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Abstract

In three research articles we have studied the critical properties of effective lattice
models for strongly correlated electron systems by Monte Carlo simulations. A
similar model is used in a fourth article for investigating thermal fluctuations of
vortices in a rotating Bose—Einstein condensate. In the first part of this thesis
we review the necessary background and introduce the models one by one. The
last part is a collection of the papers.

Paper | [1]: We consider the scaling of the mean square dipole moment in
a plasma with logarithmic interactions in a two- and three-dimensional system.
In both cases, we establish the existence of a low-temperature regime where
the mean square dipole moment does not scale with system size and a high-
temperature regime does scale with system size. Thus, there is a nonanalytic
change in the polarizability of the system as a function of temperature, and
hence a metal-insulator transition in both cases. The relevance of this transition
in three dimensions to quantum phase transitions in 2 4+ 1-dimensional systems
is briefly discussed.

Paper Il [2]: The existence of a discontinuity in the inverse dielectric con-
stant of the two-dimensional Coulomb gas is demonstrated on purely numerical
grounds. This is done by expanding the free energy in an applied twist and per-
forming a finite-size scaling analysis of the coeflicients of higher-order terms. The
phase transition, driven by unbinding of dipoles, corresponds to the Kosterlitz-
Thouless transition in the 2D XY model. The method developed is also used for
investigating the possibility of a Kosterlitz-Thouless phase transition in a three-
dimensional system of point charges interacting with a logarithmic pair-potential,
a system related to effective theories of low-dimensional strongly correlated sys-
tems. We also contrast the finite-size scaling of the fluctuations of the dipole
moments of the two-dimensional Coulomb gas and the three-dimensional loga-
rithmic system to those of the three-dimensional Coulomb gas.

Paper Il [3]: We perform large-scale Monte Carlo simulations on an effective
gauge theory for an easy plane quantum anti-ferromagnet, including a Berry
phase term that projects out the S = 1/2 sector. Without a Berry phase term,
the model exhibits a phase transition in the 3DXY universality class associated
with proliferation of gauge-charge neutral U(1) vortices. The instantons that



eliminate the phase transition in the gauge-charged sector are cancelled by the
Berry phases. The result is a first order phase transition. This gauge theory
therefore does not exhibit deconfined criticality.

Paper IV [4]: We perform Monte Carlo studies of vortices in three dimensions
in a cylindrical confinement, with uniform and nonuniform density. The former
is relevant to rotating “He, the latter is relevant to a rotating trapped Bose con-
densate. In the former case we find dominant angular thermal vortex fluctuations
close to the cylinder wall. For the latter case, a novel effect is that at low tem-
peratures the vortex solid close to the center of the trap crosses directly over to
a tension-less vortex tangle near the edge of the trap. At higher temperatures
an intermediate tensionful vortex liquid located between the vortex solid and the
vortex tangle, may exist.
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Preface

Strong local repulsion among electrons in many-particle systems is believed to be
responsible for strange physical properties like the breakdown of Landau Fermi
liquid theory in certain cuprate compounds. Since the discovery of high temper-
ature superconductivity in such materials by Bednorz and Miiller in 1986, the
focus has increased on strongly correlated electron systems. In order to under-
stand the physics of these compounds, great theoretical effort has been laid down
in the study of lightly doped Mott—Hubbard insulators in two spatial dimensions
(2D) at zero temperature. Effective lattice field theories in 2 + 1 space-time di-
mensions can be formulated and used in classical Monte Carlo simulations to
search for characteristics of transitions between various ground states in the 2D
quantum mechanical model. Such phase transitions are driven by parameters like
pressure or doping.

In this thesis we present Monte Carlo results for three distinct models in 2 +
1 space-time dimensions. In Chapter 3 and 4 we introduce the investigations
of two models for various zero temperature properties of a strongly correlated
electron system in two spatial dimensions. The first is a lattice gas of charge-
like particles which interact through a logarithmic potential, and predicted to
exhibit a phase transition of the so-called Berezinskii—Kosterlitz—Thouless type.
Due to the many similarities with the classical two dimensional Coulomb gas, we
perform simulations on both two and three dimensional systems. Here, a novel
characterization technique is developed and tested. In the second model, we find
evidence for a phase transition of first order.

The nonuniform 3DXY model that we introduce in Chapter 5 can be applied
to a trapped, three dimensional Bose—Einstein condensate. In rotating such sys-
tems, remarkably large and beautiful arrays of vortices have been experimentally
attainable since the last few years. We investigate their thermal fluctuations.

Chapter 1 and 2 is devoted to review the necessary background to appreciate
the work we introduce in the last three chapters, and present in the four research
articles [1, 2, 3, 4]. This is done by an evolution from the simple Ising model
to the phenomenological Ginzburg—Landau theory for superconductivity, which
can be thought of as a generic theory for the models in the included collection of
papers at the end of the thesis.



The work of this thesis is a natural continuation of the previous studies in our
research group, References [5, 6, 7, 8, 9], which all have benefited from the high
performance supercomputing facilites at NTNU. As effective lattice theories in
condensed matter physics require large amounts of computation time, access to
a powerful supercomputer has been essential.



Chapter 1
Statistical mechanics

Resolution is an important concept in today’s digital cameras. It is now common
knowledge how digital pictures are put together by millions of tiny pixels, and
in a given picture we want sufficiently many so that we cannot tell them apart.
Zooming in will however eventually reveal the microscopic structure of pixels. A
similar effect is appearant in a newspaper picture. Even though the only colors
used in the printing process are black and white, the picture contains almost
every shades of gray. If you look carefully, you can see tiny dots of black onto
the white paper, and the density or size of these dots decide the amount of gray.
Reading the news, you don’t notice the dots, your eyes average over them and
the white space in between, and you only see the smooth grayscale picture.

In statistical mechanics we attempt to average over microscopic details in a
system with macroscopically many particles in order to obtain thermodynamic
quantities such as magnetization, total energy, and heat capacity, as well as derive
the relations between them. The exact origin of these quantities disappears in
the averaging process, as details in a picture are smoothened out when viewed
from a distance.

There are however examples where some microscopic details are not averaged
out. In a system with a critical behaviour, the range of correlations can grow
when certain values of control parameters are approached. The range can in fact
diverge to infinity, and since infinity is the same on any length scale they will
in principle look the same irrespective of our zoom level. Of course, a physical
system has a finite size and structures within it have to be restricted to fit into
those dimensions. Still, we can often consider these systems infinitely large be-
cause they are so many orders of magnitude larger than the phenomena and the
scales we think of when zooming in and out. On the other hand, in computer
simulations, size does indeed play an important role, and this will be discussed
in the context of finite size scaling in Chapter 2.

In the following sections, we will first establish some basic relations of statistical
mechanics before we proceed to the concepts of phase transitions and critical
phenomena. Along the way we will encounter a few simple but important models
capturing many of the features essential for the main works in this thesis.
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1.1 Statistical mechanics and thermodynamics

The goal of statistical mechanics is basically to compute the partition function Z
for a given system [10, 11, 12]. This is a weighted sum over all configurations 1)
the system can be in. All the information needed to calculate the thermodynamic
properties are contained in Z. The partition function can be written

Z =Y e Py, (1.1)
v}

where H is the system’s Hamiltonian and 8 = 1/(kgT), with T the tempera-
ture and kp the Boltzmann’s constant. Knowing this sum we can derive the
expectation values of essentially all thermodynamic observables O,

1 _
O)=~ > Oye M, (1.2)
{¥)

by differentiations of Z with respect to various parameters in the exponent. If
the system is in thermal contact with a heat reservoir which keeps the tempera-
ture fixed, the internal energy U can be calculated from the canonical partition
function by

U= (H)= %ZHwe_BH” = —%IHZ. (1.3)

{v}
Additionally, if we hold volume V' and particle number N constant, the following
fundamental thermodynamic relations involving the Helmholtz free energy F =
U-TS,
dF =dU —TdS — SdT = —SdT, (1.4)

V, N constant

and

orersra(l) -l (5] AL oo

can be used to express F' in terms of Z. By comparison with Equation (1.3) we
find )

F=—-—-InZ 1.6

3 (1.6)

which acts as the connection between statistical mechanics and thermodynamics.

But the partition function can also give insight into fluctuations, something
classical thermodynamics can not. Energy fluctuations around a system’s equi-
librium value,

(6U)* = ((H — (H))?) = (H?) — (H)?, (1.7)
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can be calculated from Z by subsequent differentiations as in Equation (1.3),

w400 - () o

From the definition of the heat capacity Cy = (0U/IT), we see that the fluctu-
ations in the energy of a system can be measured through

821nZ>

55 (1.9)

1
Cr = a0 = (= (1)) = ks (
and from now on we set kg equal to unity for simplicity.
Generalizing slightly to having more than one temperature-like parameter, or
equivalently coupling ~y, in the partition function, we let GH — S = Ev vH,.
The moments of the energy can then be found by differentiation of the corre-
spondingly generalized free energy F,

oF
E = <H#>a (110)
2
aau;; =((Hy: — (Hy))(Hx = (Hx))), (1.11)
3
% = — ((Hy — (Hyu))(Hy — (Hy))(H, — (Hy))). (1.12)

The second moment Equation (1.11) with 4 = A = 8 corresponds to the heat
capacity. Of these moments, the third moment Equation (1.12) will in particular
prove to be a valuable tool for extracting critical exponents from Monte Carlo
simulations [13, 14].

1.2 Phase transitions

To most people, the familiar examples of phase transitions are the boiling of water
and melting of ice, but the magnetic to non-magnetic transition is a standard
introductory example because of its simplicity [15]. We will concentrate on this
transition which is continuous and can take place in uniaxial ferromagnets for
which a typical situation is shown in Figure 1.1 (a). The magnetization M
goes continuously to zero at a critical temperature T when the temperature is
increased.

If exposed to an external magnetic field h, these systems can also demonstrate
the other common type of phase transitions, namely a first order transition as h
changes sign. In Figure 1.1 (b) the solid line at T' < T¢ indicates a first order
transition where M jumps discountinuously from a negative to a positive value
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as h is increased. Also melting transitions are typically first order. Later, we
will encounter yet another type, the Berezinskii—Kosterlitz—Thouless transition

[16, 17).

(a)

M|

M >0

M#£0 M=0

Tc T

M <0

Figure 1.1: The magnetization M (T) goes continuously to zero at T (a).
If an external magnetic field h is applied, the sign of M is determined by
h and jumps discontinuously between a positive and a negative value across
the solid line (b).

1.2.1 The Ising model

A uniaxial ferromagnet can be modelled on a lattice in d dimensions by the Ising
model [18] given by the hamiltonian

H = 7JZS¢S]' — thi, (113)
(ig) %

where J is a coupling constant determining the interaction between nearest neigh-
bour spins s; and s;, and h is an external magnetic field. Each spin can point
either up (s; = 1) or down (s; = —1). The lattice will in this work always be
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square meaning that each spin site ¢ has 2d nearest neighbour sites. In statistical
mechanics we take the temperature 7' = 1/ into account through the partition
function Z Equation (1.1), and for simplicity we set the coupling J to unity, since
its only effect is to define the units of §. If the system has the same linear exten-
sion L in units of the lattice spacing in all d directions, the number of terms in Z
is 22", Hence, the partition function is difficult and often impossible to evaluate
analytically. We will get back to a way to work around this problem in Chapter
2.

