermal response function, and its sin-
gularities at zero field are described by the exponent «,

_0E
- oT

where E/ denotes the internal energy and, again, the exponents usually coincide o, =
a_ = q.

Cy

oc [t

1.3.4 Long-range Correlations

Since the response functions are related to equilibrium fluctuations, their divergence in
fact implies that fluctuations are correlated over long distances. To see this let us consider
the magnetic susceptibility of, say, the Ising ferromagnet. The latter describes a lattice
of scalar or two-valued spins which interact ferromagnetically with their neighbours.
Starting with the microscopic Ising Hamiltonian

HIsing = _Jzaiaj;
(i)
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where {0, = £1} denotes the set of Ising spins, M = ). o, represents the total mag-
netisation, and the sum (i) runs over neighbouring lattice sites. The total partition

— Z e_B(HIsing_hM) X

{oi}

function takes the form!

Here we have included an external magnetic field h, and the sum extends over the com-
plete set of microstates {o;}. From Z, the thermal average magnetisation can be obtained
from the equation

(M) = 8an 1 Z Me—BHising=hM) |
{0'1}

Taking another derivative one obtains the susceptibility

1oon g1 Y 1 e
_ — _ M ﬁ(HIsmg hM) _ _ M B(Hlslng hM)
vV on  V)Z {Z} ‘ z {Z} ‘

X(T,h) =

which gives the relation

% = var(M) = (M?) — (M)?.

Now the overall magnetisation can be thought of as arising from separate contributions
from different parts of the system, i.e. taking a continuum limit

M = /dx m(x)

where m(x) represents the “local” magnetisation. Substituting this definition into the
equation above we obtain

taTx = 5, [ dx [ dx [m(xm(x)) — (m(x)) (m(x))].

Since the system is symmetric under spatial translation, (m(x)) is a constant m
independent of position, while (m(x)m(x’)) = G(x — x’) depends only on the spatial
separation. Thus, in terms of the ‘connected’ correlation function defined as G.(x) =
(m(x)m(0)). = (m(x)m(0)) — m?, the susceptibility is given by

kgTx = /dx (m(x)m(0))..

!Throughout these notes 1/kgT and the symbol 3 (not to be mistaken for the order parameter
exponent) will be used interchangeably.
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The connected correlation function is a measure of how the local fluctuations in one
part of the system affect those in another. Typically such influences occur over a char-
acteristic distance £ known as the correlation length (see Fig. 1.4). (In many cases,
the connected correlation function G.(x) decays exponentially exp[—|x|/¢] at separations
|x| > £.) If g ~ m? denotes a typical value of the correlation function for |x| < &, it fol-
lows that kgT'x < g% where d denotes the dimensionality of the system; the divergence
of x necessarily implies the divergence of £. This divergence of the correlation length
also explains the observation of critical opalescence. The correlation function can be
measured by scattering probes, and its divergence

EL(T,H =0) o |t|*

is controlled by exponents v, =v_ =wv.

This completes our preliminary survey of phase transitions and critical phenomena.
We found that the singular behaviour of thermodynamic functions at a critical point
(the termination of a coexistence line) can be characterised by a set of critical exponents.
Experimental observations indicate that these exponents are universal, independent of
the material, and to some extent of the nature of the transition. Moreover the divergence
of the response functions, as well as fluctuations, indicate that correlations become long-
ranged in the vicinity of this point. The fluctuations responsible for the correlations
involve many particles, and their description calls for a “coarse-graining” approach. In
the next chapter we will exploit this idea to construct a statistical field theory which
reveals the origin of the universality. To do so it will be convenient to frame our discussion
in the language of magnetic systems whose symmetry properties are transparent. The
results, however, have a much wider range of validity.






Chapter 2

Ginzburg-Landau Phenomenology

The divergence of the correlation length in the vicinity of a second-order phase transition
indicates that the properties of the critical point are insensitive to microscopic details
of the system. This redundancy of information motivates the search for a phenomeno-
logical description of critical phenomena which is capable of describing a wide range of
model systems. In this chapter we introduce and investigate such a phenomenology known
as the Ginzburg-Landau theory. Here we will explore the ‘mean-field’ properties of the
equilibrium theory and investigate the influence of spatial fluctuations.

2.1 Ginzburg-Landau Theory

Consider the magnetic properties of a metal, say iron, close to its Curie point. The
microscopic origin of magnetism is quantum mechanical, involving such ingredients as
itinerant electrons, their spin, and the exclusion principle. Clearly a microscopic descrip-
tion is complicated, and material dependent. Such a theory would be necessary if we
are to establish which elements are likely to produce ferromagnetism. However, if we
accept that such behaviour exists, a microscopic theory is not necessarily the most useful
way to describe its disappearance as a result of thermal fluctuations. This is because
the (quantum) statistical mechanics of a collection of interacting electrons is excessively
complicated. However, the degrees of freedom which describe the transition are long-
wavelength collective excitations of spins. We can therefore “coarse-grain” the magnet
to a scale much larger than the lattice spacing, and define a magnetisation vector field
m(x), which represents the average of the elemental spins in the vicinity of a point x.
It is important to emphasise that, while x is treated as a continuous variable, the func-
tions m do not exhibit any variations at distances of the order of the lattice spacing a,
i.e. their Fourier transforms involve wavevectors with magnitude less than some upper
cut-off A ~ 1/a.

In describing other types of phase transitions, the role of m(x) is played by the appro-
priate order parameter. For this reason it is useful to examine a generalised magnetisation
vector field involving n-component magnetic moments existing in a d-dimensional space,

13
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le.
X = (71, --74) € R (space), m = (my,---my,) € R" (spin).

Some specific problems covered in this framework include:
n = 1: Liquid-gas transitions; binary mixtures; and uniaxial magnets;
n = 2: Superfluidity; superconductivity; and planar magnets;

n = 3: Classical isotropic magnets.

While most applications occur in three-dimensions, there are also important phenomena
on surfaces (d = 2), and in wires (d = 1). (Relativistic field theory is described by a
similar structure, but in d = 4.)

A general coarse-grained Hamiltonian can be constructed on the basis of appropriate
symmetries:

1. Locality: The Hamiltonian should depend on the local magnetisation and short
range interactions expressed through gradient expansions:

BH:/dx flm(x),Vm, - -]

2. Rotational Symmetry: Without magnetic field, the Hamiltonian should be
isotropic in space and therefore invariant under rotations, m — R, m.

fH[m] = SH[R,m].

3. Translational and Rotational Symmetry in x: This last constraint finally
leads to a Hamiltonian of the form

BH:/dx [%m2+um4+---

+

s

(Vm)? + £(V2m)? + Ym*(Vm)® +--- —h- m]. (2.1)

(Recall that, as we are primarily interested in transitions between different phases
and the fields are the order parameters of these transitions, we can work close enough
to the critical point to be able to assume that the magnitude of the fields and of their
derivatatives are small and can be expanded upon.) Equation (2.1) is known as the
Ginzburg-Landau Hamiltonian. It depends on a set of phenomenological parameters
t, u, K, etc. which are non-universal functions of microscopic interactions, as well as
external parameters such as temperature, and pressure.!

Tt is essential to appreciate the latter point, which is usually the source of much confusion. The
probability for a particular configuration of the field is given by the Boltzmann weight exp{—8H [m(x)]}.
This does NOT imply that all terms in the exponent are proportional to (kgT)~!. Such dependence
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2.2 Landau Mean-Field Theory

The original problem has been simplified considerably by focusing on the coarse-grained
magnetisation field described by the Ginzburg-Landau Hamiltonian. The various ther-
modynamic functions (and their singular behaviour) can now be obtained from the cor-
responding partition function

Z[T,h] = / Dm(x) e~ ?Hmhbl (2.2)

Since the degrees of freedom appearing in the Hamiltonian are functions of x, the symbol
| Dm(x) refers to the functional integral. As such, it should be regarded as a limit of
discrete integrals, i.e., for a one-dimensional Hamiltonian,

[ ) s, om )=t [ ﬂdm fmy, (mipy — ) fa, .

a—0,N—o0

In general, evaluating the functional integral is not straightforward. However, we can
obtain an estimate of Z by applying a saddle-point or mean-field approximation to the
functional integral

Z[T,h] = e PN BF[T,h] ~ miny, [(H [m,h]],

where min,,[5H [m, h]] represents the minimum of the function with respect to variations
in m. Such an approach is known as Landau mean-field theory. For K > 0, the
minimum free energy occurs for a uniform vector field m(x) = mey, where &, points
along the direction of the magnetic field, and m is obtained by minimizing the Landau
free energy density
F

f(m,h) = 57 =Lim® +um
In the vicinity of the critical point m is small, and we are justified in keeping only the
lowest powers in the expansion of f(m,h). The behaviour of f(m,h) depends sensitively
on the sign of t (see Fig. 2.1).

4 hm

1. For t > 0 the quartic term can be ignored, and the minimum occurs for m ~ h/t.
The vanishing of the magnetisation as h — 0 signals paramagnetic behaviour, and
the zero-field susceptibility x ~ 1/t diverges as t — 0.

holds only for the true microscopic Hamiltonian. The Ginzburg-Landau Hamiltonian is more accurately
regarded as an effective free energy obtained by integrating over the microscopic degrees of freedom
(coarse-graining), while constraining their average to m(x). It is precisely because of the difficultly of
carrying out such a first principles program that we postulate the form of the resulting effective free energy
on the basis of symmetries alone. The price we pay is that the phenomenological parameters have an
unknown functional dependence on the original microscopic parameters, as well as on external constraints
such as temperature (since we have to account for the entropy of the short distance fluctuations lost in
the coarse-graining procedure).
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>0 <0
W(m) W(m)

Figure 2.1: Schematic diagram of the mean-field Landau free energy.

2. For t < 0 a quartic term with a positive value of u is required to ensure stability
(i.e. to keep the magnetisation finite). The function f(m,h) now has degenerate
minima at a non-zero value of m. At h = 0 there is a spontaneous breaking of
rotational symmetry in spin space indicating ordered or ferromagnetic behaviour.
Switching on an infinitesimal field h leads to a realignment of the magnetisation
along the field direction and breaks the degeneracy of the ground state.

Thus a saddle-point evaluation of the Ginzburg-Landau Hamiltonian suggests para-
magnetic behaviour for ¢ > 0, and ferromagnetic behaviour for t < 0. Without loss of
generality (i.e. by adjusting the scale of the order parameter), we can identify the pa-
rameter ¢ with the reduced temperature ¢t = (7' — T.)/T.. More generally, we can map
the phase diagram of the Ginzburg-Landau Hamiltonian to that of a magnet by setting

tT,---)= (T -T,))T.+ O(T — T.),
w(T, ) = ug +w (T = T.) + O(T — T.)%,
K(T,"') = KO+K1(T_TC) +O(T_TC>27
where ug, Ky are unknown positive constants depending on material properties of the sys-

tem. With this identification, let us determine some of the thermodynamical properties
implied by the mean-field analysis.

> Magnetisation: An explicit expression for the average magnetisation m can be
found from the stationary condition

of

— =0=tm+ 4dum® — h.
8m m=m

In zero magnetic field we find

_ 0 t>0,
m =

—t/4u t <O,
which implies a universal exponent of § = 1/2, while the amplitude is material
dependent.
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> Heat Capacity: For h = 0, the free energy density is given by

BF 0 t >0,
m,h=0)=— =
a ) V' Ih=0 —t?/16u ¢t < 0.
Thus, by making use of the identities
OlnZ 0 0 0
E=- — = —kpT?*— ~ —kpT.—,
g = 9p Bar T
the singular contribution to the heat capacity is found to be
oF 0, t >0,
C’sing. = A
aT /{ZB/8U t <O0.
This implies that the specific heat exponents a, = a_ = 0. In this case we observe

only a discontinuity in the singular part of the specific heat. However, notice that by
including higher order terms, we can in principle obtain non-zero critical exponents.

> Susceptibility: The magnetic response is characterised by the (longitudinal) sus-

ceptibility
)t t >0,
=0 | =2t t< 0,

which, as a measure of the variance of the magnetisation, must be positive. From
this expression, we can deduce the critical exponents v, = v_ = 1. Although the
amplitudes are parameter dependent, their ratio x;"/x; = 2 is also universal.

om L, on

=—| —|  =t4+12um?
Al Oh lh=0 Xl om lh=0 um

> Equation of State: Finally, on the critical isotherm, ¢ = 0, the magnetisation

behaves as
o= — ~ h/9.
"= (i)

This completes our survey of the critical properties of the Ginzburg-Landau theory in
the Landau mean-field approximation. To cement these ideas one should attempt to find
the mean-field critical exponents associated with a tricritical point (see, for example,
the first problem set).To complement these notes it is also useful to refer to Section 4.2
(p151-154) of Chaikin and Lubensky on Landau theory.

Landau mean-field theory accommodates only the minimum energy configuration.
To test the validity of this approximation scheme, and to determine spatial correlations
it is necessary to take into account configurations of the field m(x) involving spatial
fluctuations. However, before doing so, it is first necessary to acquire some familiarity
with the method of Gaussian functional integration, the basic machinery of statistical
(and quantum) field theory.

giving the exponent § = 3.
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2.3 Gaussian and Functional Integration

> INFO: Before defining the Gaussian functional integral, it is useful to recall some results
involving integration over discrete variables. We begin with the Gaussian integral involving a
single (real) variable ¢,

00 2 2
Z :/_ do exp [_jG —l—hd)] = V271G exp {Gg] .

Now derivatives of Z; on h generate Gaussian integrals involving powers of ¢. Thus, if the
integrand represents the probability distribution of a random variable ¢, logarithmic derivatives
can be used to generate moments ¢. In particular,

o 31nZl

(6) = =L = hG
Subjecting In Z; to a second derivative obtains (exercise)
S = () - (9 =G

Note that, in general, the second derivative does not simply yield the second moment. In fact
it obtains an object known as the ‘second cumulant’, the physical significance of which will
become clear later. However, in the present case, it is simple to deduce from the expansion,
(¢) = hG, and (¢?) = K®G% +G.

Higher moments are more conveniently expressed by the cumulant expansion

In <ek¢>
k=0

Applied to the first two cumulants, one obtains (¢). = (¢) = hG, and (¢?). = (¢?) — ($)? = G
(as above), while (¢"). = 0 for 7 > 2. The average (e*?) is known as the moment generating
function.

Gaussian integrals involving N (real) variables

2

8'/’
<¢T>C = 8]{7T

Z_/“d. gy,
v=[ [ldsiexp|-56"G™ 6 +h 9|, (2.3)
=1

can be reduced to a product of N one-dimensional integrals by diagonalising the (real symmet-
ric) matrix G~!. (Convergence of the Gaussian integration is assured only when the eigenval-
ues are positive definite.) Denoting the unitary matrices that diagonalise G by U, the matrix

2The moments are related to the cumulants by the identity
COEDIY | (G
P «

where ) ,, represents the sum over all partitions of the product ¢" into subsets ¢" labelled by a.
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G!=vuGglu! represents the diagonal matrix of eigenvalues. Making use of the identity
(i.e. completing the square)

1 1 p~ 1 ~
§¢TG_1¢> —h-¢= §XTG—1X - 5hTU—IG,Uh,

where y = U¢p — (~}Uh, and changing integration variables (since the transformation is unitary,
the corresponding Jacobian is unity) we obtain

N
_ > 1 TH—1 1 Tr1—1
ZN—/_OOEdXieXp [—2)( G X+§h U "GUL|,
1
= det(27G) 2 exp [QhTGh] . (2.4)

Regarding Zy as the partition function of a set of N Gaussian distributed random variables,
{®i}, the corresponding cumulant expansion is generated by

(i), = Bakz .. ;kj‘kzoln <ek~¢>7

where the moment generatingfunction is equal to

1
<ek'¢> — exp [hTGk + 2kTGk] . (2.5)

Applying this result we find that the first two cumulants are given by

(i)e =D Gihj,  ($ids)e = Guj, (2.6)
J

while, as for the case N = 1, cumulants higher than the second vanish. The latter is a unique
property of Gaussian distributions. Applying Eq. (2.5), we can further deduce the important
result that for any linear combination of Gaussian distributed variables A = a - ¢,

<€A> — 6<A>c+<A2>C/2‘

Now Gaussian functional integrals are a limiting case of the above. Consider the points
i as the sites of a d-dimensional lattice and let the spacing go to zero. In the continuum limit,
the set {¢;} translates to a function ¢(x), and the matrix Gi_jl is replaced by an operator
kernel or propagator G~!(x,x’). The natural generalisation of Eq. (2.4) is

[ potxyexs H [x [[ax o0 G 1) o) + [ ax h<x>¢<x>}
x (det G)Y/2 exp B / dx / dx' h(x) G(x,x') h(x)| |

where the inverse kernel G(x,x’) satisfies the equation

/dx' G~ Hx, %) G(x,x") = 0%(x — x"). (2.7)
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The notation D¢(x) is used to denote the measure of the functional integral. Although the
constant of proportionality (2m)" left out is formally divergent in the thermodynamic limit,
it does not affect averages that are obtained from derivatives of such integrals. For Gaussian
distributed functions, Eq. (2.6) then generalises to

(9(x))e = /dx Gxx) hx),  (p(x)o(x))c = G(x,X).

Later, in dealing with small fluctuations in the Ginzburg-Landau Hamiltonian, we will
frequently encounter the quadratic form,

2

516 = 5 [ ax[(VoP + €207 = 5 [ax [ax o615 - x)(-V2 €7 o), | (29)

which (integrating by parts) implies an operator kernel

G Hx, %) = K§d(x —x)(-=V? +£72).

Substituting into Eq. (2.7) and integrating we obtain K(—V?2 +¢72)G(x) = 6%(x). The propa-
gator can thus be identified as nothing but the Green’s function.

In the present case, translational invariance of the propagator suggests the utility of the
Fourier representation?

. 1 L .
¢(X) _ Z¢q ezq-x’ ¢q _ Ld/ dx ¢(X) ef’Lq-x7
q 0

where q = (q1, - - - qq4), with the Fourier elements taking values ¢; = 2rm/L, m integer. In this
representation, making use of the identity fOL dx e~ilatd)x — Ld5q7,q/, the quadratic form
above becomes diagonal in q*

SHIS) = 3 (e + € )leql”

q

3Here the system is supposed to be confined to a square box of dimension d and volume L?. In the
thermodynamic limit L — oo, the Fourier series becomes the transform

o0 = [ gaie@ e, ola)= [ dx ot e

Similarly,

/ dx elata)> = (2m)959(q + ¢), / (2dq)d et = §l(x 4 x).
oo oo (2T

In the formulae above, the arrangements of (27)? is not occasional. In defining the Fourier transform,
it is wise to declare a convention and stick to it. The convention chosen here is one in which factors of
(27)? are attached to the q integration, and to the é-function in q.

