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Abstract

The symmetry of the superfluid A-phase of He® has previously been
suggested to describe the unconventional superconducting state of Sr,RuO,
which would make this material a chiral p-wave superconductor. In
this thesis we discuss tools, results and techniques useful in the theo-
retical description of superconductors with this symmetry.

In Paper I we use field-integral techniques to investigate the effects of
spin-orbit coupling on the coefficients of the phenomenological Ginzburg-
Landau theory of chiral p-wave superconductors. We find that these
coefficients have a non-linear anisotropic dependence on the spin-orbit
coupling strength and direction in spin-space. This dependence neces-
sitates two independent phenomenological parameters for the mixed
gradient terms and the mixed component terms respectively, even in
the weak-field limit when written using dimensionless variables.

In Paper I we use large-scale Monte-Carlo simulations to investigate
the vortex-matter of a superconducting system that can be modelled
by a Ginzburg-Landau theory with chiral p-wave symmetry such as
the one investigated in Paper I, but now in the limit of vanishing spin-
orbit coupling. We find that a square vortex lattice consisting of single-
quanta vortices is stable at high temperatures close to 7,(B). The
single-quanta vortices merge into double-quantum vortices at lower
temperature which together then stabilizes a triangular vortex lattice.

In Paper III we investigate a Z, Ising transition resulting from spon-
taneously broken time-reversal symmetry in the neutral sector of chi-
ral p-wave symmetric superconductors subjected to zero external field.



We find that this transition is irrevocably tied to the superconducting
transition for all realistic values of the phenomenological parameters
in our model.
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CHAPTER 1

Introduction

Research into superconductors holds a vital key in the development
of technologies that can reduce global emissions of greenhouse gasses
and thus prevent large economic as well as human losses due to the
effects of the climate crisis. In IPCC’s special report, they state that in
order to have no or limited overshoot in global temperature from the
goal of 1.5°C, the global net anthropogenic emissions of CO, need to
decline by 45% compared to such emission levels in 2010, and this has
to happen by 2030. The emission levels must then continue to decline,
reaching net zero around 2050 [4]. In order for the member nations of
the Paris Agreement to meet this goal, the NDC Synthesis report [5]
highlights the need for further increase in the nations’ contributions
compared to those that are currently declared. Measures mentioned
by member nations for mitigating the release of greenhouse gasses in-
clude renewable energy generation, electrification of the transport sec-
tor and more efficient electrical grids. Because of the non-traditional
properties of superconductors, such materials could potentially be of
great benefit in further strengthening such mitigation strategies.

In aircraft travel, designs for hybrid electric aircraft such as NASA’s
N3-X are underway. Analysis shows that fully utilizing high tempera-
ture superconductors in the propulsion system could provide as much
as 3.5 times higher power-to-weight ratio than previous designs due
to superconductors’ high current-densities [6].
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In Norway there has recently been a debate about the development
of wind turbine parks close to population centers and in vulnerable
natural habitats. Moving the wind power production from land to
sea solves some of the debated issues but needs effective turbines. In-
cluding high temperature superconductors into the design of such off-
shore wind-turbines is beneficial for much the same reasons as for air-
craft design: the high power-density makes for a compact, lightweight
and efficient construction [7, 8].

Other examples of future applications of superconductors include
their use in more efficient power grids [9, 10], sustaining the high mag-
netic fields needed for nuclear fusion [11, 12] and for the operation of
a particle collider more powerful than the LHC [13], faster, more effi-
cient electronics for digital logic and memory devices and more robust
quantum computers [14].

Superconductors also currently have numerous important applica-
tions. In the Chfido Shinkansen magnetic levitation line, which is cur-
rently under construction, the interaction between superconducting
coils in the train and copper coils on both sides of the track provides
levitation and guidance of the train at high speeds [15]. Supercon-
ductors are essential for generating the high strength magnetic fields
needed in MRI imaging. They are also used in other medical settings
such as measurements of the electrical currents in the heart (magne-
tocardiography), in measuring the concentration of iron stored in the
liver (biomagnetic liver susceptometry) and cancer treatments through
their role in particle accelerators [16].

All of this is the product of fundamental research into the electronic
properties of metals and other materials that has shown that for some
of them, at a critical temperature 7., the electrical resistivity of the ma-
terial suddenly vanishes and any external magnetic field is expelled.
These are the two main properties that we associate with the phase
of superconductivity. Zero resistivity means that electricity can travel
through the material without losing any energy, in contrast to a normal
conductor where energy is usually lost through heat. The expulsion of
magnetic fields is called the Meissner effect and is in a sense the more
fundamental of the two properties. On a microscopic level it is due
to electrons forming paired states that share certain features in such
a way that different pairs can behave as one. Because a macroscopic
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number of states share these features, the quantum mechanical nature
of such states which is usually only significant for tiny particles, be-
comes apparent through these non-classical macroscopically measur-
able effects.

1.1 A brief history of superconductivity

Superconductivity was first discovered in mercury at T, ~ —268.99 °C
by Heike Kamerlingh Onnes in the Netherlands in 1911 [17]. The
Meissner effect was then discovered in 1933 by W. Meissner and R.
Ochsenfeld [18]. These discoveries happened without any previous
theoretical prediction or explanation. Theoretical description was then
gradually developed, first by a simple thermodynamic two-fluid model
of electron densities by Garter and Casimir and then in 1935 by the
phenomenological theory of the electromagnetic properties by H. and
F.London [19]. WWII came and went and then a significant improve-
ment on the London-model was published by V. L. Ginzburg and L.
D. Landau in 1950 [20], which built on Landau’s previous description
[21] of a second order phase-transition by an order-parameter quan-
tity. Based on this theory, Abrikosov introduced the concept of a type-
I superconductor in 1952, which has negative surface energy and a
mixed phase at non-zero magnetic field [22].

An attempt at a microscopic theory was given by Frolich in 1950
based on electron-phonon interaction [23]. Even though the pertur-
bation theory he derived failed to predict important superconducting
properties such as the Meissner effect, his Hamiltonian later became
well known as a fruitful starting point for the application of field the-
oretic methods. In 1953 Pippard introduced a second length scale, the
coherence length &, through a non-local modification of the London-
model [24]. This length scale was a measure of the width of the in-
terface between normal and superconducting regions. Although not a
theory of superconductivity itself, Landau’s Fermi-liquid theory which
came in 1956 would prove crucial in the development of a microscopic
theory and describes the electronic properties of many metals that at
lower temperature become superconducting [25]. A complete micro-
scopic theory of superconductivity was published by J. Bardeen, L. N.
Cooper, and J. R. Schrieffer in 1957 [26, 27]. The BCS-theory was based
on the idea that Fermi-liquid quasiparticles with opposite momentum
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could form an attractive interaction through an intermediate interac-
tion with a phonon. This would then lead to the formation of pairs that
could form a condensate, and which implied an energy gap A between
the energies of paired electrons and energies of normal quasiparticle
states in the Fermi-sea. This year Abrikosov also published his predic-
tion of the existence of a lattice of vortices in the mixed state of type-II
superconductors [28].

A separate form of a microscopic theory appeared in 1958 by N. N.
Bogoliubov in a series of papers [29-31]. This methodology of solv-
ing the Frolich Hamiltonian was presented in a book [32] by P. G. de
Gennes and has since become known as the Bogoliubov-de Gennes or
BdG equations.

The diagrammatic methods developed for high-energy physics was
first applied by Gor’kov to the problem of superconductivity in 1958
when he calculated Green’s functions based on the ideas of BCS-theory
that reproduced its results [33]. He then in 1959 used these methods to
prove that the Ginzburg-Landau theory follows from the BCS theory
in the limit T" — T, [34]. The application of field theoretic methods
was extensively developed by the work of Nambu, published in 1960,
where he introduced the Nambu-spinor for calculating the Gor’kov
Green’s functions. A perturbation theory for these Green’s functions
were calculated by Eliashberg in the same year following a similar ap-
proach as Nambu, which later become known as the Ehashberg theory
[35].

The understanding of the effects of impurities got an important con-
tribution in 1959 by what is known as Anderson’s theorem [36]. It says
that any instability of the Fermi-surface that does not lift the Kramer
degeneracy of time-reversed paired quasi-particles do not affect the
mean-field transition temperature [37]. The idea of an energy gap in
the excitation spectrum, which was integral to the BCS theory, was
given strong experimental backing by the tunneling experiments of L.
Gicever in 1960 [38]. Such experiments were given a theoretical under-
standing by B. D. Josephson in 1962, through what is now known as
the Josephson effect [39].

From the framework of the Gor’kov Green’s functions, a set of trans-
port equations were derived for type-II superconductors in 1968 by
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Eilenberger [40]. These equations were further simplified for the case
of a dirty superconductor by Usadel in 1970 [41].

From the perspective of our work, the discovery of a new phase in
He® by Osheroff et al. in 1972 was of particular importance. Although
a superfluid and not a superconducting phase, the A-phase of this sys-
tem has an unconventional anisotropic pairing symmetry which was
famously described by Leggett in his 1975 review article [42]. This is
the same symmetry that we have considered in our work.

Superconductivity was found in the first heavy-fermion system CeCu,5i,
in 1979 by Steglich et al. [43]. The heavy-fermion superconductors
are systems where the superconducting state consists of quasiparti-
cles that are fermions with large effective masses and where the su-
perconducting order is of an unconventional character. For a review
see Ref. [44].

The first high-T, superconductor was discovered in the form of
La,_,Ba CuO, by Bednorz and Miiller in 1986 [45]. This was followed
up one year later by the discovery of YBa,Cu,;O,_, by M. K. Wu et
al. [46]. These discoveries ushered in an era of superconductivity
research dominated by cuprates — ceramic compounds consisting of
metal oxides between planes of CuO,. These are truly unconventional
superconductors in that their pairing symmetry is demonstrably non-
isotropic. It was in 1987 proposed by V. J. Emery that antiferromag-
netic spin-fluctuations could cause such an anisotropic pairing [47].
This theory of the cuperate superconductive mechanism was then ex-
tensively studied by P. Monthoux, D. Pines and D. J. Scalapino [48-50],
among many others in the early 90s, however a consensus on its valid-
ity is yet to be reached due to its seeming inconsistency with normal
state properties of the materials [51]. Through a group-theoretical ap-
proach, a vast array of unconventional symmetries and their Ginzburg-
Landau theories and physical properties were enumerated by Sigrist
and Ueda in 1991 [52]. By which of these symmetries the supercon-
ducting state of cuprates could be described was in the early 90s a
topic of much discussion, however due in part to strong evidence from
phase-sensitive SQUID measurements of YBCO by Wollmann et al. in
1993 [53], it was by 2000 firmly established asa d,._,,

In 1994, superconductivity was discovered in the perovskite struc-

2 symmetry [54].

ture of Sr,RuO, by Y. Maeno et al. [55]. This proved that copper was
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not a necessary ingredient for superconductivity in layered perovskite
crystal structures and would be the starting point of a still-standing de-
bate about its pairing symmetry which served as the immediate back-
drop to our own research.

One of the phenomena that needs a theoretical explanation for a full
understanding of superconductivity in the cuperate family of high-T’,
superconductors is the pseudogap phase. Above the transition tem-
perature, but below a characteristic temperature 7 there is a hitherto
undiscovered phase in such compounds where the electronic density
of states near the Fermi-surface continues to be suppressed by an en-
ergy gap Apg. This phase was named the pseudogap phase by Ding
etal. in 1996 [56], and its origin continues to be a hotly debated topic.

2008 marked the beginning of the “iron age” of superconductiv-
ity research by the discovery of the first iron-based superconductor
La[O;_,F, ]FeAs by Y. Kamihara et al. [57]. The materials in this fam-
ily of superconductors, called iron-pnictides, feature high T, and sev-
eral other exotic properties including nematic order [58]. For a review
see Ref. [59].

Lastly one could argue that we now have entered a “hydrogen age”,
as an increasing number of hydrogen-rich compounds are approach-
ing room-temperature superconductivity when they are placed under
insane pressures [60, 61]. It could also be argued that we are currently
in a “topological age” as topological edge states in superconductors
constitute a field under intense study [62] that potentially have far-
reaching consequences through their immediate application to quan-
tum computing. Others again, would surely argue that we are in a
“graphene age” as novel forms of superconductivity have been ob-
served in twisted layers of graphene [63]. Which age we are in, I sus-
pect, depends on what field the researcher you are asking works on,
and a clear answer will have to be postponed until seen through the
coarse-grained eyes of history.

1.2 About this work

In the last section we saw how the research into the phenomena of su-
perconductivity has blossomed into a myriad of different directions
and sub-fields. Through all this research, an implicit motivation has
been the search of one day finding a theory or a specific system of a
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material that is superconducting at room temperature. This has be-
come a goal, similar to how the alchemists searched for the philoso-
pher’s stone, that we still have not quite reached, but whose continued
pursuit itself has borne numerous fruits.

As for this thesis, we have focused on a branch of unconventional su-
perconductivity that pertains to the description of phases with k, +ik,
chiral p-wave pairing symmetry. The p in p-wave implies that the pair-
ing states internal angular momentum has [ = 1, i.e. it has a 1st order
(linear) dependence on its internal angular momentum.! As we men-
tioned, this is the same kind of state that describes the real world sys-
tem of the He® superfluid A-phase. In that context it is often referred
to as the ABM-state after Anderson Brinkman and Morel who first de-
scribed this pairing state in the context of the BCS-theory [64] in 1961,
and then demonstrated how this state was stable in the A-phase of He®
in 1973 [65]. It was for a long time thought that the unconventional su-
perconducting phase of the perovskite compound Sr,RuO, had such
a pairing symmetry, with one of the chief reasons being that it clearly
features spontaneously broken time-reversal symmetry. This formed
in part the motivation for much of our work.

The determination of pairing symmetries is an important step in un-
derstanding what type of superconductivity is in a system because it
leads to distinct experimental consequences. Roughly speaking one
can think of the pairing symmetry as determining the k dependence
of the gap function

AR) =Y by (R), (1.1)

where b,, (k) are basis functions that depend on the point group sym-
metry of the system and k determines a point on the Brillouin zone.
Depending on these basis functions then, A(k) could have points or
lines in the Brillouin zone where it vanishes, so-called point- or line-
nodes. The existence of such nodes implies distinct signatures such
as quadratic low temperature-dependence of the specific heat. Other
examples of experimental signatures of unconventional symmetry in-
clude temperature-independent Knight-shift, magnetic field depen-

1. The letter-convention stands for “principal” and comes historically from the
study of atomic emission spectra that result when electrons jump between dif-
ferent orbitals.
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dent Kerr-angle rotation and unconventional symmetry of lattices of
magnetic vortices. For an introduction to superconductors with un-
conventional pairing symmetries we highly recommend the lecture
notes by Sigrist in Ref. [66] and [67].

Importantly, one may derive the form of the Ginzburg-Landau the-
ory of the superconductor based solely on the pairing-symmetry as
was done by Sigrist and Ueda for a large number of different symme-
tries in 1991 [52]. The Ginzburg-Landau theory is a phenomenologi-
cal theory, meaning that it explains the effective phenomenon observ-
able in superconductors without necessarily knowing all the micro-
scopic details. As such, any correct microscopic theory should then
reduce to the phenomenological Ginzburg-Landau theory in the limit
of ' — T,. As we mentioned, Gor’kov first did this for a conventional
s-wave superconductor in 1959 through a Green’s function approach
[34]. One fruitful starting point for such a microscopic theory is the
Hubbard-Hamiltonian

H =7 Hyollij + 0, (1.2)
ijss’

which itself can be viewed as an effective theory of the underlying
many-body quantum mechanics. In a Hubbard-theory, electrons can
occupy sites in an atomic crystal lattice and hop from one site to an-
other. Any long-range interaction such as the Coulomb interaction is
then written in terms of how electrons at different sites interact through
nearest neighbor terms, next-nearest neighbor terms, etc. In Chap-
ter 3 we will describe some of the tools useful in deriving an effec-
tive Ginzburg-Landau theory from such a microscopic starting point.
We then in Chapter 4 present the group-theory needed for deriving
the requirements on such a microscopic theory, for this to result in a
sought-after pairing-symmetry.

In the last chapter of Chapter 7, we present some tools useful when
investigating magnetic vortices and vortex-lattices in chiral p-wave su-
perconductors.

Aswas said by Leggett in his Nobel lecture, there are very few things
that can be proved rigorously in condensed matter physics, by which
he referred to analytic arguments [68]. To get around this difficulty, we
have used Monte-Carlo techniques that relies on the power of com-
puters to simulate physical consequences of a theoretical Ginzburg-
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Landau model. Such techniques have a long history in our group of
being successfully able to simulate superconductive systems. For a few
examples, see [69-73]. Although similar techniques have been used
for centuries, their modern form was first developed in the context of
nuclear research in the Manhattan project. After the researchers had
become familiar with the Monte Carlo casino in Monaco, they named
it after the casino because of the technique’s reliance on random or
pseudo-random numbers to calculate multidimensional integrals [74].

In our use of Monte-Carlo techniques, which we present in Chap-
ter 6, they are used to calculate thermal averages of statistical-mechanical
observables. The rough procedure is that first, the theory under inves-
tigation is discretized to a corresponding lattice model as described
in Chapter 5, such that the probability of any configuration of fields
on this numerical lattice can be computed. The theory then implies a
probability distribution for how likely certain field-configurations are
to materialize in a real system. Then, from a predetermined starting
configuration, small changes are made incrementally to the numerical
configuration in such a way as to yield numerous statistical samples
of field configurations that follow the theoretical probability distribu-
tion after a sufficient number of incremental changes have been done.
These samples of field configurations finally are used to calculate sta-
tistical averages, which corresponds to taking thermal averages in sta-
tistical mechanics of the observables we are interested in.

We begin this thesis in Chapter 2 with a brief review of some rele-
vant aspects of statistical mechanics that should refresh what is meant
by thermal averages of observables, how these are tied to probability
distributions of system configurations, and a brief introduction to Lan-
dau and Ginzburg-Landau theory as it pertains to phase transitions.






CHAPTER 2

Statistical Mechanics

In statistical mechanics we attempt to describe an ensemble of particles
that may be interacting to extract not precise information about what
each and every particle is doing, but statistical information about what
most of the particles are doing. One can imagine this process as zoom-
ing out from a detailed view of individual entities and viewing the re-
sulting collection through squinted eyes. This amounts to treating the
collection in a course-grained manner. Through such eyes, only the
most significant behavior is perceptible such that it can be understood
and described in a simplified way.

2.1 Canonical ensemble and the partition function

Most of the business of statistical mechanics is about calculating what
is known as the partition- function. Once this function is known, all
the heavy lifting is done since most important statistical quantities can
be extracted from it following already established systematic steps. To
calculate the partition function is theoretically very simple: we sum
the quantity e ?Fi over all the possible states of the system. Every
state is a particular configuration of things in the system, and since
all things in the system have a certain energy, the energy of a system
state is given by the sum of all these things” individual energy, plus
any energy given by interactions between them. If we label each state
of the system with the index %, then we can denote the energy of each

11



Chapter 2 Statistical Mechanics

state IJ;. The definition of the partition function Z in the canonical
ensemble can then be written

Z =Y el (2.1)

where 3 = 1/(kgT') and ky is the Boltzmann constant,! given that the
number of different possible states is countable.

As we can see, the essential ingredients needed to calculate the par-
tition function is one: to be able to enumerate all possible states ¢ of
the system, and two: to be able to calculate their corresponding ener-
gies IJ;. Since we have used the summation sign Zl in Eq. (2.1), we
have assumed that there exists a countable number of different states.
However, if there is one thing in the system that can change in a contin-
uous fashion, which we would measure using the set of real numbers
R and some unit, then the number of states is infinite and uncount-
able. In this case we sum over the different numbers of states by sim-
ply integrating over the things that are continuous, and the unit of the
partition function becomes the product of the units of the continuous
variables (things) unless we normalize by some constant dimension-
ful quantity. In most cases, it is the position  and momentum p of
particles in the system that are continuous, hence the definition of the

partition function becomes?

Z ~ Z /d3r /d3p e BE:(rp) (2.2)

The canonical partition function is directly related to the Helmholtz
free energy F'(often only referred to as the free energy) of the system
through a simple exponential

Z = e PF, (2.3)

Because of the exponentials inherent in the definition of Z, calculating
realistic values often results in excessively high numbers. This is one

1. In SI units, the value of the Boltzmann constant is given by k; =~
1.380649 x 1072 JK !

2. The reason why there is a ~ sign in Eq. (2.2) is that technically there is a factor of
Planck’s constant h in the denominator for each dr dp in the integral measure
since this makes the partition function dimensionless and thus consistent with
the definition in terms of countable number of states in Eq. (2.1).

12



2.2 Calculating observables

of the reasons why it is more useful to work with F, rather than Z
itself, since inverting Eq. (2.3) F' = —1In(Z)/j3, reducing the value of
Z through a logarithm.

2.2 Calculating observables

An observable in statistical mechanics is a quantity that we can both
calculate from the statistical theory, and (at least in principle) go out
and measure in the real world. In quantum mechanics, observables are
restricted to operators that have real expectation-values, as opposed to
the complex values the theory usually deals with. This is to enforce
the connection between observables and measurements, which we in-
tuitively understand to always be reducible to a series of real values,
i.e. points on a line.

We are interested in statistical information on observables of systems
consisting of several quantum mechanical particles. To get this infor-
mation we need some kind of probability distribution of the different
states of the system. We are imagining that we for each such state (in-
dexed by j) can calculate a real number for the thing (observable) we
are interested in measuring. Let’s call this observable O. Then O is a
statistical variable which takes a particular value o; in the state j of the
system. Since the state is quantum mechanical, it is usually denoted
by a Dirac bracket |j). A real observable O corresponds to a Hermi-
tian operator O in quantum mechanics whose expectation value we
can then write as 0; = (j1017).

If we now let P; be the probability distribution, i.e. the probability
that the system exists in state j, then we know from probability theory
that the expectation value of O is

(0) = o,P;. (2.4)

J

The probability distribution P; is in the canonical ensemble given by
a Maxwell-distribution

_ —BE,
P, =e¢ /27, (2.5)

normalized by the partition function Z. Inserting this we get

E;

B
0)=>" % (2.6)

J

13
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The observable of specific heat at constant volume C), is particularly
important in the study of phase transitions since its thermal behavior
can be used to classify these transitions into categories. The specific
heat is the measure of how much energy must be transferred to the
system for its temperature to change by an infinitesimal amount given
constant volume of the system. Thus it is defined by the equation C,, =

(‘g—?) v~ In the canonical ensemble, this quantity is calculated by
oF 0’F
= ka8 ((B?) — (B)?) = —kof? (252 + B ). (27

From this form of the specific heat, we see that it can be interpreted as
a measure of the variance or width of the distribution of energies, and
also that it is related to the second derivative of the free energy. Any
discontinuity in the second derivative of the free energy, thus implies
a discontinuity in the specific heat.

2.3 Ginzburg-Landau model

The experimental discovery of superconductivity was a surprise to the
scientists at the time. No theoretical model had so far predicted the
properties that the experimentalists were measuring. The theoretical
models in use at that time predicted a decrease in resistivity as the tem-
perature was lowered, but its sudden disappearance was completely
unprecedented and impossible to explain classically in a convincing
manner. Therefore, superconductivity seemed to demand a radically
different understanding of how electrons moved inside atomic struc-
tures.

2.3.1 Landau Model

Before such an understanding had been developed, Ginzburg and Lan-
dau took a shortcut and came up with a theory that could describe the
phenomenon of superconductivity without knowing its microscopic
origin. In other words, they treated superconductivity as a black box
and instead of asking what was inside to give the box’s output, they
used the output to determine a small set of material parameters which
could then be used to predict how the box would react to a large range
of stimuli or conditions. Now, given a large enough number of param-
eters, you can usually construct a model to fit any set of experimental

14



2.3 Ginzburg-Landau model

observations that you like. The merit of this theory came from use of
symmetry arguments to reduce this set into only a few parameters,
which still allowed it to describe the observations, while also embed-
ding the theory with great predictive power.

The Ginzburg-Landau (GL) theory of superconductivity is based on
Landau’s previous work on a theory of general second order phase-
transitions®> The approach is given by two ideas. The first is simply
that the phase transition should be able to be characterized by the ap-
pearance of some kind of measurable order that can be described by
a function ¥ which we call the order parameter. In the liquid-water to
ice-transition, it is the position of the molecules that become ordered
in a lattice.* In the magnetization of a metal it is the individual spins
that become ordered along a particular direction.

The second idea is that at the phase transition, it is the appearance
of this order that should dominate the behaviour of the system, to the
exclusion of all other effects. Thus, the system should be described
in terms of the order-parameter, and since this is infinitesimally small
close to the transition, the free energy can be expanded in a Maclaurin-
series with respect to this parameter as

F=Fy+ ¥+ W%+ 303 + ¢, Ut + ¢, U5 + .. (2.8)

The real constants F{y and ¢, constitute the set of material parameters
of the theory and this set can then be reduced by any symmetries that
we suspect should be inherent in the underlying theory. For example,
if ¥ should represent the order parameter of magnetization of a system
of Ising-spins, which can point either up or down, then the free energy
should be invariant to this global choice, i.e. we need to enforce that the
free energy be invariant with respect to the transformation ¥ — —W.
Then all the constants c; for odd ¢ vanish.

In the case of superconductivity, the order parameter ¥ represents
the probability amplitude of the collective state of the superfluid of

3. 2nd order phase-transitions are phase transitions of systems whose free energy
has a discontinuous second order derivative at the transition point, but is con-
tinuous for lower orders. Since the specific heat is given by the second order
derivative, then the specific heat is discontinuous in this case.

4. The astute reader might have noticed that this example is a first order phase tran-
sition because of the existence of latent heat. Actually first order phase transitions
can also be described by a modified Landau theory, however we will here focus
on the second order kind.
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Cooper-paired electrons such that |¥| can be interpreted as the den-
sity of such electron pairs. Since ¥ is complex, it has to be combined
with its complex conjugate V* in ways that yield real numbers to pro-
duce terms that are valid in the free energy, since F'itself should be
a real number. Furthermore, the phenomenon of superconductivity
is produced as a result of the breaking of U(1) symmetry, so F also
needs to be U (1) symmetric, i.e. it has to be invariant under the trans-
formation ¥ €W for ¢ € R. These restrictions result in the free
energy

F = F,—a|¥|? + b|¥|*, (2.9)

when keeping the lowest order terms that produce a phase transition.
Thermodynamic equilibrium is reached at the minimum of free en-

ergy. This restricts b > 0 since negative b yields a free energy with no

global minimum.® The minimum is then found by the condition

OF

0 (—a + 2b|¥]?)¥ = 0, (2.10)

which yields the possibilities |¥| = 0 or |¥| = \/a/2b. The first case
gives the energy I = F,, while the second gives F' = F, — a?/(4b).
We see that the second case is energetically favorable, but only exists
and is different from the first case when ¢ > 0. Furthermore, the
second case represents the ordered state, since in this case the order-
parameter |¥| # 0, in the conventional Landau theory

It is the thermodynamic parameter of temperature that traditionally
determines whether a system is in one phase or another. Looking at
the free energy in Eq. (2.9), the order parameter W is the dynamical
variable of the theory while the explicit temperature dependence lies
in the material parameters a and b. Denoting the critical temperature
where the phase transition happens T, the dimensionless parameter
t = (T —1T,)/T, is small close to the critical point which means that

5. If there is no such minimum, then we say that the theory is unbounded or diver-
gent.

6. Actually this only represents when Cooper-pairs are forming and the real onset
of superconductivity is determined by the point in parameter-space where the
gauge-mass becomes non-zero, which is closely related but not exactly the same
as where the density of Cooper-pairs becomes non-zero. The real onset of super-
conductivity is thus more related to when the phase of the wave-function settles
on a value.
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2.3 Ginzburg-Landau model

it can be used to expand the temperature-dependence of the material
parameters such that

a(T) =ay+ a;t + ...

(2.11)
b(T) = by + byt + ...

Now we argue for what terms to keep in these expansions. Since
a(T") should change sign att = 0 based on the discussion of Eq. (2.10),
then we only keep odd terms of a. Since we need b(7") > 0 for the the-
ory to be thermodynamically stable it seems that b is the important
term that needs to be larger than any negative contributions from the
other terms. Keeping only lowest order terms, then the expansions re-
duce to a(T) = a(T'—T,)/T, and b(T) = b,. Since the ordered
state is the solution of the theory when a > 0 and this ordered state
exists at temperatures T < T, then a; < 0 and the final temperature
dependence of a becomes a(T') = —|a,|(T' —T,)/T,. From this tem-
perature dependence, it is straightforward to derive critical exponents,
the specific heat, etc. See Ref. [75].

2.3.2 Gradient Terms

The simple Landau theory described above is a type of mean field the-
ory in that there is no spatial dependence in the order parameter W,
and thus it gives a simplified picture that can only be valid far away
from any defects or boundaries. This simple approach can be extended
to include spatial variation by allowing terms with gradients of the or-
der parameter in the free energy through a gradient expansion of f
in

F = /d3r fU, VU, V20, V3, ... (2.12)

Keeping only the lowest order in this expansion that is invariant under
U(1) symmetry, we get the term |V ¥|? added to the free energy F'in
Eq. (2.9).

Perhaps the single most important phenomenon of superconduc-
tivity from a theoretical standpoint is the fact that it expels magnetic
fields, hence it is clear that any theory that attempts to explain super-
conductivity needs to have some way for the superconducting order
to interact with magnetic fields. The standard way to achieve this is
through the recipe of minimal coupling, where the vector potential A
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times a constant is subtracted from any momentum in the previously
neutral theory. Specifically, p — p — ¢/cA, where ¢ is the charge of
the particle and c is the speed of light. Using this trick, then the free
energy density becomes

f=1fo—alY2+b¥* + K|(V+igA)V|?, (2.13)

by letting g = q/hc, which is the form of the free energy in the Ginzburg-
Landau theory of conventional s-wave superconductivity. The form of
the gradient that results from minimal coupling is called the covariant
derivative and is defined as

D, =0, +igA,. (2.14)

For unconventional symmetries, the form of the gradient terms can
vary substantially from that in Eq. (2.13). Even if the transition can
be described by a single component, i.e. a single function ¥, then an
unconventional symmetry could still lead to anisotropies in the gradi-
ent terms such that K in Eq. (2.13) becomes directionally dependent.
An example is single-component pairing in a tetragonal crystal. The
symmetry group of tetragonal crystals is denoted D, in the Schon-
flies notation and consists of four-fold rotations in, and mirror sym-
metry about, the zy-plane. The rotational symmetry makes the gradi-
ent isotropic in the plane, but because of the lack of symmetry in the
z-direction, the gradient terms in general must take the form

K, > (0, +igA,) ) + Ky|0, +igA,) U, (2.15)
p=.y

Even more complex gradient terms are possible when the order-
parameter consists of multiple components, i.e. there are degenerate
states that all give significant contributions to the physics at the phase-
transition. A particular case of this is when the pairing state is an ir-
reducible representation of the crystal symmetry-group that is multi-
dimensional.” In this case, instead of a single complex function ¥ de-

scribing the order, we need several complex functions 7;.
A chiral p-wave superconductor has a pairing state that belongs to
such a two-dimensional irreducible representation. It comes from the

7. For amore detailed explanation of irreducible representations and group theory,
see Chapter 4.
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2.3 Ginzburg-Landau model

I'5 irreducible representation of the tetragonal symmetry group D,;,.
This representation consists of two components 7, and 7, that com-
bine to form the general gradient terms

Kl HDﬂ]ﬂQ + ’Dyny|2] + KQ [|Dwny|2 + |Dynw|2]
+ G [(Dane)" (Dyny) + ec] + Ky [(Dany )" Dyng +ce] - (216)
+ K5 [|Dznr|2 + |Dzny|2]'

This is the general expression of the gradient terms in the model we
have investigated in our work and can be found in Ref. [52].
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CHAPTER 3

Field Theory Methods

In this chapter we will give a short introduction to the use of GrafSmann
variables and complex numbers in the calculation of the field-integrals
in the partition function. We will also describe how these variables
can be used to transform the expression for the action through the
Hubbard-Stratonovich (HS) transformation.

A field theoretic expression for the quantum mechanical partition
function 2 is obtained by using a coherent state basis. A coherent
state is the eigen-state of an annihilation operator; thus, it produces
an eigenvalue when operated on by the annihilation operator. Letting
Hbe the quantum mechanical Hamiltonian of the system for which we
are interested in calculating the partition function, ; be the chemical
potential and N be the number operator, then the partition function is
defined as o

Z = Tr(e AUH=1N)), (3.1)
Inserting a basis of coherent states {|¢)} when calculating the trace,
we obtain a functional integral over the coherent state eigenvalues &,
and &, by substituting these variables for ¢, and ch respectively in the
H-and N—operators. Here o symbolizes the set of quantum-numbers
needed to specify a state. The functional integral then takes the form

> / Dlet gl b 4TS 6 O mEHH(E0 €] (32)
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The integration variable 7is the imaginary time and a 7-dependence is
implicit in the notation such that , = £, (7). This path-integral no-
tation is a shorthand for a more involved expression where the imag-
inary time-dependence of 7 is split into a collection of time-indexed

coherent state eigenfunctions &, ,, and the integration measure is a

o, T/
product over these indices and the quantum-state indices «. For fur-
ther detail we refer to Ref. [76] which we will follow for a large part of

this chapter.

3.1 Quadratic Fermionic Field Integrals

Because of the anti-commuting property of the fermion annihilation

operators, any coherent state has to have eigenvalues that anti-commute
as well. This leads to Graffimann numbers being the central variables

used in constructing the partition function when it is written in the

convenient basis of coherent states.

3.1.1 Grallmann algebras

A Grafmann algebra is constructed on a set of generators {¢,, } such
that a specific product of the generators {, &,, =&, together witha
complex coefficient ¢ constitute a number in the algebra and the gen-
erators anti-commute such that {5 = —£3,. On such an algebra,
differentiation can be defined such that

4
de,,

m

¢£o¢1 ”'gan = (_1>m71¢€a1 ”‘ga éa ”ga ’ (33)

m—1 m+1 n

provided that the generator {,, isin the number, and 0 otherwise. The
factors of (—1) comes from anti-commuting the generator €, such
that it is next to the differentiation operator. In Graimann algebra,
integration can (perhaps a little non-intuitively) be defined such that
it acts in the same way as differentiation, i.e. generators have to be anti-
commuted until they are next to the symbolic infinitesimal differential
dé&,,, and then use

/%g:L (3.4)

while

/%1:0 (3.5)
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3.1 Quadratic Fermionic Field Integrals

If the integral consists of several differentials of generators, then these
differentials also have to be anti-commuted such that d§; d&, = —d&,d¢;.
On an algebra consisting of 2n generators we define conjugation as a
map from the first half of the generators {§, }i_; to the other half
{521 i, and in such a way that when applied to a particular number

(9€a8p)" = O"E5EL, (3.6)
for ¢ € C.

3.1.2 Nambu Spinor

In the Nambu notation, we group spin-dependent Grafimann num-
bers &, and &}, which correspond to the annihilation- and creation-

operators CA%L and ¢, in a vector called a Nambu spinor

_ €¢>
¢ ( g (37)

A sesquilinear form can then be created with this vector and its adjoint
such that

£r5¢ = 511676 + 522878, + 51285E] + 592164, (3.8)

This allows any action that contains spin-dependent terms of the form
of the right-hand side of Eq. (3.8) to be put on sesquilinear form. As-
suming this is the case, then the partition function in the field-integral
representation takes the form

“= / Dlg €] e b 9mENSuts, (3.9)

In this equation, the indices v and ¢ are arbitrary collections of quan-
tum numbers needed to specify a state other than spin, for example
they could be momentum indices v = k, § = k’, and summation over
these repeated indices is implicitly understood.

Splitting the integral over 7 into M imaginary time-slices and ex-
panding the path integral measure into a product of individual in-
tegrals over specific quantum numbered and time-sliced Grafimann
variables such that

M
Dlg*¢) o lim [ J] ][44 d€a (3.10)
M — 00

=1 «
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the path-integral in Eq. (3.9) can be evaluated by the Gaussian Graf3-
mann integral identity

/ H(dé;‘d{i) e %938 = det S, (3.11)

for which a derivation can be found in Ref. [76]. This identity holds
for any Hermitian matrix .S, even if it is not positive definite. The re-
sult is then that the partition function in Eq. (3.9) becomes 2 = det S.
To calculate this determinant one has to consider the matrix S as also
a matrix with time-slice indices. This is perhaps most easily accom-
plished using the Matsubara formalism in which the 7 dependence is
substituted with a dependence on Matsubara frequencies through a
Fourier-like transform. More details on this formalism can be found
in Section 3.2, but first we consider what to do when a spin-dependent
action cannot be written on the form in Eq. (3.8).