In d = 1 dimensions and A = 0 the Ising model does not exhibit any phase
transition for 7" > 0, but in higher dimensions it does: Consider the model in
d > 1 with infinitely many spins N = L% — co. At high temperatures and h = 0
there is no net magnetization,

1
M:NZSiZO, (1.14)

because the spins are not likely to point in any particular direction. Thermal
fluctuations ensure complete disorder among the spins. However, as the tem-
perature is lowered the system spontaneously starts to organize a continuously
growing majority of its spins either up or down when the critical temperature
Tc is passed as shown in Figure 1.1 (a). Consequently, the system is said to
have a disordered and an ordered phase. The two phases can be predicted from
arguments regarding the free energy F' = U —T'S. At high temperatures T' — oo,
maximization of the entropy S will always dominate over internal energy U = (H)
in the system’s quest for minimum free energy. The highest entropy is obtained
by disordering the system and thus M(T — oo) = 0. At T = 0 on the other
hand, when there are no thermal fluctuations, minimizing the Hamiltonian Equa-
tion (1.13) by ordering the system so that all spins point in the same direction
will minimize F. In d > 1 dimensions this ordering takes place at a nonzero
temperature.

In the Ising model, M is the order parameter describing which of the two
possible phases the system is in: The disordered with M = 0 or the ordered with
finite magnetization. Continuous phase transitions are characterized close to T¢
by a power law dependence of the order parameter on the reduced temperature
T=(T-1Tc)/Tc,

M~ 7P (1.15)
where (3 is a critical exponent. The order parameter is not always known in a

given system, but 8 can still be found from relations to other critical exponents,
see section 2.5.
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1.2.2 Landau theory

Given that a system indeed undergoes a transition from an ordered to an un-
ordered phase, Landau developed a theory describing the transition qualitatively
[19]. He expanded the difference in free energy F' between the two phases of the
system in powers of the order parameter, keeping only the lowest order terms
consistent with the symmetries of the Hamiltonian,

AF = %M%%M‘w... (1.16)

If h # 0 in Equation (1.13), a linear term —hM has to be included, but since the
theory otherwise is written down as a phenomenological effective theory, the rest
of the parameters are considered free. We use the convention a,u > 0. Systems
with additional intrinsic symmetries could include more terms in the expansion
Eq. (1.16), such as the cubic M3. Now, by minimizing AF with respect to M
the equilibrium values of the order parameter are found. From Figure 1.2 (a) we
see that there is only one minimum when 7 is positive, corresponding to the high
temperature phase with zero magnetization. As the temperature is decreased
and 7 becomes negative, the M = 0 minimum developes into two minima, and
the system spontaneously chooses one of them. The up-down symmetry of the
system is broken accordingly.

@ AF =0 (b
7>0
T<0
! M
Figure 1.2: Difference in free energy AF between to phases according to
Landau theory Equation (1.16) in zero (a) and finite (b) external field h. The

minima correspond to thermodynamically stable states. In (b) the reduced
temperature 7 is negative.

In Figure 1.2 (b) 7 is negative, and the system can be in either of two equally
probable states (solid line), but by turning on a finite A > 0 there will only be one
true minimum in AF' (dashed line). In this way the system is forced to be in a
state with positive magnetization. If the system originally was in the negatively
magnetized state, it will make a discontinuous jump in M corresponding to a
first order phase transitition.
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The Landau theory does not depend on the microscopic properties of the sys-
tem. The symmetries of the set of possible ordered phases is reflected in the free
energy expansion Equation (1.16), but the symmetries of the true Hamiltonian
is in general unknown. Additionally does the theory not depend on the lattice
on which we defined the Ising model Equation (1.13). One of the strengths of
the theory is that it treats correctly the importance of symmetry in the qualita-
tive aspects of critical phenomena. In the above introduction, we had a uniaxial
ferromagnet in mind, but any system with the same set of symmetries could in
principles be described by the same theory. This hints to the concept of univer-
sality.

1.3 Ginzburg—Landau theory

The Landau theory provides a qualitative description of phase transitions, but
its quantitative predictions for T or the critical exponents are generally wrong
because the theory neglects the effect of fluctuations. A natural generalization
would be to allow the magnetization to depend on position,

1
M = V/de(r). (1.17)

Here, we have also allowed the space to be continuous and replaced the number
of lattice sites N with the volume V of the system. The simplest extension of
Landau theory to incorporate this position dependent order paramater m(r) and
fluctuations of it, is called the Ginzburg—Landau theory [20],

AF = /dV Z(vm)? + Tom? (1) + ) + .| (1.18)
This theory has actually proved successfull, with small variations, as an effective
Hamiltonian for many different systems. So far, we have only considered a scalar
order parameter, but it could as well take a vector or a tensor to characterize
the order of the given system. In a superconductor, the order parameter is the
superconducting wavefunction

U(r) = [U(r)[e?™ = \/ne?™), (1.19)

where n is the density of Cooper pairs. Since this is a charged and quantum
mechanical phenomenon, we include the electromagnetic vector potential A into
the gradient term in the standard way

V — (—ihV — 2¢A), (1.20)
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and also add a term proportional to |V x A|? in the effective hamiltonian. The
full Ginzburg-Landau theory for a superconductor reads

S

U 4 K 2
+ 5T+ 51V < Al ]

_ J1(V = iA) T (r)?
Hscf/dV[QKV AL + (1.21)

For simplicity, we have here rescaled A and the free parameters so as to absorb
Planck’s constant h and the charge 2e of the Cooper pairs.

There is actually a close connection between the statistical mechanics of Ginzburg—
Landau like theories and quantum field theories in one time and d spatial dimen-
sions at zero temperature. This can be realized by writing down the Feynman
path integral of a quantum mechanical problem and interpret it as the partition
function of a classical system in d 4+ 1 Euclidian dimensions [21].

1.3.1 Lattice regularization

The Ginzburg-Landau hamiltonian of Equation (1.21) is a contiumuum theory,
but for the following, and especially later for the computer simulations, it is
more convenient to reintroduce a lattice. That is, we let the order parameter
U(r) — U;, so that it is only defined on lattice sites i = 1,..., N separated by
a lattice constant a. Now, we have to replace the gradient term with a gauge
invariant lattice difference,

(V= iA) (@) = Y [Wipape™ o = T4, (1.22)
"

where 7 + ap is the lattice site situated next to site ¢ in direction p. The gauge
field here lives on the links of the lattice and is given by the line integral

1+ap
Ay = / diA,,. (1.23)

The continuum is recovered if we let a — 0. For high T¢ superconductors it
is a well established approximation only to consider fluctuations in the phase of
the order parameter [22]. In this approximation, known as the London model,
we assume a condensate of Cooper pairs to exist by having a finite and constant
|W;| = |¥|, since in the end, it is not the depletion of Cooper pairs that is respon-
sible for destroying superconductivity. Increasing the temperature, large fluctu-
ations in the phase 6 makes the condensate incoherent and non-superconducting
before |¥| vanishes. The right hand side of Equation (1.22) can thus be rewritten

|\I’i+aue_iAi“ — \I/z|2 = ‘\11‘2 [2 — QCOS(Auei — Aiﬂ)] s (124)

10
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where A,0; = 0;qu — 0;. To further simplify the model without changing any
qualitative properties, we drop constant terms in Equation (1.21) and set the
amplitude |¥| and lattice constant a to unity. The resulting effective lattice
Hamiltonian for superconductivity is

K
HLondon = Z[—g COS(AMQZ‘ — AZ#) + 5(5HVAAVAM)2]- (125)

(0

We have here rewritten the curl in terms of the totally Levi-Civita tensor €., .
By neglecting the gauge field, Equation (1.25) is nothing but the XY model, a
generalization of the Ising model Equation (1.13).

1.3.2 The two dimensional XY model
The Hamiltonian of the XY model,

Hxy =—) si-s; (1.26)
(i)

is similar to the Ising model Equation (1.13), but the spins s; are now vectors
of unit length, living in a continuous two dimensional spin space. Thus, the
Hamiltonian can be written

Zcos 0; —65) Zcos (1.27)

(i5)

The model can be generalized to have a position dependent bare phase stiffness,
which would appear as a coefficient P;; in front of the cosine terms (see Chapter
5, but at this point we only consider F;; = 1. If the lattice on which the spins
are situated is two dimensional (2D), the XY model is of special interest from
the perspective of phase transitions and critical phenomena because it has a
transition which is neither first order nor continuous.

According to Mermin and Wagner [23], there can never be long range order
at finite temperatures in two dimensional models with a continuous symmetry.
Specifically, for the 2D XY model the magnetization M = 0 for all nonzero tem-
peratures. At low temperatures there is quasi long range order, but at large
distances smooth spin waves eventually destroy the spins’ tendency to point in
the same direction. The spin—spin correlations decay algebraicly, a feature typ-
ical to the situation precicely at the critical temperature of a continuous phase
transition. This time however, the feature applies to all temperatures below a
certain value, the transition temperature Tixr. In the high temperature limit on
the other hand, even short range order is absent due to large thermal fluctuations,
and the spin—spin correlations decay exponentially with distance.

11
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Figure 1.3: A pair of vortices in a two dimensional configuration of spins.
The rotation of the phase is opposite around each of the two centers, hence
there is no net vorticity. The pair can be viewed as a neutral configuration
of charges.

Separating the critical low temperature regime, with algebraic decay of correla-
tions, from the high temperature regime with exponential decay, there is a phase
transition where vortices start to proliferate. Vortices are topological objects
originating from the periodic nature of the phases in the Hamiltonian Equation
(1.27). To characterize the vortices, we use the vorticity ¢ in a region around
which we integrate,

%dl V6 = 27q. (1.28)

The vorticity can be viewed as a positive or negative charge, and this can actually
be taken even more literally. In the next section we will demonstrate how the
2D XY model with periodic boundary conditions can be mapped onto a neutral
two dimensional Coulomb gas where the charges appear in pairs. A corresponding
pair of vortices is shown in Figure 1.3. Since the two vortices have opposite
rotation, there is no net vorticity, or charge, in this specific configuration of
spins.

The phase transition we mentioned is normally referred to as the Kosterlitz—
Thouless transition [17], and often Berezinskii is also added since he indepen-
dently contributed to the understanding of the mechanism [16]: The quasi long
range order at low temperatures is reflected by a finite stiffness, namely the he-
licity modulus T, associated with twisting the phases. It is given by the second
order derivative of the free energy with respect to the total twist § of the phases

12
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across the system in p direction,

_9*F - ]1V<§i:cos(AM9i)> . %< [Z SiH(Auai)}2>, (1.29)

962
This quantity vanishes discontinuously as vortex pairs proliferate at the phase
transition. In a superfluid, T, is nothing but the superfluid density.