4Similarly, in the thermodynamic limit, the Hamiltonian takes the form

sl = | ozt + € Aol
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where, since ¢(x) is real, ¢_q = ¢3. The corresponding propagator is given by G(q) = (a® +
¢€72)~1. Thus in real space, the correlation function is given by

G(x,x') = (¢(x)p (X)) = Y _ T X)q

Here we have kept L finite and the modes discrete to emphasize the connection between the
discrete Gaussian integrations Zy and the functional integral. Hereafter, we will focus on the
thermodynamic limit L — oo.

2.4 Derivation of GL Hamiltonian for the Ising
model

We now illustrate how a coarse-grained GL. Hamiltonian can arise from a microscopic
model with a first principles derivation. We will use the Ising model as a convenient
example. The partition function of the Ising model takes the following form

Z = Z GKZ@J‘)UWJ""hZiUi. (29)
{O'lz:tl}

Step 1 — Introducing the order parameter via Hubbard-Stratonovich decoupling

Z = det [2nG}}! % Z /(Hd@) e~z Xij Oy Wi oXi(Vith)os (2.10)

{o;==%1}

where G;; = K for nearest neighbours ¢j and vanishes otherwise.

Step 2 — Integrating out the original microscopic variables
The partition function factorises, allowing us to carry out the sum over o;

Z x Z /(Hd@) e~ 3 Li; Gij i (He”i(‘l’ﬂrh))

{o;=%1}

:/<Hd\pi) 325 Gy Wi, (HQcosh(\I/i—l—h)) : (2.11)

Step 3 — Re-expontiating to obtain the GL Hamultonian

x / (H d\II,L) 6_%2” szl\I/ L\ Zz In cosh(¥;+h) ] (212)
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Step 4 — Ezpanding in the order parameter and its gradients close to the critical point

= / (H d%) ™3 Zij O Wil o2 (3VE - Ty ViR >, (2.13)

where we have kept terms up to fourth order in ¥; (and up to linear order in h). It
is convenient to work in Fourier space and to find the Fourier transform of G;; before
inverting it; this can be done either directly or by computing

ZG’L]¢’L¢] = Z 2K COS(Qaa)¢q¢fqa (2'14)
ij

qeBZ,a

where ¢; = \/LN Y qeBz €' ¢ is a generic (vector) variable and g, is one of the d Cartesian
components of q. Sufficiently close to the critical point, the relevant modes will be long-
wavelength |qla < 1 modes

S Gusts = 3 oK (- vwgrotatay. @1y

qEeBZ

We can now easily invert the matrix in Fourier space

q/?a’
Gq7q’ = 5q+q’2Kd <1 - 2 )
- 1 |a/*a”
1 _
Gq,q’ — Vq+d’ 2K d <1 + 2d )

—ZGlxp\p 4Kd2(1+ d%a >|‘Ifq|2 (2.16)

Returning to real space and replacing sums with integrals » . — %, > qeBz
Jaz N(;‘idzq, Uy — \\I'F(q) -, and ¥(q) = [ d%r ¥(r)e "™, which is valid for long-wavelength
fluctuations, we obtain

Z x / DU (r) e PHNE] (2.17)

where SH[W(r)] is the Ising model Ginzburg-Landau Hamiltonian

BHW(r)] = / Pty + % (vum)? 4 L) — b
) ad |2 8K d? 12
The reduced temperature ¢ = = 5 — 1 identifies 1/K¢ = 2d as the critical temperature

in the mean-field approximation.
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2.5 Symmetry Breaking: Goldstone Modes

With these important mathematical preliminaries, we return to the consideration of
the influence of spatial fluctuations on the stability of the mean-field analysis. Even
for h = 0, when SH has full rotational symmetry, the ground state of the Ginzburg-
Landau Hamiltonian is ordered along some given direction for T' < T, — a direction
of ‘magnetisation’ is specified. One can say that the onset of long-range order is
accompanied by the spontaneous breaking of the rotational symmetry. The presence
of a degenerate manifold of ground states obtained by a global rotation of the order
parameter implies the existence of low energy excitations corresponding to slowly varying
rotations in the spin space. Such excitations are characteristic of systems with a broken
continuous symmetry and are known as Goldstone modes. In magnetic systems the
Goldstone modes are known as spin-waves, while in solids, they are the vibrational or
phonon modes.

The influence of Goldstone modes can be explored by treating fluctuations within the
framework of the Ginzburg-Landau theory. For a fixed magnitude of the n-component
order parameter or, in the spin model, the magnetic moment m = mey,, the transverse
fluctuations can be parametrized in terms of a set of n — 1 angles. One-component, or
Ising spins have only a discrete symmetry and possess no low energy excitations. Two-
component, or XY-spins, where the moment lies in a plane, are defined by a single angle
0, m = m(cosf,sinf) (cf. the complex phase of a ‘superfluid’ order parameter). In this
case the Ginzburg-Landau free energy functional takes the form

BH[O(x)] = BHy + & / dx (V0)?, (2.18)

where K = Km?/2.

Although superficially quadratic, the multi-valued nature of the transverse field 6(x)
makes the evaluation of the partition function problematic. However, at low tempera-
tures, taking the fluctuations of the fields to be small #(x) < 27, the functional integral
can be taken as Gaussian. Following on from our discussion of the Gaussian functional
integral, the operator kernel or propagator can be identified simply as the Laplacian
operator. The latter is diagonalised in Fourier space, and the corresponding degrees of
freedom are associated with spin-wave modes.

Then, employing the results of the previous section, we immediately find the average
phase vanishes (6(x)) = 0, and the correlation function takes the form

 Ca(x—x)
K ’
where Cy denotes the Coulomb potential for a d-function charge distribution. Exploiting
the symmetry of the field, and employing Gauss’ law, [, dx V2Cy(x) = § dS - VCy, we
find that C; depends only on the radial coordinate z, and
dCy 1 x>

pu— C = -

dr 1415y ) (2— d)S,

G(x,x") = (0(x)0(x)) = V204(x) = 64(x)

+ const., (2.19)
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where Sg = 27%2/T'(d/2) denotes the surface area of a unit d-dimensional ball.”> Hence

|x|_>a 2(|X’2_d — CL2_d)

K2—d)S;

([0(x) = H(O)]*) =2 [(0(0)*) — (6(x)6(0))]

where the cut-off, a, is of the order of the lattice spacing. Note that, in the case where
d = 2, the combination |x|>~¢/(2 — d) must be interpreted as In |x]|.

The long distance behaviour changes dramatically at d = 2. For d > 2, the phase
fluctuations approach some finite constant as |x| — oo, while they become asymptotically
large for d < 2. Since the phase is bounded by 2w, it implies that long-range order
(predicted by the mean-field theory) is destroyed. This result becomes more apparent by
examining the effect of phase fluctuations on the two-point correlation function,

(m(x) - m(0)) = m*Re <ei[0(x)_9(0”> :

(Since amplitude fluctuations are neglected, we are in fact looking at the transverse
correlation function.) For Gaussian distributed variables (with zero mean) we have
already seen that (exp[af]) = exp|a?(6?)/2]. We thus obtain

i)

(m(x) - m(0)) = m*exp {—%W(X) - 9(0)]24 = " exp {_ K(2—d)S,

implying a power-law decay of correlations in d = 2, and an exponential decay in d < 2,

m? d>?2
i . 0)) = ’
lim_(m(x) - m(0) {0 i

The saddle-point approximation to the order parameter, m was obtained by neglecting
fluctuations. The result above demonstrates that the inclusion of phase fluctuations leads
to a reduction in the degree of order in d = 2, and to its complete destruction in d < 2.
This result typifies a more general result known as the Mermin-Wagner Theorem
(N. D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1967)). The theorem states
that there is no spontaneous breaking of a continuous symmetry in systems with short-
range interactions in dimensions d < 2. Corollaries to the theorem include:

°An important consequence of Eq. (2.19) is the existence of an unphysical ultraviolet divergence
of the theory (i.e. z — 0 +— ¢ — o) in dimensions d > 2. In the present case, this divergence can be
traced to the limited form of the effective free energy which accommodates short-range fluctuations of
arbitrary magnitude. In principle one can account for the divergence by introducing additional terms
in the free energy which control the short-range behaviour more precisely. Alternatively, and in keeping
with the philosophy that lies behind the Ginzburg-Landau theory, we can introduce a short-length scale
cut-off into the theory, a natural candidate being the “lattice spacing” a of the coarse-grained free energy.
Note, however, that were the free energy a microscopic one — i.e. a free field theory — we would be
forced to make sense of the ultraviolet divergence. Indeed finding a renormalisation scheme to control
ultraviolet aspects of the theory is the subject of high energy quantum field theory. In condensed matter
physics our concern is more naturally with the infrared, long-wavelength divergence of the theory which,
in the present case (2.19), appears in dimensions d < 2.
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e The borderline dimensionality of two, known as the lower critical dimension d,
has to be treated carefully. As we shall show in Chapter 5, there is in fact a phase
transition for the two-dimensional XY-model (or superfluid), although there is no
true long-range order.

e There are no Goldstone modes when the broken symmetry is discrete (e.g. for n =

1). In such cases long-range order is possible down to the lower critical dimension
of dl =1.

2.6 Fluctuations, Correlations & Susceptibilities

Our study of Landau mean-field theory showed that the most probable configuration was
spatially uniform with m(x) = mé;, where €, is a unit vector (m is zero for t > 0, and
equal to \/—t/4u for t < 0). The role of small fluctuations around such a configuration
can be examined by setting

m(x) = [m+ ¢i(x)] & + Y ¢y.a(x)éa,

where ¢; and ¢, refer respectively to fluctuations longitudinal and transverse to the
axis of order €;. The transverse fluctuations can take place along any of the n — 1
directions perpendicular to €.

After substitution into the Ginzburg-Landau Hamiltonian, a quadratic expansion of
the free energy functional with

(Vm)® = (V&) + (Vér)?,
m? = m? + 2me; + ¢F + @7,
m? = m* + 4m3 ¢ + 6m2P7F + 2m2P7 + O(}, pi19?),

generates the perturbative expansion of the Hamiltonian
BH =V (tm? 4+ um?) + /dx [%(V@)z + brlZum? qb?]

+ [ax [5(Va + 2 62] 4 0(eh 0t). (220)

For spatially uniform fluctuations, one can interpret the prefactors of the quadratic
terms in ¢ as “masses” or “restoring forces” (cf. the action of a harmonic oscillator).
These effective masses for the fluctuations can be associated with a length scale defined

by

K t t >0,
— =t+ 12um”® =
i =2t t <0,

t t>0,

2.21
0 t<O. ( )

K
—25t+4um2:{
t
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S(a) SI (@) St(q)

>0 b t<0 t<0

Figure 2.2: Typical neutron scattering amplitude for ¢ > 0 and ¢ < 0.

(The physical significance of the length scales & and & will soon become apparent.)
Note that there is no distinction between longitudinal and transverse components in the
paramagnetic phase (f > 0), while below the transition (¢ < 0), there is no restoring
force for the transverse fluctuations (a consequence of the massless Goldstone degrees of
freedom discussed previously).

To explore spatial fluctuations and correlation functions, it is convenient to switch to
the Fourier representation, wherein the Hamiltonian becomes diagonal (cf. discussion of
Gaussian functional integration). After the change of variables

o0 = [ Z (qu) % (),

the quadratic Hamiltonian becomes separable into longitudinal and transverse modes,

BHon, &r] = / (j%)ﬁ (o + &) 6@ + (@ +&7) (@]

Thus, each mode behaves as a Gaussian distributed random variable with zero mean,
while the two-point correlation function assumes the form of a Lorentzian,

(ba(@)ds(d)) = dap (2m)* 6 (a+d') Gala),  Gil'(a) = K(q®+ &%)  (2:22)

where the indices «, 8 denote longitudinal and transverse components. In fact, this
equation describing correlations of an order parameter in the vicinity of a critical point
was first proposed by Ornstein and Zernike as a means to explain the phenomenon
of critical opalescence in the light scattering from a fluid in the vicinity of a liquid-gas
transition. To understand the mechanism by which ¢ sets the characteristic length scale
of fluctuations let us consider the scattering amplitude.

In the case of the ferromagnetic model, the two-point correlation function of mag-
netisation can be observed directly using spin-polarised scattering experiments. The
scattering amplitude is related to the Fourier density of scatterers S(q) o< (jm(q)|?) (see
Fig. 2.2). The Lorentzian form predicted above usually provides an excellent fit to scat-
tering line shapes away from the critical point. Eq. (2.21) indicates that in the ordered
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Figure 2.3: Decay of the two-point correlation of magnetisation, and the divergence of
the longitudinal and transverse susceptibility in the vicinity of T..

phase longitudinal scattering still gives a Lorentzian form (on top of a -function at q = 0
due to the spontaneous magnetisation), while transverse scattering always grows as 1/q>.
The same power law decay is also predicted to hold at the critical point, ¢ = 0. In fact,
actual experimental fits yield a power law of the form

S(an:Tc) X

lq|>=’

with a small positive value of the universal exponent 7.

Turning to real space, we find that the average magnetisation is left unaffected by fluc-
tuations, (¢, (x)) = (M (X) —m4) = 0, while the connected part of the two-point correla-
tion function takes the form G¢5(x,x') = ((ma(X) —Ma) (Mms(X') —1mp)) = (Pa(X)Ps(X’))
where

dq ez‘q-x
27T>d q2 + 5—2 ’

(Ga(x)65()) = — 222 [yx =%, €2), Ta(x,€) = — / ( (2.23)

K

The detailed profile of this equation® is left as an exercise, but leads to the asymptotics

6This Fourier transform is discussed in Chaikin and Lubensky p 156. However, some clue to under-
standing the form of the transform can be found from the following: Expressed in terms of the modulus
q and d — 1 angles 6, the d-dimensional integration measure takes the form

dg=q*'dg sin" 04—y dfq_1 sin? ?0q_o dfy_o - - dbn,
where 0 < 0 < 7 for k > 1, and 0 < 6; < 27. Thus, by showing that
1 1/a qd/2dq
Ia(x,§) = _(27T)d/2|x|d/21/0 de/Q—l(fﬂX‘%
one can obtain Eq. (2.24) by asymptotic expansion. A second approach is to present the correlator as
e dq . 2, -2
I = — dt iqx—t(q"+£77)
a(x, &) /o / (271.)de ’

integrate over q, and employ a saddle-point approximation.
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(see Fig. 2.6)

2—d
Calx) = Flgs Xl <€
~ (2—d)S, ’
I4(x,§) —{ -4 ol el /E] x> ¢ (2.24)
(2—d)Sy [x/¢|@=1/2 :

From the form of this equation we can interpret the length scale £ as the correlation
length.
Using Eq. (2.21) we see that close to the critical point the longitudinal correlation

length behaves as
[ = (K/t)\/? t >0,
T (=K/202 t<o.

The singularities can be described by &4 ~ {B|t|™"*, where v = 1/2 and the ratio
B, /B_ = /2 are universal, while &, o VK is not. The transverse correlation length is
equivalent to & for ¢ > 0, while it is infinite for all ¢ < 0. Eq. (2.24) implies that precisely
at T., the correlations decay as 1/[x|9"2. Again, the experimental decay exponent is
usually given by 1/|x|4=27".

These results imply a longitudinal susceptibility of the form (see Fig. 2.6)

Gi(x)
& d
woc [ Qo) o [ oo et o A

The universal exponents and amplitude ratios are again recovered from this equation. For
T < T, there is no upper cut-off length for transverse fluctuations, and the divergence of
the transverse susceptibility can be related to the system size L, as

Gy (x)
XtOC/dX m@/()

L dx

2
—|x]d—2 x L

(2.25)

2.7 Comparison of Theory and Experiment

The validity of the mean-field approximation is assessed in the table below by comparing
the results with (approximate) exponents for d = 3 from experiment.

’ Transition type H Material H Q@ \ B \ y \ v ‘
Cr Jt]7 | (m) ~ 7 | X~ JH7 | €~ Jt[™
Ferromag. (n = 3) || Fe, Ni —0.1 0.34 14 0.7
Superfluid (n = 2) || He? 0 0.3 1.3 0.7
Liquid-gas (n =1) || COg, Xe || 0.11 0.32 1.24 0.63
Superconductors 0 1/2 1 1/2
Mean-field 0 1/2 1 1/2
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The discrepancy between the mean-field results and experiment signal the failure of
the saddle-point approximation. Indeed, the results suggest a dependence of the critical
exponents on n (and d). Later we will try to explore ways of going beyond the mean-
field approximation. However, before doing so, the experimental results above leave a
dilemma. Why do the critical exponents obtained from measurements of the supercon-
ducting transition agree so well with mean field theory? Indeed, why do they differ from
other transitions which apparently belong to the same universality class? To under-
stand the answer to these questions, it is necessary to examine more carefully the role of
fluctuations on the saddle-point.

2.8 Fluctuation Corrections to the Saddle-Point

We are now in a position to determine the corrections to the saddle-point from fluctua-
tions at quadratic order. To do so, it is necessary to determine the fluctuation contribu-
tion to the free energy. Applying the matrix (or functional) identity Indet G™' = —trIn G
to Eq. (2.20) we obtain the following estimate for the free energy density

mZ ¢ 1 [ d
foBE et 5 [ S k(e +6)

Vo2 2] (2n)
2 [ oo ik + )

Inserting the dependence of the correlation lengths on reduced temperature, the singular
component of the heat capacity is given by

n d
azf_{0+5fﬁm t>0,

912 ) 4 d 1

(2.26)

C’sing. X =

The behaviour of the integral correction changes dramatically at d = 4. For d > 4 the
integral diverges at large q and is dominated by the upper cut-off A ~ 1/a, while for
d < 4, the integral is convergent in both limits. It can be made dimensionless by rescaling
q by ¢!, and is hence proportional to £*~¢. Therefore

(2.27)

4-d
(5Cﬁi a d >4,
K2 ¢4 d< 4.

In dimensions d > 4 fluctuation corrections to the heat capacity add a constant
term to the background on each side of the transition. However, the primary form of
the discontinuity in Cipg. is unchanged. For d < 4, the divergence of ¢ oc t71/2 at the
transition leads to a correction term that dominates the original discontinuity. Indeed,
the correction term suggests an exponent o« = (4—d)/2. But even this is not reliable — a
treatment of higher order corrections will lead to yet more severe divergences. In fact the
divergence of 0C implies that the conclusions drawn from the saddle-point approximation
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Figure 2.4: Sketch of the heat capacity in the vicinity of the critical point.

are simply no longer reliable in dimensions d < 4. One says that Ginzburg-Landau
models which belong to this universality class exhibit an upper critical dimension d,
of four. Although we reached this conclusion by examining the heat capacity the same
conclusion would have been reached for any physical quantity such as magnetisation, or
susceptibility.