3.1.3 Extended Nambu Spinor

From Eq. (3.8) we see that the Nambu spinor sesquilinear product fails
to accommodate terms in a Hamiltonian that mix creation and anni-
hilation operators of differing spins, e.g. a term o E}r ¢,. In general, a
quadratic Hamiltonian can contain any combination of spin-indices of
the form ¢, ¢, E;rl Cs,r Cs, 612 and Ell 612. This gives in total 16 differ-
ent combinations, and to accommodate them all we thusneed a 4 x 4
matrix. Exchanging to GraSmann numbers, we define the vector
*
v, T
— 5%?
=101 (3.12)
vod

57&

where all quantum numbers except spin is included in the index +.
Writing the elements of this vector (£,); = Ew- regardless of whether
it is a conjugate or not, we can write all quadratic terms of a Hamilto-
nian on the bilinear form

5357555 = g'y,isfyi;éjgé,p (3.13)
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3.1 Quadratic Fermionic Field Integrals

where Swé isad x4 antisyrnmetric1 matrix, and S denotes its el-

Yi;67
ements. Let there be n number of different quantum numbers, now
including spin. Then there must be 27 different Gramann genera-
tors 5 . All of these are integrated over in the discrete version of the

partltlon function field integral

2= / Dier €] e b & Siaiss, (3.14)

Even though this superficially looks like the field integral in Eq. (3.9),
we now have a bilinear and not a sesquilinear form, and S is now a
2n x 2n matrix and not an n X n matrix. This means that we cannot
use the integral in Eq. (3.11) to evaluate the integral, but instead have
to rely on the more general Gaussian Graffmann integral

/H e 28558 = Pf(S), (3.15)

which applies for any antisymmetric matrix .S. The right-hand side is
called the Pfaffian Pf(S) of the matrix S and is defined for any anti-
symmetric matrix to be given by

Pf[S

P
27’Ln| z; SP1P2 SP'/L—IP'IL’ (3‘16)
Pe

where Pis a permutation in the finite group S,, of all possible permu-
tations of n numbers. This matrix function is related to the determi-
nant by the relation Pf(5)? = det(.5).

1. To see why this matrix can always be said to be antisymmetric lets first simplify
the notation and write the bilinear product as 51 5 Jf . Then the matrix S =
(S + 8ST)/2 + (S — ST)/2, such that we can write it as a symmetric matrix
8 = (S + ST)/2 and an antisymmetric matrix A = (S — ST)/2. Considering
only the symmetric part of the bilinear form we get

~ ~ ~ ~

fzszng = gjé’ijﬂi = *52‘53‘1‘53‘ = *Eisijgj'

Hence «S f = 0 and all that remains is the antisymmetric bilinear form.

i“ig
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Applying the integral identity in Eq. (3.15) to the partition function?
in Eq. (3.14) after applying the proper discretization of the imaginary
time, then yields the result

Z= / Die* €] e b 7 EiSnibss =\ /det(S), (3.17)

We have chosen the positive result in Pf(S) = +./det(S) since the
partition function £ needs to be positive on physical grounds. The ma-
trix S on the right-hand side of Eq. (3.17), which we take the determi-
nant of, is the full matrix one gets after discretizing the imaginary time
into slices which is usually done through the Matsubara-frequency for-
malism.

Now that we know that the partition function is given in terms of
the determinant of the action-matrix S, we can use this information to
manipulate the definition of EW. so that we can still write the action as
a sesquilinear form. In particular, switching the position of £ ; and
&, for both spins in the transposed vector on the left of the bilinear
form €T/ S, 5&, the transposed vector becomes the adjoint vector. This
affects the matrix S by switching two pairs of rows. Denoting the ma-
trix where the rows are switched S’, we can thus rewrite the bilinear
form such that

£75,5€5 = 535;555- (3.18)

Now, the integral over the exponent has not changed since all we have
done is simply re-ordering its terms. However, since exchange of rows
in a determinant at most produces a minus sign and we do this twice,
we get that det S = det S’, and we can write

2= / Digr €] e b ITES E — | [der(57). (3.19)

In this equation, it is important to remember that S’ is the row-switched
matrix of an antisymmetric matrix 5.

2. Inrelating the discrete version of Eq. (3.15) to (3.14) we have to make sure that
the spinor elements E ; are defined in terms of &, and &} in such a way as to geta
correspondence to the sequence of GraBmann generators d£;d¢; in the measure
to avoid any sign errors. One solution is to set £ = E 9;_1 and &, = 521' as
we have done in Eq. (3.12). With this definition, then the measure [ []  d€&;d¢;,
which results from the discretized version of the field-integral measure, becomes
equal to [ Hf:l dgi such that Eq. (3.15) can be directly applied.
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3.2 Matsubara formalism

3.2 Matsubara formalism

The Matsubara formalism® is a way of handling the imaginary time
7 dependence of the coherent state eigenvalue fields &, (7), where «
denotes a collection of quantum numbers that are necessary to spec-
ify a state, without having to go back to the time-sliced path-integral.
It also lets us automatically satisfy the imaginary-time boundary con-
ditions £, (0) = (&, (B), where { = +1 for bosons and ( = —1 for
fermions. Imagining that 7 is a continuous variable as suggested in
the path-integral notation, we define two countable infinite sets of new
field-variables through the Fourier-transforms

B
fon = \}B / dr cnTE, (1), (3.20a)
0
B
;n = \}B/ dr eii“’”Tf(Z(T). (3.20b)
0

The frequencies w,, are called Matsubara frequencies and are defined
by w, = (2n + 1)7/B with n € Z for fermions. For bosons we use
instead the notation v,, where v,, = 2nm /3. The inverse relations are

given by
E (1) =) e, (3.21a)
nez
G(r) =) e e . (3.21b)
nez

3.2.1 Matsubara sums

When the Matsubara formalism &, ,, is used for the field variables in
the action of a partition-function field-integral, we will often need to
evaluate infinite sums of Matsubara frequencies of the form

> h(if,), (3.22)

where f, is either a fermionic- or bosonic Matsubara-frequency, to
evaluate the field integral. A useful strategy in such evaluations is to

3. Named after the Japanese physicist Matsubara, Takeo.
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transform the sum to a complex integral by using reverse residue inte-
gration. We consider the complex contour integral along a path € run-
ning counterclockwise around the complex plane infinitesimally close
to the imaginary axis as shown in Fig. 3.1. The integrand we consider
J

C
C)/

Figure 3.1: Integration contour for the Matsubara sum

>, h(if,,). The contour is marked by a solid line and is imag-
ined continuing to £¢0c0. The crosses along the imaginary axis
symbolize the simple poles of the Fermi-Dirac distribution-
function. A deformed integration contour is shown with dashed
lines that is imagined to cross the real axis at +00. This contour
then encloses a simple pole on the left and a branch cut on the
right belonging to the summand.

is given by the product of the summand and the complex continuation
of the Fermi-Dirac- or Bose-Einstein distribution-function

ne(z) = (e — ¢, zeC, (3.23)

depending on whether the Matsubara frequency in the sum is of fermionic
(¢ = —1) orbosonic (¢ = +1) nature. This function has simple poles*

at z = ¢ f, and thus integration around the contour results in a sum

of residues of the integrand at these poles such that we get

. = g z zZ)n-z
Zn:h(zfn) e id h(z)n¢(2), (3.24)

4. That the poles are simple, i.e. 1st order, is easily seen by expanding the exponen-
tial around ¢ f,, to leading order.
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3.3 Hubbard-Stratonovich transformation

given that h(z) does not contain any poles at these points. The con-
tour can now be continuously deformed at will, as long as it does not
cross any singularities, which can greatly facilitate the calculation of
the integral. The default approach is to see if the integrand vanishes
as |z| — oo, in which case it is usually useful to expand the contour
as much as possible as illustrated by the deformed contour €’ in Fig-
ure 3.1.
Using the method outlined above, we may calculate the sums

1
2 7 @) (3.25a)
nez n
1 _ B 1 1
nzez (iw, —x)(iw, —y) x—y (1 T efr 1+ eBl/)’ (3.25b)
> In[B(iw, + )] = In(1 + e ), (3.25¢)

nez

3.3 Hubbard-Stratonovich transformation

The HS transformation is a transformation in the fields of a theory,
where a new complex field is introduced in order to convert a term
that is quadratic in an existing field variable, into a linear coupling
between the existing- and new field. This is particularly useful when
the existing field is Fermionic and thus a Grafimann variable, since it
makes it possible to consider low energy excitations of the theory using
e.g.asaddle-point approximation. It is however important to point out
that the transformation itself is not in any way approximative but is
an exact transformation that maintains all information of the original
theory.

In technical terms, the HS transformation can be viewed simply as
the solution of a complex multivariate integral. Let A have a strictly
positive Hermitian part and J be a vector of coefficients that could
contain Graffimann- or complex variables. Then

eI TAT _ qot A- /H [dZ*dZ ] —(2lATzezt Tt (3 96)

211

exchanges a quadratic term in J with an integration over the complex
z variables. Since J usually represents some field in a field theory, the
new z is called the auxiliary- or conjugate field because of its linear
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Chapter 3 Field Theory Methods

coupling to J. In the less general case that A is a Hermitian matrix,
this formula is proved simply by completing the square, then diago-
nalizing A by a unitary transformation and calculating the resulting
integrals by the formula [ d2"dz e %% = 21i/a.

From Eq. (3.26), we see that what we have to do to perform the HS
transformation is first to make a choice for what to interpret as part of
the matrix A and what to interpret as part of J. We then have to check
that this definition of A leads to its Hermitian part having only posi-
tive eigenvalues. Finally, we need to know an analytical expression for
its inverse. It is usually the first step that is the most difficult, since this
dictates the low energy excitation a subsequent saddle point approx-
imation or a stationary phase approximation will produce. Typically,
we are interested in transforming a Fermionic interaction potential of
the form ]

V=15 ) Vaprsibhbsty, (3.27)

afyo
where &, are Graffmann variables, which can be sketched in the way
of the single-vertex diagram in Figure 3.2. The HS-transformation is

v o

Figure 3.2: Generic two-body interaction.

classified into being done in a specific channel depending on which pair
of Graflmann variables are considered to be part of J and consequently
JT. The direct channel® is given by the identification .J; ~ §a&.y the
Cooper channel® is defined by the identification J; ~ &5&., while the

5. Also known as the density-density channel.
6. Also known as the particle-particle channel.
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3.3 Hubbard-Stratonovich transformation

exchange channel is given by the identification J; ~ £, £5. Depend-
ing on exactly how J is chosen, the Gaussian integral in Eq. (3.26)
might have to be modified. For example, in the case of the direct- and
exchange-channel, the exponential argument on the left side will have
the form J TAJ, which necessitates the Gaussian integral identity

dx. 1,
_13TAF 1 i —taTA le—iJ
e 2 = VdetA /l | [ }e , 3.28
R V2T (3:28)

where the auxiliary field « now is a real conjugate field.

[SIE

3.3.1 Transformation in symmetry channels

In the Cooper-channel of the HS transformation, the complex field z is
conjugate to some combination of pairs of annihilation operators ¢;C,
(or their corresponding Graffimann variables). The symmetry of the
specific combination in turn then determines the symmetry of any low
energy field theory obtained through a subsequent stationary phase
approximation. By diagonalizing the interaction potential Vinto its
different irreducible representations as we will do in Section 4.8, then a
HS transformation in a specific symmetry channel is done by identify-
ing J with irreducible representation (IR) basis function combinations
of latter operators.

Let’s take the case of a BCS theory of superconductivity where the
interaction can be written in terms of basis functions dé?;?(k:) such
that the diagonalized interaction takes the form

% — (b)vm (b)vm / T 'i'
V= Z ds182 (k:)*v(b)dsisé (k )C%+k 51 C%_k SQC%—k/séC%—}—k’s’l )
(3.29)
where ) indicates the sum over the indices, k, k', q, 51, 5, 57, S5, b
and m. Here b specifies the irreducible representation while m enu-
merates the representation basis 7 Identifying

7(bm) _ (b),m ~ ~
Jq - Z d5132 (k)c%fk,slcnglmsQ? (3.30)
ksisy
the interaction potential is simply written

V=" dgm e ® e, (3.31)
q,b,m

7. For an exposition on the basics of irreducible representations in superconductiv-
ity theory see Chapter 4.
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Chapter 3 Field Theory Methods

In the path-integral representation of the partition function, the an-
nihilation operators become Grafimann variables which we denote by
writing J instead of J, such that the contribution from the interaction
potential results in the exponential

B (bm) T, (b) 7(bm)
—["d J 'J
2, =e h g mTa" VI (3.32)

Now it is straightforward to use the HS formula

efOBdT Y i ATy /2?[77;*77@»]6_ ./(‘fdf(n’iAZ}nj+J3m+Jm’£) . (333)
which is a path integral version of Eq. (3.26), to transform each pair of
irreducible representation basis vectors to individual conjugate fields.
In the notation of Eq. (3.33) implicit summation over repeated indices
is used and each index i is a collection i = (b, m, q) of indices. Com-
paring Eq. (3.33) and (3.32) we gather that

Ay = Apm

= 0,00, Oy 0, (3.34)

,q;b',m’,q’ qq’ “mm

which is trivially Hermitian and positive definite provided v*) < 0.
In this case we say that the irreducible representation b is an attrac-
tive channel. A is in this case also trivially invertible with A;jl =
—6;5/ v(?), Writing out all the indices, we finally arrive at the HS trans-
formation of the interaction potential in individually attractive sym-
metry channels

bm
1 Y

(b"n,) N ’ N
TR ol e A D)
/@[néb"”) n(qu)]e o »(®
(3.35)

b b),m
J,(J m) = Z dgl)sz (k)ggsz,slf%+k,s2 (3.36)

ks s,

in terms of Graffmann variables £. We note that this derivation does
not assume either odd or even basis functions for the irreducible rep-
resentations and thus works just as well for either.
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3.4 Field theory approximations

3.4 Field theory approximations
3.4.1 Stationary phase and the one loop expansion

Let Z be the partition function

2(1) = / Dling, ng | e 1Shma) (3.37)

given in terms of bosonic fields n},, 1, and where [ is some large pa-
rameter [ >> 1. In what is called the stationary phase approximation®
of a bosonic field integral, we create an expansion of the free energy
around the field configuration {7¢, } where the action S is stationary
and a minimum. This configuration is the main contribution to the in-
tegral in Eq. (3.37) since it provides the maximum of the exponent and
determines the leading order asymptotic behavior as [ — oco. It also
corresponds in a sense to a classical solution and gives in the case of the
Feynman path-integral for the evolution operator of a single particle in
an external potential, the classical Euler-Lagrange equations. The con-
figuration is found in the path-integral notation by varying the fields
in the action such that

085 08

— =0 A =

0 M

0. (3.38)

As an example, the Hubbard-model with a conventional negative-U
Hubbard-potential U Zri ﬁri ,Tﬁ’ri, |, can be expressed as a bosonic
field integral through a HS transformation. The stationary field config-
uration {7§(7)} is in this case given by a imaginary-time- and spatially-
independent field-configuration 77°. Assuming such a solution, the ac-
tion reduces to

S(ne*,n%) = %Vmc’z — zln Kl + e'BEQ> (1 + eiBE‘I)], (3.39)
q

where E, = /(e(q) — p1)? + [°[, N is the number of hopping sites,
€(q) is the Fourier transformed kinetic hopping energy, 1 is the chemi-
cal potential, and U is the repulsive Hubbard interaction strength. The

8. The name is misleading in the case of the many-particle partition function since
we do not have a strict phase in the exponent but in general a complex function
because 7, € C. Technically it is the method of steepest descent for the case of
an exponent with stationary points that is used in this case.
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Chapter 3 Field Theory Methods

stationary action condition in Eq. (3.38) then yields the equation

1 1 1 PE
Ne—= — t h—q>:O, 3.40
(g qu:wq R (3.40)
which has two solutions: one given by 1 = 0, and one given by setting
the terms in the parenthesis equal to 0. The last non-trivial solution is
a form of the BCS solution and represents the order-parameter in an s-
wave superconductor. Because of the parameter /3, this solution will be
temperature dependent and disappears at some critical temperature at
which the two solutions for 7, converge.

The stationary phase expansion is then the expansion resulting from
expanding the action around the stationary solution. Setting 7, =
VI(n,, — nS) we get in general the expansion

111 6%s
S(iasTia) = Se+ 7| g1 | Tia
(77@ 77@) c + I |:2' 5?70‘5775 ncnanﬁ

+1 628 T 528 ~~*}+0(1>

N s | Mallg T 5| Nl T

2' 57704 577[6 Ne b 577a 577,5 MNe b l\ﬁ

1 5n1+n25 . 1

In.l S5 ”*nznalnﬁ ’ (ni+n4y)/2°
ny !yl dija’ o7 At

(3.41)

nyt+ny>2

We have used implicit summation over repeated indices and on the
last line we have assumed that new indices should be introduced and
summed for each n; and n,. This is simply the multivariate Taylor
expansion around 77, where we have treated 7 and 7" as independent
variables.

A simpler expansion can be found when the bosonic fields corre-
spond to order parameters in a system close to a phase transition. In
this case we can assume the fields 7),, to be small in general such that
S simply can be expanded about 0. If the system is fermionic, then the
bosonic field integral of the order-parameters will have resulted from
a HS transformation, in which case we will have a contribution to the
integral of the form

det G~ (1, ;) = ez ™G, (342)

where G is the result of the integration of a quadratic fermionic ac-
tion and will in general depend on the auxiliary bosonic fields 7, and
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3.4 Field theory approximations

7%, in a non-linear way. Then the matrix G~! can be decomposed in a
matrix G that results purely from fermionic integration, and a ma-
trix ¢ that is dependent on the auxiliary fields 7,, and importantly van-
ishes as 17, — 0, such that G = G! + ¢. When the system is close
to the phase transition such that the auxiliary fields are small, then this
allows for the expansion of the logarithm in Eq. (3.42) such that

1 1
3 Trin(Gyt + ¢) = §<Trln Gyl + Trin(1 + Goqb))

= 1<Trlr1Ga1 —iw)

2 —~ n

(3.43)

This is known as the one-loop expansion since in terms of perturbation
theory, G, is the fermionic propagator such that the sum in the last line
of Eq. (3.43) corresponds to a series of propagators and interactions
that are connected in a closed loop by the trace.

3.4.2 Gradient expansion

The gradient expansion rests on the assumption that the fields are suf-
ficiently smooth, such that progressively higher order derivatives with
respect to the field parameters are progressively smaller, i.e. we as-
sume

laldamal > 157105 ., (3.44)

where [, is some appropriate length scale such as to make [,,0,, di-
mensionless. In practice this usually means that given a momentum-
dependent action density, S(1; 4.0} q), We assume ¢; small com-
pared to the lattice spacing’ a;. Then we expand the explicit ¢ depen-
dence in the action density in the small parameters a,q; as a Maclaurin
series. In the following notation, we will assume the length parame-
ter a’ is present in the notation ¢' where appropriate. The momen-
tum dependence of the fields themselves should not be expanded, as
our goal is to have terms of the form (¢*)" (7, ,)™. If we then let
partial momentum-derivatives only act on the explicit momentum-

dependence in S, and neglecting the field dependence in the notation

9. This could be the spacing between hopping sites, i.e. stationary ions in an electron
model.
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for S, the expanded action can be written as the series

05 g4 L 925
a1 T o agiog

S(g) = S(0) + 0)d'¢’ +0(¢°). (345
Usually, the linear term cancels by symmetry of the underlying lattice.
In general, it is smart to here check for terms that cancel by considering
any internal momentum sums that may be included in the coefficients.
Terms with products between fields 7, , and q" lead to gradients
of the spatially dependent fields g ,,, which is why the expansion in
Eq. (3.45) can be called a gradient expansion. The spatially dependent
fields are defined as the coefficients in the inverse Fourier transform

1 A
= — > e rfy (R), 3.46
nq7o¢ \/N = na( ) ( )

where N is the number of terms in the sums Zq and }_ . One way
of now obtaining gradients of the spatial fields is to realize that since
q' is small we can set
. . Lo
q" ~sin(¢") = — (e“’ —e ™ ) . (3.47)
27

With this identification, all the momentum dependence in S(q) exists
as phases such that the sum Zq S(q) results in a series of Kronecker-
delta functions which we evaluate by the > R Sums coming from the

inverse Fourier transforms in Eq. (3.46). Grouping terms of displaced
spatial fields, we can identify derivatives, such that

~ 0
na(R + aei) — Mg (R) ~ aﬁna<R) (348)

These identifications are justified by going to the continuum limit where
a — 0.
As an example, consider the sum

S= Kapijd @nyall,p: (3.49)
q

where there is an implicit summation over repeated indices ¢, j, & and
B. Fourier transforming the fields according to Eq. (3.46) and writing
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q" as sin g%, we can group terms such that

! 1 iq- — aé;—aé.;
S= Z Kaﬂijna(Rl)*nﬁ(Rg)* Z {ezq (Ry—R;+aé;—aé;)
NR1R2 4 <

_‘_eiq‘(RQ—Rl—O—aéj—aéi) _ eiq~(R2—R1+aéi+aéj) _ eiq~(R2—R1—aéi—aéj)

0 0
=Y K, p02 i .

(3.50)
A more conventional way of converting to gradients, is to use inte-

gration by parts. Then the product rule of partial derivatives is used
to obtain

@', (R)e" T = i%eiq-R B iaizi

[na (R)eiq'R} . (3.51)

Summing on both sides and arguing that the boundary term vanishes
because 7, (R) — 0 as R — oo, then

S @, (R)eR =iy By g (R). (352)
R R
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CHAPTER I

Group Theory

In this chapter we will introduce some basic group-theoretic frame-
work to clarify the meaning of how a free energy can “belong” to an
irreducible representation, and to show how group-theory can be ap-
plied to quantum-mechanical concepts such as operators and states.

A few words about notation. We will use the semicolon *;” in equa-
tions as notation for the words ‘such that’, e.g., when defining sets. A
colon with a trailing space “: ’ is used when defining maps where the
symbol representing the mapping itself should be on the left, while the
sets being related or how the elements of the sets are related, is on the
right of the colon. The colon “:’ is also used as a shortcut for the words
‘applied through its representation to’ for when group elements are applied
to vectors, where the correct representation to use for this application
should be implicitly understood.

The material in this section is based on the material covered in Refs. [77]
and [76], specified for the use in quantum mechanical theories of un-
conventional superconducting states.

4.1 Irreducible representations

To know what an irreducible representation (IR) is, let’s start with
what we mean by a reducible representation.

Def. 4.1. A matrix representation is reducible if there exists a non-trivial invariant

subspace of the vector space of the representation.
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Chapter 4 Group Theory

The intuition is then that the vector space of the representation is
reducible if a “smaller” representation is contained within it. Since
there is a smaller vector space within the vector space of the original
representation, and this vector space is invariant, it is possible to define
another representation on this smaller vector space, i.e., reduce the orig-
inal representation. We have now used the word “invariant” a couple
of times, so let’s define what it means more precisely.

Def. 4.2. Let D(g) be a representation of the group G on the vector space V such
that D(g): V' — V. Then a subspace U C V'is invariant if

Vge G ueU = D(gueU. (4.1)

In other words: a vector space is invariant if it is not possible for any
vector in it to escape using the representation1 of any group element.
All representations applied to any vector in the invariant subspace
must necessarily land in that same subspace from which it started.

4.2 BCS Hilbert Space

We define the BCS Hilbert space as the Hilbert space upon which BCS-
type potentials operate. Specifically, this is a reduced form of the two-
particle fermionic product Hilbert space 'y = H ® H where H =
span{|k, s)} and we only consider states that have opposite momen-
tum. Thus, this Hilbert space is given by

B = span{|k, 5,)|—k, 5,)}, (42)
and the identity operator in this space can be written

i: Z ’k751>’_k752><_k7 52’<k751|' (43)

ksisqy

Acting on the arbitrary vector |v) € B with this identity operator, we
find that in terms of this basis, the vector can be written

”U> = Z 08132(k3)|k,81>|—k, S2>7 (44>

ksisy

1. Inthislanguage we use the word representation both to mean linear transformation that
corrresponds to a group element on a vector space, and the set of all such linear
transformations together with the vector space.
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4.2 BCS Hilbert Space

where

Usys,(K) = (=K, 55|(K, 5 [ 0). (45)

5189
The indices s; and s, can take on only two values each, namely s, s, €
{1,1}. In total, there are thus 4 different realizations of the pairs s 55,
e.g., 515y =11, for v, ,, (k). Putting these different realizations of
vy 5, (K) as elements in a 2 X 2 matrix, we get

v _ (k) vy (R)
et = (G ) (46)

Any 2 x 2 matrix can be written in the conventional basis of the 4 Pauli
matrices 0¥ = 1,,,, 0%, 0¥, and o%. This means that we could write
the matrix in Eq. (4.6)

Vs 5, (K) = VR035, s, + Vi3, (47)
It is, however, conventional to factor out a Pauli matrix 0¥ to the right
in the expansion, since this results in nice transformation properties of
the coefficients as we shall see. With the spin-indices expanded in this
basis, it is conventional to let the function of k that is in front of ¢ be
called 9. The three others are conventionally denoted dj, ; which are
components of what we call the d-vector? Expanded in this conven-
tional basis, then, v, , (k) takes the form

Vg, s, (k) = (@Z)kagls, + dkﬂaéls,)iag,sz, (4.8)

and finally, the state |v) can be written

) = 3 [(0° + dy, - 0)io¥], [k, s~k sp). (49)

ksisy

Going one step back and writing out the different combinations of s, s,

inv k) as a matrix like we did in Eq. (4.6), but now multiplying

slsz(
out the Pauli matrices in Eq. (4.8), we get

v(k) v (k) (—dp, +idg, Y t+dg,
_ : . (4.10)
v (k) vy (k) —p+dy,  dy,t+idg,

2. Note that a state in B that is described by a d-vector does not necessarily mean

that it has d-wave symmetry, which is a symmetry of its k-space argument.
Rather, it tells us that the state is a spin-triplet state.
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This set of linear relations is easily inverted, which yields

1

i = (0 (8) — 0,3 (8) )
e = 5 (03, () — 03, (k) (412)
dy, = —%(vﬁ(k) 4oy, (R)) (413)
dy . = %@N(k) o (k). (414)

Since the space B is fermionic, we have the symmetry>
|k781>|_k732> :_|_k782>|k781>' (415)

Using this symmetry transformation on the basis vectors in the expan-
sion of |v) in Eq. (4.4), then renaming indices and finally equating
coefficients term by term, we see that for the coefficients of |v), this
symmetry takes the form

v k)=—v —k). (4.16)

slsz< 5251<

4.3 Application of group elements

When we are talking about applying some symmetry transformation
to a state, this is synonymous with applying a group element to a vec-
tor. Even more specifically, the ‘applying’ part means that we have
some natural representation of the group on the vector space of the
states, and we are using the linear transformation of the representa-
tion of the group element to act on the state vector. In this thesis, we
will use the notation g : |1)) to refer to this procedure.

Let g be an arbitrary group element in the symmetry group G and
D Dbe a representation of G on the d-dimensional vector space V. Let
Vhave a basis {b;}¢_,. The application of a group element to a basis
vector is then defined as

g:b;=> b;D;(g), (417)
J

3. We are here assuming that the state is even in (time) frequency. Itis also possible
to have superconducting states that are odd in frequency [78], however we will
not treat that possibility here.
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where D, (g) are the matrix elements of the linear transformation D(g).
The application of a group element to any vector in Vis then calculated
by expanding the vector in the basis and applying the representation
D to each basis vector separately as a linear transformation:

g:v= Zvig : b;. (4.18)

3
4.3.1 Active vector transformation

By the definition in Eq. (4.17), the transformation of g : is viewed in a
passive perspective since it is the basis vectors that change. It is often
useful, and sometimes more intuitive, to consider the application of
g to a vector v in the basis {b,} as an application not on the vectors
themselves, but on the expansion coefficients v; of v in the basis. Given
the transformation of the basis vectors in Eq. (4.17), we insert this into
the transformation of v in Eq. (4.18), which yields

g:v= Zvi ijDji<g> = ngbm (4.19)
¢ J

()

where we have defined the transformed coefficients
v; =Y Dy;(9)v;. (4.20)
J

From this calculation, we see that we can consider the application of g
as a transformation of the coefficients of the vector as

g:v;, = Z D;;(g)v;. (4.21)
J

Since, in this case, the basis vectors are left invariant and static, the vec-
tor v can be viewed as being actively transformed in a fixed coordinate-
system. Thus, the transformation g : v is, when viewed in this per-
spective, known as an active transformation. The active- and passive-
perspective can be notoriously difficult to differentiate since they are,
in the end, mathematically equivalent. Therefore, being consistent
with a single perspective can dissuade a lot of confusion.
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4.3.2 Representation on product spaces

The product space V @ V, where Vis defined as before, is a vector
space with a basis {bzb]} i.j=1- A derived representation can be con-
structed from D on this product space called the product representa-
tion D'P*P)(g). This is defined through its application on the basis

by

g:bb; = b [DPP(g)] Y Z bb, Dy (9)Dy;(9).
. (4.22)
To apply group theory to physical problems, we need to know how
the objects we are working with in the physical theory transform un-
der group elements. The most important vector space in quantum me-
chanics is arguably the Hilbert space where particle states are deter-
mined by a momentum- and spin quantum numbers. Each quantum
number has its own vector space defined by the basis vectors |k) and
|s) in the Dirac notation. The combination of both quantum numbers
in the description of a particle state, then gives a state in the product
space of these vector spaces. A basis for this space is given by the vec-
tors |k, s) = |k)|s). Given k € R? and s € {1, |}, these basis vectors
transform according to the product representation of the representa-
tions on each vector space, given by

/ / kxs
>—Z|k DSy = ks)Dy 0y g (423)

ks

under a group element g. Here g : k' means application of g to the
vector k’ through the standard representation of g in R%. D, is
a representation on the spin-up spin-down vector space given by the
matrix

D, =02, cos(¢/2) — it - o,y sin(¢/2), (4.24)

where u is the rotation axis unit vector, while ¢ is the angle that defines
the proper rotation associated with g. o is the vector notation for the
3 Pauli matrices and ¢, = 4,/ [79, 80].

In the BCS Hilbert space, which we discussed in more detail in Sec-
tion 4.2, the basis vectors are outer products of the momentum spin ba-
sis vectors with opposite momentum: {|k, s;)|—k, s5) }. The product
representation on this vector space then transforms the basis vectors
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according to

. (DxD)
g: ‘k/ —K 52 kg:s ’kﬂ Sl k782>Dk8182;k/815’2<g>’
152
(4.25)
where
(DxD) —
Dkslsz§k’ s sh, (g) - D9313/1 6’“79:"‘,D9828/267k’g:7k/' (4.26)

Since group representations on k is a linear transformation, thend_, ;. 4 =
O, - Such that the last Kronecker delta function becomes superflu-
ous.

4.3.3 Representation on v-d functions

The coefficients of the basis expansion of a vector in the BCS Hilbert
space are typically written in the conventional 1/-d notation of Eq. (4.9).
Taking the active view of group transformations, we can say that the
expansion coefficients of arbitrary states |v) in the BCS Hilbert space
B transform like the v, in Eq. (4.21), but where now the representa-
tion matrix D is given by the matrix D DSXD> K s s, above in Eq. (4.26).
Written out then, the coefficients transform accordmg to

v, (K) = D DI Vs (K. (427)

/<! !
k’ s 55

Let now |v) be a state that is even in space, meaning that its expansion
only consists of coefficients ¢ (k) in the ¢-d notation. Then we see from
Eq. (4.10) that ¢(k) canbe written ¢)(k) = v, (k). The transformation
properties of 1)(k) are thus given by

g:v(k) =gy (k)= > D (k)oY
k' s\ sh (4.28)
=Y(g~ )(wy)u =Yg k).

;chXsD)k, 18 inEq. (4.26)

and used the equation D gwyDgT] =10Y, where D  are the spin repre-

In this calculation we inserted the expression of D

sentation matrices given in Eq. (4.24).
To find the transformation properties of d,,, the principle is the same
as above for ¢(k), but the calculations become more involved. We
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Chapter 4 Group Theory

assume that the spin-momentum basis expansion of a state |v) consists
of only odd coefficients so that v, , (k) = dy, - (gic?), , . Inserting

this into the active transformation of the coefficients of |v) in Eq. (4.27),
(Dx D)

ks, sy: k! | sl, 35 We did before,

and also inserting the expression for D

yields
g Vs s, (k) = Z 5k7g:kz’Dgslsi DgSQSzdk’ ’ (Uiay)s/lsé
K she (4.29)
= Z (DgaayDgTiay> . dg—l:k 2‘0282.
s 518

Since a group transformation (aka. the linear transformation given by
a group representation) cannot transform a state that was even into
being odd, or vice versa, then the resulting state given by the trans-
formed coefficients g : v, (k) have to remain odd, and thus they can
be expanded in terms of a new d’ such that

g Vg s, (k:) = Zd;}’l:kz : o'slsiang- (430)
s

Having expanded both sides of the transformed coefficients with a
common factor 70¥ to the right, we can equate the remaining 2 x 2
spin matrices which gives an expression for d;—1: , * O by comparing
Eq. (4.29) and Eq. (4.30). Furthermore, using the anti-commutation
property {o", 07} = 26,;0° of Pauli matrices, we find that

1 .
dii = 7T ({0 dy - o}). (4.31)

Inserting the expression for d/ ., - o in terms of the SU(2) spin-
representation matrices D, and inserting these matrices full expres-
sion, which can be found in Eq. (4.24), yields after some algebra

’ 1 %
A 1ges = 1 Tr ({0%,dy 14 - Dyjoo?D]ov})

= Ryj(w, ¢)dyr.p 5,
where we have defined the matrix
R, (1, ¢) = 6;;cos ¢ + U;1;(1 — cos @) — €Uy, sin ¢
cos p+u2 (1—cos ¢) Ug Uy (1—cos @)1, sind U, U, (1—cos )+, singb)

= Uyly,(1—cos @)+, sind  cos ¢+'&§(17cos @) Uy, (l—cos p)—U, sin ¢
U, Uy, (1—cos @) —T,, sind 4,1, (1—cos @)+, sing  cos ¢+a2(1—cos @)

(4.33)

(4.32)
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4.3 Application of group elements

This matrix is in fact the rotation matrix of a vector in R? by an angle ¢
about a unit vector u. Since the coefficients of an odd state |v) are fully
determined by the vector d, their transformation can be regarded just
as a transformation of d itself, which thus takes the form

g: dk:,i - RZ]<€L7 ¢>dg—1:k’j, (434)

where ¢ and ¢ give the unit vector and angle respectively, of the proper
rotation* that is associated with g. The conclusion is thus that d trans-
forms as a vector by the proper rotation associated with g.

4.3.4 Representation on ladder operators

The fermionic creation and annihilation operators c}; s and ¢, o, which

we will collectively refer to as cg)s, are second-quantized operators that

act on multi-particle states in a fermionic Fock space [76]. To properly
define how a group element g transforms these operators, we should
strictly speaking first derive the representation ()(g) of g on N-particle
states |[kq, s1) A ... A|ky, sy) for arbitrary N, and then use the relation
g: cg)s = Q(g)cg)SQ(g)_1 to derive their transformation properties.
Howe%zer, luckily, a shortcut is possible because the Q( g) representa-
tion is connected with how g acts on the single-particle basis {|k, s) }
through the relationship

Q(9)ey) Qlg) ™ = cD(g: |k, s)). (4.35)

In this notation we treat the creation and annihilation operators as re-
spectively linear and antiunitary functions of the states that they cre-

ate or annihilate. If the matrix-components of the representation of g
(kxs)

on the single-particle basis is denoted D ./, then we thus have the

transformation property
kxs) 1(%)
g: C;j,)s = Z C;j’)7s/ [Dgc’;;;cs] ’ (436)
ks’

where the matrix-elements are complex conjugated only if we are trans-
forming an annihilation operator.

4. The proper rotation of a group element g is the rotation obtained when writing g as
this rotation followed by either the group element of inversion or identity, which
can be done in all point-groups.
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Chapter 4 Group Theory

Given that g is an element of some point-group, such that it can be
decomposed into a rotation and a parity inversion, then we may use
the representation on {|k, s) } given in Eq. (4.23) such that

LA (t) (%)
9w = Clp DI (4.37)

)
s/

where the matrix D, . is defined in Eq. (4.24). As an example, a

g ss
simple parity transformation g = P, then transform the operators ac-
cording to P: cg)s = cg,)e,s.

We will later need the translation transformation ¢ = R as well.
In real space it is defined by R : |r,s) = |r + R,s) and given by
the linear transformation L(R) = e'®P/" where p is the momentum
operator® p = 1V /i. It then follows by a Fourier-transformation that
the fermionic operators transform according to

R:dl) = (e BRI (4.38)

)

Finally, we discuss the transformation of time-reversal. This opera-
tion is traditionally denoted © and consists of flipping the sign of time,
which implies flipping the spin and momentum. Time-reversal is spe-
cial in that it is antiunitary, i.e. it transforms all linear coefficients into
their complex conjugates. Because of this, any representation of time-
reversal is often factorized into a normal linear part and a complex-
conjugation operator K. From its action on the spin-momentum basis
vectors |k, s), time-reversal transforms the fermionic creation and an-
nihilation operators according to

0 =3 ") L (—ioy) . (4.39)

Note that the matrix —io,, is not complex conjugated for the fermionic

annihilation operators because of the antiunitarity of ©.