)

1.3.3 Mapping to the two dimensional Coulomb gas

In this section we will demonstrate a typical mapping for lattice models from a
phase representation to a form in which the models are given in terms of their
topological objects. Sometimes, this mapping is called a dualization, but follow-
ing the terminology of Savit [24], a dualization transforms the low temperature
region of a model into the high temperature region of its dual counterpart and
vice versa. In our particular case of the 2D XY model, this is only a part of the
mapping, and the temperature in the final model is directly proportional to the
temperature in the original. The topological objects are the vortices described
above, and in the end we will recognize these as point particles, or charges, in-
teracting through a Coulomb potential.
We begin with the partition function of the XY model

Zxy = /DQe’GZtNOS(A#ei), (1.30)

where the phases are restricted to [0,27). The Villain approximation [25] is
applied to obtain

7 = /DQZe_g X (Bpbi=2mnip)? (1.31)
{n}

and this is the only approximation we will make in the transformation. The
integer fields n € (—o0, 00) have been introduced to take care of the periodicity
of the cosine. The next step is to do a Hubbard—Stratonovich decoupling where
every n;, is decoupled from A,8; at the prize of introducing a real valued field
Vi, € (—00,00) in the partition function,

7 - /DQ/DUZef ZW[%vf,u*i(Auei*%nz‘,u)vz‘,u]_ (1.32)
{n}

Now, we are able to calculate the sum over the integer fields, using the Poisson

summation formula,
St = N (v — ), (1.33)

n=—oo V=—00

13



Chapter 1 Statistical mechanics

so that the partition function takes the form

7 = /D@Ze— Zi,“[%ﬁiu—iAu@iﬁi,u]’ (1.34)
{0}

where the continuous v fields have been promoted to the integer fields 0. A partial
summation and subsequent 6 integration leaves us with

Z=3"e T, (1.35)
@

and the constraint A,9;, = 0, indicated by the prime in the sum, which we
solve by writing ¥; , = EWAl,iLi. Note here that the new fields h are also integer
valued and that they are situated on the vertices of a dual lattice'. The model is
now dual to the original 2D XY model, but following in the footsteps of Einhorn
and Savit [26, 24], we want to write Z in a form which displays explicitly the
topological excitations corresponding to vortices. By again using the Poisson
summation formula Equation (1.33) to replace h with real valued fields h, we get

7 = /Dh Z o™ i ulah (Auhi)*—2mimihi] (1.36)
{m}

with the new integer fields m. Finally, we evaluate the integral over i and find

Zog = 2y Z ef4ﬂ2ﬁ i maVi(r—ri)m; (1.37)
{m}

The interaction V(rj —r;) between the objects m;, m; at positions r; and r; is
the two dimensional lattice Green’s function given by

Furthermore, Zj is the partition function of the spin waves, which decouple from
the vortex excitations in this approximation. Focusing only on the qualitative
features of the model’s phase transition, we can safely ignore Zj since it is the
proliferation of vortex pairs that is responsible for destroying the quasi short
range order.

The integer valued objects m; in Zcq correspond to the vortices in the orig-
inal 2DXY model Equation (1.30) and can be thought of as charges, since

1The dual lattice is shifted half a lattice spacing in each direction with respect to the original
lattice.
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1.3 Ginzburg—Landau theory

V(r; — r;) has the form of the Coulomb potential. To avoid divergence, we write
the Coulomb gas Hamiltonian as

2
Heg = 472 [Z miV(I‘j — ri)mj + V(O) (Z m2> :| s (1.39)
i#j i
where the first sum is nonsingular. Now, we see that no configuration with
>, m; # 0 will contribute to the partition function since V(0) = oo [27], corre-
sponding to periodic boundary conditions in the 2D XY model. In other words,
only neutral configurations are possible.
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Chapter 2
Monte Carlo simulations

In the previous chapter we only demonstrated what we in principle are able to do
if we calculate the partition function Z, but we ignored the obvious difficulties
with performing this calculation. Using the Ising model Equation (1.13) in two
dimensions as an example, we soon run out of paper trying to write down every
term in the partition function as we let the number of lattice sites increase.
With 16 sites, there are 2'6 terms, but we are still far from the thermodynamic
limit that we are ultimately interested in. However, this particular model is
solved analytically by Onsager [28], and since most models can not be solved, the
2D Ising model is frequently employed as a benchmarking model for numerical
studies.

In the following we will review the numerical methods used in the studies
presented in Chapters 3, 4, and 5.

2.1 Monte Carlo integration

We employ Monte Carlo simulations to estimate thermodynamic quantities as in
Equation (1.2), but basically Monte Carlo methods are just a set of related tech-
niques for doing integrals. One of the simplest can be described by considering
the integral I = f: f(x)dz, illustrated as the shaded area in Figure 2.1 (a). In
order to estimate I, we randomly pick N values of z, uniformly distributed on
the interval [a,b). The estimator is then given by

(b—a) 5

Iest = N Z f(l‘,), (21)
=1

and it is clear that in the limit N — oo this will converge to the correct value of I.

The rate of convergence can however be slow, for instance if f(z) is relatively small

in large regions of the interval, as is the case in Figure 2.1 (b). For such a situation,

a natural improvement would be to divide the interval into the subintervals [a, c)
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Chapter 2 Monte Carlo simulations

()

a b T a c b T

Figure 2.1: The definite integral of a general function f(z) from a to b illus-
trated as the area below the graph (a). If the function has large variations
on the interval [a,b), the integration can be divided into subintervals [a, ¢)

and [¢,b) (b).

and [c,b) and instead calculate

c—a b—c 2
Iest = Tl ;f(xz) + N2 lzzlf(yz)a (22)

using N7 samples x; from the first interval and Ny samples y; from the second.
This is a simple version of the principle called importance sampling where we try
to sample from a nonuniform distribution favoring the most important regions in
our integral. A more precise formulation of the method would be to write

Lot = Zp’l(ri)f(ﬂsi), (2.3)

i.e. we sample from a probability distribution p(z) and weight the terms in the
estimator accordingly.

2.2 Simulating thermodynamics

At this point we go back to our original goal, namely to estimate expectation val-
ues of thermodynamic quantities (O) Equation (1.2). Both the partition function
Z and (O) are essentially integrals that can be estimated by the same methods as
for I. The variables here are the configurations, or states, ¥ consisting of many
degrees of freedom and therefore making the integrals harder to estimate than I
which has only one single degree of freedom, x. Still, the Monte Carlo methods

18



2.2 Simulating thermodynamics

are well up to this task. The estimator takes the form
Zi p;il Owie_ﬁHwi
—1_—BH,,
Zi p’(/h e B b3

If the distribution p,, from which we pick the sample configurations 1; is chosen
equal to the Boltzmann weight,

(Oest = (2.4)

Py; = eiﬁHwiv (25)

then the estimator takes the particularly simple form
1
(O)est = N Z Oy, (2.6)

Here, the sample distribution has cancelled the Boltzmann weights so that neither
of them explicitly appear in the calculation.

2.2.1 The Metropolis algorithm

The next important issue in a Monte Carlo simulation is how we should efficiently
generate the samples ;. We do this by choosing a dynamics so that the system
can evolve in discrete time steps t; from state to state. Generally this dynamics
has little in common with actual physical dynamics, it is only chosen with the
purpose of effectively generating new states distributed according to py,. Con-
sequently, the Monte Carlo time t; is not a physical time scale. Usually, the
dynamics is also chosen so that the corresponding series of states v; is a Markov
chain, and therefore this family of methods is often called Markov chain Monte
Carlo methods. A sequence of states is a Markov chain if the probability of mov-
ing to a proposed state is only dependent on that state and on the present state,
and not on any of the preceding history of states. The most commonly used
recipe for the dynamics is the Metropolis—Hastings algorithm [29], in physics nor-
mally only known as the Metropolis algorithm after its first appearance [30]. We
have almost exclusively used this algorithm, however the Multicanonical sampling
method [31, 32] was tried at one point during the work of chapter 4 and turned
out not to be working very well with that particular model. In Figure 2.2 we sum-
marize the Metropolis—Hastings algorithm applied to the Ising model Equation
(1.13). In the algorithm, two important conditions are fulfilled for the Markov
chain, namely the accessibility assumption and the principle of microreversibility
[33]. The former demands that it must be possible to reach any configuration
of the system from a given starting point through a finite number of iterations.
Microreversibility on the other hand is the following requirement,

pwkfpd)k*wz = Dy, ,Pilu—)wka (2-7)
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Chapter 2 Monte Carlo simulations

1. In a configuration 1, choose a site i whose spin vari-
able s; is to be updated.

2. Propose a change, in this case flip the spin s; — —s;
to obtain a new configuration ;.

3. Calculate the energy change AH = Hy, — Hy, .

4. Calculate the acceptance probability Py, .y, =
e PAH (if e FAH > 1 set Py —y, = 1).

5. Generate a random number r such that 0 < r < 1.

6. If r < Py, —y, accept the proposed change, else keep
the initial configuration .

7. Go to 1.

Figure 2.2: The Metropolis—Hastings algorithm. One iteration is called a
Monte Carlo step, and going through every site in the lattice once is one
Monte Carlo sweep. We define the Monte Carlo time in units of one sweep.

where Py, _.y, is the transition probability between two states 1), and ;. This is
sometimes also called detailed balance. The factor py, is the desired probability
of being in state 1. Provided that Py, ., meets the condition Equation (2.7),
it can be shown that the probability of the system being in state i at time ¢,
converges with increasing n to the Gibbs probability exp(—B8Hy,)/Z.

2.3 Reweighting

Temperature is normally an input parameter in our simulations, but it is not
allways known in advance which temperature is the most interesting. Quantities
such as specific heat and the other moments of the energy (Equations (1.10-
1.12)), or internal energy histograms may change dramatically as phase transi-
tions are approached — we will encounter this behaviour repeatedly in the models
investigated in this work. A helpful tool in this respect is reweighting, a set of
techniques for utilizing fluctuations in a system around some mean at a specific
temperature to gain insight into nearby temperatures [34]. It can be thought of
as an advanced form for inter- and extrapolation.
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Figure 2.3: The heat capacity of one of the models investigated in this work.
The bold data point is calculated directly from data measured during simu-
lations at that temperature. All the other points are reweighted from that
single simulation run.