2.9 Ginzburg Criterion

We have thus established the importance of fluctuations as the probable reason for the
failure of the saddle-point approximation to correctly describe the observed exponents.
How, therefore, it is possible to account for materials such as superconductors in which
the exponents agree well with mean-field theory?

Eq. (2.27) suggests that fluctuations become important when the correlation length
begins to diverge. Within the saddle-point approximation, the correlation length diverges
as & ~ &[t| 712, where & ~ V'K represents the microscopic length scale. The importance
of fluctuations can be assessed by comparing the two terms in Eq. (2.26), the saddle-point
discontinuity ACy, o 1/u, and the correction, §C. Since K o &2, and 6C' £t~ A-D/2,
fluctuations become important when

&\ (d—4)/2 ACyp 1
- t _ t tn =~ .
() P\ T ) T NI [ A A, ) T

This inequality is known as the Ginzburg Criterion. Naturally, in d < 4 it is satisfied
sufficiently close to the critical point. However, the resolution of the experiment may
not be good enough to get closer than the Ginzburg reduced temperature tg. If so, the
apparent singularities at reduced temperatures t > t5 may show saddle-point behaviour.

In principle, & can be deduced experimentally from scattering line shapes. It has to
approximately equal the size of the units that undergo ordering at the phase transition.
For the liquid-gas transition, £, can be estimated by ve! ® where v, is the critical atomic
volume. In superfluids, &, is approximately equal to the thermal wavelength (7). Taking
ACs,/kp ~ 1 per particle, and A ~ 2—3A we obtain tg ~ 1071 —1072, a value accessible in
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Figure 2.5: Summary of results for the Ginzburg-Landau theory based on mean-field and
Gaussian fluctuations.

experiment. However, for a superconductor, the underlying length scale is the separation
of Cooper pairs which, as a result of Coulomb repulsion, typically gives & ~ 10°A. This
implies tg ~ 10716, a degree of resolution inaccessible by experiment.

The Ginzburg criterion allows us to restore some credibility to the mean-field theory.
As we will shortly see, a theoretical estimate of the critical exponents below the upper
critical dimension is typically a challenging endeavour. Yet, for many purposes, a good
qualitative understanding of the thermodynamic properties of the experimentally relevant
regions of the phase diagram can be understood from the mean-field theory alone.

Self-consistent mean-field: More generally, mean-field theories can be checked for
self-consistency as follows. We begin by writing a general Hamiltonian

SH = /dx/dx’J(x —x')m(x)m(x').
We can then decompose the field into its mean-field part and the fluctuation part

m(x) = m+ ¢(x).

In the mean-field approximation second-order fluctuation terms are neglected. This is
self-consistent provided

/ dx / ax T (x — XY ($(X) ()i < VJi?,

where [ dx.J(x
Because, in the Vlclmty of the critical point the potential J(x — x’) is much more
short-ranged than the correlation function, we can approximate the left-hand-side by

diq

~ 2

[ [ axtax = x) (00000 e = IV (PO < IV [ 4 =

The integral can be split up as follows into a constant and temperature—dependent part

JV dlq JV dd ng
K] @+e2 K

JV 9—d
= t. + — .
const. + Kf
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Since m? o< t oc K72, we conclude that the mean-field approximation is valid when

ﬂéH < JVKE™?
K
&< g,
4
where K = £2. For d < 4 mean-field theory breaks down when ¢ ~ {'04_d, which for
systems with large interaction range &;, such as superconductors, takes place very close
to the critical point. Note that the temperature-independent term that we have neglected,

although non-singular, might still be large and result in a shift in the critical temperature
away from its mean-field value, even when d > 4.

2.10 Summary

A summary of our findings for the Ginzburg-Landau Hamiltonian based on mean-field
theory and Gaussian fluctuations is shown in Fig. 2.5.



Chapter 3

The Scaling Hypothesis

Previously, we found that singular behaviour in the vicinity of a second order critical
point was characterised by a set of critical exponents {«, B,7,6,---}. These power law
dependencies of thermodynamic quantities are a symptom of scaling behaviour. Mean-
field estimates of the critical exponents were found to be unreliable due to fluctuations.
Howewver, since the various thermodynamic quantities are related, these exponents can
not be completely independent of each other. The aim of this chapter is to employ scaling
1deas to uncover relationships between them.

3.1 Homogeneity

The non-analytic structure of the Ginzburg-Landau model was found to be a coexistence
line for t < 0 and A = 0 that terminates at the critical point h = ¢t = 0. Thermody-
namic quantities Q(t, k) in the vicinity of the critical point are characterised by various
exponents. In particular, within the saddle-point approximation we found that the free
energy density was given by

BF
7

—t2 /u, h=0,t<0,

3.1
—h3 /2 R #£0, t=0. (3:1)

f

= min,y, [fm® + um® — h-m]| N{

In fact, the free energy can be described by a single homogeneous function® in ¢ and A

ft.h) =g (h/t?), (3.2)

where A is known as the “Gap exponent”. Comparison with Eq. (3.1) shows that, if we
set A = 3/2, the correct asymptotic behaviour of f is obtained,

lim gy (@) ~ — 5, fth=0)~ —C
xg%gf x 57 s 16— Ev

243 L[ h 4/3 \
lim gp(2) ~ s f(E=0,k) ~t (tA> h**.

LA function f(z) is said to be homogeneous of degree k if it satisfies the relation f(bz) = b* f(x).

33
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The assumption of homogeneity is that, on going beyond the saddle-point approxi-
mation, the singular form of the free energy (and of any other thermodynamic quantity)
retains a homogeneous form

h
fsing.(ta h) = t27agf (t_A) ) (33)

where the actual exponents o and A depend on the critical point being considered.
Heat Capacity: For example, the dependence on ¢ is chosen to reproduce the heat
capacity singularity at h = 0. The singular part of the energy is obtained from

0
s~ e (2 ) (1) — A A (1) = 1 (/1)
where the prime denotes the derivative of the function with respect to the argument.
Thus, the derivative of one homogeneous function is another. Similarly, the second
derivative takes the form

aZf —a A
C’sing. ~ _w ~1 gC<h/t )7
reproducing the scaling Cgpg. ~ 17 as h — 0.2
Magnetisation: Similarly the magnetisation is obtained from Eq. (3.3) using the
expression
of

m(t,h) ~ T t2mom 8 g (h/tR).

In the limit z — 0, g,,(7) is a constant, and m(t,h = 0) ~ 27972 (i.e. B =2 — a — A).
On the other hand, if z — 00, gy(x) ~ 2P, and m(t = 0, h) ~ t2=*"2(h/t*)P. Since this
limit is independent of ¢, we must have pA = 2 —a — A. Hence m(t = 0, h) ~ h2-a=2)/A
(ile. 0 =A/2—a—A)=A/p).

Susceptibility: Finally, calculating the susceptibility we obtain

)
X(t,h) ~ 8—7;;‘ ~ 202G (IR =y (8 h = 0) ~ 202 oy — 2N — 2t

Thus the consequences of homogeneity are:

e The singular parts of all critical quantities, Q(¢, h) are homogeneous, with the same
exponents above and below the transition.

e Because of the interconnections via thermodynamic derivatives, the same gap ex-
ponent, A occurs for all such quantities.

e All critical exponents can be obtained from only two independent ones, e.g. «a, A.

It may appear that we have the freedom to postulate a more general form, C = t*aigi(h/tﬁ)
with different functions for ¢ > 0 and ¢ < 0 that match at ¢ = 0. However, this can be ruled out by the
condition that the free energy is analytic everywhere except on the coexistence line h = 0 and ¢ < 0.
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e As a result of above, one obtains a number of exponent identities:

a+28+v=2. (Rushbrooke’s Identity)

d—1=~/p. (Widom’s Identity)

These identities can be checked against the following table of critical exponents. The first
three rows are based on a number of theoretical estimates in d = 3; the last row comes
from an exact solution in d = 2. The exponent identities are approximately consistent
with these values, as well as with all reliable experimental data.

Q 15} 7y o | v n
d=3|n=1| Ising 0.12 0.31]1.25 |5 |0.64 | 0.05
n =2 | XY-spin 0.00 0.33 1 1.33 |5 | 0.66 | 0.00
n =3 | Heisenberg | —0.14 | 0.35 |14 |5 | 0.7 | 0.04
d=2|n=1| Ising 0 1/8 | 7/4 |15 |1 1/4

3.2 Hyperscaling and the Correlation Length

The homogeneity assumption relates to the free energy and quantities derived from it. It
says nothing about correlation functions. An important property of a critical point is the
divergence of the correlation length, which is responsible for (and can be deduced from)
the divergence of response functions. In order to obtain an identity involving the expo-
nent v describing the divergence of the correlation length, we replace the homogeneity
assumption for the free energy with the following two conditions:

1. The correlation length has a homogeneous form,

h
§(t,h) ~t7"ge (t_A) :

For t = 0, ¢ diverges as h™"» with v, = v/A.

2. Close to criticality, the correlation length £ is the most important length scale, and
is solely responsible for singular contributions to thermodynamic quantities.

The second condition determines the singular part of the free energy. Since In Z(t, h)
is dimensionless and extensive (i.e. scales in proportion with the volume L%), it must

take the form ; .
L L
nZ=1— X gs+ | — X Ga,
19 a
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//b Spins correlated

in each box

Figure 3.1: Within each cell of size £ spins are correlated.

where g; and g, are non-singular functions of dimensionless parameters (a is an appropri-
ate microscopic length). The singular part of the free energy comes from the first term

and behaves as
InZ —d dv A

A simple interpretation of this result is obtained by dividing the system into units of
the size of the correlation length (Fig. 3.2). Each unit is then regarded as an independent
random variable, contributing a constant factor to the critical free energy. The number
of units grows as (L/&)%.

The consequences of Eq. (3.4) are:

e Homogeneity of fgn, emerges naturally.

e We obtain the additional exponent relation

2—a=dv. (Josephson’s Idenitity)

Identities obtained from the generalised homogeneity assumption involve the space
dimension d, and are known as hyperscaling relations. The relation between a and v
is consistent with the exponents in the table above. However, it does not agree with the
mean-field values, & = 0 and v = 1/2, which are valid for d > 4. Any theory of critical
behaviour must therefore account for the validity of this relation in low dimensions, and
its breakdown in d > 4.

3.3 Correlation Functions and Self-Similarity

So far we have not accounted for the exponent n which describes the decay of correlation
functions at criticality. Exactly at the critical point the correlation length is infinite,
and there is no other length scale to cut-off the decay of correlation functions. Thus all
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correlations decay as a power of the separation. As discussed in the previous chapter,
the magnetisation falls off as

~
|x[d—2+n”

where 1 was deduced from the form factor.

Away from criticality, the power laws are cut-off for distances |x| > £. As the response
functions can be obtained from integrating the connected correlation functions, there are
additional exponent identities such as Fisher’s identity

~ dix G (X) ~ § dd—x ~ 52777 ~ t*”(2*77) — . (2 . )V
X c |X‘d_2+n PY - 77 .

Therefore, two independent exponents are sufficient to describe all singular critical be-
haviour.

An important consequence of these scaling ideas is that the critical system has an ad-
ditional dilation symmetry. Under a change of scale, the critical correlation functions
behave as

Gcritical (/\X> =\ Gcritical (X) .

This implies a scale invariance or self-similarity: If a snapshot of the critical system
is enlarged by a factor of A, apart from a change of contrast (A?), the resulting snapshot
is statistically similar to the original. Such statistical self-similarity is the hallmark of
fractal geometry. The Ginzburg-Landau functional was constructed on the basis of
local symmetries such as rotational invariance. If we could add to the list of constraints
the requirement of dilation symmetry, the resulting probability would indeed describe
the critical point. Unfortunately, it is not in general possible to see directly how such
a requirement constrains the effective Hamiltonian.> We shall instead prescribe a less
direct route by following the effects of the dilation operation on the effective energy; a
procedure known as the renormalisation group.

30ne notable exception is in d = 2, where dilation symmetry implies conformal symmetry.






Chapter 4

Renormalisation Group

Previously, our analysis of the Ginzburg-Landau Hamiltonian revealed a formal break-
down of mean-field theory in dimensions below some upper critical dimension. Although
the integrity of mean-field theory is sometimes extended by resolution limitations in ex-
periment, the breakdown of mean-field theory is often associated with the appearance of
qualitatively new critical behaviour. In the previous section, we saw that a simple scaling
hypothesis can lead to useful insight into critical behaviour below the upper critical dimen-
sion. However, to complement the ideas of scaling, a formal theoretical approach to the
analysis of the Ginzburg-Landau Hamiltonian is required. In this section we will introduce
a general scheme which allows one to explore beyond the realms of mean-field theory. Yet
the method, known as the Renormalisation Group, is not exact nor completely controlled.
Instead, it should be regarded as largely conceptual — i.e. its application, which relies
fundamentally only on scaling, can be tailored to the particular application at hand.

4.1 Conceptual Approach

The success of the scaling theory in correctly predicting various exponent identities
strongly supports the contention that close to the critical point the correlation length &
is the only important length scale, and that the microscopic lengths are irrelevant. The
critical behaviour is governed by fluctuations that are statistically self-similar up to the
scale €. Can this self-similarity be used to develop a theory of critical phenomena below
the upper critical dimension? Kadanoff! suggested taking advantage of the self-similarity
to gradually eliminate the correlated degrees of freedom at length scales x < &, until one

1

Leo Kadanoff: recipient of the 1999 National
Medal of Science and the 1998 Lars Onsager Prize
“for his numerous and profound contributions to
statistical physics, including the introduction of
the concepts of universality and block spin scaling
that are central to the modern understanding of
the critical phenomena”.

39
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is left with the relatively simple uncorrelated degrees of freedom at length scale £&. This
is achieved through a procedure known as the Renormalisation Group (RG), whose
conceptual foundation is outlined below:

1. Coarse-Grain: The first step of the RG is to decrease the resolution by changing
the minimum length scale from the microscopic scale a to ba where b > 1. This is
achieved by integrating out fluctuations of the fields m which occur on length scales
finer than ba. The result is a renormalisation of the Hamiltonian SH which leads
to an effective Hamiltonian expressed in terms of a ‘coarse-grained’” magnetisation

field
1

m(x) = a)? /Cen dy m(y),

where the integral runs over a cell of size (ba)? centred on x.

2. Rescale: Due to the change in resolution, the coarse-grained “picture” is grainier
than the original. The original resolution a can be restored by decreasing all length
scales by a factor b, i.e. defining

Thus, at each position x’ we have defined an average moment m(x’).

3. Renormalise: The relative size of the fluctuations of the rescaled magnetisation
profile is in general different from the original, i.e. there is a change in contrast
between the pictures. This can be remedied by introducing a factor {, and defining
a renormalised magnetisation

The choice of ¢ will be discussed later.

By following these steps, for each configuration m(x) one generates a renormalised
configuration m’(x’). It can be regarded as a mapping of one set of random variables to
another, and can be used to construct the probability distribution. Kadanoff’s insight
was to realise that since, on length scales less than &, the renormalised configurations are
statistically similar to the original ones, they must be distributed by a Hamiltonian that
is also close to the original. In particular, if the original Hamiltonian SH is at a critical
point, t = h = 0, the new SH' is also at criticality since no new length scale is generated
in the renormalisation procedure, i.e. ' = h' = 0.

However, if the Hamiltonian is originally off criticality, then the renormalisation takes
us further away from criticality because ' = /b is smaller. The next assumption is that
since any transformation only involves changes at the shortest length scales it can not
produce singularities. The renormalised parameters must be analytic functions, and
hence expandable as

t(b;t,h) = A(b)t + B(b)h + O(t*, h?, th),
h(b;t,h) = C(b)t + D(b)h + O(t?, h?,th).
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Figure 4.1: Schematic diagram showing the three steps of Kadanoff’s renormalisation
procedure.

However, the known behaviour at t = h = 0 rules out a constant term in the expansion,
and to prevent a spontaneously broken symmetry we further require C'(b) = B(b) = 0.
Finally, rescaling by b; and then by b, ought to give the same result as rescaling by
b = byby; therefore A(b1bg) = A(b1)A(b2), and similarly for the other parameters, which
implies A(b) = b¥* and D(b) = b¥, for some exponents y;, ys. So, to lowest order

{t(b) = b¥t, 1)
h(b) = b h, '

where y;, yn, > 0 (to ensure that £ diminishes under the RG procedure). As a consequence:

1. The free energy: Since the statistical Boltzmann weight of the new configuration,
exp[SH'[m']] is obtained by summing the weights exp[SH[m]] of old ones, the
partition function is preserved

Z = /Dm e PHIm] — /Dm' e P — Z7

From this it follows that the free energies density takes the form

_an__an’
Vo Vi

ft,h) = = b f(t(b), h(b)) = b= f(b¥t, bV h), (4.2)
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where we have assumed that the two free energies are obtained from the same
Hamiltonian in which only the parameters ¢ and h have changed according to
Eq. (4.1). Eq. (4.2) describes a homogeneous function of ¢ and h. This is made
apparent by choosing a rescaling factor b such that b¥t is a constant, say unity,
ie. b=1t"1v and

F(t,h) = t4ve f(1, hjtonlvey = 49 g (b jton/ve),

We have thus recovered the scaling form of Eq. (3.2) and can identify the exponents

2 —a=d/y, A =uyn/y (4.3)

So if y; and y;, are known we can generate all critical exponents.

. Correlation Length: All length scales are reduced by a factor of b during the RG

transformation. This is also true of the correlation length ¢ = £/b implying

f(t, h) —b g(bytt’ byhh) — t_l/ytf(l, h/tyh/yt) _ t_l/ytgg(h/tyt/yh).

This identifies v = 1/y; and using Eq. (4.3), the hyperscaling identity 2 — a = dv
is recovered.

. Magnetisation: From the homogeneous form of the free energy we can obtain

other bulk quantities such as magnetisation. Alternatively, from the RG results for
Z,V,and h we conclude

1 0InZ(t, h) 1 1 olmZ'(tN) _d
t,h)=— = = p¥n bt b h
mih) = G5, WV bv N m(b%t, b7 h)
Choosing b = t~Y/¥% we find m(t,h) = t=Wr=D/veg (h/t¥»/%) which implies that
B = (yn — d)/ys and A = y;/y; as before.

. Heat Capacity: The singular part of the heat capacity can be obtained by differ-

entiating Eq. (1)
Cung ~ =00 152 ()14,

reproducing the scaling Cgng. ~ ¢ as h — 0 with a = 2 — y%.