4.4 Single-particle Hamiltonian symmetries

Any fermionic single-particle operator can be written in the spin-momentum
basis as

PAI = Z Hziz//clt:,sck/sl. (440)
kk’ss’

5. The form of the linear transformation L(R) follows directly from the multivari-
ate Taylor expansion.
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4.4 Single-particle Hamiltonian symmetries

In this section we will apply the common finite symmetry-transformations
discussed in the last Section and see how this reduces the degrees of
freedom in H so that it can be written in a more concise form. To be-
gin, we reduce the notational burden by expanding the spin-matrix
elements in separate coefficients in the Pauli-matrix basis just as was
done for the BCS Hilbert space vector coefficients v, . (k) inEq. (4.7),
such that

5152

~

H= " [bwo” +Yir 'U]Ss/cltz,sck’s" (4.41)
kk’ss’

The transformation of a quantum mechanical operator such as the
Hamiltonian, is defined by ¢ : H = Q(9)HQ(g)~" for some many-
body representation ()(g). Inserting the form of Hin Eq. (4.41) as a
single-particle operator in the spin-momentum basis, yields

g:H=">" [Gwo® + Y -0] (g:ck )9t cwy), (442)
kk’ss’

after inserting QQ(g) "1 Q(g) between the creation and annihilation op-
erator. We can now use the transformation properties of these opera-
tors presented in Section 4.3.4 to derive the transformation properties
and symmetric form of the Hamiltonian.

For a translation invariant system, we need a translation invariant
Hamiltonian. Using the transformation of ¢} in Eq. (4.38) under a
translation R, we get that the coefficients £, and 7y, have to satisfy
the equation

(e Rk =k) 1) Sk 0 + Yirr - 0] = 0. (443)

Since the sigma-matrices are linearly independent and the translation
R is arbitrary, it follows that both £, and 7y;,;,» must vanish whenever
k #+ K, i.e. these coefficients must be diagonal in k. The Hamiltonian
can then be written on the reduced form

H= Z (€00 + v, - a]ss,c;fc’sck,s/. (4.44)

kss’

In the vast majority of cases, the system is Hermitian such that the
Hamiltonian is self-adjoint and has real eigenvalues. Enforcing the
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condition HT = H on the translationally invariant Hamiltonian in
Eq. (4.44) yields the equation

(& — &)+ (v — 1) -0 =0, (445)

by using the self-adjoint property of the Pauli-matrices. This implies
further, by the linear independence of the sigma-matrices, that the co-
efficients £, and =y, are self-conjugate and hence real.

Time-reversal symmetry of the system implies that H should be in-
variant under the transformation ©, which transforms fermionic ladder-
operators according to Eq. (4.39). Applying this transformation to
the fermionic ladder-operators in the translationally invariant Hamil-
tonian of Eq. (4.44), and remembering that ()(©) is an antiunitary op-
erator, we get the transformed Hamiltonian

©:H= Z (€ k0 — 7 U]SS/CL’SCk75/. (4.46)
kss’
For the Hamiltonian to be invariant under time-reversal symmetry, its
coefficients thus have to satisfy §,, = £*, and v, = —v* .

Finally, we look at the transformation of the Hamiltonian under point-
group elements g. Using the transformation-property of the fermionic
creation and annihilation operators in Eq. (4.37), then the translation-
invariant Hamiltonian in Eq. (4.44) transforms according to

g: H = Z [fgfl:ko'o + ’Ygfl;k: . DQO-D;]SS/CL,SC’C,S/' (4:4:7)
kss’

Using the form of the spin-rotation matrix D, in Eq. (4.24), we find
that
Vorae - Dyo Dy =Vjay, - 0, (4.48)

for the transformed vector
Y1 = R(U O) Vg1, (4.49)

where R(u, ¢) is the 3 x 3 matrix representation of the proper-rotation
associated with g given in Eq. (4.33). Symmetry of H under point-
group transformation thus implies the symmetry conditions § ., = &,
and R(, ¢)v,-1., = g on the coefficients of the Hamiltonian.
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4.5 Projection Operators

4.5 Projection Operators

Let us assume that we are in a vector space V that can be divided into
possibly several different IRs D(® of some symmetry group G. Fur-
ther, let the basis vectors of these IRs be denoted by b,&?f ) where m thus
counts the number of basis vectors in each IR. Then, an arbitrary vector
v € Vcan be written in terms of these basis vectors as

v=>Y > by (4.50)
(0% m

A projection operator can be used to extract any combination of a
constant cg,? ) multiplied by a basis vector bﬁ{”, where m and n can in
general be different. Denoting the projection operator that picks out
the mth constant multiplied by the [th basis vector in the IR /3 of the

expansion of v: Pl(:?, then

PPy =l (4.51)

lm

This is extremely useful in finding explicit expressions for the basis

()

vectors b, of the IRs. To achieve this, the projection operator is de-

fined as

= 4.52
R 2" e
where d is the dimension of IR /3, Dgfi (g) is the Im element of the
matrix representation of the group element g and finally we have used
the notation g : to denote application on vectors by the relevant repre-
sentation. An example is the application of g to the basis vectors b;g ),
Since the relevant representation of g in this case is the IR for which

b\ is a basis vector, the application becomes
g: ) =3 b DI (g). (4.53)

B

Usually, the full generality of the projection operators P’ | isn’t needed

()

and it suffices to consider the diagonal projection operators P} =

PZ(B ) or indeed their sum, in which case the resulting operator can be
written only in terms of the IR characters x( ( g) since

PB = zl:pl( |G| ZZ ” : |G’ ZX (g

geG geG
(4.54)
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4.6 Symmetries of the Square Lattice

The symmetry group of the square lattice is denoted C,, in the Schén-
flies notation. It contains 8 elements in total:

e: The identity element (do nothing),
C,: Rotation by 90° in the positive direction (ccw),
C;!: Rotation by 90° in the negative direction (cw),
C%: Rotation by 180°,
0,: Mirror about the zy-plane,
o,: Mirror about the zz-plane,

04, Mirror about the downwards diagonal plane®

Od:

,: Mirror about the upwards diagonal plane.

This results in the group multiplication table in Table 4.1. We can check
that this is correct by performing the group transformations in the top
row followed by the one in the left column” and seeing that this results
in the group transformations where these two intersect. As an example
consider the vector (z,y)". Transforming the basis by the 90° coun-
terclockwise rotation C; we get (—y, x)'. Then mirroring this result
about the yz-plane yields (y, x)T. We now realize that this is the same
as mirroring the original basis about the axis y = z, hence0,Cy = 0,
as the multiplication table says.

4.6.1 Conjugation classes

The conjugation classes of a group are the sets of group elements that
are conjugate to each other, meaning that there exists a group element
g such that gAg~' = B between conjugate elements A and B. Since
conjugation is an equivalence relation, it subdivides the group ele-
ments exactly into conjugation classes. The conjugation classes of the

6. We are assuming the western bias of left-to-right movement here. More precisely
it is the plane containing the z axis and the line y = —x

7. When combining a group-element g. from the left column and g, from the top
row, the result should be g_g,.
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4.6 Symmetries of the Square Lattice

Table 4.1: Group multiplication table of the group C,,,.

e c, 2 ot o, o, 04 04
e e C, ci c;t| o, o, 0q  Og,
C, c, ¢ ot e oq,  Oq, oy, Oy
C3 c: ot e Cy o, o, 04, Og
ct| ot e C, c? 04, 04 Oy a,
o, o, 04 O, Og e c: ot oo
o, o, 04 O, Og C3 e c, ot
Oq, | 04, O Ogq, Oy c, Cit e C?
o4, | Oa4, Oy Ogq Oy ct oo, O} e

group C,, are e = {e}, 2C, = {C,,C;'}, C3 = {C%}, 20, =
{04,,04,} and 20, = {0, 0, }. The character X" (g) of a representa-
tion I is the trace of the representation matrix D' (g) of a certain group

element g. Since the trace is cyclic, then for conjugate group elements
Aand B

X (B) = Tr DV (g) DX (4) DT (971
Tr (D (g71) D" (9) D (4)) (455)

= Tr (DN(g 1 g) DV (4)) = XT(A).

This means that the representations of all group elements in a certain
conjugation class have the same character.

It is useful to list the characters of the different conjugation classes
in a table according to the different IRs of a group. This is because
the number of conjugation classes of a finite group is the same as the
number of IRs of that group. This table is known as the character ta-
ble of the group. The character table of the group C,,, is shown in
Table 4.2. This table can be derived without knowing the details of
the irreducible representations, but instead using character relations
from basic group theory® Because of this, the character table can be
of immense help, and is typically the first step in determining the irre-
ducible representations of a group.

8. Many of these relations are derived from the great orthogonality theorem which
can be found e.g.in [77].
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Table 4.2: Character table of the group Cy,,.

Ch | e 20, C% 20, 20,
r, [1 1 1 1 1
r, [1 1 1 -1 -1
r;[1 -1 1 1 -1
ry|[tr -1 1 -1 1
r;y |2 0 -2 0

4.6.2 Irreducible representations

The dimensionality of the IR can be found in Table 4.2 by looking up
the first column, i.e. the column giving the character of the conjugation
class {e}. Since the group element e maps to the identity transforma-
tion in all representations, then its trace gives the dimension of the rep-
resentation. From the table, we see that all the IRs are 1-dimensional
except for I'y which is 2-dimensional. All the 1-dimensional IR matri-
ces are then completely determined by the character table since they
are just given by the characters themselves, e.g. D'2(0,) = —1.

To find a 2-dimensional representation of C,,,, we can imagine how
a normal 2D vector (z,y)" € R? behaves under its transformations.
We take again the example of a counterclockwise rotation by 90° of the
basis which transforms a vector

(o) = ()G 0)6) e

Obviously, the matrix

D) (C,) = <(1) _01) , (4.57)

is the representation matrix of a two-dimensional representation of C;.
Continuing in this way for all the group transformations, yields the
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4.6 Symmetries of the Square Lattice

matrices

—1
10 ) , (4.58a)

0 -1

DT (C7h) = ( 0 1> , DT (C?) = <_1 0 > , (4.58b)
0
( (0 _1> , (458¢)

D(F5>(O'd1> _ ( 01 _01> ’ D(F5>(o'd2> = <(1) (1)> . (458d)

Taking the trace of these matrices, we see that this representation’s
characters are the same as the ones for the IR I'; in the character table
(Table 4.2). This implies that Zg IxT5(g)]? = |Cy,|, which implies
in turn that the representation given by the matrices in Eq. (4.58) is
irreducible. Thus, this is indeed the I'; IR as advertised, and we have
completed the description of the representation matrices of all the IRs
of Cy,.

4.6.3 Proper rotations of the odd BCS function d,,

When discussing the representation of general group elements on states
in the BCS Hilbert space in Section 4.3.3, we learned from Eq. (4.34)
that the coefficient dj, € R of odd states transforms by a proper rota-
tion R(u, ¢). As mentioned before, a proper rotation of a group ele-
ment g is the rotation obtained when writing g as a rotation followed
by an inversion P or the identity transformation. We thus obtain the
representation matrices of the 3D-representations of group elements
g € C,, directly from the 3D rotation matrix R(u, ¢), by envisioning
the combination of a rotation and C' = Por e that leads to g. Because
of this, we denote the representation matrices of this representation
R(g). As an example 0, = C?R(&,7), such that the representation
R(o,) = R(x,m). Written out in its full matrix form, this yields the
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representation matrices

0 -1 0 0 10
R(CH=1]1 0 0], RCH=[-1 0 0, (45%)
0 0 1 0 0 1
100 -1 0 0
Re)=10 1 0}, R(C2)=| 0 -1 0], (45%)
00 1 0 0 1
1 0 O -10 0
R(o,)=10 -1 0|, R(o)=|0 1 0], (45%)
0 0 —1 0 0 —1
01 0 0 -1 0

R(Ud1> = 1 0 0 5 R<Jd2) = —1 0 0
00 —1 0 0 -1
(4.59d)

4.7 Square Lattice Harmonics

Since ¢ (k) and d,, are invariant with respect to translation by any re-
ciprocal lattice vector Q, Y(k + Q) = 1(k), they can be expanded in
a discrete Fourier transform over the real lattice, such that

1
Y(k) = T ER: Ypcos R -k, (4.60)

and )
d,, = ﬁ;dRsinR-k, (4.61)

where the exponential of the Fourier transform has been reduced to
trigonometric functions by the parity assumed of the functions.

We are interested in the basis vectors |I", ¢, m) of the representations
of the symmetry group C,, of the 2D square lattice. In this ket nota-
tion, I' gives the irreducible representation, m enumerates the basis
vectors in case the IR is multi-dimensional, while g gives the version
of the IR in case the space of possible |v) permits multiple versions of
the same IR. In the active view of group transformations, the question
of finding the basis vectors translates to finding the basis-functions of
the functions (k) and d,, for even and odd bases, respectively. In
Section 4.3.3, we saw how these functions transformed under group
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4.7 Square Lattice Harmonics

transformations. In Section 4.5, we saw how the projection operators
could be used to extract individual basis vectors. We will now use
these operators on the Fourier expansions of (k) and d,, to extract
possible basis-functions given the symmetry group of the square lat-
tice.

4.7.1 Even basis-functions

We remember from Eq. (4.28) that the function ¢(k) transforms as
g: (k) =g : k), (4.62)

under a group transformation g. Operating on the Fourier expansion

of (k) in Eq. (4.60) with the projection operator defined in Eq. (4.52)
by an arbitrary IR I, yields

d
P0) = 575 2= (D (0) + D (CD) cos(R- k)

+(Dy (Cy) + DY (CrY)) cos(R kb, — R, k)
+(D}(0,) + Dy (0,)) cos(R, e, — R, ,)

r r
+(D§l )<‘7d1> + DE; >(Ud2>) COS<Rz1€y + Rykw).

(4.63)

Since k € R2, we have in this calculation used the natural 2D repre-

sentation given by the matrices in Eq. (4.58) of the group elements in

1

C,,, to calculate the expressions ¢~ : k inside the cosine functions.

Inserting the matrix elements of the different IRs of C,,, which we dis-
cussed in Section 4.6, we get the projected functions

Pl(il)w(k) o Z Yr|cos R, k, cos Rk, + cos Rk, cos R k|,
R

Pff%(k) x Z Yg[sin Rk, sin Rk, —sinR k,sinR k|,
R

Pl(iS)i/)(k) o Z Yg|cos R, k, cos Rk, — cos Rk, cos Ryk‘z],
R

P1(,F14)¢(k) x Z Yg|[sin Rk, sin Rk, +sin Rk, sin Rykw],
R

(4.64)
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Since the projection operators Pl(lr) projects onto the subspace of vec-
tors belonging to the IR I, if we let the different basis-functions of the
IRs I be denoted 1(I)@™ (k), then we expect the projection to produce
the result

P (k) =" ey p ™l (), (4.65)

q

by the property of projection operators in Eq. (4.51). Here g again enu-
merates the version of the basis of I' possible in the space of different
Y(k), and c, ; are the coefficients of 1(k) in the basis of the IR basis-
functions. Comparing Eqgs. (4.65) and (4.64), we see that different sets
of basis vectors can be obtained for the IRs by including different or-
der terms in the R-sum, i.e. different lattice neighbour sites. It is also
worth noting that the IR I'; does not exist in the space of possible ¢(k),
since it is an odd representation.

Including on-site, nearest neighbour and next-nearest neighbour sites
in the R sum of the projected arbitrary function ¢)(k) on the I'; sub-
space in Eq. (4.65), we see that any such function can be constructed
from the three basis-functions

1
T (k) = — 4.66
PO (k) = (1.662)
1
Y2 (k) = %(cos k, +cosk,), (4.66b)
1
T)3(k) — —
Y3 (k) = — cos k, cosk,. (4.66¢)

Each of these functions give a complete basis-function set of the I'; IR
which can be checked by calculating how they transform under group
elements g € C,. In this case, since this is the trivial I'; represen-
tation, the functions are symmetric under all group elements g which
produces the character 1 for all conjugation classes (compare with the
first row in Table 4.2).

These basis-functions are automatically mutually orthogonal since
they belong to different IR version subspaces and their normalization
coefficients have been chosen such that they are normal on the 1% Bril-
louin zone, i.e.

/ / dk,dk, YT (k)T (k) = 6, (4.67)

—T7 Y—=T
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Inserting up to next-nearest neighbor sites for R in the projected
functions under the remaining IRs, we find the orthonormal basis-

functions
1
w(Fg) (k) = g(cos k, — cos ky), (4.68a)
1
11,(1“4) (k) = - sin k, sin ky, (4.68Db)

of the representations I'; and I', respectively. The I'; basis is found
by expansion of R to nearest neighbor, while the one for I, is found at
the next-nearest neighbor. To get a basis vector for the representation
T'y, we would need to expand beyond the next-nearest neighbor site.
The basis-functions in Egs. (4.68) and (4.66) are also known as square

lattice harmonics. The set of square lattice harmonic functions includes
the set of functions found when expanding R to arbitrary sites. As we
have seen, they can be grouped and found through consideration of
the IRs of the symmetry group of the square lattice. We have so far
only considered even-in-k basis-functions. In the next section we will
complete our discussion of square lattice harmonics with the inclusion
of odd functions.

4.7.2 Odd basis-functions

Any state made from exclusively odd basis-functions, is fully deter-
mined by the coefficients d;,. As we derived in Section 4.3.3, these
coefficients transform as’ g : d, = R(g)d, 1., under group elements
g € Cy,, where R(g) are the representation matrices in Eq. (4.59).
Otherwise, finding bases for irreducible representations can be done
by following the same procedure as that outlined for even functions in
the last Section.

As an example, we consider finding a basis for the I'5 irreducible
representation of the group Cy,, in the space of odd functions d,. Act-
ing on the Fourier expansion of the arbitrary function d, in Eq. (4.61)
with the projection operators Eq. (4.52) down on the subspace of the

9. SeeEq. (4.34).
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IR I'; of the symmetry group C,,,, yields the results

P, = %\r S dp..cos Rk, sin Rk, (4.69a)
R

P d,, = %\7 > dg.sin Rk, cos Rk, (4.69b)
R

for the two basis-functions of I';.1° As in the spin-singlet case, we get
different versions of the I'; basis vectors depending on the order of our
expansion in R. Expanding to nearest neighbor sites and normalizing
such that the states are orthonormal, produces the basis-functions

~

d;cFS)’l = —21 sink,), (4.70a)
T
dgsm = 21 sink,,, (4.70b)
™

of the two-dimensional IR I';.

4.8 Decomposition of the Potential

Let at first Vbe a general two-body operator that acts on an N-particle
state which is a vector in H = ®X ;. The single particle Hilbert
space J{ in question, is quantified by momentum and spin, such that
H = span{|k, s)}. Denoting for the moment the specific combina-
tions of k and s as « as a shorthand, then V acts on basis vectors in
I such that

Vlay) o lay) = > Vijlaw) . |ay), (471)

1<i<j<N

by definition of being a two-body operator [76]. Here, ‘A/Z ; is an oper-
ator that only acts on the ith and jth ket. Even though V'acts on 7 y;,
because of how it can be written in terms of V; 7
two states at a time, it follows that Vis completely determined by its

and this only acts on

action on the reduced two-particle Hilbert space /5. This implies that
Vis fully described by its matrix elements

(al{a’|[V|B)]B). (4.72)

10. Since I' is two-dimensional as opposed to the other IRs in C,,,, any complete

basis for I'5 requires two basis functions that can be related through transforma-
tion by a group element.
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4.8 Decomposition of the Potential

Inserting back the |k, s) notation, these matrix elements are referred
toas

lykookaky: 5505555 — (R151](kasa|V]kysy)|ksss). (4.73)
When Vis a BCS operator acting on the BCS Hilbert space described
in Section 4.2, these matrix elements are denoted

Viw', = <k51‘<_k52"7’k/54>‘_k/53>- (4.74)

5189835,
Since V is Hermitian, it must be diagonalizable in some basis of
eigenfunctions. Barring accidental degeneracy, a basis for a d-degenerate
eigenvalue is also a basis for an IR of the symmetry group G of the
Hamiltonian [77]. In the case of accidental degeneracy, then this d-
dimensional vector space consists of several non-intersecting subspaces,
where each subspace is a basis for a (possibly different) IR. Note that
this does not mean that (barring accidental degeneracy) there exists
one separate eigenvalue for each IR of G, since there might be several
different eigenvalues with different eigenspace bases but where all of
them are bases for the same IR. Regardless of these details, the connec-
tion between IRs and the eigenvalues of Visa great help in finding the

bases for which it is diagonal.

Let the basis for a dj--dimensional IR I" be denoted {|T", g-, m) }ile,
where Vhas an eigenvalue V1 , for the vectors in this basis, and gr- is
an index enumerating the different versions of bases of I' that Vmight
have in its set of eigenspace bases. Since Vis diagonal in this set of
bases, then

dF
V= FZ Vrogr ZI\R ap, m)(L', gp, m|. (4.75)
qr m=

Because of the potential for accidental degeneracy,!! we cannot guar-
antee that Vi , - % Vi, for different I'and I". Inserting this expres-
»qdr »dr’

sion for Vinto the matrix elements in Eq. (4.74) lets us write them in

11. A degeneracy of an eigenvalue is accidental if two degenerate eigenvectors belong
to different IR vector spaces, while a non-accidental degeneracy of an eigen-
value happens when the eigenvectors in the eigen-space belong to a several-
dimensional IR.
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terms of IR basis vectors in the momentum spin function representa-
tion:

ka‘/§31$23334 Z VF »dr Z \1131721; ]{:)\I/s;gl;( k/>T7 (4'76)

where

s{gg(k’) (k,s1|(—k,s5 | T, qpr,m). (4.77)

We can separate the set of different IR bases into bases that have vec-
tors that transform either symmetrically or anti-symmetrically with re-
spect to the group element of space inversion P. We call the representa-
tions of such bases even or odd representations. Even representations
are those that map P to the identity operator 1 and as a consequence
have functions with the symmetry \Ifs;‘;g’ (—k) = \Illgl’gg’m (k). Writ-
ing the spin-indices of these functions in terms of Pauli matrices by
using the expansion in Eq. (4.8), and using the fermionic symmetry
following the same logic as Section 4.2, then functions of even repre-
sentations a can be written

U™ (k) = 1o .. (4.78)

Odd representations b map P to the inversion operator I such that
\Ill;’libz’m(—k) = —\IJZ’I%bZ’m(k). Expanding in Pauli matrices, then yields
by, _ by, .
\I/s1qslgm(k) - dk-, . (o-lo—y>slsz‘ (479)
Separating the sum over IRs I into sums over even (a) and odd (b)
representations in the potential operator matrix elements in Eq. (4.76),
we arrive at the fully expanded expression

. a,qq,m - a qa,m T
ka ;51828384 § V a,q, E : w 105152 (w 20-3334>

aq,
db

g , byay, ) f
+ E Vi E (dy*™ - gioY) [(df,zli " gioY) } .
b 5152 5354

b, m=1
(4.80)

In this use of the dagger notation, the adjoint acts on both the spin- and

*

momentum matrix indices, such that di r = dy, and 01182 =055,
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4.8 Decomposition of the Potential

Onasquare lattice, the functions ¢, """ and d,bc’qb "™ of the eigenspace
basis vectors |I', g, m) are given by the square lattice harmonics. Given
515983547 to de-
compose it into the form of Eq. (4.80), we can first find the eigenvalues

an interaction potential V' with a known form of V.

by calculating the matrix elements

(T, qp, m|V|T, gp,m) = V; (4.81)

»qr’

Then we can simply insert these eigenvalues and the known form of
Y™ and d,I;’Qb " into Eq. (4.80), and we have a symmetry-decomposed
potential!

Writing the potential on this form, easily lets us see if there are any
attractive symmetric channels in the potential, which could lead to an
instability and thus a phase-transition by pairing of the electrons ac-
cording to the specified symmetry. A low energy effective theory can
then be found in the unstable symmetry-channel by using the chan-
nel’s square-lattice harmonics in determining the Js in the Hubbard-
Stratonovich transformation in Eq. (3.26), and then performing a saddle-
point approximation.
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CHAPTER 5

Lattice Models

When we have a model for the free energy of a statistical mechanical
system that is too complicated to calculate analytically, one approach is
to utilize computers and Monte-Carlo (MC) techniques to gain quan-
titative answers to questions about the system’s behaviour. Such tech-
niques often require the discretization of a continuous model down on
a numerical lattice. The lattice can in principle be of any form as long
as the continuum limit reproduces the original theory, however in this
thesis we will exclusively focus on a square (cubic) numerical lattice
due to its simplicity.

In this chapter we will introduce different aspects of discretizing
a continuous free-energy model down on a square numerical lattice.
If starting with a continuous model with a spatially dependent field
f(7), then the discretized model will have a corresponding field f,.
only defined on the numerical lattice sites at

r= Zruﬂ:Zaunuﬁ (5.1)
1 1

where a,, is the distance between lattice sites, n,, € [0,1,...,N w 1]
and N, is the total number of sites in the p-direction. The length of the
numerical lattice in this direction is L, = a,,N,,. The cubic numerical
lattice is specified by a, = a Yy and p € {z,y,z}. Any integrals

[d®r F[f(r)] will in such a discretization have to be replaced with
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Chapter 5 Lattice Models

sums such that
Na
/ d3r - a® Z .

r,=a

(5.2)

If we are interested in bulk properties of the model in the thermody-
namic limit, then specifying realistic boundary conditions of the nu-
merical lattice are of less importance. In this case, periodic bound-
ary conditions are from a computational- and theoretical perspective
a convenient choice. We define periodic boundary conditions by the
requirement that f,., L= f, for any direction fi.

5.1 Discretizing derivatives

In a model where fields only are defined at discrete points in space, any
spatial gradient of the fields must take the form of discrete differences
of the field values at these points. In a cubic grid of points with defined
field-values, such differences can be denoted by the forward-difference
operator A - This operator acts on a spatially discrete function fras
a forward-difference in the direction of [i such that

Apf'r‘ = f'r+a;1 — [ (53)

where a is the distance between lattice points. In a Euclidean geome-
try, the natural discretization of a derivative d,, is 9, = A, /a, which
reproduces the continuum derivative in the limit a — 0 with a fixed
grid-size. Using an appropriate set of units, we in most cases can set
a=1

5.1.1 Covariant derivatives

When discretizing continuous gauge theories, some extra care must be
taken when discretizing a covariant derivative. Because of the gauge
field, the geometry is no longer naively Euclidean. Then we need to
rotate a field-value at one point by a gauge group element to parallel-
transport it to another point, such that the field values at these spatially
separate points can be compared. Given a U (1) gauge symmetry with
gauge field components A, (r), the appropriate way of discretizing a
covariant derivative is the identification [81]

D, f(r) = [0 + 1A, (1) ~(riapUny — o) (54)
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5.1 Discretizing derivatives

The value of fat r + afi is parallel transported back to by the U(1)
group element [82]
U

T igAT’“? (55>

e

where g is the coupling constant between f and the gauge field A, and

r4afl
A, = / dr - A(r), (5.6)

is a link-variable, linking 7 to its nearest neighbors.

In the limit of a — 0, this identification reproduces the covariant
derivative.! Furthermore, it produces terms that transform in an anal-
ogous way to the continuum version under gauge transformations,
such that gauge invariant terms remain invariant after discretization.
In the continuous fields, a gauge transformation is defined by

fr) = f(r)e'™,

1 (5.7)
Au(r) — Au(r) — gaugb(r).

Then the covariant derivative transforms as D, f(r) — e'(r) D Lf(r),

such that terms suchas | D, f(r)|? are invariant under gauge-transformations.
Inserting the gauge transformation into the discretized field f,. and the
definition of the link-variables A

transform as

r,u We see that these discretized fields

f’l" - f?’eid)T’

A, = A, — 1A 0] 58)
T ) g nrr

where the field ¢,. is discretely defined on the same lattice points as
fr- Inserting this into the discretization of the covariant derivative on
the right-hand side of Eq. (5.4), we see that indeed the right-hand side
transforms in the same way as the left, i.e. by picking up an overall
factor €!*r. This means that the discretized version of terms such as
|D,, f(r)[?, which were originally gauge-invariant, will be invariant
under the gauge-transformation in Eq. (5.8) after discretization.

1. To show this, we see from Eq. (5.6) that A,. , — @A, (7). Then we expand the
exponential in U,. , to first order and insert on the right-hand side of Eq. (5.4).
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Chapter 5 Lattice Models

5.1.2 Discretized symmetry

One word of caution when discretizing continuous expressions is that
discretized gradient terms will not in general have all the same spatial
symmetries as the originating continuous terms. This is because the
bias of the forward direction in the forward-difference operator and
the cubic structure of the numerical lattice will in general break such
symmetries.

The effects of the cubic symmetry of the numerical lattice can be
thought of as caused by implicit lattice potentials that increases in in-
fluence towards lower temperatures and higher field strengths when
the model contains an external field [83]. Such lattice potentials can
e.g., cause topological defects to have preferred positions in discretiza-
tions of theories with translational symmetry.2 As an example, con-
sider again the discretization of the term [d®r |Df(r)|* with dis-
cretized scalar field f,. = p,.¢’%. The density term is rotationally sym-
metric® in 3D, however the discretized version can be written

ZZZpﬁ[l —cos(A,0,. + gA, )] (5.9)
T

From this form, we can see that the term is only symmetric by rotation
by 90° in the planes normal to the x, y and z directions. The discretized
term contains cubic distortions when rotating in directions in-between
these, hence the SO(3) rotational symmetry is broken down to the
octahedral point group O.

The forward bias of the forward-difference discretization scheme
can also lead to breaking of symmetries that both the continuous model
and the numerical lattice have in common when the scalar field con-
sists of multiple components. Consider a density term of the form

R {Dmanyny] , (5.10)

where 7, and 7], are two scalar fields that transform as components
of spin and R extracts the real part of the complex number. Under
an active 90° Z-rotation (which is called a C, transformation), then

2. More on this in Section 7.

3. By rotationally symmetric we mean that if we were to rotate the field configu-
rations of f(7) and A(r) in any direction, by any amount, the term would still
yield the same value.
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5.1 Discretizing derivatives

b, - »,D, - —D,n, — n,andn, — —n,. Inserting this
into the continuous density term in Eq. (5.10), we see that it remains
precisely the same, i.e. invariant. Now consider the discretization of
this term by the discretization procedure detailed above. This would
read

pf+ipg+@ cos [0F, . — Gﬁﬂj +9(A,, —A,.,)]

_p:Jr;ipg‘ COS(9:+i - 9% + gA'r',a:)
_pﬁszrg COS<9$ - 9£+g - gAr,y)

+pipr cos(07. — Or),

(5.11)

where we have used the notation ¢ = p%ei¥r for the discrete scalar
fields. In terms of these scalar fields and link-variables, a C; trans-
formation consists of the mappings 7y — n¢, , and 7r — —7¢, .,
such thate.g., p;, - — o 4+ The link-variables transform as Ay —
ry = Ap,
transformations, and shifting the summation index of the external 7-

Ac,r,c,pur such thateg., A = —A,_; . Using these

—X
sum, then the rotated discrete terms take the form

—Pp P08 07 5 —On 5= 9(Apy + Ar g )]
Y T Y
+Prpr+3} COS(GT - ‘9r+gf/ - gATvy)

(5.12)
+pf,5¢,01y~ COS(@iii - 9% - gArfi,z)

—pyprcos(F — Or),

which certainly is not the same as Eq. (5.11), i.e. the discretization of
Eq. (5.10) is not invariant under a C; rotation. A more immediate way
of seeing the problem is to recognize that the first term in Eq. (5.11)
is a next-nearest neighbor coupling on the numeric lattice that only
couples sites along one diagonal, but not the other as illustrated in
Figure 5.1, thus rotational symmetry is broken by the discretization.
One remedy for this kind of problem is to re-establish the broken
symmetry by an average over symmetry-transformed terms. In the
case of the discretization of R[D, 1, D,n,] in Eq. (5.11), the Cy sym-
metry can thus be re-established by taking the average of Eq. (5.11),
Eq. (5.12), as well as the terms obtained by transforming the discretiza-
tion in Eq. (5.11) by the rotations C% and C3. Let & ,. denote the den-
sity terms in Eq. (5.11) and let 7 F . be the terms that result when
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— 7 U +A T 7
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Figure 5.1: Couplings between sites on a single z-layer of the
numerical lattice from the discretization in Eq. (5.11) of the term
R[D,n,D,n,]. On-site terms are illustrated by a point (e),
while nearest neighbor and next-nearest neighbor couplings

are illustrated by dashed and solid lines, respectively. The cou-
plings obtained by evaluating Eq. (5.11) at a point 7 are slightly
emphasized compared to the other lines.

transforming J by a symmetry transformation 7. The average of symmetry-
transformed terms, which re-establishes the C rotational symmetry,
can then be written

1
e Z TF
fTe{]l,C4,C§,Cg}

1
4 Z hh//)f+h:zpz+h'@ cos [0,z — 93{%/@ + 9(Ap pe — Ar,h/y>]-
hh/=+1

(s

(5.13)

In this expression, the next-nearest neighbour couplings are along all
diagonals around the point 7 such that it is rotationally symmetric un-
der C; and thus does not explicitly break symmetries that both the
original theory and the numerical lattice have in common. Such break-
ing of symmetries can, as we have shown above, result from the naive
application of a forward-difference discretization scheme* when dis-
cretizing terms with multiple gradient-directions and components. In

4. The symmetric expression in Eq. (5.13) can be more easily obtained by the use
of a different discretization procedure than the discretization of the covariant
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5.2 Including an external field

models with such terms, the symmetry averaged expression can then
be useful in diminishing the effect of meta-stable states and faster con-
vergence when investigating such models by means of numerical com-
putation. Finally, we would like to stress that both versions yield the
same theory in the continuum limit.

5.2 Including an external field

The interaction between superconductors and magnetic fields is an es-
sential aspect in the study of superconductors and thus we will need
to be able to add external magnetic fields to our models to study this
interaction. An external field is usually included as a constant homo-
geneous magnetic field in a certain direction and is a parameter of the
problem rather than a variable. In other words, we assume the mag-
netic flux to be the same everywhere and unchanging, and rather than
ask what consequence the existence of a superconductor has on this
field, we are interested in the effects the field has on the supercon-
ducting state. Physically this situation is relevant, e.g., if a relatively
small and thin sheet of superconducting material is placed in between
two strong electromagnets as illustrated in Figure 5.2.

One way to introduce a constant magnetic field in a lattice model,
is simply to figure out what kind of vector potential A(7) would give
a constant magnetic field B(r) through B = V x A, and then set
the link-variables A, , of Eq. (5.6) accordingly, with the only caveat
being that for a lattice-model with periodic boundary conditions, the
igA

factor €' +.» has to satisfy periodic boundary conditions as well. This

implies the condition
Vv A=A 5, 2Tm,/g, (5.14)

where m,, € Z and v gives a direction on the lattice. For m,, # 0 this
condition is called a twisted boundary-condition.

derivative in Eq. (5.4). Taking the average of a forward and backward difference
that respects gauge-transformations we get the discretization mapping

Duf("‘) = (6igAT’“f'r+ﬂ - eigAT’iu ,,,,ﬂ)/2.

Applying this symmetrized covariant discretization mapping to the density term
in Eq. (5.10), yields Eq. (5.13).
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s
2

e

Figure 5.2: A thin sheet of superconducting material in the mag-
netic field produced by two magnets pointing in the same direc-
tion above and below the superconductor.