The basic principle of the reweighting we have used is to store the time series
(Markov chains) of energies and observables during a simulation. From Equations
(1.2) and (2.6) we know how to estimate the expectation value of an observable
O at the particular temperature 77 = 1/4; the simulation was run:

1 ~ 1
(O)g, = 7 > Ope e & ¥ > 0 (2.8)
Yy} i

An estimate of the same observable at a slightly different temperature T = 1/02
can be found from the original set of data by the following derivation. Consider
the somewhat strange observable O exp[—(082 — $1)H] with the expectation value
—(B2—P1)H - H
_ Zl/’ [Owe (B2—p1) w] e PrHy N i Z o (a0,
N - 1 K

Z3
(2.9)

<Oe*(/32*/31)H>51
1
and yet another observable exp[— (82 — 1) H] with expectation
Zl/’ [e_(ﬁQ—ﬁl)Hw} e~ PiHy

Zs

1
(e~ Ba=PDHY v D em BB (2.10)

b i

Note that the latter equation is nothing but the ratio Zg,/Zs,. Combining Equa-
tions (2.9) and (2.10) we obtain the following estimate for O at Ty,

Zw Owe*ﬁgHw Zl Oief(ﬁgfﬁl)Hi
<O>B2 - 252 ~ ZZ e*(ﬁz*ﬁl)Hi )

(2.11)
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Chapter 2 Monte Carlo simulations

that is, an estimate based only upon measurements made at temperature T;. An
error analyzis is given in the next section, but we mention briefly here that errors
increase when the distance |33 — 31| increases. As a rule of thumb, the energy

a.u.

0.6 0.8 1 1.2 14 1.6 1.8 2
HIV

Figure 2.4: Energy histograms from a Monte Carlo simulation for three dif-
ferent temperatures. In the top panel, only the histogram in the middle is
actually obtained from simulations, whereas the other two are calculated from
the former through reweighting. In the lower panel, direct measurements for
all three temperatures are showed.

histograms for the system at 77 and T, should have substantial overlaps. In
Figure 2.4 we see that the reweighting is satisfactory as long as the energy fluctu-
ations of the original data provides information on the energies in the reweighted
histograms. Originally the method was expressed in terms of these histograms
instead of the Markov chains of H; and O; directly. The drawback then is that
observables have to be functions of the energy, whereas in the present formulation
H and O are both functions of the configuration.

2.3.1 Multiple histogram reweighting

In our work, we have used a more advanced version of reweighting though the
underlying principles are the same. The multiple histogram reweighting by Fer-
renberg and Swendsen [35] improves the quality of the estimates by combining
data in time series obtained from simulation runs at several different temper-
atures, see Figure 2.5. This involves solving a set of nonlinear equations self
consistently, and can be quite tricky to implement properly. Fortunately we have
been provided with a software package developed by Rummukainen (first used in
Reference [36]) which has been highly appreciated in several works of our research
group for almost a decade.
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Figure 2.5: The heat capacity of the same system as in Figure 2.3. This time,
all the bold points where simulated and combined to produce the significantly
improved intermediate points by using multiple histogram reweighting.

Additionally, we have lately used a related method implemented by Hove [37],
aimed at calculating the density of states g(H), from which we can derive ex-
pectations of essentially all thermodynamic observables O as long as they can be
written in terms of the energy H,

_ S OH)g(H)e

(O)s = =5~ (e rr (2.12)
The free energy is given by
F(T)=-Th [Z g(H)e—ﬁH}, (2.13)

H

and from this, moments of the energy can be derived through Equations (1.10-
1.12).

In principle the two methods should yield the same results when analyzing
identical Markov chains of simulation data, and they have similar limitations. A
simulation performed at a given finite temperature does not provide information
of the full range of energies in g(H), and insight into which energies are covered
can again be found in the energy histograms of the raw data. However, the
density of states method does not fail as easy if there are insufficient overlaps
between some of the raw histograms involved, as is the case in the process of
solving sets of nonlinear equations in the multiple histogram method.
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Chapter 2 Monte Carlo simulations

2.4 Error analysis

An important part of calculating estimates or taking measurements in physics,
is to estimate corresponding errors. For a set of N uncorrelated measurements
01,04,0s3, ...,0Op, the error is just the standard error estimated from the sample
variance S?,

N
i=1(0i = (O)est)?
§{OYest = \/S2Z/N = 2i=1(0; =, 2.14
(O)ext = /57 \/ NV T (214)
In typical Monte Carlo simulations however, the samples are highly correlated
due to their originating Markov chain. The degree of correlation can be quantified
through the autocorrelation function

_ <Os t05> B <O>2
o0 =om o

(2.15)

where Oy is a sample taken from a simulation at Monte Carlo time s. In a Markov
chain ¢(t) is proportional to exp(—t/t) for large ¢. Close to a critical point the
characteristic time # can be very large, and in fact in the thermodynamic limit
it diverges as T¢ is approached. This phenomenon is known as critical slowing
down. Large correlation times can cause problems in two respects. First of all,
when we start a simulations, we want the system to thermalize, that is we want the
system to relaxe and fluctuate around its global energy minimum. The number
of Monte Carlo sweeps required to reach such a situation depends on the initial
conditions as well as on the autocorrelation time £. There is no general recipe
for determining the relaxation time, but a pragmatic way is to start sampling
from the beginning of the simulation, and then in the post processing stage try
to exclude a various number of the first samples before calculating the means.
Provided that the simulation has been run for a sufficiently long total Monte Carlo
time, an appropriate number of samples have been excluded when an estimate
(O)est does not seem to depend appreciably on further increasing the number
of excluded samples. It should be noted here that there may be more than
one relaxation time in the problem. Various observables may therefore require
different thermalization times.

2.4.1 Correlated measurements

The second problem of a large correlation time, is that the error can no longer
be calculated directly from Equation (2.14). Several methods exist for taking
correlations into account, but we will focus on the jackknife method [38], where
the full data set of N samples is divided into M subsets {1, @2, ©3, ..., rr}-
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2.5 Finite size scaling

From these subsets we calculate M — 1 estimates

(0); = = GO~ >0 (2.16)

iZp;

where the samples in subset ¢; are excluded from the sum. Along with the mean

of the complete set,
N
O)est = ¥ Z (2.17)

we can then calculate the error estimate

M-1

5<O>est = M

((0); = (O)est)*. (2.18)

M-

1

J

Each subset ¢; should contain measurements taken over a time interval much
larger than ¢. A simpler method only for finding simple averages of the sampled
quantities O is simply to consider the means

Q=20 (219)

S

of each subset as uncorrelated stochastic variables, calculate the estimator (O)est
based on these ;, and then use the expression for sample variance Equation
(2.14) with O replaced by (). However, we often want to calculate complicated
and nonlinear functions of the sampled quantities, for instance in the process
of reweighting. This can be done quite straightforwardly using the estimates
Equations (2.16) repeatedly as arguments of the functions, and calculating the
corresponding errors of the function using Equations (2.18) this time with O
replaced by the function itself.

2.5 Finite size scaling

Ultimately, when we do simulations we hope to apply the results to physical
systems in the thermodynamic limit, but external limitation such as storage
capacity and computer performance obviously limit the size of the simulated
systems. Addititionally there are intrinsic properties of the models that restrict
us from studying too large numerical grids: The above mentioned critical slowing
down in the vicinity of phase transitions grows increasingly severe when increasing
the system size and there will consequently be more correlations in the Markov
chain. Hence, the statistics will deteriorate due to the larger correlations, forcing
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us to raise the number of Monte Carlo steps. This trade-off between large systems
versus accurate statistics is allways an important issue in Monte Carlo methods.

To exploit the information in results from finite systems, we do finite size
scaling. That is, we look for scaling behaviour in observed quantities when varying
the system size L. It turns out that close to critical points many thermodynamic
quantities obey power-law dependence on the system size because the correlation
length & diverges as 7Y, but is limited by L in a finite system. The exponents
in these power-laws can be related to critical exponents such as § in Equation
(1.15). Estimates of the critical exponents can in turn be used to classify the
nature of a phase transition.

A full treatment of the subject should involve the renormalization group theory
[39], but in the present works this has not been directly touched, and the reader
is referred to the literature, see e.g. References [12, 40, 33]. Instead we turn to
Widom’s homogeneity postulate [41] that the singular part of the free energy Fj
obeys the following relation,

F,(\97) = AE,(7), (2.20)

where A is an arbitrary scaling factor and a is an unknown constant. Since we
want an expression for the scaling of F with respect to L, it is natural to choose
A% = LY¥ to obtain the explicit L-dependence as 7 — 0,

Fy(r,L) = LY@ E (LYY 7T). (2.21)

From Equations (1.9) and (1.11), we know that the heat capacity Cy is propor-
tional to the second derivative of the free energy with respect to temperature, so
the leading behaviour close to T can be found from

o°F,

= _L2/Z’+1/(a'j).7:(L1/VT). (2.22)
-

CV X
F(z) is just some derivative of F, and analytical in . The singular part of
the heat capacity is normally given as Cy ~ |7|~%, and from this we identify
a =1/(2 — «). Thus, by measuring Cy at T¢ for different system sizes, we can

extract the ratio a/v from
Cy o< L7, (2.23)

Similar scaling arguments for other thermodynamic quantities lead to a set
of relations coupling the corresponding exponents, and from the hyperscaling
relation,

dv =2 — «, (2.24)

we can calculate o and v. However, hyperscaling is known to be violated in
certain systems [18].
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Figure 2.6: The heat capacity of a system with a phase transition in the
3DXY universality class. Equation (2.23) predicts that the peak should be
close to constant when increasing the system size, since « is very small and
even slightly negative. However, finite size effects in the nonsingular part of
Cy obscure this behaviour for small L.

2.5.1 The third moment of the energy

When the o exponent is close to zero, or even slightly negative as in the 3DXY
model?, reliable results are hard to obtain from Cy due to significant deviations
from scaling in small systems. Equation (2.23) is asymptotically correct, but as
shown in Figure 2.6, the heat capacity can actually increase with L because the
analytic background dominates over the singular part for small L. In References
[13, 14] Sudbg and coworkers presented a solution to this problem by, rather than
computing Cy, using the third moment of the energy Equation (1.12),

O3F
— s _ 7 (4a)/vri7l/v
5= =1L F(LYY7), (2.25)
shown in Figure 2.7. Here, it is the peak-to-peak height (AM3)neighs that scales
as LU1®)/¥ and linear background terms will cancel as a result of subtraction.
Additionally M3 provides a direct measure for the only length scale in the problem
through the peak-to-peak width, which scales according to

(AM;)wiqen &< 7~ L. (2.26)

The hyperscaling relation Equation (2.24) is no longer needed since M3 provides
independent measures for o and v.

'High precicion measurements yield o ~ —0.0146(8) [42].
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Figure 2.7: The third moment of the energy, corresponding to the L = 8
data for the heat capacity in Figure 2.6.

2.5.2 Beyond continuous transitions

So far, we have only considered continuous transitions in our finite size discussion.
Berezinskii-Kosterlitz—Thouless transitions are different in that there is no single
temperature where the correlation length ¢ diverges. Instead, we stated in section
1.3.2; the entire low temperature phase is critical, and there exists no local order
parameter we can monitor. Still, a finite size analysis is useful and often the
helicity modulus Y, Equation (1.29) has been used to estimate the transition
temperature through finite size deviations from its bulk form [43, 44]. In full
analogy, the inverse dielectric constant e~ has been used in the two dimensional
Coulomb gas [27, 45, 46]. More conclusive evidence from Monte Carlo simulations
for the very existence of a Berezinskii—-Kosterlitz—Thouless in a model, is hard to
find, but a novel method was proposed by Minnhagen and Kim in Reference [47].
We have further developed the method and we will come back to this in Chapter
3.