. Susceptibility: Finally, calculating the susceptibility we obtain

om d—2yy, un d—2yp, d—2y
X(tah)N%Nt v gy (h/tvw) = x({t,h=0)~t v =7y=— " h

It is therefore apparent that quite generally, a quantity X will have a homogeneous
form

X(t, h) = bYX X (bUet, bV h) = t 7Y%/ ¥t gy (B JtVR102), (4.4)

In general, for any conjugate pair of variables contributing a term [dx F - X to the
Hamiltonian (e.g. m - h), the scaling dimensions are related by yx + yr = d.
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4.2 Formal Approach

In the previous section we found that all critical properties can be abstracted from a
scaling relation. Though conceptually appealing, it is not yet clear how such a procedure
can be formally implemented. In particular, why should the form of the two Hamiltonians
be identical, and why are the two parameters t and h sufficient to describe the transition?
In this section we outline a more formal procedure for identifying the effects of the dilation
operation on the Hamiltonian. The various steps of the program are as follows:

1. Start with the most general Hamiltonian allowed by symmetry. For example, in
the presence of rotational symmetry,

K

2

fH[m] = /dx [Emz +um? +om® + -+ —(Vm)? + g(Van)2 +--- . (4.5)

2

2. Apply the three steps of the renormalisation in configuration space: (i) Coarse grain
by b; (ii) rescale, x' = x/b; and (iii) renormalise, m" = m/{. This defines a change
of variables

m'(x') = — dx m(x).

Cell centred
at bx

Given the Boltzmann weight exp[—fH [m(x)]] of the original configurations, we can
use the change of variables above to construct the corresponding weight exp[—SH'[m’(x’)]]
of the new configurations. Naturally this is the most difficult step in the program.

3. Since rotational symmetry is preserved by the RG procedure, the rescaled Hamil-
tonian must also be described by a point in parameter space,

t’ K’ L
ﬁH’[m’] — /dX/ |:§m/2 + ulml4 + U/mIG + . ‘|‘ 7(VHII)Q + E(ng/)g + .

The renormalised coefficients are functions of the original ones, i.e. t' = t(b;t,u,---);
u = u(b;t,u,---), etc., defining a mapping S’ — RS in parameter space (where
S and S’ are the full sets of parameters that the Hamiltonians H and H' depend
on). In general such a mapping is non-linear.

4. The operation Ry describes the effects of dilation on the Hamiltonian of the sys-
tem. Hamiltonians that describe statistically self-similar configurations must thus
correspond to fixed points S* such that R;S* = S*. Since the correlation length,
a function of Hamiltonian parameters, is reduced by b under the RG operation
(i.e. £(S) = b &(R4pS)), the correlation length at a fixed point must be zero or
infinity. Fixed points with £* = 0 describe independent fluctuations at each point
and correspond to complete disorder (infinite temperature), or complete order (zero
temperature). Fixed points with £* = oo describe critical points (1" = T).
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5. Eq. (4.1) represents a simplified case in which the parameter space is two-dimensional.
The point ¢t = h = 0 is a fixed point, and the lowest order terms in these equations
describe the behaviour in the neighbourhood of the fixed point. In general, we can
study the stability of a fixed point by linearising the recursion relations in its
vicinity: under RG, a point S* + 98 is transformed to

_ 05!
o 63] S*'

S; 408 =S+ R0+, (Ry)y

J

Because of the semi (i.e. irreversible)-group property we have
RbRb/Oi — )\l(b))\l(b')OZ — Rbb/Oi — )\Z(bb’)OZ,

where O; denote the eigenvectors of [Ry);; with the eigenvalues \;(b). Together
with the condition A;(b = 1) = 1, the equation above implies \;(b) = bY:.

The vectors O; are called scaling directions associated with the fixed point S*,
and y; are the corresponding anomalous dimensions. Any Hamiltonian in the vicinity
of the fixed point can be described by a set of parameters S = S* + . ¢,0;. The
renormalised Hamiltonian has the interaction parameters S’ = S* + Zz g;b¥ O;.

If y; > 0, g; increases under scaling, and O; is a relevant operator.
If y; < 0, g; decreases under scaling, and O; is a irrelevant operator.

If y; = 0, O; is a marginal operator, and higher order terms are necessary to track
the behaviour.

The subspace spanned by the irrelevant directions is called the basin of attraction
of the fixed point S*. Since ¢ always decreases under RG (' = £/b), and £(S*) = oo, &
is also infinite for any point on the basin of attraction of a critical fixed point S*. The
surface defines the phase transition — it is equivalent to varying § (i.e. the temperature)
at different values of the parameters and eventually meeting the surface.

In fact, for a general point in the vicinity of S*, the correlation length satisfies the
relation

(91,92, -+ ) = bE(b" g1, 0% ga, - -+ ). (4.6)

For sufficiently large b all the irrelevant operators scale to zero. The leading singularities
of £ are then determined by the remaining set of relevant operators. In particular, if
the operators are indexed in order of decreasing dimensions, we can choose b such that
b g, = 1. In this case Eq. (4.6) implies
—1
Egr, g2, ) =00 " g2/ g ).

We have thus obtained an exponent v; = 1/y; for the divergence of £, and a generalised
set of gap exponents A, = y,/y; associated with g,.
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Figure 4.2: Schematic representation of RG flows in a high-dimensional space. Fixed-
points describing ordered or disordered phases generally have basins of attraction with
dimensions equal to that of the space of potentials. Fixed points describing critical points
have a basin of attraction of lower dimensionality.

Let us imagine that the fixed point S* describes the critical point of the magnet in
Eq. (4.5) at zero magnetic field. As the temperature, or some other control parameter,
is changed, the coefficients of the Hamiltonian are altered, and the point S follows a
different trajectory in parameter space under renormalisation (see Fig. 4.2). Except for
a single point (at the critical temperature) the magnet has a finite correlation length.
This can be achieved if the experimental trajectory of the unrenormalised parameters
S intersects the basin of attraction of S* only at one point. To achieve this the basin
must have co-dimension one, i.e. the fixed point S* must have one and only one relevant
operator.

This provides an explanation of universality in that the very many microscopic
details of the system make up a huge space of irrelevant operators comprising the basin
of attraction. In the presence of a magnetic field, two system parameters must be adjusted
to reach the critical point, (T' = T, and h = 0). Thus the magnetic field corresponds to
an additional relevant operator of S*. In general, for fized points describing second-order
critical points, there are two relevant parameters: the temperature and the field conjugate
to the order parameter (for the magnet it is the magnetic field).

Although the formal procedure outlined in this section is quite rigorous, it suffers from
some quite obvious shortcomings: how do we actually implement the RG transformations
analytically? There are an infinite number of interactions allowed by symmetry, and
hence the space of parameters of S is inconveniently large. How do we know a prior:
that there are fixed points for the RG transformation; that R, can be linearised; that
relevant operators are few; etc? The way forward was presented by Wilson? who showed

2
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how these steps can be implemented (at least perturbatively) in the Ginzburg-Landau
model.

4.3 The Gaussian Model

In this section we will apply the RG approach to study the Gaussian theory obtained
by retaining only the terms to quadratic order in the Ginzburg-Landau Hamiltonian,

Z = /Dm(x) exp {— /ddx EmQ + %(Vm)g —h- m] } , (4.7)

where, as usual, m represents an n-component vector field. The absence of a term at
order m* makes the Hamiltonian meaningful only for ¢ > 0. The singularity at ¢ = 0 can
be considered as representing the ordered side of the phase transition.

4.3.1 Exact Solution

Before turning to the RG analysis, let us first obtain the exact homogeneous form for the
free energy density. Being of quadratic form, the Hamiltonian is diagonalised in Fourier
space and generates the partition function®

2= [ Dmiae e i) = [ 78 (04 Ke) i@~ o =)

Performing the Gaussian integral, and neglecting the constant factor (2m)"/2

from the Gaussian functional integral, we obtain the free energy density,

arising

InZ n dq h?
th)=-——— =" In(t + Kq?) — —.
f(t h) v 2/(27r)dn<Jr a) =5

Kenneth G. Wilson, 1936-: Recipient of the 1982 Nobel Prize
in Physics, awarded for “discoveries he made in understanding
how bulk matter undergoes phase transition, i.e., sudden and
profound structural changes resulting from variations in envi-
ronmental conditions”. Wilson’s background ranges from el-
ementary particle theory and condensed matter physics (crit-
ical phenomena and the Kondo problem) to quantum chem-
istry and computer science.
3Setting m(x) = [(dg/(27)?) m(q) ’9*, m(q) = [ dx m(x) e~ "9,

d dq’
/dx m(x) -m(x) = /(27:)2) / 7(2:)dm(Q) -m(
dq dq 2
- / myt Y ) = / ryd AT

where we have used in the identity m*(q) = m(—q).
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=}

Figure 4.3: Diagram showing the shell in Fourier space that is integrated out in the
renormalisation procedure.

Although the integral runs over the whole Fourier space q, the important singular con-
tributions originate from long wavelength modes (i.e. those around q = 0). To study the
non-analytic contributions to f, it is convenient to approximate the domain of integra-
tion by a “hypersphere” of radius A ~ 7/a where a denotes the short-length scale cut-off.
The functional form of the integral can be obtained on dimensional grounds by rescaling
q by a factor \/t/K. Neglecting the upper limit to the integral, and logarithmic factors,
the free energy takes the scaling form

B2 B
fsing,(t, h) = td/z |f4 + Btl-&-—d/2:| = t2 gf(h/tA>7

where A and B represent dimensionless constants.
Thus, matching the points (b =0, ¢ = 0%) and (h — 0), the singular part of the free
energy is described by the exponents

ar=2-d/2, A=(2+d)/4

Since the ordered phase for ¢ < 0 is not stable, the exponent ( is undefined. The
susceptibility, x oc 82 f/0h? o< 1/t, diverges with an exponent v, = 1.

4.3.2 The Gaussian Model via RG

The RG of the Gaussian model is most conveniently performed in terms of the Fourier
modes. The goal is to evaluate the partition function (4.7) indirectly via the three steps
of the RG:

1. Coarse-Grain: The first step involves the elimination of fluctuations at scales
a < |x| < ba. In spirit, it is similar to removing Fourier modes with wavenumbers
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A/b < |q| < A (see Fig. 4.3.2). We thus separate the fields into slowly and rapidly
varying functions, m(q) = m-(q) + m-(q), with

mlq) — 4 m<(@ 0<lal <A/b,
) {m>(q) AJb < |q| < A.

The partition function can be re-expressed in the form

2z~ [ Dm(a) [ D (@e Smem]

Since the two sets of modes are decoupled in the Gaussian model, the integration
is straightforward, and gives

Z=Z>/Dm<(q)exp [— /OA/b (;:)d (HQKqQ) im_(q)|* +h-m.(0)|,

where 2. = exp[—(nV/2) [, (da/(2m)?) In(t + kq?)).

. Rescale: The partition function for the modes m_(q) is similar to the original,

except that the upper cut-off has decreased to A/b, reflecting the coarse-graining
in resolution. The rescaling, x’ = x/b in real space, is equivalent to @' = bq in
momentum space, and restores the cut-off to the original value.

. Renormalise: The final step of the RG involves the renormalisation of magnetisa-

tion field, m’(x’) = m_(x) /(. Alternatively, we can renormalise the Fourier modes
according to m’(q’) = m-(q')/z, resulting in

z_z / D (g e~ '),
/ A dq/ —d 2 t+ Kb_Qq/2 1Y |2 /
BH' = i (27r)db e |m'(q")|* — zh - m'(0).

The constant factor change from the Jacobian, as well as Z-, can be neglected in
favour of the singular contribution from the exponent.

This procedure has transformed from a set of parameters S = {K,¢,h} to a new set

K/ _ Kb_d_222
S' =<t =tb 922,
h = hz.

(Note that in general, such transformations can and often will lead to the appearance of
new terms absent in the original Hamiltonian.) The singular point ¢ = h = 0 is mapped
onto itself as expected. To make the fluctuations scale invariant at this point, we must
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ensure that the remaining parameter in the Hamiltonian, K, stays fixed. This is achieved
by the choice z = b'*%/? which implies that

t' = b2t Y = 2,
R = b"W2h oy, =14d/2.

For the fixed point t = t' = 0o, K becomes weaker and the spins become uncorrelated
— the high temperature phase.

From these equations, we can predict the scaling of the Free energy

fsing. (t’ h) = b_dfsing.(th, b1+d/2h) (th = 1)
= t2g, (bt /2T,

This implies the exponents: 2 —a =d/2, A =y, /ys = 1/2+d/4, v =1/y, =1/2, v =1
and 0 = %. Comparing with the results from the exact solution we can confirm the
validity of the RG. Further, a naive application of RG scaling gives § = (d — 2)/4, even
though the magnetisation is unbounded for ¢ < 0 as the Gaussian theory is unstable.
As expected, all of the exponents are fixed by two anomalous dimensions ¥, y,, and
therefore, the critical exponent identities apply.

At the fixed point (¢t = h = 0) the Hamiltonian must be scale invariant. This allows us
to find the scaling of the renormalisation parameter (. By dimensional analysis x = bx/,

m(x) = (m’(x’) and

BH* _ %bdQCQ/dX' (vm/)Z’ C: bl*d/Q.

Therefore, for small perturbations
BH* + up/dx |m(x)|? — SH* + upbd(p/dx' lm’(x")|P.

Thus, in general u, — u;, = b=/ 2y, = b¥ru,, where y, = p —d(p/2 — 1), in agreement
with our earlier findings that y; = v, = 1 + d/2 and yo = y, = 2. For the Ginzburg-
Landau Hamiltonian, the quartic term scales with an exponent y4, = 4 —d and is therefore
relevant for d < 4 and irrelevant for d > 4. Sixth order perturbations scale with an ex-
ponent yg = 6 — 2d and is therefore irrelevant for d > 3.

Dangerous Irrelevant Couplings: Note that not all of the Gaussian fixed point expo-
nents are consistent with mean-field exponents for d > 4. There is only perfect agreement
at the upper critical dimension d = 4. Even though formally u is an irrelevant variable
above d = 4, it must be included in the RG treatment to obtain correct critical expo-
nents. Such a variable is known as a dangerous irrelevant coupling. Close to a general
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fixed point t = h = 0, u = u*, the free energy scales as follows
ft hyu) = b9 f (bYt, b9 h, u* + 0¥ (u — u*))

= b f(BYeL, b9 by u*) + bY (u — u*) (?)
u u=u*

bri=l 1 g (990 4 =Y/ (g — %) (g_j:) (4.8)
and so the irrelevant (y, < 0) variable u can be neglected close to the fixed point t =
h = 0,u = u*, provided the free energy is analytic in u around that fixed point. As
we will see, this is indeed the case at the Wilson-Fisher fixed point which develops in
dimensions d < 4. In that case, the singular parts of the thermodynamic variables only
depend on two exponents y;, y, and all the exponent identities derived previously hold.
In dimensions d > 4, on the other hand, where mean-field behaviour takes hold, the
free energy is singular in u at the Gaussian fixed point ¢ = h = u = 0 and the critical
exponents depend on all three anomalous dimensions y;, yp, ¥,,. Josephson’s identity does
not apply in this case. We demonstrate this for the heat capacity, although a similar
derivation can be easily performed for the other thermodynamic variables

_o*f
o2,

120 yd/yi—2—yu /vt Ju

C — td/yzdgC(u/tyu/yt)

l/yé:l’ tdl/—?-i-uyu /’LL (49)

where, from mean-field theory, go(u) oc * for small u. Substituting in y, = 4 — d, we
find o = 4v — 2 (cf. Josephson’s identity) above the upper critical dimension. Further,
substituting in the mean-field v = %, we find the mean-field heat capacity exponent o = 0.
[Note that both the mean-field correlation length and the susceptibility are independent
of u. Hence, Gaussian exponents and mean-field exponents coincide in the case of v and
v and by extension 7.]

4.4 Wilson’s Perturbative Renormalisation Group

In this section we will assess the extent to which the higher order terms in the Ginzburg-
Landau expansion can be treated as a perturbation of the Gaussian model. Our method
will be to combine the momentum space RG with a perturbative treatment of the Hamil-
tonian.

Since the unperturbed part of the Hamiltonian is diagonal in Fourier space, it is
convenient to switch to that representation and re-express

S Hy U

S H [m] :/ dx Emz + g(Vm)z] + u/dx m?,
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as

6H0=/(2qu)d% (t+ Kq®) |lm(q)?,

daq dqy das
v= u/ (2m)d / (2m)? / (2m)? m(q,) - m(q,) m(qy) - m(—q; — gy — dy).

To implement the perturbative RG we proceed, as before, in three steps

1. Coarse-Grain: Subdividing the fluctuations into two components m(q) = m-(q)+

m- (q), the contribution to the unperturbed (Gaussian) part of the Hamiltonian is
separable while the perturbation mixes the terms. Integrating, we obtain

7[11’1 7m]
CR

A\

Z = Z()>/Dm<6_6H0[m<] é /Dm>€—ﬁHo[m>}—U[m<7m>}
ZO
:Z'O>/DIn<e—ﬁHo[m<]—i—1n<e—U[m<am>]>m>7

where Z; denotes the contribution to the Gaussian (unperturbed) partition func-
tion arising from m- .

In general, the renormalisation of the Hamiltonian would call for the expansion

in ey = — () + 5 (U~ )+ + T 4o

where (U*). denotes the fth cummulant. However, for simplicity, we will stop here
at leading order in the perturbation from which we obtain

BH[m ] = BHo[m ] — In[Z5] + (U),,. +Ou?).

Only terms which are of an even order in m.. contribute to the average (U),, . In
particular, we will require averages of the form

Ci({q;}) = (m<(q;) - m<(q,) m(qs) - m<(q4)>m> )
Cy({q;}) = (m=(q;) - mx(qy) m(qs) - m<(q4)>m> )
C3({q;}) = (mx(q;) - m<(q,) m=(qs) - m<(q4)>m> )
Ci({q;}) = (m=(q;) - m-(qy) m-(qs) - m>(Q4)>m> :
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C simply generates U[m.| while C, gives some constant independent of m.. The
important contributions arise from Cy and C3 which can be represented diagram-
matically as in Fig. 4.4.

For the unperturbed Hamiltonian the two-point expectation value is equal to

1

(ma(@)ma(d))o = dap 2m)*6%(q+ ') Go(q),  Golq) = TR

where the subscript zero indicates that the average is with respect to the unper-
turbed (Gaussian) Hamiltonian.? Using the results above we find

Co({a;}) = nGolay) (2m)%6%(ay + dn) m<(qz) - m(qy),
Cs({a;}) = Go(ay) (2m)*6%(a; + a5) m<(qy) - m<(qy).
Dropping the irrelevant constant terms, Cy and In Z; we find that no new relevant

terms appear in the coarse-grained Hamiltonian SH[m_|, and the coefficients K
and u are unrenormalised, while

A

m?:t+4u(n+2)/ da_q (@),

ap (2m)1

the factor of 4(n + 2) arising from enumerating all permutations.