5.2.1 Landau Gauge

As an example, let’s say we are interested in having an external field
in the z-direction with magnitude B. The vector-potential components
A, and A, then have to satisfy the equation

0,4, —9,A, = B. (5.15)

One configuration of the vector potential, which is called the Landau
gauge, that satisfies this condition is A, = Bz, with the other vec-
tor potential components set to zero. Inserting this into the defini-
tion of the link-variables in Eq. (5.6) yields 4,. , = ar, B¢, ,. Here x
is a continuous variable while r,, is the x-component of a lattice vec-
tor. Periodic boundary conditions on the lattice implies the condition

A,, = A.ip s, — 2mm/g, which finally restricts the value of the
field B such that the link-variables in the Landau gauge must take the
form 5
™
A,.,=90 e’z 5.16
L) ,u,yrq; q Lx , M 9 ( )

where L, = N_aand N, is the number of lattice sites in the z-direction.
With this link-variable configuration, the field strength becomes B =
27 f /ga?, where we have defined the filling fraction f = m /N, which
in terms of vortices gives the number of magnetic single-quanta vor-
tices pr. plaquette of the numerical lattice.
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5.2 Including an external field

5.2.2 Symmetric Landau gauge

The Landau gauge has the disadvantage that it singles out a direction
in the zy-plane, since the vector potential is set to A(r) = Bxy, and
thus is only spatially dependent in the z-direction. It could, because
of this, be argued to break a rotational symmetry of the model in the
zy-plane given that Aharenov-Bohm-like effects are significant to the
results. To mitigate any such concern, one can consider a symmetric
gauge given by the choice A(r) = —r x BZ/2, which is rotation-
ally symmetric in the zy-plane, and like the Landau gauge, produces
the field B = Bz. Inserting this choice of vector potential into the
link-variables, yields, using implicit summation over repeated indices,

A

plies two restrictions on the field value B because the vector potential

rpu = €uzT,aB/2. Periodic boundary conditions in this case im-
varies in both the z- and y-direction. Implementing these conditions,
we can write the link-variables as

2mm
A,,,“u = eﬂzurl’E’ (517)

where m is anumber m € Z chosen such that there exists some n € Z
such that mN, = nN,, i.e. m is some multiple of N, /N,. Then the
field value is given by B = 27 f /ga? for filling fraction f = 2m/N,.
This gauge is a specification of the more general extended Landau
gauge [69, 84], which is borne purely out of the assumptions of a field
B||zZ, A(r) linear in r, and twisted periodic boundary conditions.

5.2.3 Fluctuating field

For a normal strongly type-II superconductor, the London penetration
depth A\ is much larger than the superconducting coherence length &.
In this regime, it is valid to neglect spatial fluctuations in the gauge
field since any deviation around the extremal field configuration is
strongly suppressed. This is called the frozen gauge approximation
and makes the vector potential act only as a constraint on the value of
the uniform magnetic induction given by one of the gauges presented
in the above sections [69]. When the superconducting state consists of
multiple components, on the other hand, it becomes difficult to clas-
sify it simply in terms of type-I or type-II based solely on A and £ [85].
With multiple components, it becomes essential to fluctuate the gauge
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field, because it mediates a significant indirect interaction between the
components [71, 86].

Fluctuations of the gauge field imparts an energy cost on the system
given in Sl-units by the free energy®

1
F A 1
A= 2Mo<v x A)?. (5.18)

There are a couple of different ways of discretizing this energy for
inclusion in a lattice model depending on whether one defines the
link-variables compactly, i.e. g4,. , € (-, ), or non-compactly, i.e.
9Ar
class and thus produce the same results in a renormalization group

€ (—00,00). Both versions belong to the same universality

sense, provided that the fluctuations are sufficiently small [81]. For
noncompact link-variables, we simply replace the gradient with the
lattice difference operator from Eq. (5.3) divided by the lattice spac-
ing a, and the gauge-field components by their corresponding link-
variables such that

d,—~ A,/ a,,
H nl (5.19)
A (r)= A, a,.
The discretized free energy pr. lattice site then becomes
(AxA,)
F, = 5.20
Ar = 2#()@4 2#004 Z ,H % ( )

o
where we have defined the link-variable plaquette-sum vector, with
components given by

AD = ALA, = 75 dr’ - A(r"). (5.21)

E‘!"
In the line-integral on the right-hand side, the curve [, is given by a
plaquette® normal to the vector /i, starting at the lattice point at r, and

5. One way of deriving said energy is to start with the sourceless Maxwell La-
grangian for a massless vector field £y, = —F*"F,,, /4p,. In this relativistic
notation FH¥ = 9*AY — 9 A+, A° = V, §, = 0, /c and we use the met-
ric g"¥ = diag(1, —1, —1, —1). Assuming time-independence and neglecting
terms consisting only of Vsince they do not couple to the Higgs fields (e.g.the su-
perconducting components) in minimal coupling, then the Lagrangian reduces
to £, — —(V X A)?/2pu, and the free energy in Eq. (5.18) results.

6. In this context, a plaquette is a square given by 4 neighboring lattice points con-
tained in some plane.

74



5.2 Including an external field

moving along the square following the right-hand rule. The integra-
tion curve given by the plaquette [, is shown in Figure 5.3.

z

[S3%

Y

Y

Figure 5.3: Integration path defined as [], along a plaquette of
the numerical lattice in the xy-plane.

To impose an external field on a system with a fluctuating field,
we divide the link-variables into a fluctuating part Aiﬁ n With peri-
odic boundary conditions, and a constant part A% uosuchthat A, =
Af:, w T+ A9,7 - The field is then imposed by setting the constant part
such that there is a net field induction through the system, e.g.by set-

ting it to one of the gauges in Section 5.2.1 or 5.2.2.
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CHAPTER 6

Monte-Carlo Techniques

In this chapter, we discuss some techniques useful in MC simulations
of systems in statistical physics. In such systems, these techniques will
be used to calculate thermal averages using random numbers. Let Z
denote the partition function and ¢ the Hamiltonian of the system.
Then the thermal average of an observable O is defined as

(0) = 2 3 07w, (61)
P

where 1) denotes states of the system, and we thus sum over all pos-
sible states. In the case of a quantum many-particle system, this sum
turns into a multi-dimensional integral over quantum coherent states.
Now, any attempt at estimating these integrals through an interpola-
tion scheme is destined to fail because if we divide a 1-dimensional
integral into M pieces and the error of the interpolation scheme scales
as ~ M ™", then applied to a d-dimensional integral, its error will scale
as M "/, What MC techniques then provides is a way of using ran-
dom numbers in calculating Eq. (6.1) without actually summing over
all the states. We do this by drawing random states 1), from a carefully
selected probability distribution and using statistics to estimate how
close the resulting thermal average is likely to be to the true thermal
average. Letting M be the number of samples, then the error scales as
M~1/2 and is independent of the number of dimensions of the inte-
gral.
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As in the case of the stationary phase approximation, the calculation
of the sum in Eq. (6.1) can be made much more effective by consider-
ing which terms give large contributions. If we have a probability dis-
tribution (1)) of sampled states 1 that is peaked around states that
give large contributions to (), then our estimate will converge much
quicker towards the true value than if we were to sample states uni-
formly. In a sense, we are interested in sampling only the important
states, and hence this is called importance sampling. Let {1;%} be a
set of states that are uniformly sampled, while {1, } are sampled with
probability distribution 7 (1), ). The statistical estimator ((9) of the ther-
mal average of the observable () is then

0= o) = et

0) = O w = 1/) (6.2)
5 Z({dy) 4 (W) Z({¥:})

Now, assuming that the state-dependence of the observable is less im-

portant than the exponential, then the largest contributions to the sum

will come from states that are such that e #7¢ / Z is large. We thus want

to pick states such that

m(;) = e P 7. (6.3)

Then, given M states sampled according to this probability distribu-
tion, the statistical estimator reduces to the arithmetic average

= 30w, (64)

6.1 Markov-Chain Monte-Carlo method

The Markov-Chain Monte-Carlo (MCMC) method is a strategy of ob-
taining a sample of random states 1/}, where the states are drawn se-
quentially in such a way that the probability P, (1)) of drawing a new
state ¢, = 1 is only dependent on what the last state 1;,_; was. The
chain developed by drawing states in this way, thus has no memory
of the rest of the content of the chain, except for its last link 1;,_;. A
chain with this property is called a Markov-Chain, hence the name.
We want the sampled states to be drawn according to the probability
distribution 7 (), ) discussed above. This is assured with the criteria of
ergodicity and detailed balance. Ergodicity means in this context that
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the states are drawn in such a way that if we were to draw infinitely
many states, then we would have drawn all possible states 1) in the
original sum in Eq. (6.1).

The criterion of detailed balance comes from the idea that we want
the probability that a certain state is drawn at any given point, to be in-
dependent of when/where that point is located in the chain. Let P, (¢))
be the probability that ¢ is drawn at the kth point in the chain. Because
of the Markov-chain property, this probability is fully determined by
the probability that the previous state in the chain transitions into the
state 1. Let 7 (¢" — 1) denote the probability that state ¢’ transitions
into state 1), i.e. that the state 1 is drawn given a previously drawn state
1. Then the probability that the state drawn at the point k + 1 in the
chain is 1, is given by

P (¢) = Z Py, =" A 9 transitions to 1)
,lj}/
=Y " P()T (W — )

(6.5)

where we have used that ) w T (¢ — 9¢") = 1 since the state must
transition to some state. Now since we want the probability P (1)
to be invariant of the point’s position in the chain k and be given by
our desired probability density 7(1)), we demand that P, ,(v)) =
Py () = m(1)). This implies that the last sum in Eq. (6.5) vanishes.
Because the probability density J is arbitrary, the sum needs to van-
ish term-wise, yielding the condition of detailed balance:

()T (Y = ) = 7(P)T (b = ¢). (6.6)
This states that for the selection process of choosing states for points in
the Markov-chain to be invariant of the relative locations of the points
in the chain, the process must be reversible.

6.2 Metropolis-Hastings method

The Metropolis-Hastings (MH) method is an algorithm for drawing
states in a Markov-Chain that specifies a transition probability T (1) —
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1" ) between states 1) and 1)’ that satisfies the detailed balance criterion.
The algorithm proceeds as follows:

1. Given a state 1)y, generate a new state 1), where the process of
generating this state has an, as of now, arbitrary probability dis-
tribution denoted ¢(t,, [ 1;,) with the only requirement being
that it leads to ergodic selection.

2. Accept this new proposed state 1, with the probability a(1,, | 1y,),
defined as

AT ATA R

)
a(, |¥y) = mm{ * 1 ()a(y, [ V)

3. If ¥, is accepted, we set 9.1 = ¢, If not, then ¢y, = .
Finally return to 1. to pick the next state in the chain.

By this procedure, then the probability of transitioning between a state
1 at point & to a state 1" at point k + 1 is given by the probability that
the state ¢’ is picked and that ¢/’ is accepted, such that

T =) =a@ |[¢) g [¢). (6.8)

This transition probability satisfies detailed balance since inserting Eq. (6.8)
and (6.7) yields

m()T (" = ) = min{m(¥)q(¢" |¥), w(¢")q(¥]¥")}

(6.9)
= ()T (Y — ).

6.2.1 Practical considerations

Usually, the above is a bit too general for practical implementation
since we would have to calculate or know the probability distribution
q(¥" | ¢) used in picking new proposed states. If we assume ¢ to be
symmetric, such that

g [¢) = q(¥]¢"), (6.10)

then we do not need to calculate it explicitly since it cancels out of the
equation for o in Eq. (6.7).
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A further simplification can be achieved by inserting the expression
for 7(1)) in Eq. (6.3) into the ¢ symmetric version of o, which in this
case reduces to

a(y’[¢) = min {1, e Plrew)-r0w) } (6.11)

This form has the merit that the acceptance probability is only depen-
dent on the difference between the energy of the updated and original
state. If the state of the system 1) is a collection of site-dependent sub-
states ¢ (7 j), e.g., how the state of an Ising-chain is given by a collection
of site-dependent spins, then the calculation of 7 (1)) must include all
the sites. If we update only a single site 7; of ¢ to get ), which we call a
local MC update, then all the sites that do not have an interaction with
r; cancels out in the difference 7 (") — 7 (3). Then we only need to
calculate the difference in the sub-states that are affected by 7; to calcu-
late the energy-difference. This is an essential property to have when
creating a parallelized version of this algorithm, since different parts
of the lattice of sites then can be updated in an asynchronous manner
without affecting each other. In other words: by simplifying to the en-
ergy difference, the update scheme becomes local, which makes local
MC updates grid-parallelizable.

To use pseudo-random numbers to accept a new state 1)” with prob-
ability «, we pick a uniformly distributed number 7 € (0, 1]. Then we
use the fact that

Plr < a(y’[¢)] = a(d [4), (6.12)

which implies that updating the state if 7 < «, is equivalent to up-
dating the state with probability .. Given the form of « in Eq. (6.11),
then

r<a( |9) & Inr < —BIH )~ HW)). (6.13)

To update the state with probability c, we thus simply take the natural
logarithm of 7, and update the state if the right-hand side of Eq. (6.13)
is true.

To obtain good statistics, we want, as a rule of thumb, the accep-
tance rate to be about 30 — 60% for high temperature states.! The

1. High temperature states refers to states that are well above any transition tem-
perature of the system.
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acceptance rate is defined as the number of proposed states " that
are accepted, divided by the total number of proposed states, within
some finite time-interval, and will in general be proportional to the ac-
ceptance probability a(7)” | «v). The acceptance rate can be adjusted by
changing the way new states )" are proposed. Let 1) be composed of
site-specific sub-states ¢(r;) and let a state 1) be proposed by chang-
ing the values of the sub-state ¢(r). Choosing values closer to the
original sub-state ¢(r,), the difference H (¢") — H (1)) decreases such
that a(¢)" |1) in Eq. (6.11) approaches 1 and thus the acceptance rate
increases.

Proposing states such that the acceptance rate is very high by using
this technique, can lead to new states not changing very much with
each MC update. This can lead to freezing of the simulation, where
the measurements do not change even after a significant number of
MC, updates because a large number of updates in the same direc-
tion is needed to significantly change the measurements. On the other
hand, too low of an acceptance rate will also freeze the simulation
since then obviously states are very unlikely to change, leading to the
same measurements repeatedly. Ultimately, whether the acceptance
rate should be considered too high or too low, should be guided by
the physics of the system since in the case that the system has reached
a global minimum in the energy-landscape and has low temperature,
the proper statistics is obtained by an update scheme that gives a low
acceptancerate. Itis not advisable to change the acceptance rate during
a measurement-run over decreasing temperatures, as this has tended
to freeze the measurements at varying temperatures leading to confu-
sion when trying to find a transition point.

6.3 Thermalization procedures

Thermalization in a MCMC simulation, refers to the process of dis-
carding a set number of MC updates before starting to measure the
states in the Markov-chain. The reason for doing this is because the
first states in the chain will usually be very unlikely in the ensemble of
states, and thus including them will give these states an artificially high
statistical weight, unless we measure long enough. That time could be
very long indeed if the starting states are very unlikely, thus, to get
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Figure 6.1: Thermalization of a 642 single-component X Y-system
from random initial states to a numerical temperature I’ = 0.5.
The different curves represent the energy of different realizations
of the same system initialized at different random states over
several MCSs. The random initial states have a relatively high
energy that stabilizes to the same value for all realizations in an
exponential fashion.

measurements in a reasonable time, these unlikely starting states are
discarded.

How many states to discard, is usually estimated with the help of
an energy vs. Monte-Carlo sweep (MCS)? plot as shown in Figure 6.1.
Since the initial state usually has a different energy than the average
energy in the Markov-chain, the energy can be seen to rapidly stabilize
to the average value in such a plot.

Whether the energy stabilizes from above or below will depend on
what the initial state is, and what the temperature of the simulation
has been set to. An ab-initio state in which the values of the sub-states
are set to uniformly distributed random values within their validity
range, normally corresponds to a high temperature and high energy

2. A Monte-Carlo sweep is a term used for attempting to update all the different
sites of a system once.
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state, hence thermalizing from such a state will have the energy stabi-
lize from above. Another possibility for an ab-initio state, is some kind
of mean-field minimal solution of the Hamiltonian, where sub-states
at different sites are correlated. In this case, the energy will usually be
low, and the thermalization energy will thus stabilize from below. This
option has the disadvantage that if the mean field solution lies inside
some local energy minimum, then simulations that start in this state
might not be able to get out and find the global minimum. In contrast,
simulations that are thermalized from random high energy states will
have the possibility of finding the global minimum, even if some simu-
lations also fall down in the local minimum of the mean-field solution.
In general, it is recommended to thermalize several independent sys-
tems from different initial conditions and check that they yield quanti-
tatively similar results to make it less likely that the results come from
a local minimum or meta-stable state.

A last suggestion for an initial state of the system is the last state of a
previous simulation. In this case, the thermalization will stabilize de-
pending on the relative temperature of the two simulations. To be sure
that the measurements are not correlated with the measurements of
the last simulation, one should discard a number of states equal to the
auto-correlation time of the system. The continuation from a previous sim-
ulation is a useful practice if gathering results over an extended tem-
perature range where the systems need a large thermalization time in
order to stabilize. One would then typically start measuring at a high
temperature, and then decrease the temperature successively in steps
with a separate thermalization- and measure-period for each step.

For systems prone to fall into local minima, it was found that a more
careful thermalization process analogous to the measurement proce-
dure described above, decreased the probability of freezing into such
minima. Instead of thermalizing from a high energy / high temper-
ature state directly down to the desired temperature, which we call
quenching, a cooldown period was added. During the cooldown pe-
riod, the temperature was lowered stepwise from a high temperature
T, to a target temperature 7, with intermediate temperatures

T, = (;;)JICVTO. (6.14)
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Figure 6.2: Energy pr. site of a 643 site model system ofap + ip
chiral superconductor during the cooldown stage. The temper-
ature is lowered as a geometric sequence and a fixed number of
MCSs are done at each temperature step. Comparing with the
thermalization in Figure 6.1, we see that the cooldown period
gives a significantly more gradual thermalization.

The intermediate temperatures were geometrically distributed over the
cooldown region to ensure a higher density of intermediate steps to-
wards lower temperatures. At each temperature step, a fixed number
of MCSs were performed such that more MCSs were done towards the
lower temperature than higher. This was done because the simulations
in general took longer to thermalize when the temperature decreased.
An example of how the energy changed during such a thermalization
period is shown in Figure 6.2.

The cooldown period was then followed by a conventional thermal-
ization stage where the temperature was held constant at 7. In most
cases, the energy had already stabilized at this point, such that the
energy measurements during this extra thermalization stage typically
only showed fluctuations around the mean.
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6.4 Parallel tempering

Parallel tempering is a method of simulating multiple systems over a
range of different temperatures where the systems can exchange po-
sitions with their neighbors in this temperature range according to a
MH-like update step. Since the different systems all have the same pa-
rameters except for temperature, when viewed from the perspective
of a single temperature, this leads to a normal Metropolis-Hastings
MCMC simulation with an occasional global update of all sites of the
system, whenever the system at that temperature exchanges with the
system at a neighboring temperature. From the dual perspective of
a single system, parallel tempering (PT) allows the system to make a
random walk in temperature space.

This global updating, or movement in temperature space, has the
advantage that it can prevent systems from getting stuck in local min-
ima, by allowing them to move to a higher temperature where it is
easier to fluctuate to a more favorable configuration. In systems that
have a jagged energy-landscape with lots of local minima, this can be
of great benefit and can reduce the required time it takes to measure
observables with a certain accuracy by several orders of magnitude
[87].

To implement parallel tempering MCMC in a temperature-centric
perspective, let {7} }}£, be a sorted list of M ascending temperatures,
and let {\; }, bealist of indices )\, that identify replica states {1/, }3L,
of the system such that the replica with temperature T} is given by 1,
and its energy is given by £ . The simulation then proceeds accord-
ing to the algorithm

1. Perform At normal MC updates on all replica states, e.g., using
the MH method.

2. For each replica state 1), calculate the corresponding energy
E,.

3. For each pair of neighboring temperatures 7; and 7T} ,; where
T; < Ty
a) Calculate the quantity

1 1

A=(E,  —E,) (T—H - f). (6.15)

(3 1
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b) Thenswap theindices \; <+ A, with probability min{1, e*}.
This can as in the MH method be done by generating a
random number r € [0,1) and then swapping indices if
Inr < A.

4. If thereplicas 1, have internal knowledge of their temperatures,
then distribute T} to ¢, , for all temperatures T;.

5. Sample observables and return to 1.

This algorithm is easily parallelizable since the bulk of computing
time will be going to doing the At MC-updates, which can be per-
formed in parallel by having each replica state 1, be assigned to a
separate thread / processor. If each thread in addition keeps track of
the replica’s energy at the end of the MC updates, the only information
that needs to be transferred between worker processes and the process
doing the PT update step, is the values of the energies to the PT pro-
cess, and afterwards: the set of new temperatures back to the worker
processes. The PT process itself only needs to calculate M/ — 1 simple
expressions and move around the indices in an array.

For the PT method to generate good statistics efficiently, some care
should be taken in the distribution of the temperatures 7;. A rule of
thumb is to distribute them geometrically, i.e. according to

k—1
T, \ M—1I
T, = (M) T, (6.16)

with the argument that lower temperatures generally have a lower re-
laxation rate. With geometric distribution, the temperatures are denser
towards the low end such that the acceptance rate of swaps of replicas
atneighboring temperatures would in general become flatter and more
independent of temperature. Should the specific heat diverge at some
point T, in the temperature range, as in the case of a phase transition,
then this distribution would no longer be optimal since the acceptance
probability of temperature swaps is inversely proportional to C,, and
thus the acceptance rate would no longer be flat. In this case, more
temperatures should be distributed around 7, in order for systems to
be able to random walk from one side of 7, to the other.

From the perspective of an individual replica, the overall goal with
the distribution of temperatures is to maximize the number of times
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the replica moves from the lowest temperature 77, up to the highest
temperature T';, and back to the lowest temperature again. This will
then maximize the number of statistically independent visits of the
system to each temperature. The hope is that a flat acceptance rate with
respect to the distributed temperatures will facilitate a good number
of such roundtrips. The number of roundtrips can be optimized with
more advanced methods such as the feedback-optimized parallel-tempering
MC method, which models the movement of replicas by parallel temper-
ing as a diffusion process [88].

6.5 Grid parallelization

A simple way of utilizing multiple processor cores (or cpus) on a multi-
processor system, is to run independent MC simulation on each pro-
cessor. This is usually very efficient if a parameter of the system such as
temperature is to be varied over some interval. Then, each simulation
could have a different value of this parameter. In this case, it is recom-
mended to also implement PT since the extra overhead is minimal and
the speedup of the simulations can be significant.

Alternatively, all the simulations can run with the same value on
different processes, and the samples from the individual simulations
can then be combined to a super-sample. This is often referred to as
“dummy-parallelization”. It has the advantages that the individual
sampling-runs can be shortened, and the implementation of the paral-
lelization is straight-forward. A drawback with this method is how-
ever that separate simulations have to be thermalized individually,
such that the more the super-sample is split on different processes,
the more processor time is wasted on thermalization. Additionally, if
the individual simulation-runs depend on some sort of freezing, like
how vortices freeze to the numeric lattice, then individual simulations
could freeze at different angles such that they cannot be combined to
form good statistics.

A solution to the above issues with this simple parallelization, is pro-
vided by grid-parallelization. This parallelization method is suited for
simulations that consist of interacting sites either in 2D or 3D where
local MC updates are to be performed. We will focus on the case of a
3D simulation where the sub-sites are organized in a numerical cubic
lattice. The idea is to split the cube into different sub-cuboids as illus-
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Figure 6.3: Illustration of the subdivision of the numerical grid
into sub-cuboids. The right side illustrates that the sites in each
sub-cuboid can be categorized as either internal sites, which can
be updated asynchronously on different sub-cuboids and is il-
lustrated in the figure by the internal orange cube, or sites in a
border region.

trated on the left side of Figure 6.3. Each sub-cuboid’s internal sites can
then be updated in the normal MC fashion, in parallel with the internal
sites of other sub-cuboids. If the individual sites of the original system
interacts with neighboring sites,? then it will be necessary for each sub-
cuboid to have a border whose thickness depends on the range of the
interaction. The sites in this border-region will then have an interac-
tion with sites in the border-region of other sub-cuboids, such that care
must be taken not to update a site based on the value of a neighboring
site that is no longer valid. One solution to this is simply updating all
the sites in the border-regions serially, i.e. update the border sites in
a single sub-cuboid, communicate the updated values to the affected
neighboring sub-cuboids, then move to the next sub-cuboid, etc. Or it
could be even more effective to parallelize the updates of the border
sites as well by further subdividing the border-sites into different cat-
egories. As an example, one could define internal border-sites on the
face of a sub-cuboid to be the border-sites that only depend on sites in

3. In the case of a local MH update this can take the form of an energy-difference
of the system at a proposed update-site that depends on the value of fields at
neighboring sites.
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the single neighboring sub-cuboid that is in the direction of the face-
plane normal vector. Then all the right-facing internal border-sites can
be done in parallel on all sub-cuboids, followed by all the top-facing
internal border-sites, etc. The specifics of how the border-categories
should be defined in order to achieve full parallelization, will in gen-
eral depend on the specifics of the interaction between the sites.

6.6 Reweighting

Reweighting techniques are methods for finding estimates of parameter-
dependent observables based on previously obtained samples of these
observables from MC-simulations that have been done at parameter
values independent of the ones we are interested in. Given a set of
samples of some observable {0, }4, from previous MC simulation(s),
these techniques provide a set of weights {w ("), }, that can be used
to estimate the observable at a parameter value 3’ by the reweighting

6(8") =Y w(B),0;. (6.17)

(2
This is very useful when estimating some observable over a temperature-
range, since then a single simulation can yield results not only for a sin-
gle temperature, but for an extended region. If this region is close to a
phase-transition, then this can be used as a way of avoiding the critical
slowing down of simulations at phase transitions by instead simulat-
ing at temperatures close to the critical temperature 7, and then using
reweighting techniques to estimate results at T,. All this is possible
because a simulation at a given temperature* produces an extended
statistical distribution of energy values for the sampled states. This en-
ergy distribution will in general overlap with the energy-distribution
produced when simulating at a temperature that is sufficiently close
to the original. Because of this overlap, it is possible to statistically
extrapolate the value of observables at the neighboring temperature.
Reweighting techniques are categorized as single-histogram and multi-

histogram reweighting-techniques depending on whether they use sta-
tistical information from a single histogram or can combine histograms
generated at multiple parameter values. The single-histogram tech-
niques are used to estimate values of the observables at neighboring

4. Ttis possible to use reweighting techniques on other parameters of the simulation
as well, as long as they are, like inverse-temperature, linear in the action.
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temperature-values and has the virtue of being comparatively simple
to implement and understand. The multi-histogram techniques, on
the other hand, have the advantage that the additional statistical in-
formation in general gives better estimates, and can even give better
estimates at the original temperatures that the simulations were per-
formed at, but have a more involved implementation.

In our simulations we used a Julia implementation® of the multi-
histogram technique originally developed by Bojesen, a technique which
they used in [89], and which was updated for the current Julia release
and modified by us.

6.6.1 Ferrenberg-Swendsen single-histogram method

To derive the Ferrenberg-Swendsen single-histogram reweighting tech-
nique, let 0, be samples of an observable () from sample states 1), sam-
pled at parameter value 3 of a system with a Hamiltonian /¢, such that
O(¢;) = o,. Then, from out discussion of importance sampling, the
estimate of the average of the observable when the states are sampled
according to a probability distribution 7 (1), ), is given by

A > 0,67 PP [ (1))
Ohs = 5 0 m(y)

Using a simulation with importance sampling at parameter-value /3 to

(6.18)

generate the sampled states, the probability distribution was

e BIH(Y;) e BIH(P;)

7T(17[Jz> = Z{B = Zw 67’8’7{(1/)) ’ (619)

where the sum in the denominator is over all possible states 1) and
not only sampled states. Inserting 7(v);) into (O) 5 in Eq. (6.18), this
equation reduces to the arithmetic average, however if we now imagine
wanting an estimate of (O) 5 at an arbitrary parameter value 3’, then
insertion yields

. S o e (BB (W)
—_ it
(e = S e BB W)

(6.20)

5. This implementation  is available at  https://github.com /Sleort/
FerrenbergSwendsenReweighting.jl /tree /1.0.3_update
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This expression then gives an estimate of the average of the observ-
able O at an arbitrary parameter value 3’ using states 1), that were
sampled at a specific parameter value 3. This is called the Ferrenberg-
Swendsen single-histogram reweighting technique [90], and in terms
of the reweighting expression in Eq. (6.17) we can read off that the
weights of this technique are given by

N — exp | — —(B—B)w)-scwol || .
w(fB’); = exp { In (Zj:e )} (6.21)

Although simple, this technique’s ability to extract information about
observables around the simulated parameter-value, makes it extremely
valuable in for instance the study of scaling relations, and to accurately
calculate the peak of thermodynamic variables at phase-transitions
where the MC-simulations themselves take a significant amount of
computing time.

6.6.2 Numeric evaluation of exponential sums

The reason for introducing the extra exponential in the form of w(/5"),
in Eq. (6.21) is because sums of exponential numbers generally are
hard to do numerically using finite-precision floating point numbers,
however the logarithm of such a sum can be found using an iterative
scheme. Let S*) be a sum of k exponential numbers decreasing in
magnitude that presumably are too large to be stored individually,
such that

Sk) — a1 4 2 4 4 Ok (6.22)

with a;, | < a;, is numerically hard to do. Assuming however that
fractions of the numbers can be stored, then we can numerically calcu-
late

InS® =a, +1In (1 n 6“2_“1>. (6.23)

Following the iteration
InS® = In S#1 4+ 1In (1 + en S"“)) , (6.24)
then In S**) can be found for arbitrary k without ever storing a single

exponential number, only fractions of such numbers that are close to
each other.
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6.6.3 Multi-histogram Ferrenberg-Swendsen method

Let {wf}f\ikl be sets of states sampled at the IV, inverse temperatures
{5 k}fj:ol of a system with Hamiltonian . The energy of these states
is then given by E¥, and samples of an observable () at these states
are given by O(1)¥) = oF. The energy-samples can then be used to
construct IV, histograms

Ny,
hi(E) = Z 5E,E;ca (6.25)
i=1

giving the number of sampled states at a certain energy in the simu-
lation with parameter value ;. The goal is to use these histograms to
estimate the density of states of the system which we for the purpose
of the derivation of this method will define n(F) = > " O, g¢(y)- The
essential steps in this derivation can be found in the original paper in
Ref. [91], as well as Ref. [92] and [93]. With these definitions, the en-
ergetic probability distribution of the system at an inverse temperature
Bis given by

W(B,E) =n(E)ePF/Z,, (6.26)
where Z5 = " ¢~ P (¥) is the partition function. Based on the sam-
pled histograms, W (f3,, E) at temperature /3, can be estimated by
Di(E) = hi(E)/Ny, ie. ( pp(E) ) = W(B,, E). This implies that
( hi(E) ) = N,W (B, F), and assuming for now that the samples
of states ¥¥ and w;“ are statistically independent, it can be shown by,
among other things, insertion of the definition of 7, (E) in Eq. (6.25),
that

(hi(E)? ) = NyW (By, E)[1 + (N, = )W (B, E)].  (627)
Inserting these cumulants of the histograms into the variance, we get
hy(E) = (hi(E)? ) — (hy(E) )? ~ g N W (By, E),  (6.28)

by assuming W (0, F') < 1. The factor g;, = 1 + 27, where 7, is the
autocorrelation time of the samples at 3,,, is included to generalize the
result to samples where /¥ and w;? are not statistically independent.

By solving Eq. (6.26) w.r.t. n(F) and inserting the estimator of W (3, E),
an estimator of the density of states is given by

1, (E) = pp(E)Zg, €7, (6.29)
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where Z3 is assumed known, an assumption we will have to recon-
cile later. By the error propagation formula, then the variance of this
estimator is given by

820 (E) = (Z5,¢ME N, 2821, (E). (6.30)

The estimator 7y, (E) is an estimator of n(E) using only a single his-
togram. We combine the estimators of single histograms using a weighted
sum
AE) = i (E), (6.31)
k

where the coefficients r, must satisfy the condition ) | . Tk = 1 for the
expectation value of n1( E) to give the density of states. The coefficients
7, are determined by minimizing the variance 527, (E) subject to the
constraint ) Tk = 1 using a Lagrange multiplier, which yields the
estimator N

>t 9k ()

~ — —.
Zl=01 Nigite BlEZle

n(kE) = (6.32)
The assumption that Z 3, is known is now reconciled. Since we can
write the partition function using the density of states through

Zg= Ze’w{(”’) = Zn(E)e’BE, (6.33)
b E

then we use the density of states estimator to estimate the partition
function and use this estimate of the partition function Z in the den-

sity of states estimator. This then creates an implicit equation for Z 3,
that must be solved self-consistently. Inserting the definition of h;,(E)
and exchanging sums to remove the histograms, this equation takes
the form

~ NO Nk gilefﬁ f
Z =§ § k - (6.34)
B N, 1 B EFA_1’

k=1 i=1 l=01 ngl 16 ﬁlEi Z/Bll

which gives N, equations for N, unknowns Z 3, when evaluated at
the different 5 = 3,,,.

Solving Eq. (6.34) is usually done with the help of an iterative so-
lution method for non-linear equations such as the Newton-Raphson
method. To numerically calculate a solution, it is inconvenient to work
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with the full quantities Z 3, since these are usually extremely large.
Instead, it is sufficient to calculate the variables

L,=WIZ;, —InZ,, (6.35)

since the weights in the reweighting of observables can be written in
terms of them. Dividing Eq. (6.34) by Zg , we get that the N, — 1
equations we need to solve self consistently for the N, — 1 variables
L,,, are given by

— k
L,=In<> )" ey } : (6.36)

k=1 i=1 9

This form has the big advantage that the overall logarithm allows us
to not have to calculate the exponential sums directly, but instead only
calculate logarithms of these sums. For each sum ZZ e% containing
exponentials, which are potentially too large to be stored numerically,
we simply re-exponentiate the entire sum to exp In ZZ €% and then
use the method outlined in Section 6.6.2 to calculate In Zl e%. Be-
cause of the overall logarithm, the exponential drops out in the last
re-exponentiation such that we never have to store a single exponen-
tial number.

After finding self-consistent values for the N, — 1 variables L,,, the
weights w! for reweighting the observable ¢ can be found. In terms
of the density of states n(E), the thermal average of the observable is

25 O(E)n(E)e P
> p(E)ePE

Inserting the reweighting estimate of 7(F) in Eq. (6.32) for n(E), we

written

(0)5 = (6.37)

get the reweighting estimate

5 N, k
6) Z ° —BE;
51 of i Ik 'e
6.38
where Z 5,/ 25 is given by
Ny Ny —1_—pBEF
9 €
=> — (6.39)
Z,Bl =1 =1 2 N9 te Abi—L
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through Eq. (6.34). The two equations for (0) 4 in Eqs. (6.38) and
(6.39) together with the self-consistency equation in Eq. (6.36), is suf-
ficient to describe the multi-histogram method. Notice that in these
equations the histograms on which the method was derived do not fig-
ure but have been replaced by the more fundamental energy samples.
This form makes the method more convenient to implement for sys-
tems with continuous energy distributions since it removes the need
for a sum over all possible energies.

When calculating the exponential sums in the weights implied by
Egs. (6.38) and (6.39), numerical overflow can be avoided by first us-
ing logarithms to calculate the logarithm of a set of related un-normalized
weights as before, then subtracting the maximum logarithmic value for
each weight such that each weight is < 1 and then using the sum of
these weights to properly normalize in the end.

6.6.4 Initial guess

An iterative non-linear solver usually needs an initial guess at the solu-
tion. In the case of the multi-histogram method equations, a good ini-
tial guess can be provided by the single-histogram Ferrenberg-Swendsen
method. Since only fractions of partition function values are needed,
we may set that Z 3, = 1 and use the Ferrenberg-Swendsen method

based on the 3, energies to estimate the value 222 of Z 3, at neighbor-
ing inverse-temperature (5 by the formula
Ny
~ —(By— 1
75 =Y e BB (6.40)
i=1
In terms of the numerically convenient variables L, , then this first
guess L takes the form
1
LO =] [7 *(/62*/61)Ez‘1:| . 6.41
2 n N]_ Z € ( )
i=1
Continuing to estimate the partition function Z 3, through the single-
histogram Ferrenberg-Swendsen method based on the data at 3,,,_;,
then we may find all subsequent L?, by applying the iteration scheme

1 le

(/Bm /anfl)Elm ! (() 42)
e . .
Nm—l

L9, = L9y +n|

=1
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Vortices in superconductors

In conventional type-I superconductors, the Meissner effect prevents
any magnetic field from penetrating the superconductor when it is in
the superconducting state. In a type-II superconductor, the transition
between the normal- and superconducting state is more gradual than
in the type-I case due to an intermediate transitional state where topo-
logical defects in the superconducting field becomes stable, allowing
quanta of magnetic field to pass through the material. The transitional
value of the external field strength below which no magnetic field pen-
etrates the superconductor is called B,;. The upper transitional field
strength above which the material stops being superconducting al-
together is called B,,. The state with regions of topological defects
through which magnetic field quanta can penetrate, which are inter-
spersed in a sea of superconducting state, exists between these values.
It is important to note that the Meissner effect is still present in this
transitional state — preventing magnetic field lines from penetrating
the superconducting state. However, at topological defects, the mate-
rial switches to the normal state and thus allows magnetic field-lines
to penetrate at these points. The final continuous transition to the nor-
mal state at B, is then caused by the proliferation of vortex-loops,
sending the whole material to the normal state.

The regions of normal state containing a topological defect of the
superconducting state and through which magnetic field quanta can
penetrate are known as superconducting vortices because they are sur-
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Chapter 7 Vortices in superconductors

rounded by a circulating superconducting current. This current is set
up by the presence of the magnetic field and shields the rest of the
superconducting condensate from its influence.