At a first order transition there are two or more noncritical phases coexisting,
and no ordinary diverging correlation length is associated with the switching be-
tween them, even though quantities such as the heat capacity diverge. However,
it is possible to consider first order transitions as limiting cases of continuous
transtitions [48, 49] where finite size scaling still makes sense. The critical expo-
nents then attain corresponding limiting values, in particular = 1 and v = 1/d.
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2.6 The Lee—Kosterlitz method

2.6 The Lee—Kosterlitz method for first order
transitions

Finite size scaling and determination of the critical exponents as described above,
may give a good indication on the nature of a phase transition. Yet, a more di-
rect approach put forward by Lee and Kosterlitz [50, 51] allows us to be more
definitive about the nature of the transitions after analyzing Monte Carlo data.
The idea is to identify and do finite size scaling of the domain wall energy be-
tween the coexisting phases at a first order transition. The domain walls have
a surface tension corresponding to a free energy barrier AF(L), which vanishes
for continuous transitions whereas it scales as L?~! at a first order transition
provided that L is sufficiently large.

113 T T T
(a)

H/V
a.u.

(c) ~—Prr(Hp)

1 1 1 1 1 1
0 5000 10000 15000 108 1.085 109 1095 11 1105 I
£/1000 H)V
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Figure 2.8: The Monte Carlo time series of the energy (a) indicates that
there are two coexisting phases between which the system jumps. The raw
histogram of the data (b) can be reweighted to a nearby temperature (c)
where the two peaks are of the same height, corresponding to the transition
temperature. Finite size scaling of the barrier height between the two phases
will then determine the nature of the phase transition.

To calculate AF (L) we again turn to the energy histograms we referred to in the
context of reweighting in section 2.3, and again reweighting itself is a valuable
tool. For long simulations, these histograms directly estimate the probability
distribution Py, p(H) for the energy H at a given system size and temperature.
Two coexisting phases are reflected by two peaks in Pr r(H) which are of the
same height precicely at the transition temperature. Generally we do not know
that exact temperature, but the histograms can then be reweighted, and from
the equal height histogram AF(L) can be found as

PL,T(HP)>
PLr(Hy)) '

Here, Hp is the energy of one of the two pure states for which Py, r(H) has a

AF(L)=1n ( (2.27)
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maximum, and Hy; is the mixed state energy corresponding to the minimum
between the two peaks in the histogram as shown in Figure 2.8.
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Chapter 3

Logarithmic plasmas in two and three
dimensions

In the papers [1, 2] we study a closely related model of the Ginzburg-Landau
model Equation (1.18), with focus on three dimensions arising out of a quantum
mechanical problem in two spatial dimensions as briefly discussed in section 1.3.
The study is motivated by the work in References [52, 53] where a Berezinskii-
Kosterlitz—Thouless phase transition is proposed in a matter coupled compact
U(1) gauge theory. This is hoped to be applicable to the proposed phenomenon
of spin—charge separation in strongly correlated electron systems at zero temper-
ature.

3.1 Strongly correlated electron systems

Many of the properties of high temperature superconductors can not be described
by the successful theory of Bardeen, Cooper, and Schrieffer [54] for the conven-
tional superconductors. The main issue is the strong Coulomb repulsion between
the electrons with resulting breakdown of fermi liquid theory in the non super-
conducting phases of cuprate superconductors. For a better understanding of the
cuprates, the physics of Mott insulators is considered to be crucial.

3.1.1 The Hubbard model

An appearantly simple model accounting for the strong electron repulsion, is the
Hubbard model,

H=-t Z CLng + UZniTnil + H.c., (31)

(,4),0

in the large U/[t| limit. C and Cjo, are the usual creation and destruction

operators for electrons with spin o =7, |, and n;, = C’JUCZ-J is the number of
electrons at lattice site ¢ with spin 0. As U/|t| — oo, double occupancy of a
lattice site is prohibited even if the electrons are of opposite spins, as illustrated in
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Figure 3.1: Possible dynamics of the large U/|t| Hubbard model. Hopping
to an occupied site is not allowed even if the electrons have opposite spins.

Figure 3.1. At half filling this limit of the Hubbard model is a nearest neighbour
Heisenberg antiferromagnet, believed to be an effective model for the parent
compound of the cuprate superconductors, LagCuO,4. The ground state of the
system is a Mott insulator, but doping may introduce new phases. The crystal
of LapCuQy4 has a layered structure of essentially independent square Cu lattices
on which the low energy electron dynamics takes place [55]. In the U/|t| — oo
limit we write the hamiltonian

H=—t )Y ClCj+He, (3.2)
<i7j>70

where we now have the additional constraint

ZOZTUO’L'U S 17 (33)
expressing the prohibition of double occupancy. Instead of dealing with this

inequality, we represent the electron operators by

C’LTO' = flTO'bi7

(3.4)
Cl = fiobl,
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3.1 Strongly correlated electron systems

called the slave boson method.

The operators f;rg and bj create a chargeless fermionic spin and a spinless
bosonic hole respectively, and the constraint consequently takes the form of an
equality,

Qil®) = > (fL fio + blb))|@) = |), (3.5)

i.e. the site 7 is either occupied by a fermionic spin or else it is a positively
charged hole.

it bi@

C«T

Figure 3.2: Slave bosonization where an electron is represented as the com-
posite particle of a spinon carrying the spin and a holon carrying the charge.

3.1.2 Effective lattice gauge theory

In order to do statistical mechanics we want the partition function Z, and this
we find as a Feynman path integral over Grassmann and complex fields f and b
respectively [21, 56],

B
Z:/Df*Dbe*DbHd(Qi - 1)exp{—/ dr
i, 0
’ (3.6)
[ (ft0/0n)sia + vi(@/0m + He) + 1] .
(i.3).0
where we have incorporated the constraint Equation (3.5) in the theory through
the factors [[;  6(Q; — 1). H is the hamiltonian of Equation (3.2) and 7 is
imaginary time. We then use Abrikosov’s trick of writing

5(Qi—1) = / i @i, (3.7)

x 2m

so that the partition function can be written

Z /Df*Dbe*DbD)\exp{/Oﬂ dr .
[ (42 (0/07) fir +b:(0/07)bs +10(@s — 1) + Hec.) + H] } |

(i:3),0
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Chapter 3 Logarithmic plasmas

The important feature here is that the original constraint Equation (3.3) appears
in the theory in the form of a compact gauge field \; € [—m, 7). After decoupling
the quartic fermion terms in H by a Hubbard—Stratonovich transformation [57],
the fermion sector can be integrated out. Left is a theory of a compact gauge
field coupled to a bosonic field with the fundamental charge. A simplified model
believed to capture the essential physics is the abelian Higgs model with a com-
pact U(1) gauge field A fundamentally® coupled to a bosonic U(1) matter field
U = |U|el? defined on a Euclidian (2+ 1) dimensional lattice [58]. In the London
limit, we may write the effective hamiltonian

H=- Z [cos(AMGi —A;) + ncos(EWAAVAM)} . (3.9
7

The charge part in the underlying theory is represented by the matter field,
whereas the constraint is fulfilled by fluctuations in the gauge field. We want to
see if the model can support spin—charge separation in a so-called confinement—
deconfinement transition, since a frozen gauge field would correspond to inde-
pendent dynamics of the slave fermions and bosons. It should be mentioned here
that this is also closely related to the issue of quark confinement in high energy
physics [59].

It has long been established that a pure compact gauge theory without matter
fields sustains a permanent confining phase in three dimensions [60]. Such a
theory supports stable topological defects defined by surfaces where the field
jumps by 27, forming a gas of space-time instantons. These are point like objects
interacting through a 1/r potential, analogous to a three dimensional Coulomb
gas where the charges are always in a metallic phase due to Debye screening. If
matter fields are present the fate of the instantons is however less clear. It has
been argued that this does not destroy the permanent confinement [58, 59], but
there has been much controversy on this point [61, 62, 63, 52, 53, 64, 65, 66, 67,
68].

In References [52, 53] a duality transformation is demonstrated for the model
Equation (3.9) where the theory is expressed in terms of the gauge field instantons
iy 1

]

On a d = (2 + 1) dimensional lattice the interaction can be expressed through a
discrete Fourier transformation,

A2 eik~(rj —r;)

- Nat 42 2(d - X8, cos k)]t

Vvij = V(I'J — I'i) (311)

The fundamental charge e = 1 is omitted but would appear in the theory in the coupling
term cos(Ap0; — eA;y).
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3.2 Numerical studies

Here, the presence of a matter field has modified the interaction from ~ 1/r in
the pure gauge theory to an anomalous — Inr interaction in the matter coupled
version. This is very similar to the two dimensional Coulomb gas of section 1.3.3
which is known to exhibit a Berezinskii—Kosterlitz—Thouless phase transition.
Furthermore, renormalization group arguments are used to indicate that also
the three dimensional logarithmic gas may undergo a phase transition of this
type. A phase transition in such a system would correspond to a proliferation
of space-time instantons in the gauge theory Equation (3.9). This is in turn
hoped to serve as a possible mechanism for spin—charge separation through a
confinement—deconfinement transition in strongly correlated systems.

As a remark, it should be mentioned that if the matter field carries a charge
other than the fundamental e = 1, the situation is very different, and the model
is known to have a continuous phase transition [14].

3.2 Numerical studies of a metal-insulator transition

The two dimensional Coulomb gas has enjoyed much attention over the last
decades, see e.g. References [69, 70, 45, 27, 46, 71], and can therefore be consid-
ered as a model with well known properties. A review of the model is given in
Reference [72]. Due to its similarities with our three dimensional logarithmically
interacting gas of instantons, we have studied these two models simultaneously
for direct comparison and benchmarking purposes. Additional comparisons with
the three dimensional Coulomb gas have also been made.

VP Lo e

- ®

©
@/6 ® © o
3 ° o

Figure 3.3: In the two dimensional Coulomb gas, dipoles unbind in a
Berezinskii—Kosterlitz—Thouless phase transition to form a metallic plasma.

Screening of the interaction potential is the essential property responsible for

a phase transition in the two dimensional Coulomb gas. A finite screening length
means that the system is a metallic plasma. On the other hand, since dipoles can-
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Chapter 3 Logarithmic plasmas

not screen the Coulomb potential [73], a system initially consisting of dipoles will
be in a stable dielectric phase where opposite charges are tightly bound in pairs.
In two dimensions these pairs break and unbind at a finite temperature through
the Berezinskii—Kosterlitz—Thouless phase transition, whereas there is only one
stable phase in the three dimensional Coulomb gas. A permanent metallic phase
in the latter model corresponds by duality to the permanent confinement of the
pure U(1) gauge theory [60].