4In general, the expectation value involving any product of 71i’s can be obtained from the identity
for Gaussian distributed random variables with zero mean

(e | [ dxa) mx) > —exp | [ ax [ x5 an(x) ma ()ms1) 05

Expanding both sides in powers of {a(x)} we obtain Wick’s theorem

¢ 0 ¢ odd,
H M, (xl) = .. .
pale} 0 sum over all pairwide contractions £ even.

For example

<mai(xi)maj (%’)mak (xk)maz(xl»o = <mai (wi)maj ($j>>0 (Ma, (xk)mm (xl)>0

+ (Ma, (2) M0, (1)) o (May (@7)Ma, (20) + (M, (@0)Ma, (21))g (May, (28) 10, (7)) -

Moreover, in the presence of a perturbation U, the expectation value of any operator O can be expressed
using the identity

0 _[DmOePHE  [DmO[Q—-U+U?/2—...]e Pl
(0) = j‘DmefﬁH B IDm[l_U_|_U2/2_...]eﬂ8Ho
— 2 — ... —1)n .
_ ZO[<O>() <OU>0 + <OU /2>O ] = Z( 73") <0Un>8 _ <067U>0’

Zo[1 = (U)o +(U?/2)0 — -]

n

where the different orders in the expansion define the connected average denoted by the superscript c.
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2. Rescale: As usual we set q' = bq.

3. Renormalise: Finally we set m' = m.(q’)/z and obtain

A / I —2 12
dq t+ Kb—*q
Hl / / |2
pit] = [ s (—2 )|m<q>\
d d d
+uz4b‘3d/ ql/ qQ/ q3 m'(q)) - m'(qs) m'(qy) - m'(—q; — gy — q3).

The renormalised Hamiltonian is defined by

= b"92%, K =b 122K, o = b3y,

As in the Gaussian model, if we set z = b'7%2 such that K’ = K, there is a fixed point

at t* = u* = 0. The recursion relations for ¢ and u in the vicinity of this point are given
by

Add

= t(b) = b? [t+4u(n+2)/A ~LG(a )],

/b (2m)<

The recursion relation for u at this order is identical to that obtained by dimensional
analysis; but that of ¢ is modified. It is conventional to convert the above discrete recur-
sion relations to continuous differential equations by setting b = e‘. For an infinitesimal

50,

) = t(1+60+---) =t + 002 L O@e),

ar
du
u(b) = u+ 50 + O(60).
ar
Expanding the recursion relations, we obtain®
@ — ot 4u(n + 2)KdAd’
ar t+ KA?
du
4—d
o = d=du,

where Ky = Sy/(2m)%. Integrated, the second equation gives u(f) = uge™=D = ub*=2.

5Here we have made use of the approximation

A dq A\ 41 Sa 1
[ aegeonta = (4= 5) 4 e

and set A(1—e %)~ Adl+---.
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Figure 4.5: Perturbative RG flow of the Ginzburg-Landau model treated within the
“one-loop” approximation.

The recursion relations can be linearised in the vicinity of the fixed point t* = u* =0
by setting t = t* 4+ 0t and v = u* + du, as

d (0t\ (2 4n+2)KAN2/K (6t

v ((5u> N (0 4—d ) ((5u> '
In the differential form, the eigenvalues of the matrix that enter the recursion relations
determine the relevance of the operators. Since the matrix above has zero elements on
one side, its eigenvalues are the diagonal elements and, as in the Gaussian model, we
can identify y; = 2, and y, = 4 — d. The results at this order are identical to those
obtained from dimensional analysis of the Gaussian model. The only difference is in the
eigen-directions. The exponent gy, = 2 is still associated with v = 0, while y, =4 — d is
actually associated with the direction t = 4u(n + 2) K4AY2/(2 — d)K.

For d > 4 the Gaussian fixed point has only one unstable direction associated with y;.

It thus correctly describes the phase transition. For d < 4 it has two relevant directions
and is unstable. Unfortunately, the recursion relations have no other fixed point at this
order and it appears that we have learned little from the perturbative RG. However, since
we are dealing with a perturbative series alternating in sign, we can anticipate that the
recursion relations at the next order are modified according to

dt 4u(n + 2) K4A? )
L )
A G v
Z—Z = (4 — d)u — Bu?,

with A and B both positive. There is now an additional fixed point at u* = (4 — d)/B
for d < 4. For a systematic perturbation theory we need to keep the parameter u small.
Thus the new fixed point can be explored systematically only for e = 4 — d; we are led to
consider an expansion in the dimension of space in the vicinity of d = 4! For a calculation
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valid at O(e) we have to keep track of terms of second order in the recursion relation for
u, but only first order in ¢. It would thus be unnecessary to calculate the term A in the
expression above.

4.5 TThe e-Expansion

> INFO: Tt is left as an exercise (see problem set IT) to show that the expansion to second order
(“two-loop”) in u leads to the identity
4(77, + 8)K dAd

(t+ KA?%)?

Thus, in addition to the Gaussian fixed point at u* = t* = 0, there is now a non-trivial fixed
point (dt/dl = du/dl = 0) at

« _ (t"H+KA%2 K2 2
= I(nt8)KAd € ; I(n+8)K4 ¢ + O(€%),
2" (n+2)KgA* . (n+2) 2 2
= — t*+KA2d __2(n+8)KA e+ O(€?),

where only those terms at leading order in € = 4 — d have been retained.
Linearising the recursion relations in the vicinity of the new fixed point we obtain

d (6t\ _ (2— e -\ (ot
dt \du 0 —e) \ou/) "’

The first eigenvalue is positive controlling the instability of the fixed point

n-+2

yt:2—n+8e+0(e2)

while the second eigenvalue

Yy = —€+ 0(62)

is negative for d < 4. The new fixed point thus has co-dimension one and can describe the phase
transition in these dimensions. Although the position of the fixed point depends on microscopic
parameters such as K and A, the final eigenvalues are pure numbers that depend only on n
and d = 4 —e. These eigenvalues characterise the universality classes of rotational symmetry
breaking in d < 4.

Continuing it is possible to obtain better estimates for critical exponents. However, even
at second order, the e-expansion does not make numerically accurate predictions in physical
dimensions. Why then should one bother with such calculations? Their great virtue is that
they provide a relatively straightforward way of determining what types of universality classes
exist. Although the numerical values of the critical exponents change considerably as one moves
away from the upper critical dimension, the topology of the flow diagrams does not. Thus one
can investigate which interactions will lead to new universality classes and which will not. It is
in this sense that the e-expansion is largely responsible for our rather detailed understanding
of critical phenomena.
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Figure 4.6: Perturbative RG flow of the Ginzburg-Landau model treated within the
two-loop approximation.

The perturbative implementation of the RG procedure for the Ginzburg-Landau Hamil-
tonian was first performed by K. G. Wilson in the early 1970’s, while the e-expansion was
developed jointly with M. E. Fisher.6

Wilson was awarded the Nobel prize in 1982. Historical details can be found in his Nobel
lecture reprinted in Rev. Mod. Phys. 55, 583 (1983). This concludes our investigation of the
scaling theory and renormalisation group.

Michael E. Fisher: recipient of the 1995 Lars
Onsager Prize “for his numerous and seminal
contributions to statistical mechanics, includ-
ing but not restricted to the theory of phase
transitions and critical phenomena, scaling
laws, critical exponents, finite size effects,
and the application of the renormalisation
group to many of the above problems”.




Chapter 5

Topological Phase Transitions

Previously, we have seen that the breaking of a continuous symmetry is accompanied by the
appearance of massless Goldstone modes. Fluctuations of the latter lead to the destruction
of long-range order at any finite temperature in dimensions d < 2 — the Mermin- Wagner
theorem. However, our perturbative analysis revealed only a power-law decay of spatial
correlations in precisely two-dimensions — “quasi long-range order”. Such cases admit
the existence of a new type of continuous phase transition driven by the proliferation of
topological defects. The aim of this section is to discuss the phenomenology of this type
of transition which lies outside the usual classification scheme.

In classifying states of condensed matter, we usually consider two extremes: on the
one hand there are crystalline solids in which atoms form a perfectly periodic array that
extends to infinity in all directions. Such phases are said to possess long-range order
(LRO). On the other hand there are fluids or glasses, in which the atoms are completely
disordered and the system is both orientationally and positionally isotropic — that is
the materials look the same when viewed from any direction. However, an intermediate
state of matter is possible. In such a state the atoms are distributed at random, as in a
fluid or glass, but the system is orientationally anisotropic on a macroscopic scale, as in
a crystalline solid. This means that some properties of the fluid are different in different
directions. Order of this sort is known as bond-orientational order.

This type of quasi long-range order is manifest in properties of superfluid and
superconducting films (i.e. two-dimensions) and in the crystallisation properties of fluid
membranes. As we have seen, according to the Mermin-Wagner theorem, fluctuations
of a two-component or complex order parameter destroy LRO at all finite temperatures.
However, at temperatures below T, quasi-LRO is maintained. The nature of this topo-
logical phase transition was first resolved by Berezinskii (Sov. Phys. JETP 32, 493,
(1971)) and later generalised to encompass a whole class of systems by Kosterlitz and
Thouless® (J. Phys. C 5, L124 (1972); 6, 1181 (1973)). These include the melting of
a two-dimensional crystal, with dislocations taking the place of vortices (Halperin and
Nelson, Phys. Rev. Lett. 41, 121 (1978)).

1

o7
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In this chapter, we will exploit a magnetic analogy to explore this unconventional
type of phase transition which is driven by the condensation of topological defects
known as vortices. Note that this type of phase transition is qualitatively quite different
from those we have met previously.

5.1 Continuous Spins Near Two-Dimensions

Suppose unit n-component spins S; = (s;1, 840, - - - 84,) (SZ = 1) which occupy the sites i
of a lattice and interact ferromagnetically with their neighbours.

K
(i5) (ig)

5.1.1 High Temperature Series

As usual we can try to confirm the existence of two separate phases, at high and low
temperatures, by respectively treating $ as a small or large parameter in the partition
function. In the former case, we can expand the exponential in the partition function as
follows

z- /Dsi 5(S2 — 1) e PH — /Dsi 57— 1) |1+ K S 808+ O(K?) |

<ij>

where we have used the notation 6(S* — 1) to represent a “functional -function” — i.e.,
at all spatial coordinates, S(x)? = 1. Summation over repeated Cartesian components
is implied.

The high temperature expansion can be used to estimate the spin-spin correlation
function (Sg - Sx). The terms in the high temperature series are products of factors.
Each factor in a given product corresponds to a lattice bond (ij). To leading order, only
those products with factors which join sites 0 and r will survive and give a contribution.
This is because once the integral over S; is taken we have (S;'SY) = L5,,0,;, where the

T on

average is taken with respect to all possible configurations of S;.

080~ () ~exp 1wz

John Michael Kosterlitz and David James
Thouless: together with Duncan Haldane co-
recipients of the 2016 Nobel Prize in Physics
"for theoretical discoveries of topological
phase transitions and topological phases of
matter”.
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where ¢! = In(n/K). This result implies an exponential decay of the spin-spin correlation
function in the disordered phase. Note that that the number of possible lattice paths that
connect two points can scale with at most d* — we have neglected these non-universal
lattice effects.

5.1.2 Low Temperature Series

At zero temperature the presumption is that the ground state configuration is ferro-
magnetic with all spins aligned along some direction (say S; = &, = (0,0,---,1)). At
low temperatures statistical fluctuations involve only low energy long wavelength modes
which can be treated within a continuum approximation. Accordingly the Hamiltonian
can be replaced by

K 2
~GHIS) = ~0E, — 5 [ dx (VSP,

where the discrete lattice index ¢ has been replaced by a continuous vector x € R?. The
corresponding partition function is given by the so-called non-linear o-model,

Z= /DS(X) 5(S% —1) e PHIS),

Here we have used the notation 6(S* — 1) to represent a “functional é-function” — i.e.
at all spatial coordinates, S(x)? = 1.

Fluctuations transverse to the ground state spin orientation €, are described by n—1
Goldstone modes. Adopting the parameterisation S(x) = (m(x), - m—1(x), (1 —
72)1/2) = (7, (1 — 7?)Y/2), and expanding to quadratic order in m we obtain the following
expression for the average transverse fluctuation (cf. section 2.5)

oy d’q o diq n—1
(0F) = [ Galim(@l) = [ G
n—1 S, a>4— 124 [ (n—1)Kd{a2—do<T d>2,

K (2n)d d—2 " K L7 500 d<2.

This result suggests that in more than two dimensions we can always find a temperature
where the magnitude of the fluctuations is small while in dimensions of two or less
fluctuations always destroy long-range order. This is in accord with the Mermin-Wagner
theorem discussed in section 2.5 which predicted the absence of long-range order in
d < 2. Even so, for d = 2 the low temperature analysis still indicates the presence of a
low-temperature phase which is distinct from the high-temperature phase with a finite
correlation length. This phase, rather than exhibiting true long-range order has quasi
long-range order (power-law order)

(5(0)-800) ~ e E 0 - (27 (5.1
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This analysis is in fact incorrect for n > 2 as higher order interaction terms between
the n — 1 Goldstone mode branches are relevant. For n = 2 there is only one Goldstone
mode branch and the low temperature expansion is stable — the power-law phase extends
to finite temperatures. The mechanism behind the phase transition responsible for loss
of power-law order at high temperatures will be the subject of the next section. We now
demonstrate in the case of n = 3 that interactions between two different Goldstone mode
branches are relevant. (This argument carries through to n > 3).

BH[S(x)] = g /ddx (€900 + e4sind0,,¢) - (€900 + ey sin60,,¢)

0—5+0
K™ % d'x {aﬂeaﬁte + 0,00"p — %928,@8% + (9(0%2)}

0—\T6

-V T / d'x [aueaﬂe + 0,00 — %ezauqba% v 0(94¢2)]

(5.2)

where 6(r) and ¢(r) are the spherical polar angles of the spin vector S(r), ey, e, the
corresponding unit direction vectors, and (§ = /2, ¢ = 0) is the globally uniform config-
uration around which we are expanding. We have also explicitly shown that the quartic
interaction term is small in 7. This is why 7' is referred to as the coupling as it is
a measure of the interaction strength between the Goldstone modes. Under naive RG
scaling of (6, ¢) — bz (0, ¢) and x — bx, it is clear that this term is relevant in d < 2.
In fact, Polyakov [Phys. Lett. 59B, 79 (1975)] developed a perturbative RG expansion
close to two-dimensions that shows that the interactions between these Goldstone modes
lead to the instability of the low-temperature fixed point for d < 2, i.e., the system flows
towards the high-temperature K = 0 fixed point as soon as K becomes finite.?

The excitation of Goldstone modes therefore rules out spontaneous order in two-
dimensional models with a continuous symmetry. An RG analysis of the non-linear
o-model indeed confirms that the transition temperature of n-component spins vanishes
as T* = 2me/(n — 2) for e = (d — 2) — 0 (see problem set 2). This unstable fixed point
that separates the low and high temperature phases moves to a finite temperature as d is
increased above 2. The RG also indicates that the behaviour for n = 2 is in some sense
marginal.

RG flow for n = 3 and d = 2: We now analyse the RG flow equation, derived by
Polyakov, in more detail in the case of n = 3 and d = 2 (see problem set 2)

dr  T?

o T 5.3
dl or’ (5:3)

2Polyakov’s work provided one of the milestones in the study of critical phenomena. The € =
d — 2 expansion employed in the perturbative RG approach set the framework for numerous subsequent
investigations. A description of the RG calculation can be found in Chaikin and Lubensky and is assigned
as a question in the problem set 2.
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where T'= K~!. Integrating the above equation we obtain

1 1 l
S 4
T 1 o’ (5 )

where 77 = T at [ = 0. We can also write down separate flow equations for the correlation
length £ and the momentum p

¢ =g,
p' = pe. (5.5)

If we choose T'~ O(1), then & ~ a. We thus obtain

¢~ ac? (5.6)

for the divergence of the correlation length as 7" — 0. This divergence is non-perturbative,
i.e., it could not have been obtained from any finite order of perturbation theory.

Running coupling: In general, we can map correlation functions at momentum p
and coupling T to ones at momentum p’ and coupling 7”. The change of correlators with
[ can be obtained from the RG flow equations and is described by the Callan-Symanzik
equation. We will demonstrate this idea by considering the flow of the following non-
linear o model correlator for the case n =3, d = 2

G(z,T) = (S(x) - S(0))r = (1 + 26(x)$(0) — 26°(0))r, (5.7)

where ¢(x) is the azimuthal angle of the three-component spin and to leading order its
renormalisation factor ¢ = 1 (see problem set 3). Note that, to leading order, the fast
and slow parts of ¢(x) separate. Neglecting the quartic terms, we can write down

(1+20(x)$(0) — 26°(0))7 = (1 + 20 (x)d<(0) — 262 (0)) (1 + 20 (x)¢= (0) — 2¢2(0)) .

(5.8)
Considering the flow of the correlator from [ = 0 to dl, we obtain for §l < 1
Gz, T) = G (xe®,T(81) (1 —2(¢*(0) — (x)(0))>)
A d2q T )
= =0l pt 1_2/ 2 (] — eiax
Glee o) (1-2 [ G (- o)
A 2
Alx[>1 51 dq T
= T 1—2 -
cleetrion) (1-2 [, i)
= G (e T'(01) e+, (5.9)

where the factor is the result of integrating out fluctuations Ae~! < |q| < A, which are
not present in the correlator that is evaluated with the renormalised parameters. Taking
the Fourier transform of both sides of the equation, we obtain

G(p,T) = e =2G(pe® T'(51)). (5.10)
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Considering a succession of RG transformations we thus obtain
G(p,T) = *T(D)G(pe', T'(1)), (5.11)
where I' is the amplitude factor accumulated through a series of integrations over the
short-distance fluctuations
(1) = exp [— /l %ﬂ)dll : (5.12)
0

and the integrand in the exponential ~(7") = —% is known as the gamma function.
Choosing an [ such that pe! = p’, we obtain

6p.1) =1 () <%)G (v (m2)). (5.13)

where
i 1 2m P
T'|In— ) = — as — — 00
( p) %—i—%lnﬁ In 2 e (5.14)
is known as the running (or effective) coupling constant at momentum p and its derivative
% = B(T") is known as the beta function. Hence, in the limit p/p’ — oo (p' ~

O(1) is kept fixed and the lattice cutoff 1/a has been taken to infinity), we can expand

G (p’ T <1n %)) in small 7. In the limit 7" — 0 the correlation length & diverges and

the correlator G(z, T — 0) — le/w at a fixed lengthscale © < &, and its Fourier transform

is therefore G(p,T) — 1/p*>~T/™

P’ 1 1
G(p, T [In™ ——+O( ) 5.15
(p ( p)) p? Inp/p’ (5.15)

G(p,T) =T (m %) []% L0 (ﬁ)} | (5.16)

The correlators tend to those of a purely quadratic theory in the large momentum limit
with logarithmically small corrections. In other words, the effective (or running) cou-
pling becomes logarithmically small at large momenta.