Whether a superconductor is type-I or type-1I can conventionally be
predicted by examination of the relative value of the magnetic field
penetration depth A and the superconducting coherence length £, which
together form the GL parameter £ = \/{. These parameters come out
of the description of the superconducting state given by the GL the-
ory of a single-component complex field minimally coupled to a gauge
field. If K > 1, then we say we have a strongly type-II superconductor,
while is K < 1, the superconductor is strongly type-I. The transitional
value between type-I and type-II has a theoretical mean-field value of
k=1 / \/i, however numerical calculations have given it the value
% = (0.76 + 0.04)//2 all within the conventional GL formalism.

In a type-II conventional superconductor without any structural de-
fects, as we increase the field strength, we introduce more vortices into
the material in order to carry the required number of magnetic field
quanta. At first these vortices behave like a liquid where they mutu-
ally repel each other if they get close. As more vortices are introduced
to the system, the inter-vortex repulsion leads to them forming a two-
dimensional lattice with equidistant lattice spacing. Since the triangu-
lar lattice is the lattice with the highest packing fraction, i.e. the lattice
that has the highest density of sites at a given lattice spacing, the lattice
formed will be triangular. Such a triangular (hexagonal) lattice of sin-
gle quanta vortices is known as the Abrikosov lattice since it consists
of single quanta vortices which are known as Abrikosov vortices.

7.1 Vorticity observables

A condensate described by a complex field ¢ with phase ¢ can have
topological defects given by discontinuities in the field 6 due to its com-
pact nature (0 € [0,27)). Such topological defects can be quantified
by a non-zero winding-number N, which measures how the phase
6(r) moves around the unit circle as we change the position 7 in a
closed loop around the defect. These topological defects then lead to
singularities in the field V6 which allows a nonzero value of V x V6 at
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these points.! Integrating over a surface S with surface normal vector
5 of the system and using Stokes’ theorem then yields

/d2r(V x V)5 = f V0.dr =27N,, N,eZ, (7.1)
S oS

where 0 is a path around the boundary of S traversed counterclock-
wise. The last equality comes from the observation that 0.5 is far away
from the singularity such that V6 is continuous along the path and N,
thus counts the number of times the vector 6 rotates counterclockwise
back to its initial position. If there is no topological defect inside the
boundary 0 then # will increase as much as it decreases along the
path, such that IV, = 0. If a topological defect in the form of a vortex
is present, then IV, # 0 [94]. N, can then be interpreted as the total
vorticity of the field § over the surface S. Since N, is the total vorticity,
which can consist of several individual defects, then from Eq. (7.1) we
see that

V x V6o
n, = ————
v 2

must be interpreted as a vector of the local density of vorticity.

(7.2)

If the system described above contains a gauge field that is coupled
to 1, then any meaningful observable needs to be gauge-invariant. We
clearly see that the expression in Eq. (7.2) is gauge-dependent by send-
ing § — 0+ ¢. To make a gauge-invariant observable under the gauge-
transformation in Eq. (5.7), we see that we need to modify the defini-
tion to

n VX (VO+gA)
v 27

This expression then defines 12, as a gauge invariant vector of local

. (7.3)

vorticity density of the compact field 6.

In lattice models we want to discretize the vorticity density in Eq. (7.3)
in order to effectively calculate it in MC simulations of the lattice model.
In such a discrete model we have to take care to re-compactify the
quantity V6 + gA to only be defined on some interval of length 27.
Using the discretization mapping of 9, and A , () from Eq. (5.19), we
want A 0 + gA, , € [-m, 7). Defining the operator

C.z =mod(x + m,27) — T, (7.4)

1. From vector calculus we know that for a continuously differentiable field f(r),
itis the casethat V. x Vf =0 Vr.
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the discretized vorticity density can be written

AAuéﬂ(AAer + gAr,)\)

2ma’?

1 R ~
= W Z e,u Z CW(A)\QT + gAr,A)'
1% ]

_ Cubuw

(7.5)

"

Implicit summation over repeated indices is used on the first line, while
on the second, the components of the vector n, ,. are written as plaquette-
sums. Plaquette sums are sums of direction dependent quantities along

a path [, which is described below Eq. (5.21) and illustrated in Fig-
ure 5.3. In the plaquette-sum, the directional quantity is always chosen
along the path, and the path is traversed according to the right-hand
rule with normal vector €, [81, 95].

If the lattice system has an external field that yields a filling frac-
tion f, e.g.produced by one of the gauges in Section 5.2, then each
plaquette-sum in Eq. (7.5) will have a contribution f/a?. To motivate
this assume, e.g., that 0,. is the same everywhere such that A,0,, = 0
and insert the Landau gauge from Eq. (5.16) into the z-component of
n, .. This yields f/ a?. Hence, to assure that the vortex observable
yields the actual vortex quanta integer values when evaluated on a lat-
tice with a uniform external field in the z direction with filling fraction
f, we have to use the lattice function

n

=(n - =. (7.6)

f’ v,'r‘)z a2
If the system consists of multiple condensate components )" =
h i0h . . . . z,h

p"e’", then we can define a separate vorticity flux density n;" for

each component h by letting 6 — " in the definitions of nZ in Egs. (7.5)

- (7.6).

7.2 Unconventional vortices

In a conventional superconductor, the isotropic (i.e. s-wave) nature of
the superconducting state implies that stable vortices can only contain
a single quanta of magnetic flux. In other words, if through some ran-
dom thermal fluctuation, a defect appears that contains 7 quanta of
magnetic flux, this will soon decay into n individual vortices that each
contains a single magnetic flux quantum. We call these n individual
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7.2 Unconventional vortices

vortices: single-quanta vortices. For the individual stable topological
defects to contain multiple quanta of magnetic flux, the superconduct-
ing state has to be unconventional in some way. One way in which a
superconductor can host stable vortices with multiple quanta is if the
superconducting state for some reason has an unconventional symme-
try. This could, e.g., be caused by unconventional (i.e. non-phononic)
mechanisms of Cooper-pair formation such as Van der Waals or spin-
mediated interaction [66]. In this case, multiple components might
be needed in order to describe the symmetry, which can result in the
stabilization of vortices with double as well as fractionalized quanta
[96].

A more specific example is that this can happen when a magnetic
field penetrates a sample of material that is in a p+%p superconducting
state, i.e. a state where the pairing function is described by two compo-
nents that each have a k, + ik, dependence on the crystal momentum
k in the continuum limit. The linear k-dependence implies a finite an-
gular momentum of the Cooper pairs with [ = 1, and that the phases
of the components are locked by an angular momentum difference
Al = 2 in the ground state. This has the consequence n, = n_ + 2
on any non-trivial winding numbers n, and n_ of the two different
components, which implies that if a vortex exists some place where
the sub-dominant component has winding number n_ = 0, then the
dominant component must have n, = 2 and thus the vortex must be
a double quantum vortex?

In the type of superconductor described above, the winding num-
bers n, and n_ fully determine the structure of possible vortices. In
the following we will use the notation (n_,n_) to specify these types
of vortices, and assume that ‘+’ is the dominant component. The pos-
sibilities for single-quanta vortices in this notation are thus the vortices
(1,—1) and (—1,—3). The latter type has a higher winding number
in the sub-dominant component, which implies a more complex core
structure and has a higher energy cost pr. vortex [97]. This means that

2. Itis the winding number of the dominant component that determines the num-
ber of magnetic flux quanta that the vortex is allowed to contain because the
sub-dominant component is zero in locations far away from the vortex core by
the nature of being sub-dominant. Thus, it doesn’t contribute to the closed loop
integral in Eq. (7.1) when integrating the supercurrent in a circle around the
vortex.
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Chapter 7 Vortices in superconductors

of the two, it is the (1, —1) variety that will be expected to be stable in
experiments.

It is also possible to have double quanta vortices, which are either
of the (2,0) or (—2,—4) variety. Again, the type of vortex with the
higher winding number in the sub-dominant component exhibits a
more complex core structure. For the choices of various internal pa-
rameters of such systems that we have studied, it is the (2,0) type of
vortex that is associated with the lowest energy cost and thus the one
that is stable [97-99].

As we have mentioned, the different types of vortices will in general
have different types of core-structures even though they may permit
the same number of magnetic flux quanta to penetrate. One diagnos-
tic tool to separate different kinds of vortices, is thus to observe the
structure of the vortex core. Aside from plotting the actual vorticity
n_ of the component through Eq. (7.6), this can be done by e.g., plot-
ting the amplitudes of the dominant and sub-dominant component,
plotting the phase-difference 6, — ¢_ of the different components, or
plotting the magnetic field in the region of the vortex core. A rendition
of the essential features of plots of dominant component vorticity den-
sity n, and phase-difference is shown in Figure 7.1 for the two vortex
types (1, —1) and (2, 0). We see from the figure that the double quanta
vortex type (2, 0) can be distinguished from the single quanta vortex
by having an extended ring of vorticity density, as well as having a
core region in the phase difference plot that is rotated by 7/2 radians
from the asymptotic value of this phase difference. These features were
used in our work to identify double and single quanta vortices in MC
simulations.

7.3 Ensembles of vortices

With increasing field strength, more quanta of magnetic flux will pen-
etrate the mixed phase and thus it will contain an increasing number
of vortices that form flux-lines through the system. If any structural
defects are present in the system, then this leads to local suppression
of the superconducting condensate such that vortices are less energet-
ically costly, and vortices will thus be predominantly located in such
regions. This is called pinning of vortices because these regions attract
vortices, and since their location is determined by external factors and
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Figure 7.1: Schematic of vorticities and corresponding phase dif-
ference signature #, — 6_ of vortices in a system with external
magnetic field B = BzZ. a and ¢ show vorticity and phase-
difference respectively for a singly quantized vortex with winding
number n, = landn_ = —1. b and d show vorticity and phase
difference respectively for a doubly quantized vortex with wind-

ingnumbern, = 2andn_ = 0. The figures are directly based
on the ones presented in Ref. [98].
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not by the inter-vortex interactions themselves. Free vortices are mo-
bile in response to an electric current and this leads to energy-loss and
resistance in the mixed phase. Pinning-regions have the effect of resist-
ing such movement and thus can contribute to increasing the amount
of resistance-free current [100].

In the absence of such pinning, vortex tubes that run through the
material in the direction of an external magnetic field can be ordered
in a lattice according to their mutual interaction. Such a lattice is called
an Abrikosov lattice or a flux line lattice since the vortex lines/tubes
carry quanta of flux of the external magnetic field. The Abrikosov lat-
tice then exists in the mixed phase of type-II superconductors and is
destroyed when either the temperature or magnetic field strength is
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increased beyond a certain level B, ,(T") where the material enters the
normal non-superconducting phase. This transition can be character-
ized in terms of a proliferations of unbound vortex loops which de-
stroys the phase-coherence of the superconducting state [101].

If the interaction between the flux-lines is weak compared to en-
tropic forces such as thermal fluctuations, then fluctuations of the vor-
tex flux-lines can cause melting of the vortex lattice. In this molten
state, the vortex flux-lines still interact repulsively which yields an av-
erage preferred inter-vortex distance given by the balance between inter-
vortex repulsion, and the inclusion of the necessary number of vortices
to carry the external magnetic field. However, any directionally de-
pendent long-range correlation is lost. This corresponds to the behav-
ior of particles in a liquid, and the molten state is thus called a vortex
liquid. Such states are commonly found in high-T,, superconductors
such as YBa,Cu;O,_;. The transition between an ordered lattice of
vortices and a vortex liquid is known as a vortex lattice melting tran-
sition. This transition can also be achieved by tuning the strength of
the magnetic field. This implies a magnetic field strength B, below
which the Meissner effect completely excludes all magnetic fields, and
a strength B,, > B, above which the vortices behave as a liquid, i.e.
without any long range correlations except that of an average distance.
Finally, superconductivity is destroyed at B, > B, when a prolifer-
ation of vortex loops destroys all vortex correlations, and the material
enters the normal state. These different states of the vortex lattice map
out a region in the B — T parameter space such as the one shown in
Figure 7.2. There can also exist intermediate glassy phases of vortex
matter between the extremes of a completely ordered lattice and a lig-
uid when pinning of vortices is combined with low temperature in an
external magnetic field [102, 103].

The structure and behavior of a flux-line lattice in the mixed phase
of a type-II superconductor is dependent on the symmetry and na-
ture of the superconducting phase. In conventional single-component
superconductors with s-wave symmetry, the vortices interact asymp-
totically® through isotropic repulsion that can be modeled by a mod-
ified Bessel function of the second kind [28, 105, 106]. In a clean ma-

3. In this context “asymptotically” means in the asymptotic limit of large separation
between vortices.
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Bes(0)

Normal State

. Vortex Liquid Beo(T)

Vortex Lattice

Meissner State

Figure 7.2: Simplified phase diagram of the states of vortex matter
in a type-II superconductor inthe B —  T'phase space. This is
based on the Lindemann criterion [104].

terial, this interaction leads experimentally to a triangular (hexago-
nal) lattice of vortices due to this lattice symmetry having the largest
packing-fraction of any two-dimensional lattice, i.e. it is the lattice that
gives the highest density of vortices given a set inter-vortex distance
and thus gives the lowest energy configuration [107, 108]. Theory
predicts that also a square lattice of single quanta vortices should be
possible at higher fields for k£ = 1/1/2 [105], however in the London-
approximation, whichis valid at x >> 1, the triangular symmetry is the
most stable for all fields [109]. Interestingly, the vortex lattice symme-
try can be incommensurate to the underlying crystal lattice structure.
In theoretical models of unconventional superconductors, such as
superconductors with multiple components and non-isotropic sym-
metry, even more complex behavior of the mixed phase is predicted.
We have already mentioned the appearance of a vortex-liquid state
separate from the vortex lattice state in high-7', superconductors, which
are overwhelmingly of the extreme type-II category and described by a
single component unconventional d-wave symmetry. In superconduc-
tors with multiple components where each component can be modeled
by a conventional London-approximation, a phase transition from the
superconducting state to a superfluid state is possible in the mixed
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phase by melting of a composite Abrikosov vortex lattice into a state
with a remaining ordered neutral mode [70].

7.3.1 Vortex matter in p, + ip, -superconductors

In our work we have been specifically interested in the vortex matter
of superconductors with p-wave symmetry. These types of supercon-
ductors are described by two components that are intrinsically cou-
pled and give rise to unconventional composite vortices as described
in Section 7.2. The stable single-quanta composite vortices, which are
denoted as vortex type (1, —1) in the notation of Section 7.2, are the-
oretically predicted to form lattices with square symmetry [110-112].
Such symmetry has been observed in the vortex lattice of the uncon-
ventional superconductor Sr,RuO, [113-116] and is thus part of the
body of evidence supporting a p-wave symmetry of the superconduct-
ing state of this material. The theoretical predictions are supported by
numerical calculations that also show that at lower fields a triangu-
lar vortex lattice consisting of double-quanta (2, 0)-vortices is the pre-
ferred configuration [98]. Since these calculations did not account for
thermal fluctuations in a convincing way, we used large-scale MC sim-
ulations to consider this effect on the vortex matter. Our results sup-
port the transition of a triangular vortex lattice consisting of double-
quanta vortices to a square vortex lattice consisting of single-quanta
vortices at higher fields and temperatures. These results are presented
in Paper II.

7.4 Observables of lattice symmetry

In this section we discuss two tools usable in lattice theories for con-
sidering the symmetry of vortex line lattices. These tools are based on
the observables of vortex flux density discussed in Section 7.1, but in
this case, we are interested in measuring the structural correlations of
a collection of vortex lines.

7.4.1 Structure function

The structure function of a discrete cuboid system of N, lattice sites
along the i direction and with local vorticity nZ as defined in Eq. (7.6),
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is defined as

1 o |2
st = g[S ). o

where a is the lattice spacing, 7, is the projected lattice vector 7, =

r — (7 - 2)Z down on the zy-plane, and f is the filling fraction, i.e.
the number of vortex quanta pr. plaquette in the xy-plane. The filling
fraction f relates to the inclusion of an external magnetic field in the
z-direction as described in Section 7.1. This function takes a recipro-
cal 2D momentum vector as an argument and measures the structural
correlation of the vortex lattice at this Bragg-point with normalization
such that S(0) = 1.

To motivate this expression, consider a continuous cuboid system
with a uniform field in the z-direction with average flux density of the
number of magnetic flux quanta: f, which gives rise to a lattice of vor-
tex lines along the z-direction. Let n*(7) be a flux density distribution
of local vorticity in the z-direction such that if a vortex line with wind-
ing number n € Z goes through the point 7, then | M d?r n*(ry) = n,
where A is an area that contains the vortex line. Taking the average
over the z-direction keeps the value n of any vortex flux-lines since
they will be coherent over this dimension of the system. In contrast,
any contributions from vortex loops, which could result from random
thermal fluctuations, will vanish in the limit of a large system size,
hence

LZ
w(r,) = / dr, n*(r)/L,, 78)
0

contributes to filtering out the vortex lines from the thermal noise. This
w produces a distribution of vortex lines over the extent of the system
in the zy plane. Since we are interested in structural correlations in this
system, we perform the 2D Fourier transform and look at its amplitude

through
2

S(k.) = | / d&2r w(r, )ik (79)

This function then produces a reciprocal lattice of the 2D lattice of vor-

tex lines where Bragg-points that correspond to structural correlations
have increased value. To arrive at the structure-function, we need only
now to take the thermal average to average over thermal fluctuations
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of the vortex lattice lines and normalize such that S(0) = 1. To find
this normalization constant, we need to calculate the integral

/dzr n*(r) =7, (7.10)

over the systems extent in the xy plane. However, from the definition
of n*(r), the answer is given to us. Since n*(7) measures the flux den-
sity of vorticity in the zy-plane, then the integral is simply the total
vorticity, which can be written as f L, L, by the definition of f Finally
then, we arrive at the normalized dimensionless quantity

2>. (7.11)

S(k,)= N;q /d3r n*(r)etkrms
(fLyLyL.)*

Discretizing this expression through the method in Section 5, i.e. by

letting [dr ay. ,n*(r) = npand L, = aN,, then we find that

the filling fraction f which is the number of vortex quanta pr. plaque-

tte of the lattice,* is related to f through f = a? f and we reproduce

the expression in Eq. (7.7).

As an example of how the structure function singles out specific
structural correlations, consider Figure 7.3. Figure 7.3b shows a plot
of the structure function for all crystal momenta k, in the 1st Bril-
louin zone. The 6 yellow points surrounding the origin corresponds
to correlations in the structure of the vortex lattice in these 6 directions,
which implies a hexagonal lattice. The hexagonal lattice is shown di-
rectly in Fig. 7.3a, which in this case is a hexagonal lattice of double-
quanta vortices. Choosing specific points in the plot of Fig. 7.3b and
plotting the structure function’s value at different values of a parame-
ters of the system, e.g., temperature, is a common method for evaluat-
ing different phases of the structure of the vortex lattice, for example
for measuring when the vortex lattice melts into a vortex liquid (see
e.g. [70,71,117-119]).

7.4.2 Angular histogram

Building on the idea of measuring a specific point in the structure
function to signify a structural transition, we developed an angular

4. We note that by the definitions here, f is a dimensionless quantity, while f has
dimension inverse length square.
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Figure 7.3: Plots of vorticity of the +-componentofap + ip
superconductor system. Figure a shows a plot of the real space
vorticity, which corresponds to a thermal average of a discretized
version of w(r | ) from Eq. (7.9). Fig. b shows the corresponding
structure function, which shows a hexagonal structure of the
vortex line lattice.

histogram approach that is robust towards rotations of the vortex lat-
tice. We found this to be important in measuring the transition from a
hexagonal to a square vortex lattice since the angular symmetry of the
model allowed the hexagonal vortex lattice to freeze in various direc-
tions. To combat this rotation, we built a histogram of the angular dis-
tance between peaks in the structure function over several MC steps.
For a hexagonal lattice, such a histogram is peaked at the bin contain-
ing the angular distance 7/3, while a square lattice would be peaked
at m/2. Plotting these bins of angular distance over various tempera-
tures, we were able to measure the transition from the square to the
hexagonal lattice as seen in Figure 7.4.

The histogram was constructed algorithmically by creating a set of
angular distances between peaks of the structure function for each
MC step. We first found the radius where the peaks were located,
by searching the average structure function over the entire MC series
within a specified radius interval for the radius p,,, that produced the
largest value of the discretization of the integral

27
/d9 S(p, ), (7.12)
0

where S(p, 0) is the structure function given in polar coordinates about
the Bragg-point K, = 0. The entire series of MC data was then di-
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Figure 7.4: Plot of the bins of angular distance 6¢ = 7/3 and
06 = /2, as a function of simulation temperature.

vided into blocks containing A7 numbers of individual MC measure-
ments of the structure function. Each such interval of structure func-
tion measurements was then averaged over to yields separate averaged
measurements of the structure function. The averaging over sufficient
number of measurements A7 is absolutely necessary in order to re-
veal the hidden vortex lattice from the noise. From each block ¢, a
structure function ring S*(6) was then created by selecting the high-
est value of the blocked structure function over a ribbon centered at
radius p,,, such that

St(0) = St(p,0)}. 7.13

= 50205t PO 74

A collection of n peak positions P* = {6”} was then found for each

block by finding the highest possible S,,, such that S*(6) crossed the

line at S,,, a number of times equal to 2n. From this set of peaks, then

all possible distances between these peak positions were constructed
by

t_ — |gP _ P L i QP P t

O ={00,; =10, —0;| | i+, 0;,0; € P'}. (7.14)

Let© = Ut O be the union of all block sets of mutual angular peak

distances. The final histogram h was then constructed based on all the

distances in ©. Let the bin in this histogram of the interval [0, 27) that
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contains the angular distance 06 be denoted Adf such that
ASG = [00 —66_,50 + 06, ), (7.15)

for some non-negative §6_ and 00 . The value of the histogram h(Ad0)
at this bin was then calculated by

1

h(A00) = ———= Os0r 7.16

( ) |A59H@’ 502: 80’ NSO ( )
€0

where |Ad0)| is the size of bin Adf, |©| is the number of mutual dis-

tances 06" in © and 05y < p 59 is the Kronecker delta function defined

as

1 :60" € AdO
559/6A50 = 0 :686 ¢ ASH

An example of the resulting histogram from calculating h(Ad0),

(7.17)

given equal size of the Adf intervals is shown in Figure 7.5. In this
figure we observe a large peak at 06 = 7/2 ~ 1.6. This correlation
comes from the fact that there are 4 peaks in the structure function that
are equidistant to each other in angular distance from the origin. From
this we draw the conclusion that the histogram represents a signature
of a square vortex lattice. The even larger peak at 660 = 7 comes from
a mathematical symmetry of the 2D Fourier transform that says that
F (k) = F(—k)*. The small peak at 60 = 37/2 is a remnant of the
peak at 7m/2, while the peak at low ¢ is an artifact coming from noise
in the data.
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3
Figure 7.5: Plot of the bins of h in Eq. (7.16) for a simulation of a
square vortex lattice. The bins corresponding to 6¢ = 7/3 and

06 = /2 are colored orange to mark the main contributions from
a triangular- and square lattice, respectively.



CHAPTER 8

Outlook

In this thesis we have introduced some of the fundamental techniques
we employed in our theoretical investigations into the nature of un-
conventional superconductivity with p-wave pairing symmetry. These
investigations have resulted in three papers.

In Paper I we used a group-theoretical approach to motivate the
form of the effective interaction potential between electrons whose low
energy excitations could be described in terms of Cooper-pairs with p-
wave symmetry. This potential was then used as a basis for deriving
the effective free energy for such a superconductor when it was influ-
enced by explicit spin-orbit interaction. We found that the effective
free energy had the expected form given by its group-theoretical con-
straints, but that previous assumptions about its coefficients needed
revision because of the effect of spin-orbit coupling.

In Paper II we used large-scale Monte-Carlo simulations to investi-
gate the vortex matter of a p-wave superconductor with a free energy
similar to the one derived in Paper I. We found a transition between
a square vortex-lattice of single-quanta vortices and a hexagonal vor-
tex lattice consisting of double quanta vortices as the temperature was
lowered in a finite field parallel to the crystallographic c-axis.

In Paper IIl we investigated this same superconductor when exposed
to zero external magnetic field and found an Ising phase transition in
the neutral sector of the theory. This transition did not separate from
the phase-transition of the charged sector in contrast to other models
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of two-component superconductors. The reason for the connection be-
tween the charged and neutral modes seemed to be because of their
group-theoretical nature as components of a single irreducible rep-
resentation. This identification implies equal stiffness for both com-
ponents and an explicit coupling through mixed gradient and mixed-
component terms in the effective free energy.

Looking towards the future, it now seems less likely that the un-
conventional superconductor Sr,RuQO, should be theoretically mod-
eled as a p + ip superconductor despite the strong evidence for its
spontaneous time-reversal-symmetry breaking nature [120-122] and
the good agreement between theory and experiment for the qualita-
tive nature of its vortex lattices [98, 115]. Rather, the prevailing view
based on the current evidence has shifted to suggesting a degeneracy

between a d,»_,» and a g, ) superconducting state [123, 124].

222
It might in this regard be intere:ting to use Monte-Carlo simulations
to investigate the vortex lattice behavior of such a superconductor and
see how it matches with experiments on Sr,RuQO,.

In the exploration of such a novel symmetry state it might be ben-
eficial to utilize more modern forms of Monte-Carlo analysis such as
those offered by the advances in machine-learning to yield convincing
results in an efficient manner [125-127].

Building on the results of Paper I, it would be of interest to investi-
gate numerically how the kinetic dimensionless phenomenological pa-
rameters in the Ginzburg-Landau model depend on the microscopic
parameters, especially spin-orbit coupling strength and spin-orbit cou-
pling spin z-component.
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A Ginzburg-Landau free energy for a superconducting chiral p-wave order parameter is derived from a two-
dimensional tight-binding lattice model with weak spin-orbit coupling included as a general symmetry-breaking
field. Superconductivity is accounted for by a BCS-type nearest-neighbor opposite-spin interaction where we
project the potential onto the p-wave irreducible representation of the square lattice symmetry group and assume
this to be the dominating order. The resulting free energy contains kinetic terms that mix components of the
order parameter as well as directional gradients—so-called mixed gradient terms—as a virtue of the symmetry
of the order parameter. Spin-orbit coupling and electron-hole anisotropy lead to additional contributions to the
coefficients of these terms, increasing the number of necessary phenomenological parameters by one compared
to previous work and leading to an increase in the coefficient measuring Fermi-surface anisotropy for Rashba

spin-orbit coupling in the continuum limit.

DOI: 10.1103/PhysRevB.98.014510

I. INTRODUCTION

Spin-orbit coupling (SOC) couples the spin of the electron
to its momentum which splits spin-degenerate electronic bands
and is a recurring theme in many novel superconducting
systems. If StTiOs is slightly doped with Ca, there is a region
in the temperature-versus-carrier concentration phase diagram
where superconductivity and ferroelectricity coexist and where
the material has broken spatial inversion symmetry—a key
cause of SOC [1,2]. When SOC is a significant factor, the
associated symmetry of the superconductivity is often of
an unconventional character. In this context, unconventional
means superconductivity where the order parameter does not
have the usual spin-singlet s-wave pairing symmetry [3]. One
example is the one-atom layer of the T1-Pb compound on a
Si(111) surface studied in Ref. [4]. This system exhibits two-
dimensional (2D) superconductivity at a critical temperature
of T, ~ 2.25 K followed by a Berezinskii-Kosterlitz-Thouless
transition and has Rashba SOC leading to a maximum splitting
of spin bands by ~250 meV. In this case the superconductivity
is argued to be nonconventional because the average distance
between Cooper pairs is longer than the Ginzburg-Landau (GL)
coherence length.

Another example is the 2D electron liquid in the celebrated
LaAlO3/SrTiO;5 interface (for a review see Ref. [5]). By
using a back gate to apply an electric potential across the
interface, which tunes the carrier density, 7, can be increased
to ~300 mK [6]. In a certain region, tuning this gate voltage
affects the Rashba spin-orbit coupling dramatically—reaching
values of 10 meV. This region also seems to be correlated
to where superconductivity develops [7]. The unconventional
symmetry resulting from large Rashba SOC is evident from
the critical field parallel to the interface being much larger
than what would be expected from the Pauli limit [8].

Finally, it should be mentioned that it was initially the
discovery of superconductivity in the heavy fermion system

2469-9950/2018/98(1)/014510(15)

014510-1

CePt3Si [9,10] that helped intensify research efforts into
noncentrosymmetric superconductors. This system exhibits an
increase in critical magnetic field compared to the Pauli limit
as well as suppression of superconductivity by nonmagnetic
impurities. Other lines of evidence for the unconventional
character of the order parameter include indications of line
nodes in the superconducting gap from penetration depth [11],
thermal conductivity measurements [12], among others. For a
more thorough overview of noncentrosymmetric systems, see
Ref. [13].

In this paper, the Ginzburg-Landau free energy density is
derived for a 2D square lattice with spin-orbit coupling where a
chiral p, +ip, symmetry is assumed to describe the dominat-
ing pairing channel. This particular pairing state has attracted
much attention because of its topological properties, which
include the existence of topologically protected Majorana edge
states as well as Majorana bound states in the core regions
of half-integer vortices [14]. In the context of superfluidity,
p-wave pairing is realized as the A phase in *He [15] and has
long been hypothesized to be the dominant superconducting
pairing symmetry in Sr,RuOy4 [16-18].

The vortex structure of a phenomenological Ginzburg-
Landau theory for a 2D chiral p-wave pairing symmetry
[3,19] was studied using numerical simulations in Ref. [20].
A magnetic field breaks the degeneracy between the two com-
ponents of the order parameter so that one becomes dominant
whereas the other only exists close to topological defects, such
as vortices. The simulations found that the superconducting
vortices tend to arrange themselves in a square lattice of
single-quantized vortices when the magnetic field is very close
to the upper critical field, however for slightly lower field
strengths the phase diagram is dominated by a triangular lattice
consisting of double-quanta vortices, which are coreless. The
relative angular momentum between the dominant and the
subdominant components of the order parameter determines

©2018 American Physical Society
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the kinds of vortices possible in the system and originates
in the structure of the mixed gradient terms in the GL free
energy. These terms also drive the subdominant component
[21]. An interesting question is therefore what physical pa-
rameters influence the phenomenological coefficients of these
types of terms. Mixed gradient terms have also been found
in a multicomponent GL theory for a s 4+ is pairing state
derived through the Eilenberger equations for quasiclassical
propagators [22]. This state breaks time-reversal symmetry,
similar to the chiral p-wave state, and is found to exist in
a doped four-band model for iron pnictides [23]. In this GL
theory however, the terms could be eliminated by a simple
spin rotation in contrast to the p-wave case.

Expressions for Ginzburg-Landau theory coefficients for
general order parameters have previously been derived assum-
ing either pairing in the normal BCS spin basis and ignoring
spin-orbit coupling or by pairing in a single spin-orbit split
nondegenerate band [24]. Additionally, GL theory has been
derived for a superconductor with p-wave symmetry and a
coexistent ferromagnetic state [25]. The derivations in this
paper will largely follow the methods used in these two
references.

The difference between the current paper and Ref. [24] is
that spin-orbit coupling is considered a symmetry-breaking
field on the ordered state when deriving the GL theory. The
spin-orbit coupling strength is assumed to be small compared to
the Debye cutoff frequency. A similar system was considered in
Ref. [26] where the spin-orbit coupling strength was assumed
to be small relative to a Zeeman field. A pairing state with
p-wave symmetry in the diagonalized bands was discovered
as a result of a Kohn-Luttinger-type interaction coming from
the transformation of a repulsive U Hubbard model to the new
bands. In the present case, the interaction is assumed to give
rise to a chiral p + ip pairing symmetry in the nondiagonal
spin bands. This leads to a number of additional terms in the
generalized effective mass compared to the limit of zero spin-
orbit coupling.

The paper is organized as follows: In Sec. II the model
is introduced, first in terms of the single-particle properties
in Sec. ITA, and then in Sec. IIB the pairing interaction
is presented with a brief justification. A sketch of how the
Ginzburg-Landau free energy was derived is given in Sec. III
and its form reduced to the same as in Ref. [20]. The con-
tributions from spin-orbit coupling to the phenomenological
coefficients are finally discussed in Sec. IV. Details of the
calculations are relegated to the Appendices. Units are chosen
throughout the papers such that kg =7 =a =1 for lattice
spacing a.

II. TIGHT-BINDING MODEL

A. Single-particle problem

The system is modeled as a two-dimensional square lattice,
which has symmetry group C4, where fermions can exist at
each lattice site. In the clean limit there is no disorder in the
system implying that the Fourier-transformed single-particle
Hamiltonian is diagonal in wave-vectors K. Including anti-
symmetric spin-orbit coupling [ 13] by spin-dependent hopping
between lattice sites, the single-particle Hamiltonian can be

written
Ho= Y [€®) + y&) 0]yl ks 1)

sis2 =t
k

where o consists of Pauli matrices, ci, is the annihilation
operator for a fermion with wave-vector k and spin s, and
the sum over k runs over the first Brillouin zone. Hermiticity
of the Hamiltonian implies that €(k) and y(k) are real.
Time-reversal symmetry implies the restrictions €(k) = €(—Kk)
and y(k) = —y(—Kk). If parity symmetry is enforced, y(k)
vanishes, and this vector is hence identified with the parity
breaking antisymmetric spin-orbit coupling. The Hamiltonian
in Eq. (1) becomes diagonal by a unitary transformation to the
helicity basis given by

WAL= L= TR

ak:< A AR AR, )ck, )
V2 —JT =7 T+ pield-

where ¢ are arbitrary phases and ' = y/(k)/|y (k)|, assum-
ing y has some nonzero component on the xy plane in spin
space, or a similar transformationif y ||, (cf. Appendix B). The
dispersion relations of the eigenvalues of the single-particle
Hamiltonian are given by

& = e(k) + hly&), 3)

where h € {£} enumerates the two different helicity bands
when written in exponentials and is used as =1 when written
as a factor.

B. Pairing interaction

To include p-wave superconductivity in the model, an
attractive BCS-type weak-coupling interaction is introduced
between electrons given by

N 1
V= _5 Z Z ka’,.sl.tg.t;sé
kk'q 515255}
xcl cl c 5,C s, “
(a/2)+ks1 ©(a/2)—ks; “(4/2)—K's; ©(a/2)+K's|
for
dj
— (bw) (b)) \*
ka’,s‘,.ﬁ‘:x{sé = Vb deJIXZ (dk'.s;xé) 5 (5)
m=1

where dﬁ’_’;ﬂz are coefficients for basis vectors for the dj-
dimensional irreducible representation b. These basis vectors
are odd and linear in k, i.e., a p-wave-like momentum de-
pendence in the continuum limit. Since superconductivity is
introduced in the spin basis, it is assumed that the spin-orbit
coupling is sufficiently weak compared to the superconducting
energy scale for this pairing between opposite momentum
fermions to be valid, i.e., spin-orbit coupling is treated as a
symmetry-breaking field on the superconducting state [13].
The exact forms of the basis vectors are found in the process
of proving that such an interaction exists for the square lattice.
This is performed by finding the possible eigenvectors for a
general two-particle Hermitian operator V that has eigenvec-
tors consisting of pairs of particles with opposite momentum.
The eigenspace of a Hermitian operator can be separated into
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irreducible spaces that are representations of the symmetry
group of the lattice. By expanding in the spin-momentum basis
of the two-particle Hilbert space, any such eigenvector |d) can
be written

=) dyn®lks)l—k.s2). ©6)

K,s152

The eigenvectors will also include a cutoff function f,(ek)
since the attractive interaction is assumed to only exist on the
Fermi surface. This cutoff function is implicit in the notation
for dy,, (K). If the coefficient d,,(K) is odd in k, then because
of the fermionic particle exchange symmetry and because it
is periodic in reciprocal lattice vectors it can be expanded in

terms of lattice vectors R as
1
d,5,(k) = —= ) [Brsin(R-k)-cico’]y,. @)
2 \/ﬁ ; R 2

These general vectors are then projected down on the space
consisting of basis vectors of a particular irreducible represen-
tation (irrep.) b of interest by the projection operators [27,28],

dy,
Pl =1 2 Dile's: ®)

8€Cyy

where DI(Ib) are matrices of the irrep., g: denotes transformation
of a vector by the group element g, and the index / runs
over the dimension dj, of the irrep. The group C4, contains
one two-dimensional irrep. E. Projecting down on this irrep.
and assuming the eigenspace of V only is constructed from
nearest-neighbor sites yields a vector space constructed from
the orthonormal basis vectors given by the spin-momentum
coefficients,

G0 = sk @i, O
= d(E“)(k) (0107 )55 (Ob)

gﬁz)( )= ﬁ sin ky - (Gic?Y)ys, ©c)
= d(E‘)(k) . (aioy)51S2' (9d)

These are p-wave basis vectors since they are linear in
k in the continuum limit. Note that the assumptions of a
single 2D square lattice implies that basis vectors that have
k dependencies with components in the ¢, direction are
neglected. When V is expanded in its eigenvector basis, it
is therefore possible that it has a channel consisting of the
eigenvectors in Eq. (9) and it has been proved that Eq. (4) is a
possible interaction.