3.2.1 Polarizability

The theorem that dipoles cannot screen does however not apply to the logarith-
mic potential in three dimensions. This warrants numerical investigations, and in
Reference [1] we use Monte Carlo simulations to investigate the screening proper-
ties of such a system. Information on this is provided by the dielectric constant,
given in a low density approximation as

€ =14 nqQqp, (312)

where ng is the dipole density and €2; the solid angle in a d dimensional system.
The polarizability p is proportional to the mean square separation (s2) between
the charges in a dipole, and by focusing on this quantity in the simulations we can
determine wether the system is a dielectric or a metal. For the two dimensional
Coulomb gas, the behaviour of (s?) to leading order in L can be found using a
low density argument [17] yielding

Const. ; T <Tgr
(s?y = aLT=Txn)/T  Tpq < T < 2Tk (3.13)
bL? : 2Mgr < T.

Here, the prefactors a and b are unimportant, whereas the constant for T < Tk
is of the order of the lattice constant. Even though the screening effects were
neglected in this calculation, the conclusion still holds — the only correction due
to screening in the above result is in value of the transition temperature T
[17]. Monte Carlo simulations confirmes this behaviour in two dimensions, and
the three dimensional logarithmic gas shows a remarkably similar behaviour, see
Figure 3.4.

These results demonstrates clearly the existence of two different temperature
regimes in the models. The scaling with L of the polarizability has a nonanalytic
change at some intermediate temperature, and there must therefore be a phase
transition separating the two regimes. The nature of the transition can however
not be determined from the above, and further investigations are necessary. This
will be presented in the next section.
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Figure 3.4: Results from Monte Carlo simulations showing two distinct tem-
perature regimes in both models for the mean square dipole moment (s2).

3.2.2 Numerical evidence of a Berezinskii—-Kosterlitz—Thouless

transition

A Berezinskii—Kosterlitz—Thouless phase transition is characterized by a univer-
sal jump to zero in some generalized stiffness parameter [16, 17]. In the 2DXY
model, this is the helicity modulus Y, (Equation (1.29)), whereas the inverse
dielectric constant €' is the corresponding quantity in the two dimensional
Coulomb gas. Due to the finite sizes used in computer simulations, it is diffi-

e (k)

Figure 3.5:
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temperature T', using the smallest possible wave vector in a finite system,
k = 2me, /L.

cult to prove a dicontinuity in e~' or T, on numerical grounds. The plots in
Figure 3.5 shows that the drop towards zero gets steeper as the system size is in-
creased, but this alone does not guarantee a discontinuity in the thermodynamic
limit. Yet, a simple and elegant method to prove this characteristic feature in
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Chapter 3 Logarithmic plasmas

such phase transitions from Monte Carlo simulations, was recently put forth by
Minnhagen and Kim [47]. They considered the 2DXY model and its helicity
modulus Y, defined by Equation 1.29. This is the coefficient of the second order
term in a free energy expansion in an imposed phase twist: An arbitrarily small
perturbation ¢ that inreases the free energy. Since only even order terms are
nonzero in this expansion, the next term is of fourth order and the expansion can

be written
AF=F(#0)—F(6=0)=m 6% +my 6* + ..., (3.14)

where m o< YT,. The simple argument is that if the fourth order coefficient
can be proven to be finite and negative at the transition temperature in the
thermodynamic limit, then the helicity modulus has to be finite and positive in
order to maintain stability of the system. If T, goes to zero at the transition, it
necessarily cannot do so in a continuous fashion.

0.1

0.1

Depth of ¢,
H

0.05t L
1.9 0.01 0.1 0.3

1/L

Figure 3.6: For the two dimensional Coulomb gas, the coefficient €4 of the
fourth order term in the free energy expansion is finite and negative at the
transition temperature. In the left panel €4 is plotted for increasing system
size and the depth decreases monotonically with L.

We have applied the same stability argument to our logarithmically interacting
plasmas in two and three dimensions, and derived the following coefficients in the
corresponding free energy expansion [2]. The second order term is proportional
to the inverse dielectric constant,

_ Vi

1 _

e (k)=1- ﬁ@kqfk% (3.15)
and the fourth order term is proportional to

1

es(k) = T3

<<qqu>2 - ;<(qqu)2>> . (3.16)
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3.2 Numerical studies

Vk and gk are the interaction and point charge respectively, given in the Fourier
representation defined by fix = >, f(r)exp(ik - r). Some care had to be taken in
the choice of perturbation in order to make the change in free energy Equation
(3.14) nondivergent as L — co. In our choice k, is either of the d smallest possible
vectors k = 27&,, /L in the given system.
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Figure 3.7: The depth of the fourth order coefficient vanishes in the thermo-
dynamic limit for the 3DCG model (¢4 is divided by L? in order to obtain
the corresponding nondivergent quantity in this case). In the logarithmically
interacting model, no such conclusions can be drawn.

For the two dimensional Coulomb gas, we confirm the results obtained in Ref-
erence [47]. The results (Figure 3.6) are similar to those for the 2DXY model,
and thus establish the discontinuous character of the inverse dielectric constant
based on finite size scaling of €4. The minimum of the fourth order coefficient can
safely be associated with the phase transition where ¢! goes to zero. By plot-
ting the corresponding temperature against 1/L and extrapolating to the limit
L — 0, we can estimate the transition temperature Tk, but the convergence to
the known value of Tk is however slow and the method is consequently not very
precise.

The Berezinskii—Kosterlitz—Thouless characteristic of a discontinuous jump in
the inverse dielectric constant for the three dimensional logarithmic gas can not
be ruled out. Unfortunately though, the feature turns out to be hard to prove or
disprove from computer simulations alone. The fourth order term has the same
characteristic shape as for the 2DCG model, and scaling of the depth is shown in
Figure 3.7 along with results from simulations of the three dimensional Coulomb
gas. In the latter case, the depth of the corresponding quantity e;/L? vanishes
in the thermodynamic limit whithout any doubt. However, the results from the
three dimensional logarithmic gas are inconclusive and either improved methods
or larger system sizes are required.
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Chapter 4

Deconfined criticality

In this chapter we use the term deconfinement in a somewhat different meaning
than that of spin—charge separation in Chapter 3. We will however still be con-
cerned with the physics of Mott insulators in two spatial dimensions in search for
better understanding of the cuprate superconductors, but the approach will be
different. Materials such as LasCuO4 and CsoCuCly feature states with an odd
number of S = 1/2 spins per unit cell, but can also dimerize so that each unit cell
consists of two S = 1/2 spins, spontaneously breaking the lattice symmetry [74].
It is the dimerization of spins that in this specific context is named confinement.
These states are paramagnetic valence bond solids and may exhibit a gap to spin
excitations.

In paper [3] we study an effective model proposed by Senthil and coworkers
[74, 75, 76] for the transition from a quantum Heisenberg antiferromagnet with
Néel order to a dimerized spin gap state on a two dimensional square lattice.
They claim that this order—order transition is continuous, in contradiction to
what would be expected from the Landau—Ginzburg—Wilson framework for phase
transitions. The antiferromagnetic Néel order corresponds to a broken SU(2)
symmetry in spin space, whereas the valence bond solid state breaks the discrete
translational symmetry in real space. According to the Landau—Ginzburg—Wilson
paradigm a transition between two such ordered states must either be of first
order, or there must be an intermediate disordered region. However, quantum
interference effects can obscure this picture and the confining order of the two
phases may be separated by a critical region where the order parameters are
deconfined.

4.1 Square lattice antiferromagnet

The quantum Heisenberg antiferromagnet can be described by the Hamiltonian
Hs=JY 8;-8;+.. (4.1)

(i)
on a square two dimensional lattice, where S; are S = 1/2 spin operators and
the nearest neighbour coupling J > 0. The groundstate is the desired Néel state,
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Chapter 4 Deconfined criticality
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Figure 4.1: Schematic examples of a Néel ordered antiferromagnet and a
valence bond dimer state where the discrete translational symmetry is broken.

and by adding additional terms in the Hamiltonian, it is possible to tune the
system through transistions into other states such as the paramagnetic valence
bond solid in Figure 4.1.

Now, a similar procedure to the one in the previous chapter can be followed to
obtain an effective model for quantum fluctuations about the Néel state. It
is believed that the essential physics of this system is captured by the path
integral Zp = [ DIMDOIMDA exp(—H), with the effective (2 + 1) dimensional
Hamiltonian [74, 75, 76],

3

1= =383 [cos(8,0) — A4,) + cos(2,07 - 4,,)
r (4.2)
+ HCOS(EHV,\AVAU\)} + i2S’m~AiT}.

Here, both the phases (1), 6(2) and the gauge field A;, are compact, i.e. they
are only defined on the interval [—m, 7). Even though the compact abelian Higgs
model Equation (3.9) has many similarities with the above Hamiltonian, there
are a few important differences to be explained. The most prominent is the so-
called Berry phase term i25m; A;, accounting by a phase factor for the evolution
in imaginary time 7 of each spin S; [77, 78]. The spins are described in this
theory with the identification S; = 7;5n;, where n; is a unit vector and n; = +1
is a staggering factor making n; a slowly varying function of 4 close to the Néel
ordered groundstate. n; is constant in the time direction. Furthermore, in order
to simplify the model, an easy-plane anisotropy is assumed so that the SU(2)
symmetry of the spins is reduced to the U(1) group where spins are locked to
the zy plane. The Néel vector can then be parametrized in terms of the two
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4.1 Square lattice antiferromagnet

component spinor z; = (e, i) /\/2,

n; = zj&’zi, (4.3)

where & is a vector of Pauli matrices. In the limit of large 3 the partition function
Zp is dominated by configurations with small fluctuations in the phases (1), 6(2),
This corresponds to the Néel ordered state with a finite n;, and #() — () repre-
sents the direction of n;. The valence bond order on the other hand is connected
to the factor exp[—i)_ 2Sn;A;;] in Zp, as the Berry phases lead to a broken
lattice symmetry for small 3.

The compact gauge field of the effective Hamiltonian Equation (4.2) gives rise
to the same topological defects as in the compact abelian Higgs model Equation
(3.9), but now these instantons carry Berry phases. Exactly at the critical point,
the combined effect of compactness and Berry phases makes the instantons cancel
each other completely [74, 75, 76]. In other words, the critical theory can equally
well be described by the noncompact theory

H= —ﬁz {COS(AMGZ(I) — A + cos(AMHEQ) —A;) — g(EWAA,,AM)Q}, (4.4)

Byl

and this argument applies to arbitrary number of components 6().
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Figure 4.2: The peak in the heat capacity for a model with one matter field
coupled to a compact gauge field does not indicate a diverging behaviour
(a). If an additional Berry phase term is present (b), the heat capacity scales
consistently with the 3DXY model.