Exercise for the Reader:
Show that the gamma function gives rise to logarithmic corrections

/ / /
T(ln]i) oclnzg as g—>oo
p p p
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5.2 Topological Defects in the XY-Model

The first indication of unusual behaviour in the two-dimensional XY-model (n = 2)
appeared in an analysis of the high temperature series expansion by Stanley and Ka-
plan (1971). The series appeared to indicate a divergence of susceptibility at a finite
temperature, seemingly in contradiction with the absence of symmetry breaking. It was
this contradiction that led Wigner to explore the possibility of a phase transition without
symmetry breaking. It is the study of this novel and important type of phase transition
to which we now turn. We begin our analysis with a study of the asymptotic behaviour
of the partition function at high and low temperatures using a series expansion.

5.2.1 High Temperature Series

In two-dimensions it is convenient to parameterise the spins by their angle with respect
to the direction of one of the ground state configurations S = (cosf,sinf). The spin
Hamiltonian can then be presented in the form

—0H = KZ cos(6; — ;).
(i)

At high temperatures the partition function can be expanded in powers of K
s do. 27
/ H e P = / H H + K cos(b; — 6;) + O(K?)] .

Each term in the product can be represented by a “bond” that connects neighbouring
sites ¢ and j. To the lowest order in K, each bond on the lattice contributes either a
factor of one, or K cos(6; — ;). But, since fo%(dﬁl/%r) cos(f; —03) = 0 any graph with a
single bond emanating from a site vanishes. On the other hand, a site at which two-bonds
meet yields a factor fozﬂ(d92/27r) cos(fy — 0) cos(fy — 03) = cos(6y — 03)/2. The first non-
vanishing contributions to the partition function arise from closed loop configurations
that encircle one plaquette.

The high temperature expansion can be used to estimate the spin-spin correlation
function (S - Sx) = (cos(fx — 6p)). To leading order, only those graphs which join sites
0 and r will survive and give a contribution

5008~ (5 "~ eIl

where ¢! = In(2/K). This result implies an exponential decay of the spin-spin correlation
function in the disordered phase.
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5.2.2 Low Temperature Series

At low temperature the cost of small fluctuations around the ground state is obtained
within a quadratic expansion which yields the Hamiltonian corresponding to Eq. (2.18)

—BH = g/dx(VQ)Z,

in the continuum limit. Note that the integration measure d?x is in units of a. According
to the standard rules of Gaussian integration

(S(0) - S(x)) = Re (/06D = Re [€—<<9<0)—9<x>>2>/2 _

In section 2.5 we saw that in two-dimensions Gaussian fluctuations grow logarithmically
((6(0) — 0(x))*)/2 = In(]x|/a) /27K, where a denotes a short distance cut-off (i.e. lat-
tice spacing). Therefore, at low temperatures the spin-spin correlation function decays
algebraically as opposed to exponential.

50560} = () o

|

A power law decay of correlations implies self-similarity (i.e. no correlation length), as
is usually associated with a critical point. Here it arises from the logarithmic growth of
angular fluctuations, which is specific to two-dimensions.

The distinction between the nature of the asymptotic decays allows for the possibility
of a finite temperature phase transition. However, the arguments so far put forward are
not specific to the XY-model. Any continuous spin model in d = 2 will exhibit exponential
decay of correlations at high temperature, and a power law decay in a low temperature
Gaussian approximation. Strictly speaking, to show that Gaussian behaviour persists to
low temperatures we must prove that it is not modified by the additional terms in the
gradient expansion. Quartic terms, such as [ d?x(V)*, generate interactions between
Goldstone modes belonging to the same branch and naive RG scaling suggests they are
irrelevant in d = 2. This can be confirmed using perturbative RG (see problem set 2).

Exercise for the Reader:
Show that naive RG scaling suggests that terms [ d?x(V#)* are irrelevant.

We have already seen that the zero temperature fixed point in d = 2 is unstable
for all n > 2 but apparently stable for n = 2. (There is only one branch of Goldstone
modes for n = 2. It is the interactions between different branches of these modes for
n > 2 that are relevant and lead to instability towards high temperature behaviour.) The
low temperature phase of the X'Y-model is said to possess quasi-long range order, as
opposed to true long range order that accompanies finite magnetisation.

What is the mechanism for the disordering of the quasi-long range ordered phase?
Since the RG suggests that higher order terms in the gradient expansion are not relevant
it is necessary to search for other relevant operators.
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Figure 5.1: Spin configurations of the two-dimensional XY-model showing vortices of
charge +1.

5.3 Vortices

The gradient expansion describes the energy cost of small deformations around the
ground state and applies to configurations that can be continuously deformed to the
uniformly ordered state. Berezinskii, and later Kosterlitz and Thouless, suggested that
the disordering is caused by topological defects that can not be obtained from such
deformations.

Since the angle describing the orientation of a spin is defined up to an integer multiple
of 27, it is possible to construct spin configurations in which the traversal of a closed
path will see the angle rotate by 27n. The integer n is the topological charge enclosed
by the path. The discrete nature of the charge makes it impossible to find a continuous
deformation which returns the state to the uniformly ordered configuration in which the
charge is zero. (More generally, topological defects arise in any model with a compact
group describing the order parameter — e.g. a ‘skyrmion in an O(3)’ or three-component
spin Heisenberg Ferromagnet, or a dislocation in a crystal.)

The elementary defect, or vortex, has a unit charge. In completing a circle centred
on the defect the orientation of the spin changes by 27 (see Fig. 5.1). If the radius
r of the circle is sufficiently large, the variations in angle will be small and the lattice
structure can be ignored. By symmetry V6 has uniform magnitude and points along the
azimuthal direction. The magnitude of the distortion is obtained by integrating around
a path that encloses the defect,

Jq{ve-cw:%m — VGz%éTxéz,

where €, and e, are unit vectors respectively in the plane and perpendicular to it. This
(continuum) approximation fails close to the centre (core) of the vortex, where the lattice
structure is important.
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Figure 5.2: Spin configurations of vortex/antivortex pairs.

The energy cost from a single vortex of charge n has contributions from the core
region, as well as from the relatively uniform distortions away from the centre. The
distinction between regions inside and outside the core is arbitrary, and for simplicity,
we shall use a circle of radius a to distinguish the two, i.e.

2 a

BE, = BE’(a) + K / dx(V0)* = BE (a) + nKn*In (5) :

The dominant part of the energy comes from the region outside the core and diverges
logarithmically with the system size L.? The large energy cost associated with the defects
prevents their spontaneous formation close to zero temperature. The partition function
for a configuration with a single vortex of charge n is

Zi(n) ~ (%)2@@ {—5133(@) — 7Kn’In (éﬂ , (5.17)

a

where the factor of (L/a)? results from the configurational entropy of possible vortex
locations in an area of size L?. The entropy and energy of a vortex both grow as In L,
and the free energy is dominated by one or the other. At low temperatures, large K,
energy dominates and Z;, a measure of the weight of configurations with a single vortex,
vanishes. At high enough temperatures, K < K, = 2/(mn?), the entropy contribution
is large enough to favour spontaneous formation of vortices. On increasing temperature,
the first vortices that appear correspond to n = +1 at K. = 2/7. Beyond this point
many vortices appear and Eq. (5.17) is no longer applicable.

In fact this estimate of K. represents only a lower bound for the stability of the system
towards the condensation of topological defects. This is because pairs (dipoles) of defects
may appear at larger couplings. Consider a pair of charges £1 separated by a distance

3Notice that if the spin degrees of freedom have three components or more, the energy cost of a
defect is finite.



5.3. VORTICES 67

Gas of Dipoles Plasma

Figure 5.3: Schematic diagram showing the deconfinement of vortex pairs.

d. Distortions far from the core |r| > d can be obtained by superposing those of the
individual vortices (see fig. 5.2)

V@zV&ﬁWm_%%LV<&Xeﬁ,

r]

which decays as d/|r|>. Integrating this distortion leads to a finite energy, and hence
dipoles appear with the appropriate Boltzmann weight at any temperature. The low
temperature phase should therefore be visualised as a gas of tightly bound dipoles (see
fig. 5.3), their density and size increasing with temperature. The high temperature phase
constitutes a plasma of unbound vortices. A theory of the Berezinskii-Kosterlitz-Thouless
transition based on an RG description can be found in Chaikin and Lubensky.

5.3.1 Coulomb Gas Description of the XY Model

Vortex Interactions: In deriving long-distance vortex-vortex interactions, we can take
the continuum a — 0 and thermodynamic L — oo limits. The flow field v of a single
vortex with integer charge ¢ at r = 0 satisfies the following equation

v:Vﬁzg%, (5.18)
with
Vxv = 2rqd(r)e,. (5.19)

For multiple vortices with charges g; at locations r;, we therefore have

VXxv =2r Z gio(r —r;)e.. (5.20)

We now introduce a scalar potential ¥(r) to parametrise the flow field v

v =V x Ue,. (5.21)
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Eq. (5.20) thus leads to Laplace’s equation for W(r) with the following unique solution

V2\If = 27 Z qZ(S(I' — I'Z'),

U= —Zqilri1|r—rz| (5.22)
The energy of this multiple vortex configuration is given by
BH = K/d2rv :—/d2 [(0.7)% + (9,9)°]
= -3 d2r\11(82+82)\11+—/ (UVVY)-dS
= —7KY qgiln|r; — 1), (5.23)

i?j

where the surface integral vanishes for configurations that are overall charge neutral
>.:¢ = 0 (we have imposed periodic boundary conditions). As expected, the above
formula gives us a divergent result for r; = r; (because L/a — oo in the continuum
picture), but gives the correct asymptotic limit (Jr; — r;|/a > 1) of the vortex-vortex
interaction.

In the large K limit vortices will come in tightly bound vortex-antivortex pairs. We
can regularise the above expression by considering the energy of a single vortex-antivortex
pair

ﬁHpair = 2EC]2 - 47T2q2KC(X)> (524)

where ¢, —q are the charges of the vortex and the anitvortex respectively, and 2F is
the self-energy of a dipole of size a. The function C(x) = 0 for |x| < a and C(x) =
> In(|x|/a) for [x| > a. Note that we also need to enforce that the vortex separation
is |x| > a, because otherwise the vortices could annihilate and the above Hamiltonian
would no longer give the correct energy.

In a system with multiple vortex-antivortex pairs we then have

BH=EY ¢ —2rK>» qq;C(xi —x;), (5.25)

i#]

where F can now be interpreted as the core vortex self-energy. As the vortex-antivortex
separation is increased the energy increases logarithmically indicating that there are 2D
Coulomb forces between the vortices which are inversely proportional to their separation.
It is important to note that the parameter K that determines the long-distance vortex
interactions is the same parameter that enters the long-wavelength Gaussian limit of the
original XY model, whereas the parameter E that determines the vortex core energy
is directly related to the nearest-neighbour microscopic interactions of the original XY
model (a cosine potential).
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Dilute 2D Coulomb Gas: In the large K limit, vortices are dilute and come in
tightly bound vortex-antivortex pairs. In this limit, we can write down the following
partition function as a good approximation of the XY model

[ee] N N
z_ y__ / [ 2 €27 iy wasClosimx), (5.26)
N=0 ((N/2)') i=1

where y = e ¥ is the vortex fugacity and Z is the partition function of the dilute 2D
Coulomb gas. In the limit of y < 1 configurations with ¢; = £1 dominate and only such
configurations are included in the partition function. Furthermore, as explained above,
we enforce charge neutrality ) . ¢; = 0.

We want to explore the instability of the XY model around the fixed point y = 0, K =
2/ caused by unbinding of vortex-antivortex pairs. The singular properties associated
with this point are therefore captured by the above partition function, valid in the limit
y < 1. Thus, the critical properties of the XY model are those of the dilute 2D Coulomb
gas. We now explore this critical behaviour by following an RG scheme, originally due
to Kosterlitz.

5.3.2 Perturbative RG for the Dilute Coulomb Gas

The RG scheme can be summarised as follows. We first integrate out vortex-antivortex
pairs whose size ranges from a to ba and look at the renormalisation of K that results. We
then rescale x = bx’ to restore the original cut-off a, which leads to the renormalisation
of fugacity y.

Renormalisation of K: We will follow a slightly indirect approach here. We will
introduce two external unit charges to the Coulomb gas at positions x and x" and compute
their potential energy V(x,x’). This is a physically measurable quantity and must be
constant under renormalisation. By looking at how screening from vortex-antivortex
pairs contributes to this potential energy, we can deduce the RG transformation for K.
Perturbatively in the fugacity y we only need to include corrections from a single vortex-
antivortex pair

_ — A2 —
e BV (x x):€ 4m*KC(x x)><

[1 + o2 [ PydPy' e 4m KOy ) +m*K(C(x—y)=Clxmy)=Clx =) +Cx'=y)] 4 O(y4)]

[1 + yz fd2yd2y/6—47r2KC’(y—y’) + (9@4)}
_ e—47r2KC(x—x’) |:1 +y2/d2yd2yle—4ﬂ'2KC’(y—y’) <e47r2KD(x,x’;y7y’) . 1) + O(y4):| ]
(5.27)

In the small fugacity limit, the size of the internal vortex-antivortex dipoles r =y’ —y
is small. We can thus approximate

D(x,x";y,y) = C(X—R—F%)—C(X—R—g)—C(X'—R—i—%)—i—@(x’—R—g)
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as:

—r-VgC(x —R)+r-VRC(x' —R) + O(?)
(5.28)

where R = (y +y’)/2 is the dipole centre of mass. Substituting the dipole approximation
for D(x,x";y,y’) into Eq. (5.27), we obtain

e*,BV(xfx’) _ 6747T2KC(T) (1 + 87T4K2y2/d21' d2R 6747T2KC(1”)
x[r-VRC(x —R) —r- VRO(X — R)? ) (5.29)

where the integral over the linear term in r vanishes. Carrying out the angular part of
the r integration, we obtain

o~ BV(x—x)  _  —4m?KC(r) (1 + 810K %y / F3p—AmtKC([) g,
« / PR [VaC(x - R) — VaC(x' — R)]. (5.30)

The second integral is proportional to the energy of a vortex and anti-vortex at locations
x and X’ (see Eq. (5.23)), and is equal to 2C'(x —x’) in the long distance limit. Note that
C(0) =0.

We thus obtain the following correction to the potential V' (x,x’) due to screening
from internal charges

BV (x —x') = 47*C(x — X') [K - 47T3K2y2/ et EC) g | (5.31)

Hence, if dipoles ranging from a to ba are removed from the theory, K needs to be reduced
by the following amount if we are to obtain the same physical potential from the partition
function

ba
0K = —47T3K2y2/ 3 e4m KO g
= —ArK*?a*6l, (5.32)
where b = €.
Restoring the original cutoff by x = bx':
To complete the RG transformation and restore the cutoff on vortex separation, we
simply rescale space by
x = bx/,
xi —x;| > ba — |x;—x}| >a (5.33)
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In the above partition function d°x; = b*d’x} and C(x; — x;) = C((x] — x})/b) =
C(x; — xj) + 5= Inb. Both can be absorbed into the fugacity. Note that overall charge
neutrality leads to

2
1
2 _ 21 _
27TK§ qiqjglnb—ﬂ[{lnb (EZ qi> — EZ ¢ | = —NnKInb. (5.34)

i#]

We thus conclude that the following replacement of the partition function can be
made

Z — dQXZ —272 K225 29;C(xi—x;)
0 N/2 / H

_) /HdQ 1 —2m K Y 4iqi O(x =), (5.35)
- N/2

where ¢/ = yb>*~™¥, K’ = K — §K and the cutoff on vortex separation is a. The corre-
sponding RG equations in the { K, y} parameter space are

dK
W = —47T3K2a4y2 + O(y4>,
(5.36)
d
D=2 rK)y+ 0.
dl
5.3.3 Analysis of the RG Flow for the XY Model
Making the following substitution
K*'—7/2 -2,
ya® — vy, (5.37)
it is straightforward to show that the RG flow proceeds along hyperbolas
v -l =c (5.38)

parametrised by a constant c. Fig. 5.3.3 shows the resulting RG flows in {z,y} space.
The constant ¢ parametrises the transition; close to the critical temperature T, we
can write

c=a*—nhy =0*(T. - T), (5.39)

where z = T — 7, Iny % and b is a constant of the order of unity. This relation

allows us to derive several of the XY model’s critical properties. In particular for ¢ > 0,
(i.e., below the critical temperature), the RG flow terminates on the line of fixed points
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Figure 5.4: RG flow for the XY model in the Coulomb gas description limit.

formed by the negative z-axis. The effective theory below Ti is Gaussian. This is because
fugacity vanishes on the line of fixed points, which means that short-distance fluctuations
parametrised by F, i.e., vortex cores, in the original XY model are quenched — we are
in the zero vortex sector. The effective K, which parametrises the cost of long-distance
fluctuations of the original XY model is given by its fixed point K value

2 4 2 4b
K=2—"lma==+—\T,-T (5.40)
T

2
For T' > T¢, K flows to zero and y flows to 1 (E = 0), i.e., the theory flows away from
the dilute Coulomb gas limit towards the high-temperature phase with finite correlations.
This is the Debye plasma phase where vortices, separated by distances larger than the
correlation length, are completely screened from each other.

Divergence of the correlation length at T'=T,:

We consider an RG trajectory for T— Ty < 1, starting at 2(0) = 0 and terminating at
z(l) = 1, where £(l) ~ a. Substituting for y, using Eq. (5.39), into the RG flow equation
for x we obtain

dx

4
¥ Ty W(w + b%( 2) (5.41)

/1 dx _[M4dl
o 2H(T—T.) J, 7

1 1 Al
- _arctan |- ) =2 5.42
YT —Tg o (b%/T = T_C) - (542)

Integrating we obtain
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\/17> by /2 close to the critical temperature, we obtain

Approximating arctan (m

71_2

| = ———F—= 5.43
80T —T¢ ( )

and
£(0) = £(1)e! ~ ae TV (5.44)

for the divergence of the correlation length at the critical point.