This p-wave channel interaction could originate as the
dominant channel of a simpler interaction. As an example,
consider the attractive nearest-neighbor interaction,

V:**ZZCH ;_Yc],éc,b, (10)

(i) s=1)

which could be considered an effective one-band model from
a reduction of a multiband system [29]. Finding basis vectors
in the eigenspace of nearest-neighbor interactions analogous

to the irrep. E,V becomes diagonal in this basis and can be
written in the form of Eq. (4) but with coefficient,

Yo vy )]

a=A,B;

+ ) dfrwld s a)” ] (11)

m=x,y

ka’.slsﬂ;xé = V|:

where a runs over the one-dimensional irreps. A; and B} which
has basis vectors given by

1 _
YA(k) = m(cos ke + 08 ky)(io?)gs,s  (12)
1
B(k) = cos ky —cos k,)(ioY)ss,, 13
Vs (K) = m( D0 )55 (13)

and give the extended s-wave channel and d-wave channel,
respectively. Note that these basis vectors are normalized on
the first Brillouin zone and even though they have the same
coupling constant V, the critical temperature 7, of the different
channels is affected by physical parameters in the single-
particle part of the Hamiltonian, such as doping level and
spin-orbit coupling strength and is thus in general different.
The channel with the highest critical temperature will then
completely dominate as the relevant order for temperatures
immediately below 7. This temperature can be calculated by
solving the linearized gap equation by, e.g., the method used
in Ref. [26] but is considered outside the scope of this paper.

III. DERIVATION OF GINZBURG-LANDAU FREE ENERGY

The Ginzburg-Landau coefficients are calculated by de-
riving the free energy F of the system described in Sec. II.
This free energy is defined as F = —% In Z, where Z is the
partition function and f is inverse temperature. The partition
function is defined as Z = Tr e #H~#N) where H = Hy+ V
is the Hamiltonian of the system, u is the chemical potential,
and N is the number operator. Calculating the trace in the
path-integral formalism where the annihilation and creation
operators get replaced by GraBmann fields £ and &*, the
Hubbard-Stratonovich transformation is preformed on the p-
wave subspace of the potential V, whereas the other subspaces
are neglected. It is assumed that there exists some region in
the doping level and SOC strength parameter space where
the p-wave coupling is associated with the highest critical
temperature such that neglecting the other subspaces of the
interaction is justified. Given the potential in Eq. (11), the
p-wave subspace is two dimensional, and its contribution to
the partition function can thus be written in terms of a path
integral over the two complex fields ™ and n* as

B 2‘ (m)|2
e = /D[n,n*] eXp{ —/ dz Z[ nv
0
qm

4 (jm*n(m) 4 Jm (m)*)i| }’ (14)
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where Jé” is defined as

I =Y [dE W] g kntapiks . (19)
Kks;so
and
v P
simzzf dry I (16)
0
qm

In these equations both the Gramann fields & and the complex
fields n are dependent on imaginary time. The time dependence
in the complex fields n, which are the order parameters of
the system, is neglected since the goal is a time-independent
Ginzburg-Landau theory, whereas the time dependence in
the GraBlmann fields are converted to sums over Matsubara
frequencies. The system is assumed to be close to the transition
temperature 7, so that the free energy can be expanded to
second order in the order parameters after integrating out the
fermionic degrees of freedom. The integration itself is pre-
formed by expressing the part of the exponent with quadratlc
dependence on fermionic fields as an Hermitian form ";' G~ &
using four-component Matsubara vectors & such that the result
depends on the determinant of G! by

1 .
Ziom = / DI&.£"] exp (75 25*6*115)
= vdet G- 1—exp(2Tr1nG ) 17

The expansion to second order in the order parameter 1s
preformed by spliting G~' into a diagonal matrix G
independent of 1 and a matrix ¢ for which each element
is proportional to the order parameter components 7@. The
logarithm in Eq. (17) is then expanded by

TrlnG™'=Trn (Vial + Tr éo(ﬁ - %Tr (V}oqvﬁéoi). (18)

The first term is absorbed into the normalization of the path
integral over 1, whereas the second term vanishes trivially
which leaves the contribution of the third term. The single-
particle problem in Eq. (1) and thus the spin-orbit coupling
are included in this integration over fermionic degrees of
freedom. The order parameter is assumed to be slowly varying
in real space, which justifies a gradient expansion. Given these
assumptions and approximations, the free energy density in
momentum space takes the form

fa =AY + Kap iy n{q'q?, (19)

where the Einstein summation convention has been used to
drop the summation over directions i, j = x,y and dimensions
of the subspace a,b = x,y. We denote A, as the potential-
energy tensor whereas K, ;; is the generalized effective mass
tensor [24]. It is worth noting that the same expression is
obtained regardless of what choice is made for the phases ¢
in Eq. (2), and whether y has a component on the xy plane or
not.

Note that Eq. (19) does not contain terms linear in q.
Such terms, Lifshitz invariants, are in general allowed by
symmetry when the crystal does not contain an inversion center
[13]. When the order parameter only has a single component,
these terms exist only in the presence of an external magnetic

field and give rise to a helical nonuniform superconducting
state. However for a multiple-component order parameter,
symmetry allows Lifshitz invariants also in the absence of
any external field [30,31]. In Eq. (E29) in Appendix E, we
give an expression for the partition function that holds for
a general odd-momentum order parameter, which do exhibit
terms linear in q. These terms can be shown to be proportional
to d®)(k)* x d®’(k) and thus disappear for unitary odd-
momentum pairing states, such as the pairing state given by
the basis vectors in Eq. (E29).

A. Form of the free energy density tensors

The potential-energy tensor derived in Eq. (19) is given by

28, “ , s "
Aap = =22 =" d {1 — hi[1 = 271", (20)
Khi!
where x"' is the Matsubara-frequency sum over Green’s

functions given by

@1

and

@ =[] - dH (k). 22)
In Eq. (21) the chemical potential has been absorbed into the
definition of 61}<1~ As in Eq. (3), h,h’ € {£}’s enumerate the
helicity bands and are used as £ 1 when written as factors. Since
the only k dependencies in this sum are in the Fermi energies,
it is invariant with respect to symmetry transformations. This
means that the momentum sum vanishes if a # b since the
summand then becomes odd with respect to each of the
components of k [cf. definition of d‘Z~)(k) in Eq. (9)].

The generalized effective mass tensor in Eq. (19) can be
expressed as

1 , o ,
Kapij = g D d(h' 11 = 27°7] = 1)xf!
khh'
+21' hy "™ gi)). (23)
where
8ij = 0P -9;p —20;p%9;7°
—(P - 9;0;9 —29°9;9;9%), (24)
and

’ 1 ad 1 ad 1 ’
hh hoh
G — — -V U-

Xl‘/ ﬁ Xn: { de iwn — éﬁ de lu)” — Eﬁ t

a2

_ 0 1 1 iy

9e2 ; 7 WiV
iw, — € ) —iw, — €

( a1 ) o }
— —_— ~MmM; ..
deiw, — € ) —iw, — el "

+h<h. (25)
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The inverse effective mass of the & band is given by

ol — Ok = m 4 h 80,y 26)
hij okigki ij L) ’

whereas the #-band Fermi velocity is given by

h h
v, = ~ €,
T kK

=v; +holyl 27)

B. Approximation of free energy density tensors in terms of
Fermi-surface averages

More useful expressions can be obtained for A,; and K ;
by expressing the sums over momenta k as averages over
energy surfaces defined as

1

(e No(§)
where Ny(£) is the density of states at energy &. Including the
chemical potential in the definition of €(k), the Fermi surface
is obtained at £ = 0. Let h[k,e(k)] be a generic summand
in one of the k sums with an explicit €(k) dependence. The
momentum sum is exchanged for a Fermi-surface average by
inserting an energy integral over a § function such that

Zh[k,e(k) = /
k

Z(~)3[6(k) — £l (28)
k

€

" dE No(8)(h(k.£));

€
~ </ dé§ No(é)h(k,€)> . (29)
e, 0
The integral is cut off at €. because of the assumption that the
interaction potential only allows pairing to happen within some
energy shell around the Fermi surface. The energy average is
assumed to be constant over this energy shell such that only the
value até = Ois considered. To simplify the resulting integrals,
it is assumed that the critical temperature is small compared to
the energy cutoff such that
€p

o> 1. (30)
T

e. =

The spin-orbit coupling is additionally assumed to be small
compared to the pairing energy range such that €. > |y| Vk.
With these approximations A,;, becomes

2 Cy( qab
Aap = Sap v 8Nr In(2ece™ ) (d)o

— 16N (d*"[1 — 2(?1)21f<pk>>0], (1))
whereas K, ;; becomes

NeB*15(3)

In(2e.e€) (
(2m)?

Kapij = )

(d*y; vi)o+ Np dabm,;l)o

2

+ NF{ - Zﬂﬁ @ f(0)viv; o
s

B*7¢(3)

Gy (@114 101y 19;1¥ o

+ﬁ<d“b[”—“2[1 + ] - (V)zfz(pk)} aiaj|}’|>
b 286 0

+ <d“”f<pk>g,»,->o}

+ N’F{§<d“” [fz(pk)(w)z TP mz]]
x (uid;ly| + ai|y|vj>>0

- <dﬂh(w)2f<pk)m,;'>o}. (32)

The energy range [—e..€.] is assumed to be sufficiently
small such that No(§) ~ N + N£ is a good approximation.
Npg = Ny(0) is the value of the density of states at the Fermi
level, whereas Nj. = N/(0) is a measure of the particle-hole
asymmetry (PHA). The f functions are all convergent sums
that vanish in the limit of no spin-orbit coupling defined as

> 1 1
'f(p):Re§<2n+1+ip_2n+1>’ (33)

> 1
Lp)=Im) ————, (34)
”X:(; Q2n+1+ip)?

RS ! 35
fa(o) = e§<(2n+l+ip)3 (2n+1)3>. 2

The dimensionless spin-orbit coupling px = B|y|/m. {(-) is
the Riemann- f function and C in e€ is the Euler-Mascheroni
constant. In Eq. (32) the terms are grouped such that the first
is independent of both SOC and PHA, then comes a term only
dependent on PHA, the bracket proportional to N consists of
terms caused by SOC whereas the bracket proportional to N}
consists of terms dependent on both PHA and SOC.

C. The limit of zero spin-orbit coupling

In the limit of zero spin-orbit coupling, the unit vectors p
become indeterminate, however the expressions for the free
energy tensors A, and K, ;; still have a well-defined limit
since all the unit-vector dependencies vanish. To see this,
first consider the limit of |y| — 0 of x”*. In this limit, the
band-energies e’lz — € such that, after preforming the sum over

Matsubara frequencies, Eq. (21) becomes

lim " — tanh %‘ — Sle(k
X" = = Sle(k)]. (36)
ly|—0 2e

Since ™' becomes independent of /i, P* vanishes under the
sum over & and &’ in Eq. (20) and leaves

24,
lim Ay = Sap _ 43" d S[e(k)]
k

ly|=0 Vv

= sub[é - 81<d“b>o], 37

for the energy integral,

~

= f " dE No(®)SIE] ~ NpInQee©).  (38)

€
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This corresponds to the A, calculated in Ref. [24]if V — 2V
and 84" = tr[ W, W, ].

In Xf}h , the limit reduces v:’ — v; and m;:j — ml_J
as the previously mentioned limit of Fermi energies eﬁ — €
such that

Las well

2

- v'v'la—(es[d) +m_liS[e]
I}'HOX” T e de? i e

= 4S[elviv; + 28 [elm,;". (39)
Since X,-h-h, isindependent of 72 and &’ in the zero spin-orbit limit,
the second line in Eq. (23) as well as the parentheses in the first
line vanish under the 2k’ sum. Inserting the above expression

for limyy,|_.¢ X,-}}h into K, ;; and converting to Fermi-surface
averages yields

Jim Koy = - > d@Slelviv; + Silelm;;)

= —2(vv;d™)ol, — (m;;'d**), I (40)

for the integrals [24],

€ N/
Iy =/ d§ No(§)S1[8] ~ —fln(Zep 9, @D

' 762C(3)
872

L= / " dE No(6)S:1€] ~ — Ny “2)

This corresponds to the result for K, ;; found in Ref. [24] if
8d = [V W,].

D. Reduction by symmetries

By considering the symmetry of the coefficients Kp ;;
and A,p, the form of the free energy density f4 in Eq. (19)
can be further restricted. Assuming we have chosen a proper
pseudospin representation [13], the spin-orbit coupling vector
y (k) has the property,

y&) = R,y (R;'k) (43)
for proper and improper rotations g where R, is the 3 x 3
rotation matrix and R, = —R, for improper rotations. This

relationship leads to the conclusion that [ (k)?]? and 7 (k)? are
invariant under all Cy4, symmetries. This implies that K, ;; and
K 4a.ii are both odd with respect to each of the components of
k and thus vanish under the k sum. Here the notation @ means

a= {y’
X,
Remember that a,b,i,j € {x,y}. Using the symmetries

Kia,ij = Kaa,ij and Kgp, ;i = Kgp, ji, the free energy density
can be expressed as [3]

o= —all "+ P)

+/q(|qxn(‘)| +|g*n )

ifa=ux,

if a=y. @4

+2(la"n P + g nd’)
+is[(g7 1) (7ng")" + He ]
+ial(gng”) (g*ng")" + Hee ] (45)

for coefficients o = —Ayy, K1 = Kyx xx, k2 = Kyxyy, and
k3 = k4 = Ky, »y. Rotating the coordinate system such that

q*\ _ (cos® —sinB)(g"
<qy> - <sin 0 cos 6 ><q>‘>’ (46)

defining the chiral basis of the order parameters as

+ 1 /1 i (Ey)
()=a0 5)Ge) @

as well as using dimensionless variables [19], the free energy
density can be further reduced to the form

fa=—ng P+ Ing 1P+ lang I* + lang I”
+ Ref[¢™ (v + A) + 71 — MG nd @G ng)”
=33 @ )N
+ Im{le™ (v + A) — (1 = MG ng (3"ng)*
+ng @ 1) - (48)

Here the dimensionless parameters are A = 2(k, — k3)/(k1 +
k2) and v = (k1 — 3k2)/(xk1 + k2) [19]. In the above expres-
sion, the parameter A is new compared to the expression
in Ref. [19] and is necessary because of the additional con-
tributions to K, ;; in Eq. (32) as will be discussed below.
Dimensionless variables were introduced by the substitution,

7 /e
<) — 2~ |- (49)
q K|+K2q
Choosing 6 = 0 and transforming to real space yields a free
energy density of the form
for = =" P+ 10"+ Dn* P + Dy P+ (v + 1)
X Re{[Dxn+(Dxn_)* - Dyn+(Dyn_)*]}
+ (U -1 + 2A) Im{[D,vﬂ_(Dyﬂ+)*
+ Dy~ (D)1 (50)

Here D; stands for a dimensionless gradient in the i direction
in real space, and the space dependence of the order parameter
is implicit.

IV. SUMMARY

Mixed gradient terms in a Ginzburg-Landau free energy are
defined as terms of the form (Dm*)*Dyn* [21], i.e., terms
mixing different components and directional gradients. These
terms drive the subdominant component of a chiral p-wave
superconductor that exists in the core of topological defects,
such as vortices when a magnetic field breaks the degeneracy
between the superconducting components. The core structures
of vortices are also influenced by these terms in that the struc-
tures of the terms determine the relative phase of the two order
parameters and thus the different kinds of vortices possible
[20,21]. Itis evident from the definition that the order parameter
needs multiple components for such terms to be present. The
number of components of the order parameter depends on
the number of dimensions of the irreducible representations
that the pairing interaction furnishes. If the symmetry group
contains a two-dimensional irreducible representation and the
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interaction contains this irrep. as a subspace of its eigenvalue
space, then the order parameter associated with this subspace
has two components. In the weak-coupling BCS framework
this discussion is based on, on-site Hubbard interaction on
a square 2D lattice in the clean limit only consists of the
one-dimensional s-wave representation. If spin-orbit coupling
is included as a symmetry-breaking field, then the gap function
is rotated in the new basis so that it gains a momentum
dependence determined by the SOC spin texture [13,32]. In
the case of Rashba spin-orbit coupling, the transformation is
such that the intracomponent elements of the gap function and
thus the pairing amplitude in the spin-orbit split bands and
gains a p-wave-like momentum dependence. Such systems
could thus be called effective p-wave superconductors [33],
however their topological properties are different from those
of true triplet p-wave superconductors and, importantly, the
order parameter does not gain additional components. For the
2D square lattice, this means that a pairing interaction that acts
at least as far as nearest-neighbor lattice sites is necessary for
a multicomponent order parameter to be present. This type
of interaction was also found to be sufficient to contain a
two-dimensional subspace given by the p-wave irreducible
representation basis vectors.

The two mixed gradient terms found in the Ginzburg-
Landau free energy fgi are determined by two phenomeno-
logical parameters A = 2(k — k3)/(k1 + «2) and v = (k] —
3K2)/ (k1 + Kk2) where Kk = Ky xx, k2 = Kiryy, and k3 =
Ky, xy for the generalized effective mass tensor Kgp ;.

If both SOC and the particle-hole asymmetry are set to zero,
and we assume nearest-neighbor hopping, K, ;; reduces to

NpB*7L(3)
Kapij = gah(:n)w(vavhvivj)()’ (51
where ¢, = (—1)’*»~!. With this reduction, v can be written

as

{u)y = 3oyl

TR, (2ed),

(52)

as in Refs. [19,20] and is thus a measure of the Fermi-surface
anisotropy. The coefficient in front of the last mixed gradient
term becomes 3> 0 and proportional to (v? v%) . It will therefore
exist as long as there is superconducting order, and the Fermi
velocity does not vanish. The coefficient in front of the first
mixed gradient term is, on the other hand, (v 4 1). From
Eq. (52) we see that for a completely anisotropic square Fermi-
surface v = —1 such that this term vanishes. The remaining
term can in this case be rotated away by a rotation of the order
parameter components as in Refs. [22].

With the simplification of K;,;; in Eq. (51), the parameter A
becomes A = —(v — 1) and the form of fg. reduces to that of
Ref. [19] except for a minus sign. This discrepancy originates
with the choice made for the basis of the p-wave subspace.
To get equality, you would simply choose both eigenvectors
positive in Eq. (9), which would yield an irreducible represen-
tation equivalent to E. Then K, ;; would reduce in the same
way except missing the factor ¢,, such that A =0 and fgL
would reduce to the same form.

If the particle-hole asymmetry given by N} is present,

Kgp,ij gains a contribution from the Fermi-surface average
(vavbmi;l)o. For nearest-neighbor hopping, ml.;l is diagonal
such that «3 is not affected by it, however because of its
contribution to k; and «, the terms get rescaled. In the
continuum limit this leads to increasing coefficients for the
mixed gradient terms compared to the normal kinetic terms in
the free energy.

In the continuum limit v is expected to vanish by Eq. (52)
since the Fermi surface becomes isotropic. However, including
Rashba spin-orbit coupling with a SOC vector of the form
y = a(k,é, —Kk.é,) leads to

1/ a\?
~—-l—, 53
Y 2<kpl> (53)

where ¢ > 0 is the nearest-neighbor hopping amplitude and k
is the Fermi wave-vector magnitude because of the contribution
to the « coefficients from the term N (al“bg,-,-)0 in K ;. From
this result we conclude that v is no longer only a measure
of Fermi-surface anisotropy, but also a measure of spin-orbit
coupling strength. The coefficient in front of the last mixed
gradient term in Eq. (50) now becomes 1/(1 — v), whereas
the other mixed gradient term coefficient is 1 4+ v for the
choice & = 0. This shows that, in the continuum limit, the
mixed gradient terms become more prominent compared to
the normal gradient terms as the Rashba spin-orbit coupling
strength increases.

ACKNOWLEDGMENTS

EN.K. was supported by a NTNU University grant and
thanks S. Rex for useful discussions. A.S. was supported by
the Research Council of Norway through Grant No. 250985,
“Fundamentals of Low-dissipative Topological Matter,” and
Center of Excellence Grant No. 262633, Center for Quantum
Spintronics.

APPENDIX A: SYMMETRIES OF THE SINGLE-PARTICLE
PROBLEM

Combining the two different spin options for the annihila-
tion operators in Eq. (1) in a vector €, then under time-reversal
0, the operators transform as [34]

ééké71 = l.()"vé_k,

el =el (—io?).

(Ala)
(Alb)

Since 6 contains a conjugation operator, the time-reversal
of the single-particle Hamiltonian in Eq. (1) becomes

00~ =" el [e)* + y(K)* - 0" 10&0 !
k
=Y el e + y ()" (—io")o"(i0”)]e «
k
=Y elle(—k)* — y(—k)" - ol (A2)
k

If the Hamiltonian should be time-reversal invariant, then
the coefficients must have the symmetries €(k) = e(—k)* and
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TABLE I. Character table for the group Cj,. The first row gives
the conjugation classes, whereas the first column denotes the different
irreducible representations. Note that E is the only two-dimensional
irreducible representation.

Cp e Cc: 2C, 20, 204
A 1 1 1 1 1
A, 1 1 1 —1 —1
B | | _ 1 —1
B, 1 1 —1 —1 1
E 2 -2 0

y(Kk) = —y(—k)*. Sir}ce the Pauli matrices are self-adjoint,
taking the adjoint of Hy yields

A) =" elle®) + y(&)* - olex. (A3)
k

If the Hamiltonian should be Hermitian, then the coefficients
must satisfy e(k) = e(k)* and y(k) = y(k)*. Time-reversal
invariance together with Hermiticity thus implies that the
coefficients are real, that €(Kk) is even in k, and that y(k) is
odd in k, which were the symmetries mentioned in Sec. IT A.

APPENDIX B: DIAGONALIZATION OF THE
SINGLE-PARTICLE PROBLEM

Itis easily verified through substitution that the basis defined
in Eq. (2) diagonalizes the Hamiltonian in Eq. (1) as long
as |p*| # 1, regardless of whether H, is Hermitian or time-
reversal invariant. This means that the same diagonalization
is used when y represents spin-orbit coupling (time-reversal
invariant but not parity invariant), and when it represents an
external magnetic field (parity invariant but not time-reversal
invariant). The matrix determining the basis in Eq. (2) is found
by solving the characteristic equation of the corresponding
linear-algebra problem and finding the normal eigenvectors
that correspond to each eigenvalue.

In the case that y(k)||é, the basis transformation instead
reads

(1= P9t

e (1+ 79"

_l (1 +);z)et:¢+
2\ = pH)er

!
) . (BD)

This results in the same expression for the eigenvalues €)' =
€(k) + h|y (k)| as is obtained from the basis transformation in
Eq. (1).

APPENDIX C: BASIS VECTOR FOR THE IRREDUCIBLE
REPRESENTATION E OF Cy4,

The group of symmetry transformations of the two-
dimensional square lattice is denoted Cy, in the Schonflies
notation or 4mm in the abbreviated Hermann-Mauguin no-
tation [27]. In Ref. [27] the character table of Cg, is as
shown in Table 1. For the one-dimensional irreps. the matrix
elements of the representation are the characters themselves.
For the two-dimensional irrep. E, the matrix elements of the

representation are given by

DE(e) = <(1) (1))
pech = %)
D<E>(C4)=<(l) _01)
pee) = (0 ).
D<E)(Ux)=<_01 ?)
Do) = (é _01),
D<E><adl>=<_°1 _01),

DP(o,,) = (? (1)) ©n

This can be verified by calculating the traces of the matrices
x®)(g) and showing that they satisfy the condition,

D X PP = ICal,

8€Cyy

(€2

which imply that this is an irreducible representation as well
as showing that the matrices satisfy the group multiplication
relations for group elements in Cy,.

Since the goal is to find a basis for this representation E
consisting of eigenvectors of the Hermitian operator V, these
basis vectors can be written in the form of Eq. (6), repeated
here for convenience,

ld) = ) dy o, (0)Ik,51)|—K,s52).

k,s152

(C3)

This eigenvector space is projected down on the irreducible
subspace of the irreducible representation by the projection
operator in Eq. (8). This operator includes the symbol g: which
means that the state should be transformed by the group-
element g. For spin-momentum eigenstates, the transformation
law is given by [34]

glKs") =Y |gk’,s) Dyso (C4)

for the matrix,
Dgss’ = 85y COS(¢)/2) —il-ogy 51n(¢/2)v

where the rotation given by the angle and normal vector
(¢,0) is given by the proper rotation associated with g. The
transformation of vectors in the product space of two spin-
momentum eigenstates is thus given by

1K .S7)K5.5) = Igk{.51)|gkb.52) Dys sy Dygrsy - (C6)

5152

(C5)

Writing this as an active transformation where the transforma-
tion acts on the coefficients of the eigenvectors in Eq. (C3)
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results in
8y, (K) =Y Dysyy Doy (87'K).  (CT)
5185
Coefficients that are odd in k can be written as
d.nxg(k) =d(k) - (o'iay),mgu (C8)

because of fermionic particle exchange asymmetry. The trans-
formation rule in Eq. (C7) is then simplified to

g:d(k) = R(4,¢)d(g™'K),

where R is the conventional 3 x 3 rotation matrix, which shows
that d transforms as a vector. Since the k dependency of d(k)
must be such that it is invariant with respect to translations by
reciprocal lattice vectors it can be expanded as a Fourier series
in the fundamental lattice vectors R such that

1 .
d(k):ﬁ¥ﬂR3mR-k.

Applying the projection operators in Eq. (8) onto d(k) using
the transformation law in Eq. (C9) and the matrix elements of
the representation given in Eq. (C2), the X and  components
of B vanish leaving

(€9

(C10)

PPdk) = > Bilsin(R - k) + (= 1) sin(z - R x k)].

z
2N 4
(C11)

This expression implies immediately that the simplest potential
that contains a nonvanishing representation E is a nearest-
neighbor potential where R e {(0, &£ 1),(£1,0)}. Inserting
these possible lattice vectors R in the sum ) g in Eq. (C11),
vectors in the projected space can be written

PPdk) = — B_1.0))Isin ke + (—1)' sin k]

z { z
N (B
+ (Bio.1) — Bio._)[sin ky — (=1) sin k,J}.

(C12)

Such vectors can clearly all be written using the basis vectors
made up of

d.(k) = Z(sin k, % sin k). (C13)

Although this is a basis for the irreducible vector space
associated with the irreducible representation E, it does not
transform as the matrices given in Eq. (C2). Recall that a basis
{b;} for a representation D transforms according to

g:bi = Z biDji(g).

J

(C14)

Instead {d.} transforms like an equivalent representation to
the matrices in Eq. (C2). This is simply solved by rotating the
basis into new basis vectors,

dE(k) = -2
d(E‘)(k) —

(C15a)
(C15b)

sin ky,
+2 sin k,,

which when properly normalized gives the basis set in
Eq. 9).

APPENDIX D: SPECTRAL DECOMPOSITION OF
NEAREST-NEIGHBOR INTERACTION

To find the representations the potential in Eq. (10) consists
of, first it is Fourier transformed into

== V(k-K)
qkK's

Al N . .
XCq/2)+k.sC(q/2)—k, —sC(@/2-k ,—sC(q/2)+K .s (310

for

- ’ 14 8-(k—k)
V(k—k):ﬁ;e , (D2)

where & sums over nearest-neighbor lattice vectors. The spec-
tral decomposition of V is found by expressing V in terms
of its eigenvectors. Since V is a two- -body operator, it is
completely determined by the matrix elements @BV’ B')
where |af) are states in the two-particle Hilbert space. For
BCS-type potentials this two-particle Hilbert space consists of
states where the particles have opposite momentum and any
eigenvector can thus be expanded as in Eq. (6). This means
that in terms of spin-momentum eigenstates, the potential can
be written as

‘A/ = %Z Z Vk,k’;.yl.vzsyu

qkK' 51525354

t T
X €(q/2)+k.5 Cla/2)—k,5 €@K 5. Ca/0+K s (D3)
for the matrix elements,
Vikssisossse = (Kos11(—k,52| VK ,53)] — K'.s4)
= —2V(k k/)‘s‘l‘x 5284 slaz (D4)

The space associated with a single eigenvalue can in general
be written as a sum of irreducible spaces where each irreducible
space consists of basis vectors forming a basis for an irre-
ducible representation of the symmetry group [27]. If the space
consists of several irreducible representations, these are said to
have accidental symmetry since the fact that vectors belonging
to two different irreducible spaces have the same eigenvalue
is not necessary by symmetry and thus, in a sense, accidental.
Writing the basis vectors for an irreducible representation I" as
|T,mr) where mr enumerates the dimensions of the irrep.,
this implies that {|I",mr)} is a complete orthonormal basis
set. Inserting this complete set on either side of the potential
operator, in the space of two-particle states the potential can
be represented by

V= Zermmr)(r,mr\

m=1

(D3)

for the eigenvectors,

Ve = (C,mp|VI,mr). (D6)

Note that it does not matter which of the dr different basis
vectors one inserts for m since all will give the same eigen-
value as long as they are basis vectors in the same irreducible
space. These eigenvalues can then be evaluated by inserting a

014510-9



FREDRIK NICOLAI KROHG AND ASLE SUDB@

PHYSICAL REVIEW B 98, 014510 (2018)

complete set of spin-momentum eigenstates as

Vr = Z Z Vk<k';s|sz5354

KK’ S1525384
(Tymp)\* 5(Fmr)
(dk 18 ) dk, Sass D7)

Inserting the irreducible representation basis vectors in
Egs. (13), (12), and (9) yield the eigenvalues,

Va, = Vi, = Vi, = Vi, = V. (D8)

Conversely, Eq. (D5) may be inserted into Eq. (D4) such that
the spin-momentum eigenstate matrix elements can be written
as

Vk K'is1828354 = Z Vr Z dl(crsfrsf) l((i:’;))*' (DY)
mr=1

If all the eigenvectors given by irreducible representations have
been accounted for, this must reproduce Eq. (D1). Inserting
the singlet irreducible irreducible representations with even
functions @ (k) as well as the triplet irreducible basis vectors
with odd vector functions d€” (k) from Eqgs. (13),(12), and (9)
yield

v=-vY" ( Y VMY OK)

qkk's \a=Ay,B,

+ ) dF 0Ky

i=x,y

i i
X Ciq/2)+k,s¢(q/2)—k,—s €(@/2)—K . —sC(q/2)+K .s

V (7 ’
=3 > Vk-K)
qkK's

) ) . .

X Cq/2)+k.sC(q/2)—k,—sC(@/2)—K . —sC(q/2)+K 55 (D10)
which indeed is the initial potential presented in Eq. (D1).
This shows that Eq. (11) is the diagonalized form of Eq. (10)
and the nearest-neighbor interaction thus consists of the irre-
ducible representations A, By, and E which correspond to the
extended s-wave, d-wave, and p-wave channels, respectively.

APPENDIX E: INTEGRATION OVER FERMIONS

The single-particle problem Hamiltonian H, defined in
Eq. (1) and interaction potential V defined in Eq. (4) for b equal
to the two-dimensional irreducible representation E of Cy,
with eigenvectors given in Eq. (9) defines the relevant system.
The finite temperature partition function for this system can
then be written as a path integral over Gramann fields £ and
E* as

Z= /D[S*S]e’s, (E1)

for the action,

B
§= ./.5 dr{ Zélis{sss’[ar + E(k)] +v- O'Arx’}é:k,s’

kss’

V * ym
A 2
qm

where Jg"’s are defined in Eq. (15). By Hubbard-Stratonovich
transforming the interaction potential exponential at the ex-
pense of introducing new auxiliary complex fields nfl”’) and
nfl’”)* as in Eq. (14), the partition function can be factorized
into a path integral over the auxiliary fields and a path integral
over the quadratic fermionic GraBmann fields by

B 2[nim
:/’D[n*n] exp [—/ drzu}zﬂ (E3)
0

qm

such that
Zp = / DIE*E]e". (E4)

Because of the Hubbard-Stratonovich transformation, the
fermionic action Sr now consists of only quadratic combi-
nation of Gramann fields where one part of it comes from
the single-particle problem on the first line of Eq. (E2) and
the other is proportional with the new complex fields 1. To
simplify the calculation, the Gra3mann fields are transformed
through Eq. (2) to the helicity basis in which the single-particle
Hamiltonian is diagonal. Denoting the unitary matrix in the
transformation in Eq. (2), U (k) such that

fie = ) UK)shdion, (ES)
h

the fermionic action Sy can be written

B
SF:/ dt{zqfh(af + €k
0

kh

(m) (Em) *
+ Z Micy +ks They sy > Sty Skais
ik
hihom

i @ ) o G ] } (E6)

where in the last equality we have inserted the helicity basis
and defined the helicity transformed irrep. basis vectors,

JEm (Ew)
klkzhlhz Zd;”z <

5152

)U(kz)u,uU(kl)fl,,l- (ET)

The imaginary-time dependence of the ¢ fields is expanded
in a series of Matsubara frequencies through the unitary
transformation,

1 .
() = Wi Z e s (E8)

for w, = (2n + 1)7r/B. This expansion results in a remaining
time dependence in the auxiliary complex fields n(t) which is
itself transformed into a bosonic Matsubara-frequency depen-
dence through the identification,

1 [# )
(m) N SN ()
E./() dt nk':1+kz(r)elr(w 1 Hon) nknll+k2,nl+n2+1- (E9)

In the single-particle Hamiltonian, this transformation ex-
changes the 9, for —iw,,. The fermionic action is now written
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as a bilinear form
1 ¢
Sk =3 DR S DR S (E10)

kikz
niny

through the 4 x 4 matrix A by collecting the fermionic fields
in four-component vectors,

S = Ciens CGkmns G G- (E11)

Since each vector contains all the different GraBmann fields
(both fields ¢ and ¢*), the integral becomes the Pfaffian of the
antisymmetric component of A [35]. Reusing the notation A
for this antisymmetric component, the fact that the Pfaffian of
an antisymmetric matrix can be expressed as the square root
of the determinant of this matrix [36], is used to write

Zp = Pf(A) = £,/ det(A) = exp (1 Tr In A).