If we were to consider only one component, we know from the previous chapter
that with a compact gauge field and no Berry phase term we get a model with no

43



Chapter 4 Deconfined criticality

ordinary continuous phase transition. However, if the Berry phases are included,
then the critical properties would be that of the inverted 3DXY universality
class'. In Figure 4.2 we plot the heat capacity for the single component version
of the model Equation (4.2) with and without Berry phases, and the effect is
clear: The version without Berry phases shows no sign of scaling behaviour.
On the other hand, for the model with the Berry phase term present, scaling
of the corresponding third moment of the energy Equation (1.12) yields critical
exponents in consistency with the 3D XY universality class. Our main focus will
be on the two component version of the model, however the same mechanism
takes place: The Berry phases and instantons cancel each other at the critical
point.

4.1.1 Dualization to avoid a complex hamiltonian

The effective model in the form of Equation (4.2) is difficult perform Monte
Carlo simulations on because it is complex. The imaginary Berry phase term
may cause the partition function Zp to contain negative terms, and consequently
the normalizing factor 1/Zp in the expectation value of an observable Equation
(1.2) may easily diverge. This is known as the sign problem and often encountered
in quantum Monte Carlo simulations [79]. Fortunately, we are in a position where
we can recast the model into a real Hamiltonian through a duality transformation
akin to the one in section 1.3.3.

First we apply the Villain approximation which leaves the partition function
in the form

7 — /Dg(l)Dg(l)DA Z e_H"7 (4.5)
{n() n® nA)}
with
Hy — Z{§ 3 [(Auegl) — A+ 2m§i))2 + (Auegm — A+ 2wn§i))2
i "

+ R(EWAAVAM + 27rn(A)) 2} + iQSniAiT}~ (4.6)

[

Then we employ the standard set of tricks: The Hubbard-Stratonovich trans-
formation and the Poisson summation formula which enable us to integrate out
the 01 and #® fields as well as the gauge field A;,. Appearantly, the partition
function now becomes particularly simple,

12, (22

7 = Z e—ﬁ ZL(VL tv;

{(v(D) v (@) v (A}

(A4)2

+viV) (4.7)

1An abelian Higgs model in three dimensions with a noncompact gauge field is dual to the
3DXY model [24].
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4.1 Square lattice antiferromagnet

but then it must meet the following constraints,

A-v =0 where p = 1,2, (4.8)

SHUAAV’UX‘) — UE;) — vl(i) — 64 =0 where u = x,y,T. (4.9)

The constraints of Equation (4.8) are fulfilled by writing UZ%) = 5lw,\AuhE;),
©))

v, = S“V)\Ayhz(-i), where h,gl), hgz) are dual lattice fields. If we additionally write
the staggering term d,,7; as the curl of a new static field f;, the last constraint
can be written

V. (ux‘) —n$y) —nl2) — fu) =0, (4.10)

and will be met if the parenthesis equals the gradient of a discrete scalar field s;.
(A4)

7 ’

Solving for v
vy = hiy) + B3 + fix+ Axsi, (4.11)
we end up with the real and gauge invariant dual partition function

7= % eXp{_% Z[(sMMAuhS))Q + (SMVAAVhEi))
i

{h),h) s}

2

(4.12)
() 02+ g s) ]

The gauge invariance in Equation (4.12) allows us to choose a gauge in which
the gradient term is zero and the scalar field s; consequently is absent in the
theory. In principle, we could proceed from here and express the theory in terms of
its topological excitations as we did for the 2D XY model, but the corresponding
Hamiltonian then again turns out to be complex.

Figure 4.3: The components of f; = (fiz, fiy, fir) are interpreted as link
variables: All components are zero except for the solid links which are given
the indicated values. Additionally, there is no variation in the 7 direction.
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Chapter 4 Deconfined criticality

4.2 Monte Carlo study of a first order transition

In paper [3] we present large scale Monte Carlo simulations of the model Equa-
tion (4.12) in the A,s; = 0 gauge. This is a faithful representation of the two
component effective theory Equation (4.2) for the Néel order to valence bond
solid transition. Here, the Berry phases are represented by the field f;, which is
defined only so that it satisfies €,,0A, fix = 0,-7:, and we conveniently use the
choice of Reference [74], see Figure 4.3.

However, by setting f; = 0, we can easily study the compact model without
the Berry phases as well. It is known that such a theory can be rewritten in
terms of a neutral mode of the XY type and a charged mode which couples to
the gauge field [80, 81, 82]. Because of the compactness, the latter mode is just
of the type we investigated in Chapter 3 with no continuous phase transition.
Hence, we expect this theory to be in the 3DXY universality class, which is in
good agreement with our simulation results.
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Figure 4.4: The heat capacity as a function of 3 or temperature respectively
for the two component model with compact gauge field and Berry phases
(a), and for the two component noncompact model. The symmetric peaks
develop into delta functions in the thermodynamic limit, a characteristic of
first order phase transitions

Finally, we perform Monte Carlo simulations on the noncompact version of the
model, Equation (4.4). If the two cosine terms appear in the Hamiltonian with
unequal prefactors - or phase stiffnesses - this theory is believed to be applicable
to exotic systems like the Hydrogen atom at extreme pressure [83]. As in the
case of a compact gauge field, we can express Equation (4.4) by a charged and
a neutral mode. However this time, even the charged mode gives rise to a phase
transition of 3DXY type. When on the other hand the phase stiffnesses are
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4.2 Monte Carlo study

equal as in the present study, the theory can be shown to be self dual [84], in
contradiction to the asymmetric 3D XY phase transition.

It is argued that the critical properties of the compact model with Berry phases
and the noncompact model are identical [74, 75, 76], and indeed we obtain similar
results from the Monte Carlo simulations. In Figure 4.4, we see that the peaks
in the heat capacity are almost perfectly symmetric in both models, and scaling
of the third moment of the energy reveals practically identical critical exponents.
These exponents are however surprisingly different from previous investigations
[84, 82], and hint that the nature of the phase transition is not continuous, rather
than first order. To settle this issue we have carried out a Lee—Kosterlitz analysis
(see Section 2.6) and find strong evidence for a first order phase transition in
these models. Thus, the peaks in the heat capacity are actually developing delta
functions.
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Chapter 5

Thermal fluctuations in trapped vortex
systems

Extending the XY model from two to three dimensions, the topological objects
described in section 1.3.3 becomes lines instead of points. These are vortices, ob-
jects found in systems ranging from the giant internal structure of neutron stars
[85], to tiny containers of rotating superfluid *He [86], and to extreme weather
conditions like tornadoes and cyclones. In the context of high T¢ supercon-
ductors, the ordering and interactions among larger numbers of vortices have
been a deep and rich field of research for decades, see for example References
[87, 88, 83, 89].

In certain regimes of physical parameters the 3DXY model turns out to be
well suited for investigations of vortex systems [90, 22, 91, 92], and the computer
programs developed for the Monte Carlo studies of the last two chapters can
be applied with small modifications to this problem [4]. The problem we have
in mind is thermal fluctuations in arrays of vortices seen in ultracold rotating
gases of bosons, the Bose-Einstein condensates. At the lowest temperatures,
these arrays have a high degree of regularity [93], ordered as Abrikosov lattices,
the well known form for ordering of quantized magnetic flux lines in type-II
superconductors [94]. The Bose-Einstein condensates have superfluid properties,
and since their experimental realization in alkali gases just over a decade ago [95,
96], they have proved to be useful testing grounds for a variety of different physical
concepts. An important reason for this is that they are easily controllable in large
ranges of the parameters such as total particle number, density, interparticle
interaction, rotation rates and so on.

Our Monte Carlo results are believed to be applicable to harmonically trapped
Bose-Einstein condensates [93] away from the extremely dilute limit of rapidly
rotating systems where the rotation frequency is close to the trap frequency [97].
With small additional adjustments we have also simulated anharmonic situations
where the condensate is trapped in a harmonic plus quartic potential, directly
related to experiments by Bretin and coworkers [98]. Another related case is to
replace the trap by a hard-walled cylinder with a uniform bare phase stiffness
within, resulting in a model applicable to a rotating container of superfluid *He
[99].

49



Chapter 5 Trapped vortex systems

5.1 Trapped Bose—Einstein condensates

Here, we will not review the fundamentals of Bose-Einstein condensation other
than refer to a few concepts important for this work - more general introductions
can be found in References [100, 101]. In order to confine the condensate atoms in
space, various techniques can be used, however most experiments have a magnetic
trap with axial symmetry. The potential is usually that of a harmonic oscillator
and can be written
V(r, z) = const. + %warQ + %ngzQ, (5.1)

where M is the single particle mass and w, (w,) is the radial (axial) oscillator fre-
quency. By tuning the ratio w,/w,, the shape of the system can be manipulated.
We will consider elongated systems where the cloud of condensed atoms have a
cigar shape, with extension Z in z direction a few times larger than the radial
extension R. In certain setups the cloud can take the form of a pancake, leaving
the physics essentially two dimensional, but in the present study 3D effects are
important.

The size of the cloud can be estimated by simple energy considerations. In a
system of IV atoms rotating around the z axis with an angular rotation frequency
), the rotating frame energy is

1
Ecloud ~ §M<w? - QQ)RQN (52)

In order to maintain stability, this must be comparable to the total interaction
energy

Eiyt ~ gnN, (5.3)
with g = 4ma,h?/M the interaction strength and n the condensate density. Here
is as the low energy s-wave scattering length. Assuming for simplicity a qubic
system, then n = N/R3, and we get

Ecloud ~ Eint (54)

-

M=) (5.5)

=R~ [
We see that when the rotation rate approaches the trap frequency, the system
flies apart and other trapping methods are necessary to confine the atoms, see for
example Reference [98]. Otherwise, changing the total number of atoms in the
trap offers great flexibility for controlling the size and density of the system. If
N is sufficiently large, the Thomas—Fermi approximation can be applied to give
the following radial density distribution of the atoms [101],

n(r) = n(0) (1 - (r/R)2>. (5.6)
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5.2 The frustrated, nonuniform 3DXY model

Close to r = R where the density is small, the approximation is not good and
the condensate vanishes more smoothly than predicted by Equation (5.6). In a
rotating system where vortices appear, the density profile n(r) must be viewed as
the coarse grained density since a vortex core corresponds to a complete depletion
of the condensate. The vortex core size is of the same order of magnitude as the
healing length, { ~ h/,/gnm.

Typical experiments with Na or 87Rb may have N in the range of 10°-107
atoms, and trapping frequency of the order 100 Hz. For example, in Reference
[93] this yields systems of up to 130 vortices with cloud size R ~ 29um and
healing length & ~ 0.2um.

5.2 The frustrated, nonuniform 3D XY model

In paper [4] we present results obtained by Monte Carlo simulations of a frustrated
3DXY model with a position dependent, but fixed, bare phase stiffness. The
uniform 3D XY model has been used extensively for over a decade in the context
of high T superconductors [90, 22, 91, 92] and is assumed to work well when the
average vortex separation is larger than the healing length £. On the contrary,
when the vortex cores start to overlap as in very rapidly rotating Bose-Einstein
condensates, the systems enter the lowest Landau level regime [102, 103] and the
3D XY model does not apply. This happens when the interaction energy is much
smaller than the harmonic trap energy.