5.3.4 Debye Plasma Phase

For T' > T,, the Coulomb gas model flows to the limit where ' — 0. We now look more
closely at the Coulomb gas Hamiltonian in this limit

5H Ezqz - 27(2quij02 ( ;X> . (545)

i#j

For E — 0 vortices proliferate and the sum over ¢; in the partition function can be
replaced by an integral

Zon = [ Dafx) [ DW(a) o] PXCF 000 [£U0TN (5,4

where a Hubbard-Stratonovich field ¥(x) has been introduced. Integrating out the vortex
charges ¢(x), we obtain

Zy = / DU (x) eI PV (g V7)) (5.47)

The interaction between two static unit charges of opposite sign introduced into the
system at positions x and x’ is given by the following correlator

e BVy—y) — <ei‘11(>’)*i‘1’(y’)>zw

BV (y =) = (¥ U(Y)zy — (¥(0)))z, = VY VEC(y — '), (5.48)

where £ = is the Debye screening length and the potential energy has the form of

7T2K
the 2D Ornstein-Zernike correlator that we have encountered earlier.

5.4 3D Coulomb Gas

In 3D the Coulomb gas Hamiltonian takes the following form

BH:EZQZ qulqj( p— 1), (5.49)

i#j
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where position vectors x; span three-dimensional space and a is the cutoff on the sepa-
ration of charges. A simple application of the RG scheme used for the 2D Coulomb gas
model (see Problem Set 2) shows that the there is no stable Coulomb phase. E always
flow to zero towards the Debye phase fixed point. The fact that the 3D Coulomb gas is al-
ways in the Debye phase has important ramifications for 3D lattice gauge theories, which
as we will see in the next chapter can be mapped onto 2D quantum electrodynamics.

3D Lattice Gauge Theory Hamiltonian: A 3D lattice gauge theory has the
following Hamiltonian

BH = —KZCOS (curlpf) , (5.50)
P

where the variables ¢ live, say, on the links of a 3D simple cubic lattice, e.g., 0;; lives
on the link between the ith and the jth sites. The curl is taken around each face of the
cubic units making up the lattice; e.g., for face P with corners at sites 1 = 1,2, 3,4, we
have

curlp0 = ‘91 - 02 + 93 - 6’4. (551)

Gaussian Limit: In the large K limit, the low energy fluctuations will be long-
wavelength and, as usual, we can take the continuum Gaussian approximation

91‘]‘ =A- eij
curlpd = (V x A) - n
BH = %/di”r (VxA)? = %/d?’r B?, (5.52)
where e;; is the vector joining lattice sites ¢ and j, n is the unit vector normal to face P
and B = V x A is the magnetic field. The connection with Maxwellian electromagnetism
is now clear.
Just as before, higher order gradient terms are irrelevant and we need to look for
topological defects to determine the RG flow around the K = oo fixed point.
Magnetic Monopoles: Just like V6 was only measured modulo 27 for the XY
model, the magnetic field (V x A) is now only measured modulo 27. This is because the
Hamiltonian is periodic (compact gauge theory) and the energy cost of a magnetic field
which is an integer multiple of 27 is zero. Let us therefore consider a pair of magnetic
monopoles of charge £27. Since the magnetic field has no divergence, these have to be
connected by a magnetic field line of strength 27, known as the Dirac string. Thus for

monopoles at positions x and x’ the divergenceless magnetifc field configuration is given
by

BIE) = b 3+ O, o

where the monopoles are separated by a distance d in the z-direction, x — x’ = deé,, and
O(z) =1 for x' - e, < z < x - &, and vanishes otherwise.
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Because the Hamiltonian is periodic in B, this string contributes no energy, regardless
of its length (i.e., has zero tension) and can be simply neglected. The only interaction
between the magnetic monopoles is now the usual 3D Coulomb attraction, obtained by
integrating %BZ over all space.

Magnetic Monopole Gas: The defects in the lattice gauge theory form a 3D
Coulomb gas. But this is always in the Debye phase! This means that magnetic
monopoles proliferate and screen any externally placed static monopoles. The Gaus-
sian expansion of the 3D lattice gauge theory is unstable and we do not obtain ordi-
nary Maxwellian electromagnetism for any finite K. What is more, the proliferation of
magnetic monopoles (large fluctuations of the magnetic field) means that in the corre-
sponding 2D quantum electrodynamics the conjugate electric field is confined to narrow
tubes (small fluctuations of the conjugate variable by Heisenberg uncertainty principle)
and externally placed static electric charges feel a force that increases linearly with their
separation. This is somewhat akin to quark confinement that takes place in Yang-Mills
theory.






Chapter 6

Quantum Phase Transitions

The aim of this chapter is to introduce the Feynman path integral as a useful tool in
deriving the Ginzburg-Landau action for a quantum Hamiltonian. We then look at finite-
size corrections to RG scaling in order to demonstrate the key ideas behind quantum-
classical crossover.

6.1 Path Integral Representation of a Quantum
Partition Function

We will be looking at N-body quantum Hamiltonians of the form

N a9

3 P; VIE I -

H = E o + V(X1, X2, ..., Xn), (6.1)
i=1

where V(f{l, X3, ..., X ) is a many-body potential that generically includes external forces,
as well as interactions between particles. p; and X; are the momentum and position
operators of the ith particle and satisfy the usual commutation relations

[T, Pu] = 16, (6.2)

where p, v label the d Cartesian components of the operators, and d is the dimensionality.
Note that operators corresponding to different particles commute.

The partition function for the Hamiltonian in Eq. 6.1 can be written down in a path
integral form using a prescription originally due to Feynman:

N
Z2 :/ (H ddXz‘) (x1,Xa, ..., xyle PH|x1, Xg, .o, XN). (6.3)
i=1

77
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To simplify the notation, we will use the following shorthand for both x and p:

X =x1,Xg9, ..., XN

(i)

N
X? EZXQ,
z;l
X-PEZXi-pi.
i=1

We insert the following resolution of the identity in N, —1 places in the partition function
indicated below:

- /dX|X>(X| (6.4)

Z= /dX Xlew e w 1o el XY, (6.5)

As N, — 00, we can expand the exponentials to obtain

_ / <f[ dXZ) (X1 (1 - eFI> | X5) (X,|1 (1 — eﬁ) | X5) x

(X,)1 (1 - eﬁ) 1X4) % oo % (X |1 (1 - eﬁ) X)), (6.6)

where € = Nﬂ and the variable X corresponding to the (i — 1)th resolution of the identity

has been indexed as X;. We now insert the resolution of the identity in momentum space
1 = [ dP|P)(P| in N, places indicated above to obtain

() () -

(Xo| P) (P (1 - eH) 1X3) X oo X (X | Py) (P | (1 - eﬁf) X)), (6.7)
Using the fact that
(Xi|P;) = e™*
(£ <1 - €H |Xz+1 [1 —€ ( (Xi+1)>] et

=e ( +V(XM)) e PrXitn (6.8)
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we obtain the following expression for the partition function valid in the limit N, — oo:

N, N- S Nr pxe Xy 5N (PR ,
Z:/ (HdXi> / (Hdpz) o B P X =) ZLG”V(X”), (6.9)
i=1 =1

where Xy, 11 = X;. The partition function is particularly useful in the continuum limit
X; = X(7), with 7 = (i — 1)e, where it becomes a functional integral,

Z= / DX(r) / DP(r)e B r(FOIXOHEAVIXED) | ()
X(8)=X(0)

Only terms to first order in € have been kept. Integrating out the momentum fields P(7),
we obtain the following partition function and a corresponding real action

Z :/ Dx;(1)e HEI,
xi(8)=x;(0)
A al m aTXi 2
st = [ ar |3 v

=1

(6.11)

From the form of the partition function above, we see that a d-dimensional quantum
system at zero temperature § = oo can be mapped onto a d + 1-dimensional classical
system whose energy is given by the classical Hamiltonian and where the extra dimension
is spanned by the imaginary time coordinate 7.

A d-dimensional quantum system at finite temperature 5! can be mapped onto a
(d+ 1)- dimensional classical system with the extra dimension now being of finite length
B.

We now turn to analysing particular choices of many-body quantum Hamiltonians
that are both illustrative and ubiquitous in condensed matter systems.



Key correspondences of the Quantum-Classical mapping

Correspondence ‘ Quantum Classical
2
. . 2 D; N 2
Hamiltonian H = Z — + V[T, g M (Om;(T)
. 2M H= — |\ — ;
i < BH s i = | dr |3 5 (=5 ) +Vimio)
where [Z;, p;| = i;; i
Order Parameter N (7)
i'i g mZ(T) i ma\T
Partition function :
29 =S (nle?H|n) Zo— / Dins(r) e~#HImi(r)
2o =20 ° ; mi(0)=mi(8)
Expectation Value . 1 _BH 4 1 / —BH[m;
. i) = = nle "7 ;n m;(0)) = = Dm;(1) m;(0)ePHMI(]
() = (ma(0) (i) Z zn:< | Iy ma0)) = ) (7) mi(0)
) ~Correlator (3,07 H73;) = (m;(1)m;(0)) =
(" a;e ;) = (my(1)mi(0)), 1 <n|€—5ﬁeﬁ%je—f:ﬁji|n> 1 Dm;(7) my(7)m;(0)e i)
where 7 > 0 2q < 2¢ Jmi(=mi(8)

Notes:

e At zero temperature (§ = 00), the 7 dimension becomes of infinite extent in the classical picture, and we are integrating
over the whole 7-space foﬁ dr — ffooo dr. In the quantum picture, the zero-temperature expectation values are taken

with respect to the ground state of H, e.g., (2;) = Z—1Q<g.s.|:i:i|g.s.>, where Zq = (g.s.|g.s.).

e In the continuum limit, as usual, the lattice sums are replaced with integrals >, — [dr/a? and the Kronecker delta
with the Dirac delta-function. The commutator [Z;, p;] = id;; is replaced with [#(r), p(r')] = ia%d(r — 1').

e We have assumed translational invariance in 7-space

e Note that the UV cutoff for the imaginary time dimension is A, = co. When doing momentum-shell RG this allows us
to rescale w without changing the cutoff.
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6.2 0O(2) Quantum Rotors

Let us begin by considering the case of a particle constrained to move on a ring of
unit radius, centred on the z-axis. The particle represents the motion of a 2d rotor of
inertia m. The 2-dimensional rotor is also known as the O(2) rotor because its possible

orientations, described by the unit vector x = (cos ¢, sin ¢), are generated by the O(2)
group. The kinetic energy operator of the quantum rotor is given by 5—;, where [ = —i%
is the z angular momentum operator, i.e., it is the kinetic energy operator of a particle
constrained to move on a ring.

We will consider a system of interacting quantum rotors on a d-dimensional simple

cubic lattice. The rotors interact with their nearest neighbours via a potential of the

form V (%X;,%;) = —g%; - X;. The O(2) quantum rotor Hamiltonian can be written as
. 12
How =) 5% —ggxzwxj, (6.12)
7 1]

where (ij) indicates that the sum is taken over nearest neighbours only.

Quantum Phase Transition: Defined as non-analytic behaviour of the ground
state energy of the infinite system. This is therefore a phase transition that takes place
at zero temperature.

Ground state: The Hamiltonian has a qualitatively different ground state in the
large mg > 1 and low mg < 1 limits and from this we can infer the presence of a
quantum phase transition at some intermediate value of mg. In the former limit, the
potential energy term dominates and rotor alignment is favoured. The second term can
be expanded in the rotor azimuthal angle g% The fluctuations will be small and of long-
wavelength with a gapless excitation spectrum. The Hamiltonian can be approximated
by a series of simple Harmonic oscillators

- g1 PO BN
H = — Iy L_ —glk _ 6.13
zk:[Zm K k+29| |“Pxd—k | , (6.13)

where ¢y = \/LN > bieft and Ly = \/LN > L;e* are the Fourier transforms of the opera-

tors 9?71 and L; respectively. Comparison with the simple harmonic oscillator Hamiltonian
shows that the excitation spectrum is given by \/% k.

In the low mg < 1 limit, the former term dominates and the ground state is given
by the zero angular momentum sector for all rotors. The second term can be treated
as a perturbation which gives a small (in mg) mixing of states. There is therefore an
energy gap between the ground state and the first excited state in this phase. We will
now look in more detail at the stability of these phases and the transition between them
by exploiting the quantum-classical mapping.

The above Hamiltonian is equivalent to the one in Eq. (6.1), provided we choose an
additional external potential in Eq. (6.1) that constrains the motion of each particle to



82 CHAPTER 6. QUANTUM PHASE TRANSITIONS

a ring. We can therefore immediately write down the corresponding partition function
using Eq. (6.11):

Zo(2) = / Desi(r)e 1],
¢i(8)—¢i(0)=27n

B N om 2
Hloi(7)] = / dr Z % - gZCOS(qﬁi —0i) |,
0 (i)

i=1

(6.14)

where ¢; is the azimuthal angle of the ith rotor and is allowed to wind by a multiple of
27 for the periodic boundary conditions along imaginary time 7.

Ginzburg-Landau Action: We proceed to derive the coarse-grained Ginzburg-
Landau action for the O(2) quantum rotor Hamiltonian. Its form can be deduced from
general symmetries. However, in dimensions d = 3 and higher of the Hamiltonian in
Eq. (6.12) (d = 4 of the corresponding classical action in Eq. (6.14)), where as we will
see mean-field behaviour holds well, one might be interested in the bare parameters of
the Ginzburg-Landau action. The derivation here mirrors the one for the Ising model.

Step 1 — Hubbard-Stratonovich decoupling introduces the order parameter:

Zop) =N / Di(r)D (Wi(7), Ui (7)) e 10D,
i (B)—¢i(0)=2mn

A m . .
S[gbz(T), \IIZ(T)] = /0 dTZ {5(8T¢z)2 -+ [e’¢i(7)\11i(T) + 6_“151'(7')\1/:(7')]

]

+Z\Pz‘<r>Gmm} , 615)

where G;; = 4 for nearest neighbours and vanishes otherwise. N is a normalisation con-

stant and the integration measure D (V;(7), V(7)) shows that we are integrating over
the real and imaginary parts of the order parameter.

Exercise for the Reader:

Show by completing the square that integrating out the order parameter
U,(T) gives the partion function in Eq. (6.14). Find the required
normalisation constant N'. Hint: W,;(7) and V(1) can be transformed
independently.
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Step 2 — Ezxpansion in the order parameter:
Zop) N Zy / D (Wi(7), () [1+ Y / drdrWy(r)W; () (070 g 0y
12 i (T1) =10 (T2)+10;(T3)—10; (T * *
+ Z Z / dT]_dTQdng7_4<el¢l( 1) =i (T2)+id; (T3)—idh; 4)>S[¢i(7)]\pi<7_l)\pi (7—2)\1’]' (7—3)\1,]' (7_4)
i
6 L P; —i¢; (T2)+i¢i (73) —1i (T * *
+ i Z / dTldTQdngT4<ez¢'(ﬂ) $i(T2)+igi(13)—idi( 4)>S[¢i(7_)]\1ji(7—1)\:[ji (7—2)\111'(7_3)\111‘ (7_4>}

B
X exp [— /0 dr ) " WH(T)G (T |, (6.16)
4.J
where
Z¢ = / ,D¢i<7—>€7 fo,6 Zl %(&—(;51')2’
#i(B)—¢:i(0)=2mn
<ei¢j(n)*i%(m))s[@m] = Zi / ngi(r)e* J5dry, %(37@)261%(71)4%(72)

$i(B)—di(0)=2mn

and similarly for the other averages with respect to S[¢;(7)]. We have truncated the
expansion at the fourth order in W;(7). Note that terms that are not invariant under a
phase rotation ¢(7) — ¢(7) + x, where x is constant in time, have zero expectation value
and are not included.

Step 3 — Integrating out the original field:

We are interested in the zero-temperature transition where f — oo and the boundary
conditions ¢;(3) —¢;(0) = 2mn can be neglected. In this case, simple Gaussian integration
gives (@(T)d(7'))spoi(ry) = o= |7 — 7| and (M) gy = e~ 2™l We can thus
write down the quadratic term in Eq. 6.16 as

[ dmdn v (e ) = [ dndn v v e
= /drdu U(r — g)\lfj(T + g) e lul/2m
~ / drdu [,(r) = 50.0,(7) + £0Rw(r)]
Wi() + 500U () + 0205 (7)| el

2
= /drdu {|\PZ(7’)|2 - %|8T\I/i(7')|2} e~ lul/zm

_ /dT [4m| W, () — 16m®|0, W, (T)[*] . (6.17)
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where irrelevant higher order derivatives have been neglected, and we performed integra-
tions by parts and discarded the vanishing boundary terms.

To obtain the coefficients of the quartic terms we need to evaluate the 4-point correla-
tor. In the case i # 7, the four-point correlator reduces to a product of 2-point correlators

<6i¢i (Tl)fi(bi (T2)>S[¢1(T)] <ei¢j (7—3)71'451 (T4)>S[¢z (T)] , and we Obtain

5 / drydradrydry (€570 (G050 (1)U (1) T (1) U ()
17

- _Z (/dT (4m)|W;(7)| ) (/d7(4m)|\11j(7')]2) , (6.18)

i#j

where we have used the result of Eq. 6.17 and neglected irrelevant terms of the order of
030w /o).

The case @ = j requires a bit more thought. Here, it is very insightful to map the
4-point path-integral correlator to the expectation value of a quantum operator, although
the following can also be derived by Gaussian integration, which the reader is encouraged
to do. The derivation of the path integral representation of the quantum partition func-
tion in Eq. (6.14) can be straightforwardly extended to find a path integral representation
of imaginary time quantum correlators. In general, for an n-point correlator, we have

A, (7). Al(11))s = neiﬁﬁf fln Tn ...1211 )| [n),
(n(r2)--a(r)s = (o [An(ra)-r-As(m1)] In) 610

A(r) = e Ae=H7,

where T is a time-ordering operator that puts the operators in order of increasing time,
starting from the right, |n) are any orthonormal basis vectors and S is the classical
action corresponding to the quantum Hamiltonian H. We can thus write down the 4-
point correlator as

<ei¢i(74)*i¢i(73)+i¢i(72)*i¢i(ﬁ)>S[¢i(7)] = <0‘7A' [eiéi(m)e*iﬁgi(ﬁ)eidgi(m)e*i(lgi(ﬁ) |()>’

eiq;i(T) — eﬁoTeiQBie—HOT’ (6.20)

where Hy = > QLm and |0) is its zero angular momentum (m; = 0) ground state. The
operators et? increase or decrease my, the z component of angular momentum on site
i respectively, by an integer unit. Thus e**(™) increases/decreases m; by 1 at time .
This corresponds to an excitation of the ground state. If we let m;(7) be the angular

momentum at time 7, the 4-point correlator can be expressed as follows

<€’L¢i(7’4)—’L¢i(7'3)+’£¢i(7'2)_1¢i(7—1)>S[¢i(T)] = exp |:2— /dT ml(7)2} , (6.21)
m

where m;(0) = m;(8) = 0 and the Boltzmann weight measures the energy cost of the
excitations.
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L

<ei¢(f| )=ig(z, )ei¢(T3 )=ig(z4) > — <ei¢(T| )=ig(7;) ><ei¢(73 )—ig(z4 )>

Figure 6.1: The 4-point correlator reduces to a product of 2-point correlators if the
|my| <1 for all imaginary time.