The limit of zero spin-orbit coupling is used to argue that
+ should be used in front of the square root. The fact that
exchanging two rows of a matrix leaves the determinant
invariant is then used to write Sy as the familiar sesquilinear
form

(E12)

|
S =32 bm (G o i, (E13)

kika

nyny

where the inverse Gor’kov Green’s-function G~! is expressed
as

(E14)
|

Tr GopGod =8 ) nilfkamniﬁi’in,(

mm'Kk’
hh'nyiny

The two terms represent the inverse mean-field Green’s func-
tion,

(Ga])klkg.nlnz = Skk:Onins
—iwy, + el: 0 B
X( 0 _iwn1+€|:l ®oa,
(E15)

and the order-parameter-dependent 4 x 4 matrix,

(¢)k|k2,n1nz =2 Z Z 811.n1+nz+l
m n

(m) (m)
X ) 0 i nk|+kz,nDklk2
m) * m £
n Dkzkl 0

Kk, +ky,n
(E16)

where the 2 x 2 matrix Dl(:flzz consists of the transformed irrep.
basis vectors,

— gEn

(m)
(Dl:lkz)hlhg kikoshihy® (E17)

The result in Eq. (E12) is then expanded to second order in the
order parameter through Eq. (18). The first term is independent
of n and is thus absorbed in the normalization constant of the n
path integral. The second term vanishes when taking the trace,
leaving the third term such that

Zp = exp (—i Tr CV;()(;V&GOJ)). (E18)
Since éa Yisa completely diagonal matrix, its inverse is trivial
to find. By simple matrix multiplication and summing over the
momentum and Matsubara-frequency indices for the trace, it
is found that

G(Em)  F(Eu)*
dkk’;hh’ dkk’;hh’

i, — Uy, —i—el’{‘)(iw,,2 — eﬁ,’)'

(E19)

Since the goal is a time-independent Ginzburg-Landau theory, the order parameter is assumed to be time independent such that

(m) __

M = 6,1077{("'). Inserting this assumption back into Eq. (E19) which is inserted into Z in Eq. (E18) and then inserting this back

into the expression for Z in Eq. (E3) yields the expression,

Z= | DIy - 2l 5 By Eare i Dt £20
= / nnl exp q;ﬁ % Zkk Mk etk (G, 4 el (i — ) [ (E20)
hh'n
After shifting the momentum indices in the second term by
k — q/2 +k,
k' — q/2 — Kk, (E21)

inserting the expression for ‘?I((.Eﬂ’z); nn from Eq. (E7) as well as the elements of the transformation matrices U (k) from Eq. (2), Z

can be rewritten in terms of the gap function [24],

A (k) = ) ngd i (K),

the spin-orbit-dependent matrix,

M(k)lvlv’ = (UO + h}A' : o')SS’#

(E22)

(E23)
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and Green’s functions,

Gk iwy) = (iw, — €)™, (E24)
as
(Em) h
[D[n 7] exp { Zﬂ | i % 3 Ak gATi ke Y Gh(g K — ia)n)u(% + k)’/
kgsis2 nhh' Sist
i)
xGh’(% - k,iw,,)u(% - k)hz} (E25)

For further development, the center-of-mass momentum q of the Cooper pairs is assumed to be small compared to the fundamental
lattice constant so that the momentum dependencies in Eq. (E25) can be expanded to second order by

950" ~ 60 AL PP
u<2 :I:k) ~ o+ ho (:I:er Sop £ 00,7 ). (E26)
and
(4 . w4 . _ Wh qi q'q/ Wh
anc (3 +k —iw,)6" (3 ~kiw,) —ﬂ(x + o+ S ) (E27)
where the Einstein-summation convention notation has been used for repeated indices and 8; = 8/9k’. x* and Xh” are defined
as in Egs. (21) and (25), whereas
, a1
h'h h n
M= lim G'"(q+k, —iw,)G K,iw, E28
pé qﬁoaqﬂz @ )G" (@ = K.ion). (E28)
Inserting these expansions, the resulting expression for Z becomes
D 2"7(’”) B (m) . (m')* d(Emrﬁ hi'$ d(Em)A T d(Em) nh
[n*n] exp /32 EZ"" ng ([ (0P o dy P 6T —d) ] x
kqmm'
i

_ % i [dl((Em/)Tadl((Em)] . [fl(h _ h/)Xih’h +oph+ h/)Xh’h] q; {tr [d<E’”') T(hh (rdl((E”’)}A' o = dl((Em))]X,@’h
+ 20 X" [dE (7 - 0 dEP 00,9 0T — 89 - adE9 P - oT)]})}’ (E29)

(Ew) s

where tr[-] is a trace over the spin indices and dj "’ is the matrix in spin space whose matrix elements are given by dS(ES:'>(k) The

specific form of d‘£»)(k) given in Eq. (9) leads to considerable simplifications of Eq. (E29) since the corresponding spin-vectors

5182

d®»(Kk) are parallel and only retain the Z component. Inserting this fact, the partition function reduces to

bl , ,
/ Dln*n] exp { B Z =5 2 A w4 a
kqmm’
hi'
! iql ’ ~AZ / !
x [{hh’[l =271 = " + T (11 = 2921 = 1) = 20 gi,)]}. (E30)
Since the spin trace in Eq. (E30) can be written
tr [dl(‘Em’)le(‘Em)] — z(d(Em'))* . d(E’"), (E31)

the free energy tensors A, and K ;; can now be identified from Eq. (E30) since their relation to the partition function is given
by

f Dln*n] exp{ ﬁZ () 0P + Kapij (n$") 1 g ]} (E32)
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APPENDIX F: ENERGY INTEGRALS IN FERMI-SURFACE AVERAGES

The details of how to obtain the explicit expression for K, ;; and A, in Egs. (31) and (32) from Egs. (20) and (23) were in a
large part left out. In this Appendix, one of the integrals is worked out in detail, and the others needed to obtain these expressions
will be listed.

To see clearly what part of the generalized mass tensor K, ;; is dependent on spin-orbit coupling and which is not, the
summation over /" in Eq. (23) is performed to yield the expression,

1 _ _
Kapij = 4Zd‘“’{x”h+< PO = xly T+ M = M- (F1)
kh

Inserting x,.’}”’ from Eq. (25) into this expression and performing the approximation outlined in Eq. (29) for converting to
Fermi-surface averages yields the expression,

1 ) l 1
Kapij = §Z<dab{[lzhvhvh Hm ]+ @[5+ 1)) — BT — (1) = 1)m; ] — g[lh - I5]gi})y (F2)
h

Here the I’s represent energy integrals across the energy shell around the Fermi energy of varying combinations of Green’s
functions as well as the density of states Ny(€). As an example, consider the integral,

v [ . No§) 1 Kl 1
IS‘L(.”’E B Lo & —hiy| 2% “iwn —E T ADT )

First the approximation Nyo(§) & Ng + Ny£ is used to split the integral in two: Ii" = 1.;’] + 1 5 such that 15}’l is the part that is
proportional to N, whereas Ig , is proportional to N. The integrand of Ig | is then split using partial fractions such that

pooNesn 1 [ dg[ ! _ ! ]
MR 2w —hlyD e UL (=i, —E+hly? E2 4 (0, + ih|y])?

Nr 1 |: 2¢. 2 -] ( €. >i|
=— . - . - ——tan” | ————
B~ 2iwy —hlyD|L €+ (wu +ihly)*  ,+ihly] wy, +ih|y

NF 1 éc 1 t —1 €c
— — — an
T i(wy +ikly)L €2+ Q@n+1+4ihp)> 2n+1+ihp 2n+1+4ihp
N 1 (5
- .Fﬁ Z " tan~! ¢ -
im? 2n+1+ihp)? 2n+1+ihp

/SNph i
= 2n +1+ip)?

ﬂNFh

f2(0). (F4)

On the third line the dimensionless variables e, = Be./m and p = B|y|/m were introduced. It was assumed that the critical
temperature was low compared to the Debye frequency such that e, >> 1 and the first term on the third line could be ignored since
it goes as ~1/e, whereas the arctan goes like ~m /2. On the last line, the sum over n was separated into the sum over positive and
negative n, resulting in the imaginary component of the first sum by shifting the summationindex. Forn € [0,n.], e./(2n + 1) > 1
such that tan~! is approximately /2. n. depends on e, and since e. > 1 then n. > 1 as well such that adding the terms in the
sum for n > n, does not change the limiting behavior.

Similarly, the integrand of 15'"2 is split using partial fractions, albeit in a slightly different way which produces

. N / 1 1
=52 ), dé[(—iw,,—ﬁhwl)z +52+<wn+ih|y|>2]

—JZ 1 tan~! e _ e
m Y~ |2n+1+ihp 2n+1+ihp @2n+1+4ihp)? + €2

an-! - -
2N Rei tan (2”:”'7’) _ tan '(z5) i tan”" (57)
T 2n+1+ip 2n+1 2n+1

/

—Nyf(p) — % In(2e.e%). (Fs)

Q
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Inserting these results back into Eq. (F3) then yields
Nrp

h N,
'~ ———— f,(p) — Npf(p) — TF In(2e ).

T

(F6)

The remaining integrals are calculated in a similar manner. In the cases where p /e, remains in the expression after integrating,
this is expanded to first order in O(p/e,), e.g., in I(?. Terms proportional to e~ are also neglected, such as in Izh. With these

approximations the integrals become

" = /; dg N‘f) Z " +(§1—i-h|y|)2 ~ NrIn(2e.e€) + hNy|y|[1 — In(2e.e)], (F7a)
Iy = [ ds N‘f) YT (wn1+ih|y|>2 ~ Ny In(2ece) +2Nr £ (p). (F7b)
= /, @ N(;f) 2 = iyl e iyl

~ —N;?’l - ln(zzeCEC)’ (F7c)
th / e 2 <%iwn T ey T E ] aa?zz—iwn = —h|y|>

~ OB (e —hiyIN. F7d)
= /:.dfo) d o ey e £

~ N;—fz [ﬁ(pH @} (F7e)
= / déNf) i —sl—hwwi;—iwn —ls+h|y|

~ *N;fﬂ <f3(p) + 7§T6)> + N';ﬂh fa(p). (F76)
15 = /, “ st(g) 2o slf hiyl % “ian —ls +hly]

~ NP gy ERCE) 1), (FTg)

The expression for K, ;; in Eq. (32) is then obtained by inserting these integrals into Eq. (F2) and summing over /. The
integrals /" and 1! are used to obtain the expression for A, in Eq. (31).
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We use large-scale Monte-Carlo simulations to study thermal fluctuations in chiral p-wave superconductors in
an applied magnetic field in three dimensions. We consider the thermal stability of previously predicted unusual
double-quanta flux-line lattice ground states in such superconductors. In previous works it was shown that,
neglecting thermal fluctuations, a chiral p-wave superconductor forms a hexagonal lattice of doubly-quantized
vortices, except extremely close to the vicinity of H, where double-quanta vortices split apart. We find
dissociation of double-quanta vortices driven by thermal fluctuations. However, our calculations also show that
the previous predictions of hexagonal doubly-quantized vortices, where thermal fluctuations were ignored, are

very robust in the considered model.

DOI: 10.1103/PhysRevB.103.214517

I. INTRODUCTION

Higher angular momentum odd-parity chiral superfluid and
superconducting states are highly nontrivial pairing symme-
tries that result in novel topological as well as thermodynamic
properties. Examples are chiral p-wave and chiral f-wave
states. A prominent example of a condensed matter system
where such a phase is firmly established is within the very
rich phase diagram of superfluid *He, where the so-called
A phase is a chiral p-wave superfluid. This unconventional
superfluid phase was first discovered in seminal works of Os-
heroff et al. [1-4]. It is the interplay between spin and orbital
degrees of freedom, with the multicomponent nature of the
matter field of the superfluid or superconducting states, that
makes the physics of such condensates much richer than the
corresponding physics in simple superfluids like “He [5]. The
A phase of *He has been used to explain exotic phenomena
such as a nonvanishing orbital angular momentum in thermal
equilibrium and unconventional dissipation behavior due to
coreless vortex textures [6—8].

On the other hand, chiral p-wave pairing in solid state
systems, i.e., superconductors, has remained less well estab-
lished. One candidate superconductor with such chiral pairing
that has been intensely investigated since its discovery is the
superconducting phase of Sr,RuOy [9]. The crystallographic
structure of this compound is a perovskite, similar to the
high 7. cuprates. The normal metallic phase features trans-
port properties consistent with a 2D strongly correlated Fermi
liquid phase [10], and superconductivity arises out of this
normal state at 7 = 1.5 K. Contrary to the high-7. cuprates
however, Sr,RuQy is a weak-coupling superconductor. For an
early review of the basics physics and superconductivity of
SrpRuQy, see Ref. [11].

Conventional pairing is excluded in Sr,RuOy4 by the many
unusual experimental properties of Sr,RuQO,. Early works
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revealed a number of unusual features and gave indication
of chiral p-wave superconductivity. The early experimental
results included the indication of suppression of supercon-
ductivity by nonmagnetic impurities [12—14]. A conventional
superconductor is expected to have a T, independent of addi-
tion of small fractions of such impurities but rather depend
only on the number of magnetic impurities. Early NMR
Knight shift experiments showed a temperature-independent
Knight shift and thus a residual spin susceptibility as 7 — 0,
which is a hallmark of spin-triplet pairing [15,16]. Instead of
being isotropic, the gap in Sr,RuQy is indicated to contain line
nodes or near nodes by both the temperature dependence of
the specific heat and thermal conductivity as well as scanning
tunneling microscopy measurements of the density of states.
Other early works on the anisotropy of the thermal conductiv-
ity also were interpreted in favor of chiral p-wave pairing state
[17-19]. Evidence for unconventional pairing in Sr,RuQy is
provided by the combination of evidence for spontaneous
breaking of time-reversal symmetry and spin-triplet pairing.
Muon spin-relaxation experiments find spontaneous magneti-
zation in the superconducting state. Kerr effect experiments
find a temperature dependent Kerr twisting angle [20-22]
which, significantly, depends on the sign of the magnetic field.

One of the main predictions of theories of superconductors
with chiral p-wave symmetry is the existence of domains
of different chiralities of the superconducting order param-
eter, and as a result of this, the existence of chiral edge
currents between domains of different chirality. These chiral
edge currents should produce magnetic signatures observ-
able by scanning Hall probe microscopy. No experimental
proof of such chiral edge currents exists, in spite of several
attempts to detect them [23]. Another issue is that recent
70 Knight shift results have seen a substantial reduction of
spin susceptibility at low temperatures, which led to recently

©2021 American Physical Society
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strengthened arguments against the hypothesis of spin-triplet
pairing [24]. However, the evidence for spontaneous symme-
try breaking [21,22], ultrasound [25], thermodynamics [26],
and unconventional vortex physics [27] strongly indicates a
multicomponent order parameter. Recent works suggested the
possibility of chiral d-wave, s + id, and s + ig order param-
eters for the superconducting state of Sr,RuO4 [26,28,29].
The intense experimental pursuit and controversies associated
with chiral p-wave pairing motivates the current work focused
on magnetic response of such systems. Moreover, the model
we consider is consistent with a certain chiral d-wave order
parameter [28] that is presently discussed in connection with
SI‘QRUO4.

Furthermore, UPt; is a heavy fermion topological type-II
superconductor with an unconventional superconducting state
believed to be a chiral f-wave pairing state with E,, irre-
ducible representation. At a phenomenological level, it can
be described by a Ginzburg-Landau (GL) theory of a two-
component complex matter field with the components related
by a time-reversal transformation and oppositely directed
internal orbital angular momentum [30]. The experimental
evidence for such a two-component description of the super-
conducting state of UPt; was recently strengthened when its
time-reversal symmetry breaking character was demonstrated
by showing that the energy of the vortex lattice state depends
on the relative direction of the external magnetic field [31].
The theoretical description we will use is thus relevant to this
system.

Early numerical work showed that such a two-component
GL theory for UPt; admits anisotropic vortices with nontrivial
core structures and a hexagonal vortex lattice consisting of
doubly-quantized vortices at field strengths H < 0.3H,, in
the ground state [32]. At higher field strengths H > 0.3H,,,
the doubly-quantized vortices were found to dissociate into
singly-quantized vortices. However, the lattice symmetry of
the resulting singly-quantized aggregate vortex state was not
determined.

The GL theory used in this paper, which posits a chi-
ral symmetry of the superconducting state, is based on the
(two-dimensional) I'y, representation of the Dy, symmetry
group [33]. Lowest Landau-level calculations based on this
GL theory have predicted a square lattice of vortices when
the external magnetic field is applied parallel to the ¢ axis
for high field strengths close to upper critical H, [34]. For
fields parallel to the ¢ axis close to the lower critical field
H,,, an extended London theory predicted a singly-quantized
rectangular vortex lattices continuously deforming to singly-
quantized square vortex lattices as the magnetic field strength
was increased [35]. (Below we will define precisely what is
meant by singly-quantized and doubly-quantized vortices.)
Numerical energy minimization of the free energy has shown
that isolated doubly-quantized vortices are generically sta-
ble and actually are energetically favorable compared to two
isolated single-quanta vortices [36,37]. In a part of param-
eter space, this is corroborated by calculations of isolated
topological defects based on Eilenberger’s equation where a
I'5, symmetry was assumed [38]. This led to the expectation
that double-quanta vortices form hexagonal lattices, while
the single-quanta vortices form square lattices based on the
symmetry of the current distribution of the isolated vortices.

The numerical studies of isolated vortices were extended
to a finite ensemble of vortices in Ref. [39], where a finite-
element method was used to minimize the GL free energy
when increasing the external magnetic field strength. These
computations found a robust hexagonal lattice of doubly-
quantized vortices at field strengths up to a very close vicinity
of H., when the field was parallel to the ¢ axis. This is in-
consistent with the vortex phase diagram of Sr,RuO4 [27]. To
examine the vortex structure at fields close to H,,, a temper-
ature dependence was inserted into the quadratic coefficient
of the free energy which allowed the system to be moved
horizontally in the 7-H phase space. Extremely close to H,,,
the double-quanta vortices were seen to dissociate into single-
quanta vortices that arranged themselves in a square lattice
through a mixed phase where both single and double quanta
vortices were present. This type of behavior was, on one hand,
quite robust, but on the other hand has never been observed in
the materials that are candidates for chiral superconductivity.

The manner in which thermal effects were included in
Ref. [39] was at a mean field level, i.e., entropic effects were
not fully accounted for. This then leaves open the question
of whether these unusual vortex states and the field-induced
transitions between them are actually stable when thermal
fluctuations are included. In particular, a weak binding energy
as well as different entropic contributions of different lattices
can alter the conclusion of the dominant character of two-
quanta vortex lattice.

In other words, we will investigate in this paper whether the
predicted field regime of a transition from a doubly-quantized
hexagonal to a square singly-quantized vortex lattice with
increasing temperature [39] is dramatically over- or under-
estimated by not fully accounting for entropic effects. This
is particularly important in this system because the mean-
field-based Ginzburg-Landau model in an external field gives
two different vortex-lattice states that are close in free energy.
Moreover, the mean-field results found the transition from one
vortex lattice to the other at a temperature of about 80% of the
zero-field critical temperature 7.. At such elevated tempera-
tures it is by no means obvious that thermal entropic effects
can be neglected, even though the thermal fluctuations are not
critical. Thus, an assessment of whether the conclusion based
on a mean-field analysis is robust against more accurate esti-
mates of the entropy of the system is required. Specifically, we
attempt to answer if the double-quanta vortex lattice survives
inclusion of thermal fluctuations since there is more entropy
in a single-quanta vortex lattice, opening the possibility that it
may be entropically stabilized at substantially lower fractions
of T, than the mean-field calculation would predict. Our ap-
proach is related in spirit to that of Ref. [40], where a decay
of single-quanta vortex lattice into a half-quanta lattice was
considered at elevated temperatures.

The purpose of the present paper is therefore to consider
the stability of doubly-quantized hexagonal vortex lattices and
singly-quantized square vortex lattices when all thermal fluc-
tuation effects are included in gauge fields and phases of the
complex matter fields. In strongly type-1I one-component su-
perconductors, a good approximation is to neglect amplitude
fluctuations [41—46]. In chiral superconductors, the situation
is more subtle because of a number of massive normal modes
that are linear combinations of phase modes, magnetic modes,
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and amplitude modes [47]. Then the London-like approxi-
mation amounts to dropping the most massive modes and
neglecting some of the mixing.

We present the results of extensive Monte-Carlo simula-
tions of a chiral p-wave GL theory with an external field
parallel to the ¢ axis. This paper is organized as follows. In
Sec. II, we present in detail the model we will consider, along
with a discussion of its parametrization. We then discuss a
subtle point on the discretization of this model on a numerical
grid and the choice of basis for the two-component matter
field. In Sec. III, we present details of the Monte-Carlo simu-
lations along with definitions of the observables we will use.
In Sec. IV, we present results of our detailed Monte-Carlo
simulations at a filling fraction f of field-induced vortices of
f = 1/64 at various temperatures, starting from high tempera-
tures and proceeding to lower temperatures. We find two types
of stable vortex lattices and an interesting transition region
where the vortex lattices thermally reconstruct. Conclusions
are presented in Sec. VI. Some mathematical details are rele-
gated to appendices.

II. GINZBURG-LANDAU MODEL

A. Dimensionless units and reduction of parameters
We consider the clean limit of the Ginzburg-Landau energy
density of the two-dimensional I's, irreducible representation
of the tetragonal Dyj, symmetry group which in the chiral basis
using dimensionless variables and units reads [35,39]

F =g 2V x A* + Diq* + |Dynl* + 2&s|Dg* (la)
+ (1 4+ v)Re[(Dxn4)*Din- — (Dyn)* Dyn-1  (1b)
— (1 = v)Im[(Dxn4)*Dyn— + (Dyn)* Dan-]  (lc)

1
+20nn- 1+ vRemT2) + Y (—lml* + 5l
h=+ 2

(1d)

The two dimensions of the representation are spanned by
the complex fields .. The covariant derivative D, =V, —
iA4, and v and g are dimensionless material parameters with
the restriction that |v| < 1. Deriving the effective Ginzburg-
Landau energy from a microscopic model [48], it is seen
that v = ((vj) - 3(va3))/((v;‘) + (vaf,)), where v, is the a
component of the Fermi velocity and the brackets: (-) indicate
an average over the Fermi surface. v thus parameterizes the
anisotropy of the Fermi surface in that v = O for a cylindrical
surface, while v # 0 for a Fermi surface distorted by fourfold
anisotropy.

The model in Eq. (1) is a restricted version of the full I's,,
free energy which in SI units can be written [33,35,49]

B, B
2 2
+1(IDene|* + IDyny*) + 12 (IDye > + (D 1)
+1c3[(Dxn)* Dyny + (Dyny)* D]
+ia[(Dyny)*Dyny + (Dyny)*Dany]

IV x Al?

S 2up

F=—alnl®+ S-nl* + = Oneny — 0yl + Balneny?

+is(ID:nel* + 1Dy 1P) + )

TABLEI. Name, mean-field energy density, and solution modulo
an overall phase of the mean field minimization of F in Eq. (4).
The A phase is the phase that exhibits spontaneous time-reversal
symmetry breaking in zero magnetic field and is the one we focus
on in this paper. The B and C phases are time-reversal symmetric
odd-parity superconducting states with line nodes in the gap on the
Fermi surface.

Name F M4, 1) u’
. _ o? _2x
A phase PR u(0, D)V u(l, 0) 2P
o ; o
B phase “mim u(x£i, 1) T
o o
C phase — a5 u(xl, 1) b

where D, =V, —i(q/h)A4, q is the charge of the Cooper
pair, % is Planck’s reduced constant, and p is the vacuum
permeability. In this expression, the conventional xy basis is
used for the complex fields 1, and 7,. Rotating this to the
chiral basis through the transformation

1 .
Ny = ﬁ(nx +iny) 3)
yields the energy density
I l* + In_|*
F=—all + Qb — )+ ——

B3
+ B+ Bl = - Rewin”

K1+ K2
2
+ (k1 — k2) Re[Dyny (Dyn-)* — Dyny (Dyn-)*]
+ (k4 — ie3) Im[Dyny (Dyn4)* + Dyn—(Dan-)*]
+ (k4 + 13) Im[Dyn (Dyn—)* + Dyny (Den-)7]
N IV x A?
2uo

+ (D> + 1Dy *) + &5|1D.n |

“

Taking the mean field limit and looking at the fourth-order
terms yields the constraint that for the mean field energy
to be bounded from below, 8; > 0, B3 > —28, and B3 >
2(B2 — B1). Minimizing F w.r.t. ny yields the three distinct
mean field solutions in Table 1. The regions of the B3/8i,
B>/ B1-parameter space for which each of these solutions min-
imizes F is shown in Fig. 1. One of these solutions, known
as the A phase, exhibits spontaneous time-reversal symmetry
breaking. This is the phase we are interested in examining.
We now focus on the A phase. To write F on a dimen-
sionless form, we scale the dimensionless energy density
F and dimensionless fields 7. by their mean field values
in the A phase such that F = 2a?/[2(8; — B2) + B3]F and
n+ = +2a/[2(B1 — B2) + B317+. We also choose the length
scale such that the coefficient in front of the first term in
the kinetic part of F becomes trivial in dimensionless units,
ie., V, = 20/(k| + k2)V,. Finally we scale the gauge field
A, = h/2a/(k] + k2)/qA, such that D, = V,, — iA,. To sim-
plify the notation, we neglect the tilde in the dimensionless
variables in the following. With these choices of units, F takes
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FIG. 1. Mean field phase diagram spanned by the fourth order
material constants ;. The A, B, and C regions correspond to the mean
field solutions given in Table I. The white region below the phases
give unbounded mean field energy and is unphysical. The blue line
Bs = 3B, — B1 gives the values of parameter space spanned by the
parameter choices used in the reduced free energy density. This line
can be parametrized in terms of the single dimensionless parameter
vfor—1 <v <l

the dimensionless form

2 It

F=- + = >+ vRen2n*?
(] > 1+A,3|"+" | nen

) y , IV xAP
+|Dx”| +|Dy’7| +2K5|Dz”| + )

+ 1+ Vk)Re[Dxn+(Dxn—)* - D)'"-F(Dyn—)*]
+ Ak Im[Dxn+(D)'77+)* + Dyn—(Dxn— )]
+ (i — 1 = 2A)Im[D;n—(Dyn+)" + Dyn—(Dan+)*],

(®)]
for dimensionless parameters
. -3
A,B:ﬁ3 ﬂ2+ﬂ|’ (6a)
B+ B
V= L, (6b)
22— B1) — B>
K1 — 3K2
W= 6c
e T (6¢)
Ak =25 (6d)
K1+ K2
-2
A:K3+K4 K2, (6e)
K1+ K2
- Ks
K5 = s 6
s K1+ K2 6D

g=1 I _ter (6g)
28— B + By

So far, no assumptions have been made about the values
of the material parameters «, fB;, and k;. Based on mi-
croscopic derivations of the kinetic constants in the weak
coupling and clean limit [48], we have that k, = k3 = k4 &
(viv?) and «; o (v}). For the case of a cylindrical Fermi
surface, another microscopic derivation of the Ginzburg-
Landau coefficients [50] shows that in the weak coupling
approximation the relations B,/81 = k2/k) and B3 =36, —
Bi1 hold. The validity of these constraints has been ex-
tended to noncylindrical Fermi surfaces in Refs. [34,49].

Using these relationships, we see that AB =Ak=A=0,
g=q/, /[L()Klz(l + x2/k1)/B1/h, and v = vy, such that Eq. (5)
reduces to Eq. (1) with the previously mentioned interpreta-
tion of v as measuring the Fermi surface anisotropy.

The weak coupling relationship B3 = 38, — f; constrains
the system to be along the blue dashed line in parameter
space in Fig. 1. This line can in turn be parametrized in
terms of v such that 8,/8; = (1 —v)/(v +3) and B3/B) =
—4v /(v 4 3). From the discussion in the last paragraph, we
can show that v can be expressed in terms of Fermi-surface av-
erages over Fermi velocities as described below Eq. (1). From
this interpretation it follows that a cylindrical, i.e., isotropic
Fermi surface is equivalent with v = 0, while a square, i.e.,
anisotropic Fermi surface is equivalent with v = 1. Going
back to the interpretation of v as given in terms of the 8
parameters, we thus see that the Fermi surface is cylindrically
symmetric for 38, = B, which is where the blue line crosses
the x axis in Fig. 1. As v approaches 1, where the Fermi
surface must be square, the system approaches the B phase. As
v approaches —1, the system approaches the C phase instead.

B. Lattice Ginzburg Landau model

The GL energy E = [ Fd3r in Eq. (1) is discretized on a
3D cubic lattice of points r containing values for the complex
fields nE as well as link variables

r+lf
Ay = / Au(r)dr, 7
r

between the points at r and r 4 /1, where [ is the lattice point
separation spacing. On the lattice, E = f F d®r is written as
a lattice sum over the discretized energy density

E=PY F, ®)

where r runs over the sites of the numerical lattice and the
lattice energy density F" is given by

F'=Fg+ Fan+ Fug + Fv + Fi. )

This defines an effective lattice gauge theory derived from the
continuum theory in Eq. (1). In Eq. (9), F" is split into various
gradient terms, a potential-energy term J7,, and a magnetic
field energy density term 7}, respectively. The gradient terms
have been written as a sum of three different terms to be
detailed below, namely a standard isotropic term Fy, a term
contributing to anisotropy in the kinetic energy F} , and a
mixed gradient term Fy;.
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In the discretized energy density, covariant derivatives are
treated by a forward difference scheme

Dyn' = @, — A" = 17 (ke e = k), (10)

where the field value nr ia has been parallel transported back
to the point r via the Abehan U(1) parallel transporter Uy, =
e~"ru [51]. In the following, we set the lattice spacing [ = 1.

Writing the complex fields nf.’ in terms of their amplitudes
ol and phases 6!, the discretized expression derived from the
kinetic part of F given by the covariant derivatives in Eq. (1a)

is written on the standard cosine form [52]
k=22 [n"
w,h

Here, i denotes the two chiral components & € {1}, while u €
{x,y,z} and we have set the parameter s = 1/2 such as to
make the kinetic energy density isotropic.

Introducing the notation h=—h, g €{x,y} and the sym-
bol ¢yp =1 — 28,p, the anisotropic part of F in Eq. (1b) is
discretized to

Fan=(1+v)> ¢yplplscos (08, — 08 — Arg). (12)
qh

Ar)] aD

- lOr pr+“ cos (er-Ht ‘9,1

These terms mix the two components and give different
signs of the contributions depending on the direction 4, i.e.,
anisotropic contributions to the kinetic energy.

The contribution JFy;; in Eq. (9) is named the mixed gra-
dient terms since these terms mix the gradient directions as
well as the different components as seen in Eq. (1c). In the
discretized form, it is given by

e =—(1- v)Z [pi Py sin(d; —6;)

+ > Con pltyy ol sin (01,
h

— 0 — Ary) (13)

+pr+q

Prig SNy — 01 — (Arg _Ar,q))j|7
where g € {x, y}\ {g}.
The discretized potential part of F" is written as

= (o) oy (2 +vcos2(6, —6,))
2 mn4
+Xh:[— +§(pr) } (14)

The ﬁrst term in Eq. (14) originates with the term 2|5, n_|> +

v Re(n n*) in Eq. (1d). Of particular interest in the present
context is the factor cos 2(6;F — 6, ). This term is minimized
for 2(6 — 6, ) = for v > 0, thus potentially locking the
phase difference, and breaking the global U(1) invariance
of the system associated with the phase difference 6,7 — 6,
down to Z,. The last line in Eq. (14) comes from the last term
in Eq. (1d) and represents a soft constraint on the fluctuations
of the amplitude p”. Finally, the gauge field energy is given
a noncompact discretization [53] such that A, ,, € (—o0, 00)
and

A=g (A XA =g ) (AuArs — AVAL), (15)

n>h

where u, A € {x,y,z} and A Ar; = Aripn — Ari.

The model in Eq. (1) has thus been formulated on a lattice
in terms of two parameters, namely the coupling constant
of the gauge field to the matter field g and the parameter v
describing the anisotropy of the Fermi surface. We will con-
sider the model in this restricted parameters space to make the
problem tractable in Monte-Carlo simulations. The parameter
values v = 0.1 and g = 0.3 have been used for most of the
simulation results presented in this paper.

C. XY basis and pseudo-CP! constraint

The full Ginzburg-Landau model is still too complex to
simulate on a lattice of sufficient size. Therefore, a London
approximation is typically used for this kind of problem (see,
e.g., Refs. [41-46]). Taking the London limit in the chiral
p-wave case, however, requires special care. As discussed in
detail in Ref. [47], all phase and density degrees of freedom
are in general coupled. However, as discussed in the same
reference, the mixing between different modes for certain
parameters is small, making the London limit an adequate
approximation. The required conditions that must hold in this
study are: (i) the dominant length scale in magnetic field
should be much larger than the core size, and (ii) the ex-
ternal field should be sufficiently low so that vortex cores
do not overlap. Since we are interested primarily in vortex
dissociation transition, the binding energy comes from mixed
gradient terms, which are retained in our approximation. The
low temperature configuration we obtain is consistent with
the solutions found at low temperatures in the full Ginzburg-
Landau model [39].

To simplify the model, we introduce a pseudo-CP' con-
straint on the complex fields . Since these fields are related
to corresponding xy-basis fields ny for a € {x,y} through
the orthonormal transformation in Eq. (3), we may rotate
the expressions for the discretized free energy densities in
Egs. (14), (11), (12), and (13) back to this basis. It is this
xy basis that is used in all simulations when evaluating the
free energy for accepting new states through the Metropolis-
Hastings algorithm, since, as we shall see, this ensures that
mixed component terms are retained in the London limit.

The conventional kinetic energy contribution in Eq. (11) is
invariant under the change of basis, such that

Fe=2) [
ap

The expression for the onsite potential terms, however,
becomes slightly more involved, perhaps most succinctly
expressed as

}'{,=(1+v)pr o +Z[

+- u)(pgpg)z[l + %cos 2(60; - 93’)]. a7

— PrypPr €OS (GHM 6 —Ary)]. (16)

T+ pé”]

The anisotropy term remains similar in both basis, with the
xy-basis version having the form

hn = (1) Y Lagp 408 cos (6,5 — 0f
aq

—Arg), (18)
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the minor difference being that ¢,, now depends on both
summation indices. Finally, the mixed-gradient terms take the
form

G_(l—v)2|:prprcos —67)

Z pr+qpr cos 9:'1+q - 05 - ATJI)

+ pr+xpr+\ cos (9r+x r+y = (Arx— A" y ))] (19

The process of discretization commutes with the basis rota-
tion, i.e., first rotating the basis in Eq. (1) and then discretizing
the result yields the same expressions for JF'.

The model is now simplified by taking the London limit
in the xy basis, i.e., neglecting xy-basis amplitude fluctua-
tions such that pf = p*Vr. The mean field A-phase solution
of Eq. (1) in the xy basis gives amplitudes p* = p¥ = 1/«/5
which will be used in the following. Using the xy basis has
the comparative advantage over the chiral basis in that setting
the London-limit amplitudes equal to the mean field solution
amplitude values does not eliminate the mixed component
terms. Taking the limit in the xy basis allows the chiral basis
amplitudes to fluctuate since from Eq. (3) they are related to
their xy counterparts through

s pr + py2

b=

From this equation, we see that the xy basis London limit
implies the restriction

+ p*p" sin (67 — 6Y). (20)

o t=p 40 =1, 1)

and in this sense the London limit in the xy basis may equiva-
lently be viewed as a CP! constraint on the chiral amplitudes
pl’.’ . Note that a phase locking of 9 — 6; = %7 /2 corresponds
to spontaneous time-reversal symmetry breaking in zero mag-
netic field, i.e., [nf > # [n; |

Since the xy-basis London limit removes two real degrees
of freedom from the problem, we expect two constraints in the
chiral basis as well. The second constraint takes the form of
the relationship

tan6; = an (67 + %) 22)

between the chiral phases. A derivation of this relationship can
be found in Appendix A. This implies that T = 0~ + 7 /2 +
wnforn € {=2, —1,0, 1} since phases are defined compactly
by 6 € [—m, ). That the phases are not completely locked
to each other allows there to be a vortex singularity in one
component independent of the other.

D. Symmetrization and lattice potential

The discretization procedure in Eq. (10) does not in gen-
eral guarantee that the resulting discrete lattice free energy is
symmetric under the same transformations as the original con-
tinuum theory. It only guarantees that the continuum limit of
the discrete theory satisfies these symmetries. To ensure that
the lattice energy density is invariant under a fourfold rotation
of the numerical lattice, we introduce a symmetrization of the

discretized xy-basis free energy density as follows
=iF+CQF +GF+CF, (23)

where Cy is a counterclockwise rotation by 7 /2 radians about
the Z axis, and we allow lattice translations because of periodic
boundary conditions (see next section).

Under this rotation, we let the gauge-field link variables
A, transform as the components of a vector field such that

C4 : Ar,/L = AC4T,C4}L‘ (24)

Since link variables are only defined for positive directions
from any numerical lattice point r, we use the relationship
Ar,—y = —Ar_p, Whenever the transformation in Eq. (24)
results in a negative link direction. As a nontrivial example
Cyt Artiy = —Aciriy—iax

To figure out how the complex fields 7, transform, we
remember that they are the coefficients of the vector d =
> . Naba Whose basis vectors {b,} transform according to the
irreducible representation I's, [48]. Inserting the C4 represen-
tation matrix then yields the transformation

9-C ()
Co: - ) _ (TTer) o5
! <n¥> <1 0 J\nte Mo @

Inserting this transformation into the continuous free en-
ergy density F in Eq. (2), and remembering to also transform
the covariant gradients, it is readily verified that all terms are
invariant under C, as indeed they need to be since Cy € Dayy,.
For the discretized xy-basis version of the same free energy
in Egs. (11)-(15), it is then similarly possible to check that
all terms are invariant under C4 except for the mixed gradient
terms in Eq. (19). The reason why this term is not symmetric
but the continuum version is, is again that the forward differ-
ence discretization procedure in Eq. (10) introduces artificial
anisotropies in the system; usually referred to as lattice po-
tentials and does not in general guarantee that the discretized
version satisfies all continuum symmetries. In this particular
case, it manifests as an explicit asymmetry because the gradi-
ents are in different directions in the same term.

Since all other terms than the mixed gradient terms are
already symmetric w.r.t. Cy4, it suffices to only present the
rotated version of this particular term when calculating the
symmetrized lattice free energy density /. The details of this
expression can be found in Appendix B.

E. Boundary conditions and Landau gauge

The gauge field link variables are split into a fluctuating
and a constant part such that A, =A{ “ +AC . Periodic
boundary conditions are used in the fluctuating part Al M,
well as in the discretized field components such that ny =
Ty, For the constant part AL, twisted boundary conditions
are used by employing the extended Landau gauge forcing a
fixed magnetic flux through the system. The extended Landau
gauge is given by
27my

¢ _ _
r.g — L r‘/’

q

AL, =0, (26)

where m, € Z and the conditions in Refs. [54,55] have al-
ready been incorporated. This definition makes the full link

214517-6



THERMAL FLUCTUATIONS AND VORTEX LATTICE ...