(®) | (b) (©

Figure 5.1: Various radial density distribution F;; used in our simulations:
With a harmonic trap (a), an anharmonic trap with a harmonic plus a quartic
term (b), and a hard-walled cylindric container (c).

We use a Hamiltonian which is a generalization of Equation (1.27) and can be
written

H=- Pi]’ COS(GJ‘ — 92 — Aij). (57)
(ig)

The bare phase stiffness P;; can be chosen so as to represent the Thomas—Fermi
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Chapter 5 Trapped vortex systems

density profile of a harmonically trapped Bose-Einstein condensate,

P = {(1 - (Tij/R)z) when r;; < R,

i = (5.8)
’ 0 when r;; > R,

where 7; is the radial distance from the z directed trap center axis. However, as
far as the simulations are concerned, we can equally well choose other profiles,
see Figure 5.1. The gauge field A;; in Equation (5.7) is kept fixed during the
simulations, and serves as a uniform frustration which induces a certain number
of vortices in the system corresponding to some fixed rotation frequency €2. It is
defined by

Aij = /j dl- (Qfoéy), (59)

and in a qubic L x L x L lattice, there will consequently be fL? vortex lines
penetrating the system parallel to the z axis. The position of these vortices are

N

Figure 5.2: A snapshot of the vortices in a 72x72x72 system at T = 0.5,
where the selection consists of 72 lattice spacings in « direction, 16 in y
direction, and 32 in z direction. In the central part there are small fluctu-
ations and the vortex lines are almost straight objects, whereas fluctuations
increase and vortex loops eventually proliferate closer to the edge. The radius
of the vortices is 0.4 times the lattice spacing, only chosen so for visualization
reasons, and should not be compared to the physical size of the vortex cores.

determined by calculating around each plaquette [ the sum
Z(OJ - 91 - A”) = 27T7’Lk, (510)
Uk

where the integer ny is the number of vortices penetrating that particular pla-
quette in the positive direction. Fluctuations of the phases #; are responsible for
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5.2 The frustrated, nonuniform 3DXY model

the dynamics of the vortex lines, but can also cause the creation of closed vortex
loops in the system. High temperature favours fluctuations and so the amount of
vortex loops increase with increasing temperature. Since temperature appears in
the partition function only through the prefactor § = 1/T, we can view the total
prefactor BF;; as an effective, position dependent inverse temperature. Hence,
in the trapped system we expect large vortex fluctuations close to the edge and
gradually more of a low temperature phase in the central parts. In Figure 5.2
a snapshot of a typical vortex configuration is shown for a relatively small T
Surface effects where the vortex lines leave or enter the system are ignored in
this study by use of periodic boundary conditions. A qubic model system can
therefore be considered as a section of an elongated cloud.

Figure 5.3: The vorticity in a simulation snapshot, integrated along the z
direction (a). In (b) such snapshots are averaged over every tenth of 5-10°
Monte Carlo sweeps in order to produce a thermal average. Experimental
pictures (c) usually reflects density variations in the cloud, and vortices are
only indirectly visible through the absence of the condensate. Image cortesy
(c) Wolfgang Ketterle [104].

5.2.1 Vortex position average

We want to monitor how the presence of a harmonic trap affects the vortex
fluctuations and use Monte Carlo simulations on the nonuniform 3D XY model
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Chapter 5 Trapped vortex systems

Equation (5.7) to produce snapshots of vortex configurations. Normally, Monte
Carlo simulations are used to calculate thermal averages from large numbers of
configurations. Now however, we hope to mimick the experimental situation in
which the pictures indeed are snapshots.

For a given vortex configurations, we integrate the vorticity over the z direction
and in this way obtain two dimensional visualizations of the three dimensional
vortex systems. An example is shown in Figure 5.3 (a). In such a picture, two
closed vortex loops situated on top of each other will cancel out if they are oppo-
site in direction. On the other hand, straight vortex lines will be sharply defined
spots, with bent lines being more smeared out regions. The main difference of
these pictures from most of the pictures taken in experiments (see e.g. Figure
5.3 (¢)), is that the intensity in the latter reflects local density variations in the
condensate cloud, whereas in the simulated pictures, it is the vortex matter that
is visualized. In real systems, vortices correspond to depletion of the condensate
density and are thus only indirectly visible. Still, both visualizations provide
information on the vortex position.

However, an additional feature of the simulation pictures, is that we can also
do thermal averages of vortex configurations. Then, large phase fluctuations
will correspond to many closed vortex loops effectively cancelling each other out,
leaving behind only the sample penetrating vortex lines. Stable vortex lattice
regions will remain clear in such pictures, whereas in molten regions where the
vortex lines can move, the pictures will be blurred as shown in Figure 5.3 (b).

5.2.2 Moaodified helicity modulus

In the pictures of the above section, we notice a rather sharp boundary between
the ordered vortex line lattice and the disordered region outside, possibly a molten
phase. In order to investigate this boundary we employ a modified version of
the helicity modulus T,. From investigations on high T superconductors, it
is known that the superconducting to normal transition can be characterized
by the vanishing of the helicity modulus: When vortex lines are present, Y, is
discontinuous because the vortex line lattice melts in a first order phase transition
[22, 92]. The helicity modulus is proportional to the superfluid density ps, and
can be defined in a uniform system as the lowest order response in the free energy
with respect to an infinitesimal phase twist across the system in p direction. In
that sense, T, can be considered as the measure of an effective phase stiffness,
renormalized by vortex fluctuations. Since the free energy is a global quantity,
T,, has no rigorous meaning in the trapped system where the bare phase stiffness
P;; depends on position. Nevertheless, we introduce a modified helicity modulus
Y. only defined between two cylinders of radii Ry and R,. We do so by applying
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5.2 The frustrated, nonuniform 3DXY model

L + 4+

+
*
e
iy

T.((Ri, Ro),T)
T

T = 0.50 0.5 1 15 2 2.5

Figure 5.4: A comparison between the ordinary helicity modulus Y, of a
uniform system with vortex lines (top row), and the modified version T,
(lower panel). The radii Ry and Ry for wich Y., is calculated, are indicated
by the white circles in the picture on the left. Due to the larger effective
temperature 1/(8P;;) in this region, the stiffness vanishes at lower 7" than in
the uniform system.

a twist
Aé, if Ry <r;; < Ra,
A(ry) = Ay = e o 7.7”] 2 (5.11)
0 otherwise,
to the model Eq. (5.7) to get a twist dependent energy function
1 R
Htrap(A) = — ;Hj COS(QJ' — 01 — Aij — ZA” . eij), (512)
ij

where &;; is the unit direction vector of link ij. The cylinder version of the
helicity modulus can then be defined

where Z/ is over all links where A;; is nonzero (depends on R; and R) and
N’ is the number of these links. The total free energy I of the system will have
contributions due to the large gradient in the phase twist normal to the surfaces
defined by R; and Rs, and we therefore choose only to calculate the response in
free energy F’ for the subsystem between the two surfaces. It is clear that in the

- 0*F'
Tz(Rlu RZ) = 8A2
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Chapter 5 Trapped vortex systems

limit where the volume of this subsystem goes to infinity, T, converges to T,.
Yet, we also believe that the modified helicity modulus is a useful probe of the
states in a finite system. This is further discussed in paper [4].

5.2.3 Renormalized density

An alternative way of visualizing the vortex lattice is to create two dimensional
plots similar to those in Section 5.2.1, but this time integrating density rather
than vortex positions. The density is estimated simply by associating the under-
lying lattice constant of the numerical grid with the vortex core size: A unit cell
in the grid has density 1/L if it is empty and 0 if it is penetrated by a vortex.
This we integrate along the z direction and modulate with the a priori density
given by Pj;. The resulting two dimensional plots now provides information both
on the vortex line lattice structure and on the density of the condensate cloud
itself, renormalized by vortex fluctuations.

This is directly comparable to the experimental pictures, and in particular, we
consider [105] results from experiments performed by Bretin and coworkers [98].
They used a trap with an additional quartic term in order to confine the atoms

s 1 C ; . week ending
VOLUME 92, NUMBER 5 PHYSICAL REVIEW LETTERS 6 FFBRU-\R"Y 2004

DDE

a=0 a=1

Figure 5.5: Observation of vortices in an experiment where the condensate
was confined by a harmonic plus quartic potential (top row), after Bretin
and coworkers [98]. Renormalized condensate density from simulations with
a similar density profile is shown in the bottom row. Note the loss in visibility
when the strength of the harmonic term increases, corresponding to faster
rotation relative the trap frequency.

even when approaching the harmonic trap frequency w,. An unexplained feature
in their results was the loss in visibility of the vortices at high rotation rates (see
Figure 5.5), which we believe is due to the reduced density in the central parts
of the cloud. Such a reduction is readily interpreted as an increased effective
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5.2 The frustrated, nonuniform 3DXY model

temperature leading to enhanced fluctuations when incorporated through the
trap factor

Pij _ {C(l + G(Tij/R)Q — b(’I“U/R)Al) when Tij < R, (514)

0 when 7;; > R,

in our model. We have chosen a as the free parameter, with b = 1 + ¢ and
¢ =4(1+a)/[4(1+ a) + a?] for normalization. Thus, at a sufficiently high overall
temperature T = 1/, the central part simply melts and looses its superfluid
properties, as is also indicated by the vanishing of the modified helicity modulus
in Figure 5.6.

T T } T
|
! -
+ |
+ |
oy ! i
Fa4 !
+ | ;.
4 |
+ |
} ?#*T+ CE + 4 .
|
+ | -1
+ |
++++++++++ i _
+4 |
! i
4
i‘t i
|
1 1 S R + 4 d
T =167 0.5 1 15 167 2 2.5
T

Figure 5.6: Modified helicity modulus T, in a system with a harmonic plus
quartic density profile, calculated for the radii indicated by the circles in the
leftmost pictures.
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Chapter 5 Trapped vortex systems

Finally, we mention briefly that our model possibly can be applied to the cur-
rently very active field of crossover of paired fermion systems from the BCS!
to the Bose—Einstein regime. Recent work of Schunck and coworkers [106] show
remarkably similar structures of the condensate when compared to the renor-
malized density plots of our simulations with a harmonic trap (Figure 5.7). This

0 4.5ms

T =0.50 T =1.00 T=1.11 T =125 T =143 T =1.67 T =2.00

Figure 5.7: Observations of vortices in rotating systems where strongly inter-
acting fermions pair up to form a superfluid according to BCS theory (first
and second row), after Schunck and coworkers [106]. In the last row, we
demonstrate the renormalized condensate density obtained from simulations
with a harmonic a priori density profile.

comparison requires further study. It is not clear whether the outer regions of the
experiemental pictures correspond to unpaired fermions, in which case the 3DXY
model does not apply, or fermions in Cooper pairs effectively above the conden-
sation temperature due to low density. In the latter situation, the similarities in
Figure 5.7 may not be incidental.

1BCS refers to the Bardeen—Cooper—Schrieffer theory for superconductivity.
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