The configurations that we sum over in the penultimate line of Eq. 6.16 fall into two
categories:

e (a) |my(7)| <1, Vr.

In this case the 4-point correlator can always be expressed as a product of two
non-overlapping 2-point correlators. See Fig. 6.1 for an example. The two |m;| = 1
excitations (one for each 2-point correlator) can be translated freely in time with
no change in the energy cost as long as they do not overlap.

To sum over all configurations, we take the ordering 71, < 734 without loss of
generality. Remember that the raising operators act at times 7 and 73 and the
lowering operators at times 7, and 74,. There are 22 equivalent orderings that
preserve the constraint |[m;(7)| < 1, V7 obtained by the independent interchanges
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71 <> T3 and T <> Ty

22 . ) . .
4 / dridradrsdry Wi(11) Wi (12) Wy (73) W () (01 ()0 Fioi(ma)iou(ra)y —

71,2<73.4

YWi(ty — =

u u
SVt + — 5)

duydusdt dty W, (t] —
U AU2AT1 AT (1 5 5

u
Wi (ta + 52)

to—t1> \ulHQ-qu\

Xef\u1|/2mf|uﬂ/2m

~ / duldu2dt1dt2 |\:[/Z (tl) |2|\I/Z(t2> |26—|u1|/2m—\ug|/2m

to—t1> |u1|+\u2|

= / duldUQdeu ’\IJ (7’— —)| |\Il (7—_|_ )|2 —lu1|/2m—|uz|/2m

u> 1l

1
=3 /duldUQdeu|\Il (1 — _)| W, (T + 2)|2 o~ lul/2m—|uz|/2m

1
—3 / duydusdrdu |V, (T — —)| W, (T + )|2 ~lua|/2m—|uz|/2m

ul<

1
~ 3 /dtldtz |03 (t2) 295 (t2)]* (4m)*

Jug [+]ug|
2

1
5 /duldusz W () (Jun | + |uz) o~ lu1l/2m—luz|/2m

N % (/drélm]\IJ( ) _ 30m? /dT W7 (6.22)

where t; = (11 + 72)/2, uy = (o — 1), toa = (13 + 7)/2, us = (14 — 73) and
7= (t;+13)/2, u = (ta —t1). Irrelevant terms of the order of U3(9W/97) have been
neglected.

e (b) |my(7)| = 2 for some non-zero time.

If the angular momentum is raised (or lowered) twice before it is lowered (or raised)
twice |my| = 2 for some non-zero time, which carries an increased energy cost.
Such configurations cannot be expressed as products of 2-point correlators, but are
energetically supressed and do not play a vital role in the quantum phase transition.
See Fig. 6.2 for an example.

Again to sum over the relevant configurations, we take the ordering 713 < To.4.
There are two equivalent orderings, obtained by the simultaneous interchange of
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Figure 6.2: The 4-point correlator does not reduce to a product of 2-point correlators if
|my| = 2 for non-zero imaginary time.

T1 <> T and T3 <> Ty

2 . . . .
Z / drdrydrsdr, \Iji(Tl)\I;;f(TQ)\Iji(T?’)\I;: (7_4)<€Z¢z‘(T1)—ubz‘(72)+Z¢i(73)—l¢i(74)>
7T1,3<T2,4
1 U U U U

tz_t1>lu1|-§|u2l

| Jug] 2 lua|  |ug
by 2 g, — ) = 2 =
XeXp{ om " am T m (TR T

~ = /dT |0, (7)|* / dug dusdu e~ 2/ mlul/2mluz|/2m

u>\u1\42r\u2\

1
= Z/dT !‘I’i(T)‘4/du1dU2du e~ 2hul/m=hul/2m=lus] /2m =4m3/d7 Ti(r)|*,

Where tl = (7'1 +7’3>/2, uy = (7’3 — 7'1), tz = (7’2 —|—7'4)/2, U9y = (7’4 — 7'2) and
7= (t; +12)/2, u = (ty —t;). Irrelevant terms of the order of U3(9W/97) have been
neglected.
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Putting everything together, we can write down

Zo(2) NNZ¢,/D W ( 1—1—2/(17’ Am|W;(7)]? = 16m*|0, ¥, (7))

2
. 2 3 al — [P, wrmG ()
+5 (Xi:/d74m|\1’¢(7')! ) — 28m Zi:/drmfi(f)y e I8 iy WG (7).

(6.23)

Step 4 — Re-expontiation:
Firstly note that in Fourier space the matrix G is diagonal:

2
1q-X; —1q’-x a
quf——Z TN = by Y, 29 €08(gu0 >—2g<sq+q[ ~la*5 +O(lal")
(6.24)

and its inverse is given by

a2
Gty = dava20) ™ |14 laP + Oal")] (6.25)

Since we are interested in the coarse-grained long-wavelength properties of the system
we will only keep the first two terms in the expansion for G;L,.

Coarse-graining the summation over lattice sites W,;(7) — ¥(r,7), >, — [ % and
re-expontiating the terms in the square brackets we obtain the final expression for the
O(2) quantum rotor Ginzburg-Landau action:

Zow N Z, [ DW(r),V(r, e

S[U(r,7)] :/d—dT[ﬂ\If(r IF+ g d2|V\If(r )2

(6.26)
F16m° [0 W (x, 7)[ + 28m7 W (r, )|
2
—= </ —d74m|\I/ 7)) ) :
where t = (ﬂ — 4m) Note that the t = 0 corresponds to the zero-temperature transi-
tion, where g = 8m 5> and t = —4m corresponds to the classical limit, where g = co. The

above derivation makes it clear that proliferation of virtual (in imaginary time) particle-
hole excitations m; = +1 drives the quantum phase transition from the gapped phase to
the ordered phase. The stability of the Ginzburg-Landau action is ensured by the quar-
tic term, which originates from hardcore repulsion between particle-hole pairs. Virtual
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particle-hole proliferation is also the mechanism behind the quantum phase transition in
the Bose-Hubbard model and there it results in boson condensation. The two are in fact
in the same O(2) universality class.

Dynamical Exponent: The Ginzburg-Landau action for the quantum O(2) rotor
is isotropic in spacetime, which can be explicitly shown by rescaling time and space
r— Q\fﬁr, 7 — 74m3/2. (In fact the theory is also relativistic with a speed of light equal
to unity after rescaling). The correlations in time and space will therefore diverge with
the same exponent at the critical point ¢t = 0,

b (6.27)

This is however generally not the case as question 2 on the second example sheet demon-
strates. In general,

1

éN IR
2]
1

(6.28)

g’r ~ a0
|t|z1/

where z is known as the dynamical exponent. For O(N) quantum rotor systems, z = 1.

Energy Gap: A finite energy gap (in the thermodynamic limit, namely as system
size tends to infinity) between the lowest excitation and the ground state results in a
finite correlation length in imaginary time &, for ground state expectation values. From
Eq. (6.19) expressed in the energy eigenstates basis |n) and at zero temperature, we
obtain

(ANB( sy = Y _(0[An)e"=71E/"(n| Bl0)

n

TR 0 ALye T IE/A L B0y, (6.29)
where without loss of generality Fy = 0 and FE is the energy gap to the first excited state,
which dominates the sum in the limit |7 —7/|. We thus conclude that the imaginary time
correlation length &, is related to the energy gap to the first excited state as follows:

h

- (6.30)

&

6.3 1 O(3) Quantum Rotors

We now consider the case of a particle constrained to move on a sphere of unit radius.
The particle represents the motion of a 3D rotor of inertia m. The kinetic energy operator

of the quantum rotor is given by the kinetic energy operator of a particle constrained

. 2 .
to move on a sphere, i.e., zl‘—m, where L is the usual angular momentum operator. The
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3-dimensional rotor is also known as an O(3) rotor because its possible orientations,
described by the unit vector x, are generated by the O(3) group.

As before, we will consider a system of interacting quantum rotors on a d-dimensional
simple cubic lattice. The rotors interact with their nearest neighbours via a potential of
the form g¢x%; - x; . The O(3) quantum rotor Hamiltonian can be written as follows

. L? .
i <ij>

As before, naive expansions lead to the conclusion that there are two zero-temperature
phases (i.e., two qualitatively different ground states): an ordered one with gapless exci-
tations, where (X) # 0, at large mg; and a disordered one with gapped excitations, where
(x) = 0, at small mg.

As before, the above Hamiltonian is equivalent to the one in Eq. (6.1), provided we
choose an additional external potential in Eq. (6.1) that constrains the motion of each
particle to a sphere and gives rise to a functional delta function in the partition function.
It then follows from Eq. (6.11) that the O(3) quantum rotor partition function is given
by

20(3) = / ,Dxl(’7'> (5 (X2 — 1) eiH[xi(T)],

(6.32)

Weak coupling limit and the non-linear ¢ model: As before, we could proceed
to derive the Ginzburg-Landau action or simply write it down on a phenomenological
basis with undetermined parameters. However, we shall be mostly interested in the
properties of the model in the limit mg > 1, also known as the weak coupling limit. The
reasons behind this name will soon become apparent. When mg > 1, the fluctuations
in x;(7) will involve only long wavelength modes which can be treated in a continuum
approximation. Accordingly, we can make the replacement

—q Z Xi(T) -Xj(’r) = g Z [Xi(T) — Xj('r)]2 + const.

g [ d
— é/mwsmf)ﬁ, (6.33)

where we have replaced the lattice variables x;(7) with the continuous vector field S(r, 7).
Rescaling time and space 7 — 7'\/? , T — 1ry/%, we obtain the non-linear o model:

Z- / DS(r, 7)3(S (r,7)? — 1) 8=,
(6.34)

ad

SIS(r, 7)] = % / X7 5 S(r,7)0"S(x, 7).
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where the dimensionful coupling f = (gd;;dm)%. In the weak-coupling limit mg > 1 the
variations in S(r,7) around a globally uniform configuration will be small and we can
expand the non-linear ¢ model action as

1 [ d'rd
S[S(r,7)] = ?/ ;d ’ (ep0,0 + ey sin60,¢) - (€90,0 + €,sin00,0)

0-3+0 1 [ dordr
=" 2 "
0—+/f0

= éi‘?ff; [10:6(@) + [0-0(a)* + laf* (IP(@) + |6(c))]

{aueaue F 0,000 — S0°0,00"0 + O(0"6?)

(6.35)

where O(r,7) and ¢(r,7) are the spherical polar angles of the spin vector S(r,7), and
0 =7/2, » =0 in the globally uniform configuration around which we are expanding.

Comparison with Eq. (6.11) shows that in the weak-coupling limit the original Hamil-
tonian can be approximated by a sum of simple harmonic oscillators, one for each mode
q and an interaction that is proportional to the coupling f. In quantum field theory
language the excitation of the g-mode simple harmonic oscillator corresponds to creating
particles with momentum fq, energy 2|q| and the weak interaction that scales with f is
responsible for particle-particle scattering.

n- gle o(@n(~a) + Fol@s(~a) + ol (Al@b(-a) + dl@d-w)].
+O(f) (6.36)

with the canonical commutation relations [#tg(q), A(K)] = Oiiq and [74(q), ¢(K)] = irq-

Exercise for the Reader:
Show that the above Hamiltonian does indeed host gapless excitations with
energy proportional to |q].

Haldane Gap: Our analysis of the previous chapter showed that in d = 2, the
Gaussian f = 0 fixed point (7" = 0 of the corresponding classical model) of the N = 3
non-linear sigma model is unstable and the model flows towards the phase with a finite
correlation length which close to f = 0 varies as follows (isotropically along rescaled
and r):

£~ aef . (6.37)

Thus the energy gap A of the corresponding quantum O(3) rotor chain (d = 1) is
given by

~e T, (6.38)
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The energy gap A is known as the Haldane gap in the context of Heisenberg antiferro-
magnetic chains with integer spins, which map onto the one-dimensional quantum O(3)
rotor chains.

Asymptotic Freedom: Following on from our investigation of the 2-dimensional
classical non-linear sigma model in the previous Chapter, where we showed that high-
momentum correlators are given by a quadratic theory with an effective coupling that
vanishes logarithmically as p — oo, we conclude that the high-momentum, large-energy
excitations of the above quantum field Hamiltonian interact weakly at large momenta. (At
low momenta the interactions are strong since the running coupling grows.) The particles,
represented by these excitations, are thus free at large momenta and energies. This is
known as asymptotic freedom. A similar phenomenon occurs in quantum chromodynamics
(QCD), where the quarks interact strongly at small energies and are confined to form
hadrons but behave as free particles at large energies.

6.4 Finite-Size Scaling

In this section we look at finite-size corrections to the critical properties of the d-
dimensional Ising model with the following Ginzburg-Landau action,

S[W(x)] = / d*x [(VT(x))” + 102 (x) + u¥(x)* — h¥(x)] , (6.39)

although the scalings that we derive are applicable to most critical systems. We consider
a system of finite extent, i.e., length L along each dimension. An RG transformation
involves the rescaling of each dimension

x = bx/,

L = bL. (6.40)

We therefore conclude that the inverse system size L' is a relevant RG variable with
eigenvalue y;-1 = 1

L'~'=bL7",

ot — 1. (6.41)

The free energy density changes by a scaling factor (homogeneously) under an RG trans-
formation
f(t R, L) =b70f (¥, b9 h,bL™") (6.42)
where we only need to include relevant variables sufficiently close to the critical point. It
follows that the singular part of the susceptibility has the following form
0% f

X~ = b f (bt L)

puit=1 | 4=2Uh

£ B(Tw LY
= t7e(t VL
= LvU(ELY, (6.43)
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Figure 6.3: Scaling of susceptibility with system size.

where the homogenous function W(z) is a finite function of the order of unity since the
susceptibility of a finite system cannot have any singularities. ¥(z) — xv as = — 0
restores the correct universal behaviour in the thermodynamic limit. There is therefore
a smooth crossover to the thermodynamic limit behaviour when L7 ~ O(1), i.e., at a
crossover temperature

The susceptibility of a finite system is still expected to have a finite maximum in the
vicinity of the transition point. The function ¥(z) has a maximum at some value z ~
O(1) and with a width Az ~ O(1). We therefore conclude that for finite systems the
susceptibility has a maximum at ¢ ~ L~ with a width At ~ L=+ and an amplitude that
scales as Lv. Fig. 6.3 illustrates the main points.

6.5 Quantum Critical Behaviour

We will focus on the d-dimensional quantum O(2) rotor system with the following Hamil-
tonian (Eq. (6.12))

. L? .

% <15>
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and a corresponding classical partition function (Eq. (6.14))

®i(B)—¢i(0)=27mn

8 N om 32
Hloi(7)] = /0 dr [Z % —g Z cos(¢; — ¢;)

i=1 <ij>

(6.46)

We take d > 2 so that the O(2) rotor system orders at finite temperature. The partition
function of the d dimensional quantum system can be written as the partition function
of a corresponding (d + 1)-dimensional classical system. The zero-temperature (§ = o0)
quantum transition maps onto the classical (d + 1)-dimensional fixed point Fj,; with a
relevant scaling variable ¢ = (5—1J — 4m). The exponents controlling RG flow around this
fixed point belong to the (d + 1)-dimensional n = 2 universality class.

We have seen (by deriving the relevant Ginzburg-Landau action) that in the vicinity
of the quantum critical point F, 1, where the correlation length diverges along the spatial
and imaginary time directions, a continuum field-theory picture is valid. The imaginary
time dimension enters on the same footing as the spatial dimensions and controls the
size of the system. Now, if the quantum system is at a finite-temperature 7' the extra
dimension of the corresponding classical system becomes finite with a length L = £.
Therefore, temperature 7" = L' is a relevant RG variable around the F, ; fixed point
with eigenvalue yr = 1. Fig. 6.4 shows the RG flow around the Fj;,; fixed point — the
quantum critical point.

The axis t = —4m (g = o0) corresponds to classical d-dimensional O(2) rotors and
contains the usual stable low and high temperature fixed points corresponding to the
ordered and disorderd phases respectively (see the high/low temperature expansions in
Chapter 4). These are separated by the d-dimensional fixed point Fy; at T = T,. The
exponents controlling RG flow around Fy,; belong to the n = 2, d-dimensional univer-
sality class. Note that ¢ is an irrelevant RG variable at this point, because fluctuations of
¢;(7) along the imaginary time direction 7 are gapped out. w = %’r is the lowest allowed
frequency and 2m2mT, ~ 2w%mg > 1 is the energy cost of this mode (T, ~ g). Also note
that the stable Gaussian fixed point at t = —4m, T = 0, is a terminating point for all
RG trajectories inside the ordered phase.

Quantum-Classical Crossover: We now employ the finite-size scaling arguments
of the preceding section to discuss quantum-classical crossover in the vicinity of the
quantum critical point Fy,;. Using Eq. (6.43) with L™! = T we can express the singular
part of the susceptibility in the vicinity of the quantum critical point as

x =T v W(T¢), (6.47)

where v and v are the critical exponents associated with the Fj,; fixed point. Note that,
W(z) — v recovers the correct zero-temperature limit. However, unlike the case of a
system of finite extent in all directions, the susceptibility and the function ¥(x) do not
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have to be finite for non-zero 7. In fact, we expect a singularity in ¥ associated with
crossing the ordered-disordered phase boundary at some value 7¢ = b ~ O(1). This
singularity will be controlled by the critical exponents associated with the F} fixed point
~" and /. We can therefore write

X=T"%(T¢—b)" for TE ~ b, (6.48)

The transition temperature scales like T, = bt” in the vicinity of the critical point.
Note that the susceptibility is controlled by the above classical Fy singular behaviour
for T¢ ~ b. This condition maps out the wedge marked in Fig. 6.4 which gets narrower
as we approach the quantum critical point. The characteristic cross-over temperature
associated with passing between classical T¢ ~ b and quantum T¢ < 1 behaviour is
given by T'x ~ t”.

For T¢ > 1 finite-size effects dominate, and we enter the quantum critical region.
U(x) ~ O(1) as & — oo so that x ~ T~ ¥ in the quantum critical region.

In terms of RG flow, the free energy density at a particular point in parameter space
is dominated by the singular behaviour of fixed point F' if the RG trajectory that starts
there spends a long 'RG time’ in the vicinity of the point F. Because RG flow is slow
in the vicinity of the fixed point, it suffices for the trajectory to pass close to the fixed
point. The trajectories in the classical region all pass close to the F,; fixed point, which
means that the free energy here is dominated by the singular behaviour associated with
Fy critical exponents.
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Figure 6.4: RG flow around the quantum critical point. Understanding quantum critical
behaviour is one of the finest applications of RG scaling.
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