PHYSICAL REVIEW B 103, 214517 (2021)

variable boundary conditions periodic modulo 27, which
prevents geometric frustration. Equation (26) together with
periodic boundary conditions for A{_ u forces the system to sat-
isfy the property ¢ A - dr, = 27 fLL,. This gives a magnetic
flux B = 27 f7 through the system for filling fraction

my  my
=2 27
=T @7

The filling fraction then gives the number of magnetic field
vortex quanta pr. plaquette in the xy plane. In the results
presented in this paper the choice m, =1, m, = 0, which
reduces the gauge to the normal Landau gauge, has been used
for a system with L, = L, = 64 which yields f = 1/64. The
qualitative conclusions have however been tested for the sym-

metric choice m, = 1, m, = —1. This choice is symmetric in
the sense that in this case we may write A = —r x B/2 for
B =4r/LzZ.

III. DETAILS OF THE NUMERICAL CALCULATIONS
A. Monte-Carlo update method

For the Monte-Carlo simulations, the Metropolis-Hastings
method [56] was used to sample states with a probability
distribution given by the free energy in Eq. (9). This method
fulfills the detailed-balance criteria such that importance sam-
pling gives thermodynamic averages as simple arithmetic
averages over the sampled states [57-59]. This method, as
well as all other numerics, was implemented in the Julia
programming language [60] version 1.0.3.

As described in Sec. 11 B, the free energy was discretized
on a cubic lattice of size L, x L, x L.. Each lattice point con-
tains one fluctuating variable for each of the xy-basis phases:
6 and 67, and three fluctuating link variables for the gauge
field, one for each direction of space: Ay x, Ay, and A .. A
Monte-Carlo update consists in this case of proposing new
values of all these variables, which proposes a new state of
a single lattice point and then rejecting or accepting this state
according to the Metropolis-Hastings method. A Monte-Carlo
sweep then consists of doing this for each individual lattice
point. New values of the phases were proposed uniformly
on an open interval 6;, 6} € [0, 27) using the Julia rand()
function which uses the Mersenne-Twister algorithm [61].
The gauge-field link variables were updated by a uniformly
distributed random value A; _ in a symmetric region centered
on the previous value A 4, such that A’w —Arg € [-A,A]
The parameter A which sets the size of the region was set to
A = 0.1 based on the fact that at this value at high tempera-
ture, the percentage of proposed states that were accepted was
~30%.

In order to facilitate efficient computation on highly par-
allelized computer systems, the numerical lattice was divided
into sublattices that communicated with each other as their
lattice points were updated. The number of sublattices was
chosen according to what gave the fastest average perfor-
mance of Monte-Carlo sweeps, which for cubic systems of
size L = 64 turned out to be 16 sublattices. A single MC
sweep was then performed in, on average, 0.11 + 0.01 s.

B. Observables

To study the model in Eq. (1) in the chiral basis, the xy-
basis variables were converted into their chiral counterparts
through Eq. (3). Since the trigonometric formulas for obtain-
ing the chiral phases 6! diverge when [n+| — 0, these were
expanded to fourth order to handle this case. The technical
details of this can be found in Appendix C.

To characterize the vortices, we calculate the curl of the
gauge-invariant phase difference of each chiral component,
namely (V x (Voh — A))/2m. This amounts to calculating
the lattice curl of the gauge-invariant phase difference Aqeﬁ -
Ar 4 around a fundamental plaquette of the numerical lattice.
By adding the constant magnetic flux density f, we obtain a
quantity which we will call the local vorticity of each compo-
nent [53]

nhzi%gﬁxgﬁ—A”L+ﬁ (28)
where implicit summation over indices is understood and €;;
is the Levi-Civita symbol. (¢), is shorthand notation for
mod (¢ + 7, 2w) — 7, which draws the argument back into
the primary interval [—, 7). The filling fraction f is defined
in Eq. (27) and gives the number of fundamental vortex quanta
pr. planar plaquette as determined by the extended Landau
gauge [53,62,63]. Note that AqGr" — A4 in general does not
give the current of each component in the p-wave case, but
is sufficient to distinguish the structure of vortices and to
compare with the results in Ref. [39]. The z-averaged vorticity
is then naturally defined as

—1

L

M=) e 29
2 =0

which is used through its thermal average (nfm) in order to
obtain detailed information about the real space structure of
the vortex lattices as well as of the vortex cores in the present
model.

A related observable is the z-averaged gauge invariant chi-

ral phase difference

1 L—1
- +_g—
80, = < L ;0(9, 0, )n>, (30)

where (-) denotes thermal averaging. This observable is also
useful in studying the nature of the vortices.

To extract a clearer picture of the overall spatial correla-
tions of the vortex lattice we define the structure function

2
1 i
(fLXLv)2< 2 > o

which essentially amounts to taking the planar Fourier trans-
form of the z-averaged vorticity. The fast-Fourier algorithm
was used to efficiently compute the structure function for all
Bragg points k. The structure function is normalized such
that S"(0) = 1.

For any vortex lattice signature, the structure function is
expected to exhibit peaks at characteristic Bragg points sit-
uated equidistantly from the origin. For a hexagonal lattice
we expect six peaks with /3 mutual angular distance, while

Shky) =
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for a square lattice we expect four peaks with /2 mutual
angular distance. To distinguish these two signals clearly, the
histogram
(Ag))

is constructed, where § A¢" is some angular interval bin. The
angular distances Aqbih are obtained by calculating S"(k_)
using a certain number of Monte-Carlo measurements, then
finding the radius |k, |, which yields the largest value of

2 S"(|ky |, $)d¢p. A ribbon is then constructed around this
radius from which the largest value of $"(k, ) is picked for
each angle such that

S"(¢) = max{S"(k.],¢) : IIki|—

The angular positions {¢;} of the six highest peaks in §"(¢) are
then found. Finally all mutual distances between these posi-
tions are found {A¢;} = {|¢x — ¢;| : ¢ < ¢;} whichis used
to calculate the histogram h(8 A¢"). The process is repeated
for independent Monte-Carlo measurements of S”(k_ ) until
there are sufficient A¢; to construct the histogram.

The above quantities, taken together, provide considerable
information on not only the symmetry of the vortex lattices at
various temperatures but also on the structure of the vortex
cores corresponding to each lattice symmetry. The critical
temperature at the position of the upper critical field crossover
line H.,(T) was found by examining the specific heat

C, = B*((E?) — (E)?) (34)

kyl,l <k} (33)

and a chiral order parameter that we will now describe.
The Higgs field components nt and 5~ are related through
the time-reversal transformation, hence a difference in their
density signify a spontaneous breaking of Z, time-reversal
symmetry. Since this density can be measured by the com-
ponent amplitudes, a useful chiral order parameter is given by

<LxLlyLZ Xr: (o2 - pr2)>
200 <Zsin (o 93’)> :

T LLL,
From the last line it is clear that it is the locking of the xy phase
difference that is responsible for the breaking of time-reversal
symmetry.

Su? =

(35)

C. Thermalization and measurement steps

Before measurements of observables were performed, the
lattice was initialized with random values for all fluctuating
variables at each lattice point, resulting in high energy states.
Then, a two-step thermalization procedure was done which
consisted of a stepwise decrease in temperature to decrease
the chance of a metastable state, followed by a number of
basic Monte-Carlo sweeps (thermalization). The steps dur-
ing the cooldown procedure were distributed as a geometric
series between a high and low temperature, so that more
MC sweeps would be concentrated at lower temperatures.
During cooldown, A 1.3 x 10° MC sweeps were distributed

equally on 1024 temperature steps. This was then followed by
~1.3 x 10° additional MC sweeps that were discarded before
measurements began. To confirm that this yielded a properly
thermalized state, we checked that the internal energy of the
system as a function of MC time had converged and remained
stable during measurements.

256 intermediate MC sweeps were performed between
each measurement to diminish autocorrelation effects. The
number of measurements of observables varied between simu-
lations, from 1024 for sampling at high temperatures, to 4096
when estimating C, close to the phase transition.

Measurements were performed sequentially by lowering
the temperature, such that the last state of the lattice in the
measurement series at one temperature was used as the initial
state when thermalizing the simulation for the next lower
temperature. To prevent the simulation from getting stuck in a
metastable state, several series of simulations were performed
using independent initial states to verify the validity of the
results.

D. Post-processing

Multihistogram Ferrenberg-Swendsen reweighting [64,65]
was used to calculate the specific heat C, accurately
at temperatures close to the peak in C,. The nonlinear
Ferrenberg-Swendsen equations for free energy were solved
self-consistently and iteratively using the Julia NLsolve li-
brary in which automatic forward differentiation was used to
find the Jacobian and a trust-region method was used as the
iterative algorithm [66].

The jackknife method [67] and Ferrenberg-Swendsen
reweighting [64,65] were used to compute averages and un-
certainties of observables. The number of blocks dividing the
measurement series in the jackknife method was set to 128.
This gave a block length where the estimate of variance had
leveled off, indicating that autocorrelations had effectively
been reduced.

IV. LATTICE STRUCTURES

Before we present our numerical results based on our
large-scale Monte-Carlo simulations, we provide a schematic
introduction to the results to assist the reader. In Fig. 2, we
show schematically vorticities and phase windings that we
expect to find for two different types of vortices. In the follow-
ing, the notation will be as follows. A phase winding in chiral
component 74 of 2w n, and in chiral component 7_ of 2mwn_
will be denoted (n4,n_). A vortex with (n,n_) = (1, —1)
will be denoted as singly quantized. A vortex with (ny,n_) =
(2, 0) will be denoted as doubly quantized.

For a singly-quantized vortex, the vorticity is expected to
have a magnetic field-profile centered at the origin, with a
maximum magnetic field at the origin, see Fig. 2(a). The
corresponding phase winding is shown in Fig. 2(c). Note
the fourfold symmetry in the color pattern, the radial mono-
tonicity in the phase value away from the origin, and the
2m discontinuity along the horizontal axis. For a doubly-
quantized vortex, the vorticity is expected to have a magnetic
field profile centered at the origin, with a minimum magnetic
field at the origin and a ring of maxima away from the origin,
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FIG. 2. Schematic of vorticities and corresponding phase differ-
ence signature 67 — 6~ of vortices for H > 0. (a) and (c) shows
vorticity and phase difference, respectively, for a singly-quantized
vortex with winding number n, = 1 andn_ = —1. (b) and (d) shows
vorticity and phase difference, respectively, for a doubly-quantized
vortex with winding number n, =2 and n_ = 0. The figures are
directly based on the ones presented in Ref. [39].

(=)

see Fig. 2(b). The corresponding phase winding is shown in
Fig. 2(d). The main difference from the phase winding in
Fig. 2(c) is the inner circle close to the origin, where phase
windings are rotated by 7 /2 compared to the phase windings
in Fig. 2(c). For a detailed discussion of this point, see also
Sec. III of Ref. [39].

This will be our main diagnostic tool for identifying
whether vortices are singly or doubly quantized. As a check
on this, we will count the total vorticity in each component
and check that this corresponds to the total vorticity of the
system, given by the external magnetic field.

In the following, we focus on results obtained for the pa-
rameter set v = 0.1, g = 0.3, f = 1/64. The parameter v =
0.1 corresponds to a moderately fourfold anisotropic Fermi
surface. To set the temperature scale of our finite-field simu-
lations, we have found it useful to first perform Monte-Carlo
simulations in zero field to locate the maximum of the specific
heat C,.. This maximum occurs at 7 &~ 2.016 £ 0.002 for f =
0, which we denote as the critical temperature 7. of the super-
conductor. A rounded and suppressed peak in the specific heat
persists at f > 0. For f = 1/64, this rounded peak (no longer
a phase transition) occurs at 7 = 1.86 £ 0.04. T = 1.86 is
therefore a natural temperature scale for the vortex system
at f = 1/64. For this filling fraction, we only expect to see
vortex lattice structures for 7 < 1.86.

We will mainly present results starting with high temper-
atures and then proceeding to lower temperatures. At high
temperatures, we will find a plasma phase totally domi-
nated by thermally induced vortex loops. Proceeding to lower
temperatures where a vortex-lattice forms, we find a singly-

quantized square vortex lattice. Lowering the temperatures
further, we eventually find a doubly-quantized hexagonal
lattice. At the end, we briefly discuss a “mixed” phase of
singly-quantized and doubly-quantized vortices, located at
intermediate temperature between the doubly-quantized and
singly-quantized vortex lattice phases.

A. Specific heat and chiral order parameter

To investigate what the relevant temperature scale in our
system is, we have performed Monte-Carlo simulations com-
puting the specific heat and chiral order parameter at f =0
and f = 1/64. Figure 3 shows the specific heat as a function
of temperature at f = 0. A sharp peak is seen at a tempera-
ture 7 = 2.016 4 0.002 and marks the phase transition from
the superconducting to the normal state. Also shown is the
specific heat at f = 1/64, which at T* = 1.86 &+ 0.04 shows
a broadened and suppressed peak compared to f = 0. This
peak marks the finite-field crossover to the normal state. In
what follows we will refer to this crossover temperature as
T*(f).

The inset shows the chiral order parameter as a function of
T at f =0and f = 1/64. For f = 0, it vanishes at the same
temperature as the sharp peak in the specific heat is located
and shows that the f = 0 phase transition in this model is
associated with spontaneous time-reversal symmetry break-
ing. For f = 1/64, the presence of a magnetic field explicitly
breaks time-reversal symmetry by selecting a preferred chiral-
ity, which leads to a finite order parameter at 7*(f).

These results form a useful background for choosing rel-
evant temperatures at which to study vortex-lattice states at
finite f. Below, we will study such vortex states in the tem-
perature regime 7' € [1.5-1.8], and from the above results we
conclude that these represent significant temperatures on the
scale of the critical temperature 7,. Hence, our Monte-Carlo
simulations at such temperatures will yield useful information
concerning the thermal stability of the vortex states we find.

B. Vortex states upon lowering temperature
1. Plasma state

For f = 1/64 and at high temperatures T 2 1.90, the su-
perconductor is in a normal state where thermal fluctuations
have induced a proliferation of massive amounts of closed
vortex loops in the system. The resulting state is therefore a
vortex-plasma phase. This leads to the tableau shown in Fig. 4,
which depicts results of simulations at 7 = 2.0. The uniform
distribution of vorticity in space leads to a circular pattern at
low k-vector magnitude with increasing value with increasing
magnitude of the k vector. At higher k-vector magnitude, the
value of the structure function exhibits a square anisotropy
with higher values close to Keomers = 7(1 — 2n, 1 — 2m) for
n,m € {0, 1}. This anisotropy is due to short range correla-
tions since as k approaches Kcomers, K measures shorter and
shorter correlations because of periodic boundary conditions.
At these length scales, the quadratic numerical lattice upon
which the continuum model has been discretized gains sig-
nificance and leads to the apparent anisotropy. The limits of
the color bar reveal that this anisotropy is very small, with a
maximum value less than 0.010. There is no real signal of
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FIG. 3. Specific heat dependence on temperature for a system with g = 0.3, v = 0.1, and L = 64. The blue points marked by a hollow
square are for f = 0, while the green dataset with points marked by a black dash is for a system with f = 1/64. The inset shows the chiral
order parameter u> for the two filling fractions f = 0 and 1/64, with azure circles showing f = 0 while orange dashes show f = 1/64. In
the inset, the error bars are for the most part too small to be seen.
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FIG. 4. Vortex state at 7 = 2.0 for a system with v = 0.1, g = 0.3, and f = 1/64. The system is dominated by thermally induced vortices.
(a) Thermal average of the structure function. (b) Thermal average of real space vorticity. (c) Angular dependence of the structure function in a
circular thin annulus around k = 0. (d) Histogram of angular difference A6 between peaks in the angular dependence of the structure function.
The colored bars are the bins that include A6 = 7 /3 and A6 = 7 /2. These would correspond to hexagonal and square lattices, respectively.
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FIG. 5. Singly-quantized square vortex lattice state for a system with v = 0.1, g = 0.3, f = 1/64, and T = 1.786. (a) shows the structure
function of a square vortex lattice. (b) shows the vortex lattice structure in real space. The vortices are located at the bright spots. All vortices
have a field maximum at the center of the vortex, cf. Fig. 2(a), consistent with singly-quantized vortices. (c) shows the fourfold angular
distribution of the structure function. (d) shows a histogram of the angular difference between peaks in the structure function. The colored
histograms denote angular difference between peaks in the structure functions corresponding to 77 /3 and 7 /2. The dominant peaks are found

at AQ = /2, m, and 37 /2, corresponding to a square lattice.

vortex-lattice correlations detected at this temperature. The
histogram in Fig. 4(d) reveals a large spike at A@ = m. This
originates with the fact that the Fourier transform has the
property F (k) = F(—Kk)*, such that the structure function is
equal at k and —k.

2. Singly-quantized square vortex lattice

We next discuss the vortex lattice state that first emerges as
the temperature is lowered below the crossover temperature
to the normal state, which is 7* = 1.86 at v = 0.1, g = 0.3,
and f = 1/64. Figure 5 shows the results of Monte-Carlo
simulations performed at 7 = 1.786, computing the structure
function (a), vorticities (b), angular distribution of peaks in the
structure function (c), and histograms of angular difference
between peaks in the structure function (d). The structure
function clearly has fourfold symmetry, such that the vortex
lattice is square. This is also discernible in panel (b), although
less obvious than in (a). The angular dependence of the struc-
ture function shown in (c) shows four clear peaks separated
by 7 /2. The histograms of Af in (d) show that the most
dominant nontrivial bin is 7 /2, marked by the orange bar.
The broadening around the large orange bar is due to thermal
fluctuations. The smaller orange bar represents the counts
at angular difference of /3, corresponding to a hexagonal
lattice. The square lattice peak dominates the hexagonal peak,
leading to the conclusion that the symmetry of the lattice is
square, consistent with the result for the structure function in

(a). The peak in (d) at low angular value is attributed to the
square lattice peaks being jagged due to the temperature being
close to T..

Figure 5(b) shows the square lattice structure as a real
space average. One notable feature of the results of Fig. 5,
apart from the square vortex-lattice structure shown in (a), is
that the magnetic field maximum associated with the vortices
in (b) are located at the center of the vortices. Referring
back to our discussion of Fig. 2, we see that this is consis-
tent with singly-quantized vortices in each chiral component
(ny =1,n_=-1).

The nature of these points of increased vorticity is investi-
gated further by comparing the position of these points with a
real-space plot of average local phase difference between the
two components: (6,7 — 6) in Fig. 6. The figures show that
points of increased vorticity correspond well with intersec-
tions between two regions of positive average phase difference
and two regions of negative average phase difference. This
corresponds to the same phase-difference pattern that is de-
picted in Fig. 2(c), again characteristic of singly-quantized
vortices.

The single quantum nature of the vortices is further corrob-
orated by the fact that the boundary conditions enforce a total
of 64 quanta of magnetic flux at any step of the Monte-Carlo
simulations. In Fig. 5, there are 62 clearly identifiable points
of increased vorticity. It could be that the system shows 62
single-quanta vortices and the remaining two vortices are too
thermally distorted to form enough of a coherent thermal
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FIG. 6. Vortex positions and phase differences for the parameters
used in Fig. 5. (a) shows an enhanced version of Fig. 5(b). The
center of each vortex is marked by a green dot. The azure dots mark
the positions of increased vorticity in the real space average. This
corresponds to a maximum of the magnetic field at the center of the
vortex, cf. the schematics of Fig. 2(a). (b) shows the phase difference
around each vortex, whose position is indicated by a green dot. Note
the fourfold symmetry of the phase-difference pattern around the
vortices, cf. the schematics of Fig. 2(c). (a) and (b) corroborate, along
with the results of Fig. 5, that at (f = 1/64, T = 1.786) the vortex
lattice is a singly-quantized square lattice.

average to be identified, or it could be that the system has
60 single quanta vortices and two double-quanta vortices. In
any case, it is clear that the vortex state is dominated by
singly-quantized vortices.

The superconducting field amplitude of conventional su-
perconductors is suppressed in the presence of vortices. In the
case of a two-component field, the subdominant component
may be induced in the vicinity of the vortex core where the
dominant component is suppressed [39]. This is evident in
Fig. 7 where the dominant component amplitude p™ on the
left exhibits dark regions that correspond to the location of

increased vorticity in Fig. 5(b) and Fig. 6(a). On the right,
the subdominant component exhibits increased amplitude in
these regions as is required by the pseudo-CIP! constraint in
Eq. (21). We conclude from this that the stable vortex state at
v=0.1,g=03,f=1/64,T = 1.786 is a singly-quantized
square vortex lattice.

3. Doubly-quantized hexagonal vortex lattice

We next consider the system at f = 1/64 and a lower
temperature 7 = 1.5. The plot of the average structure func-
tion in Fig. 8(a) shows six clear, equidistantly placed peaks.
Figure 8(b) shows the average vorticities in real space. The
vorticity distribution around each vortex is clearly of the
same type as depicted in Fig. 2(b), characteristic of doubly-
quantized vortices. The angular dependence of the structure
function in a thin annulus around k = 0 is shown in Fig. 8(c),
where six clear equidistantly placed peaks are seen. This is
again reflected in the histogram for A8 in Fig. 8(d) where a
large peak is observed at A = 7 /3 followed by peaks at in-
teger multiples of this. The real space vorticity average shows
32 independent ring structures (note that periodic boundary
conditions have been used), which indicates that each struc-
ture has two quanta of magnetic flux.

Figure 9(a) shows an enhanced version of Fig. 8(b). The
ringlike structure of enhanced vorticity surrounding the center
of each vortex is clearly seen, consistent with what is depicted
in Fig. 2(b). This is indicative of doubly-quantized vortices
(ny = 2,n_ = 0). The double quantum nature of the vortices
is also observed in the plot of real space phase difference
average in Fig. 9(b). It shows a clear inner 47 phase change
at low radius from the vortex center, where positive phase
difference is observed at an angle 7 /4 and 57 /4 from the
vortex center and negative phase difference at 37 /4 and 77 /4.
This pattern is repeated at larger radii away from the vortex
core but then rotated by 7 /2 degrees giving the vortices a
distinct core structure not observed in the single-quantum
case. It is finally noted that the real space average vorticity
in Fig. 8 shows decreased vorticity in the vortex core for the
positive component.

The component amplitudes in Fig. 10 again reflect the
hexagonal lattice pattern in Figs. 8 and 9. The dominant
component on the left is clearly seen to be suppressed in the
vicinity of the vortex cores, while the amplitude plot of the
subdominant component on the right shows that this compo-
nent in coincidentally induced.

The conclusion is thus that the simulations at f =
1/64,T = 1.5 clearly show a hexagonal lattice of doubly-
quantized vortices. Our simulations show that these doubly-
quantized vortex states remain stable down to the lowest
temperatures we have considered and persist up to tempera-
tures of 7 = 1.7. The temperature regime 7' € [1.7-1.75] will
be discussed further below.

4. Mixed doubly and singly quantized vortex lattices

We next discuss the temperature regime where the tran-
sition from a higher-temperature singly-quantized square
vortex lattice to a lower-temperature doubly-quantized hexag-
onal vortex lattice takes place. For f = 1/64, the transition
takes place in the narrow range T € [1.73-1.775]. Recall
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FIG. 7. Component amplitudes averaged in the z direction for a system with v = 0.1, g = 0.3, f = 1/64, and T = 1.786. (a) shows (,o:fL )
while (b) shows (p, ). The color limits are set to amplify the spatial dependence, but we note that the average of pT is significantly higher than

p.
that the zero-field transition takes place at 7, = 2.016 and
the crossover temperature to the normal state at f = 1/64
is T ~ 1.86. The four tableaus in Fig. 11 show examples
of states of the system at intermediate temperatures 7 =
1.7,1.725,1.742, T = 1.751.

At T =1.7 and T = 1.725, the dominant structure is
a doubly-quantized hexagonal vortex lattice. The structure
function of the vortex lattice is predominantly hexagonal, see
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FIG. 8. Doubly-quantized hexagonal vortex lattice state for a
system with v =0.1, g=0.3, f =1/64, and T = 1.5. (a) shows
the structure function, showing a hexagonal lattice. (b) shows the
lattice structure in real space. Vortices are located at the dark spots
surrounded by a bright ring. All vortices have a vorticity maximum
distributed in a ring around the center of the vortex, and a care-
ful count shows that there are 32 such doubly-quantized vortices,
consistent with the system size L, x L, = 64 x 64 and f = 1/64.
This vortex distribution is to be compared with the schematics of the
upper right panel of Fig. 2. (c) shows the sixfold angular distribu-
tion of the structure function. (d) shows a histogram of the angular
difference between peaks in the structure function. The colored his-
togram corresponds to an angular difference between peaks in the
structure function of 7 /3. We see that the dominant peaks are found
at Af = m /3 and 27 /3, which corresponds to a hexagonal lattice.

Figs. 11(a) and 11(e), but note the weakening of four of the
peaks in the structure function in Fig. 11(e) compared to
11(a). ("fi,z) in Figs. 11(b) and 11(f) shows vortices charac-
terized by a center with low vorticity surrounded by a ring of
higher vorticity. In this background, vortex structures start to
appear that have a center of high vorticity, characteristic of
singly-quantized vortices. Increasing the temperature further,
the hexagonal pattern in the structure function is gradually
replaced by a square pattern.

At T = 1.742, the structure function features two strong
peaks at opposite wave vectors, with two weaker peaks in the
orthogonal directions. The overall symmetry of the structure
function is now closer to one characteristic of a square lattice,
see Fig. 11(i). Namely, the four weaker spots in the sixfold
symmetric structure functions in Figs. 11(a) and 11(e) have
moved closer to each other. Although there is still a con-
siderable number of doubly-quantized vortices present, i.e.,
vortices with low vorticity at the center surrounded by a ring
of higher vorticity, it is evident that a substantial number of
singly-quantized vortices have appeared, see Fig. 11(j).

Increasing the temperature slightly to 7' = 1.751, this
becomes more pronounced. In Fig. 11(m), the fourfold sym-
metry of the structure function is evident, while Fig. 11(n)
shows that there are still doubly-quantized vortices present.
The transition from hexagonal to square vortex lattices upon
increasing the temperature from 7’ = 1.7 to 7 = 1.75 is mir-
rored in the peak-distance histogram with the bin at A6 =
7 /3 losing value and eventually being superseded by the bin
at A = 1 /2, see Figs. 11(c), 11(g), 11(k), and 11(0), as well
as Figs. 11(d), 11(h), 11(1), and 11(p).

For a clearer picture of the temperature range over which
this transition happens, we have computed the temperature de-
pendence of these two histogram bins, shown in Fig. 12. The
bin at A6 = 7 /3 (hexagonal vortex lattice) clearly dominates
at lower temperatures and becomes equal in height to the bin
at A@ = m /2 (square vortex lattice) at T ~ 1.75. The temper-
ature dependence of the two bins mirrors the dissociation of
double quanta vortices into single quanta vortices which we
have noted is already starting at 7 =~ 1.7. The histogram bins
approach the value h* (§AQ) = 1/27 after the U (1) crossover
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(a)

0.00

FIG. 9. Phase difference and + vorticity of the system in Fig. 8.
The blue circles represent rings with increased vorticity in (a). These
rings are then overlaid on the real space average of phase difference
in (b).

transition, which is an equal weight of the histogram on all
bins. The lack of angular variations in the structure function
means that the system is in the vortex plasma phase.

The temperature regime in which the lattice reconstruction
takes place is thus rather narrow and close to the H.,(T')
crossover line. This is consistent with previous computations
that ignored thermal fluctuations [39], where the transition
was induced by increasing the strength of the magnetic field
up to values close to H,;.

V. COMPARISON WITH MEAN-FIELD THEORY

Figure 12 gives a precise indication of where the vortex-
lattice melting temperature in this system is, which is the
temperature at which the two bins approach equal values and
above which their values remain constant. This occurs at 7* ~
1.88, only slightly above the estimated 7" where the broad

peak in the specific heat is located at 7 = 1.86. The tempera-
ture window for which a square singly-quantized vortex lattice
dominates is therefore conservatively estimated to be in the
range T € [1.75-1.86]. Below T = 1.7, a doubly-quantized
hexagonal vortex lattice is stabilized. Using the melting tem-
perature as a measure of the transition to the normal state, i.e.,
as a measure of the upper critical field line, we see that the
hexagonal lattice of double-quanta vortices is stable up to a
temperature of about 0.97*.

We now compare these results quantitatively with previ-
ously found mean-field results, where entropic effects were
not fully accounted for [39]. Figure 13 displays three quali-
tatively different vortex phases obtained from simulations of
mean-field theory in an external field at various temperatures.
The procedure is to discretize the physical degrees of freedom
N+, and A using a finite-element framework, and to numeri-
cally minimize the free energy (1d) in an external magnetic
field (for details, see Ref. [39]).

The mean-field temperature is accounted for by modifying
the quadratic term of the potential (1d) to be (Tyr — 1)|1]>.
There, the zero-field critical temperature is 7. mr = 1, and the
crossover line to the normal state at fyp & 1/30 is estimated
from our numerical results to be Ty, = 0.9. For a better
comparison of the role of the temperatures for the fluctuating
theory with that of the mean field, the results of the tempera-
tures for mean-field simulations are expressed in units of the
crossover temperature Tyig.

At low temperatures, the minimal energy state is clearly a
hexagonal lattice of double-quanta vortices. When approach-
ing the crossover temperature, the double-quanta vortices start
to split into single-quanta vortices. Around 0.867y1, there
are few single quantum vortices, and the double quanta still
dominate. Closer to the crossover, around 0.927;;, most of
the vortices have dissociated and the single quantum vor-
tices dominate. Eventually, the entire hexagonal lattice of
double-quanta vortices has dissociated into a structure of
single-quanta vortices. A generous estimate gives that the
range of the mean-field temperature where the single-quanta
vortices dominate is about 0.17,;. In general the entropic ef-
fects promote stability of the lattice of single-quanta vortices.
However, our Monte-Carlo simulations demonstrate that in
the regime of parameters we have considered, the double-
quanta vortex lattice is robust in a regime of temperatures
approximately equal to what was found in previous work [39].

VI. SUMMARY

In this paper, we have considered effects of thermal fluc-
tuations on the vortex states in a model of a chiral p-wave
superconductor with two complex matter fields (n7, ™) with
opposite chiralities, for a filling fraction of f = 1/64 vortices
per square plaquette in the (x,y) plane of a cubic numeri-
cal lattice, with an applied magnetic field in the z direction.
We have considered temperatures in the interval 7 € 1.5-2.0,
with the zero-field critical temperature (f = 0) estimated to
be T, = 2.016 £ 0.002 and the crossover line to the normal
state at f = 1/64, estimated to be 7* = 1.86 £ 0.04.

At T = 1.5 we have found that the stable field-induced
vortex configuration is a hexagonal vortex lattice of doubly-
quantized vortices. At the higher temperature 7' ~ 1.75, this
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FIG. 10. Component amplitudes averaged in the z direction for a system with v = 0.1, g=0.3, f = 1/64, and T = 1.5. (a) shows (p;ri )
while (b) shows (p; ). In contrast to Fig. 7 the color limits are the same in both subplots since the lower temperature signal does not require
amplification to discern spatial variance.
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FIG. 11. A tableau of simulation results for the temperatures 7 = {1.7, 1.725, 1.742, 1.751} in ascending order from left to right and top
to bottom. The system has parameters v = 0.1, g = 0.3, and f = 1/64. The real space z-averaged vorticity in (b), (f), (j), and (n) exhibits both
single and double quanta lattice structures. The remaining figures show the transition from signals of a hexagonal lattice to a square lattice as
the temperature increases.
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FIG. 12. Histogram temperature dependence for two different bins in a system with f =1/64, g=0.3, v =0.1, and L = 64. The
histogram is given by Eq. (32) and gives normalized bins of the angular distance Af between peaks in the structure function. The bin at
A = /2 corresponds to the signal of a square lattice structure in the structure function and is marked with blue hollow squares. The bin
at A0 = 7 /3 is the signal for a hexagonal vortex lattice and is marked with black bar markers and green error bars. The transition from a
doubly-quantized hexagonal lattice to a singly-quantized square lattice as 7 increases occurs at 7 ~ 1.75.

vortex lattice transitions, over a narrow temperature regime,
to a square vortex lattice of singly-quantized vortices. At even
higher temperatures, the vortex lattice structure function is
washed out by thermally induced vortex loops when tempera-
tures approach and cross the crossover line at f = 1/64, T* =
1.86 £ 0.04, rendering the system in a vortex-plasma phase.
Our results indicate that double-quanta vortices can be quite
robust and do not very easily dissociate into single quanta
vortices when thermal fluctuations are included.

0.867" 0.927™

-20-10 0 10 20 -20-10 0O 1020 -20-10 0 10 20
xT xT xT

FIG. 13. Vortex phases of the mean-field theory in an external
field for g = 0.3 and v = 0.3 with the corresponding filling fraction
is fur &~ 1/30. The panels on the top line display the relative phase
Eq. (30) while the bottom line shows the relative densities defined in
Eq. (35). Note that both relative phase and densities in the mean field
are not thermal average.

Thus, previous results, based on ground state computations
and minimization of internal energy, predicting doubly-
quantized hexagonal vortex lattices at low magnetic fields
transitioning to singly-quantized square vortex lattices at
higher magnetic fields very close to H,,, are stable to fully
accounting for entropic effects in the free energy. Therefore,
double-quanta vortices are a quite robust property of chiral
p-wave superconductors. Our results, however, do indicate a
slight broadening of the temperature regime above which a
square vortex lattice is entropically stabilized compared to
earlier mean-field results. The main finding is that, for the
regimes considered in the paper, this entropic stabilization
does not significantly diminish the temperature range where
a doubly-quantized hexagonal vortex state exists.
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APPENDIX A: DERIVATION OF EQ. (22)
Writing tan % in terms of the complex fields yields

+ _ o Ex
tan 0% = 71%,
n n

Inserting the transformation to the xy basis in Eq. (3) and
making the London-limit approximation |7*| = |n”|, Eq. (A1)
becomes

(A1)

sin 0* + hcos 6

tanf' = ————— . (A2)
cos 0% — hsin6Y
Using the trigonometric identity
. . fx—=y mw\ . (x+y &
s =2 — 4+ — ) — 4+ —
sinx + cosy sm< 2 +4>sm< > +4),
(A3)

after including /2 and —# in the argument of sin in the numer-
ator and denominator of Eq. (A2) respectively, tan 8" can be

written

sin (#52 1 2) in (45" 4 )

P s ()

tan 0" = h

sin ( —

sin (“47 + 47)
in (555 15)

1 1

=— - = - = (A4)
= sin (#32 457) tan 9"
sin (L;M 7}}%)
This equation shows that both tanf* and tan6~ are de-

termined by one variable, 0* 4+ 67, which is what makes it
possible to relate 6T to 6. Finally, by shifting the argument
of the last tan we get Eq. (22), i.e., the relationship tan 6" =
tan(0" 4 7 /2).

APPENDIX B: SYMMETRIZED MIXED GRADIENT TERM

Using the transformation properties of ¢ and A, in Eqgs. (24) and (25) on the expression for the discretized mixed gradient
term in the xy basis in Eq. (19) repeated here for convenience:

e = (1—v) Z PryePies 008 (0 s — 05 — (Arx — Ary)) = o457 €08 (07, — 07 — Ar)
— piy0f cos (6, — OF — Ary) + pf ol cos (8¢ — 67)], (B1)
we obtain the rotated mixed gradient terms
CiFyg = — (1= )Y [Pt epfiscos (0 — O s + (Ary + Ar—sx)) — pf_epf cos (00, — 07 + Ar_s.y)
a

— pipligeos (68 — 085 + Ary) + pfpf cos (6 — 67)], (B2)

CZ]:I{/IG =1-v) Z [P:—X-Pf—y cos (0;1—)? - 9?—,0 — (Ary,y — Ar—f.x)) - Pg—frpf cos (gra—fc - 9;7 +Ar—M)
— P of g cos (0F 5 — 67 + Acg)) + pf pf cos (65 — 67)], (B3)

CiFug=—(1—v) Z [Pr_sprss 008 (675 — Ofis + (Ar—sy + Ar)) — pr_gpy €08 (075 — 0 + Ar—y.y)
— plptscos (005 — 0F — Arx) + plpf cos (67 — 0“_‘)] B4)

In these expressions, a, g € {x, y}. Adding Eqgs. (B1)-(B4), several terms cancel. As is immediately obvious, all the onsite terms
such as the last term in Eq. (B1) cancel each other. Considering the last term on the first line of Eq. (B2), we letr — r + £ which
is allowed because of periodic boundary conditions, and we see that this cancels the last term on the first line of Eq. (B1). The
first term on the last line of Eqs. (B2) and (B1) can be seen to cancel through a simple relabeling of the « summation index. The
same cancellations happen for the analogous terms in Eqs. (B3) and (B4) such that the average of Eqs. (B1)—(B4) and thus the
full symmetrized expression for the mixed gradient terms can be written on the simple form

S
MG —

5008 (B s — 6% s — A + Arry)- (BS)

a hh=

This expression, together with Egs. (15), (16), (17), and (18), constitute the free energy used in the simulations.
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APPENDIX C: NUMERICAL BASIS ROTATION

In this Appendix, we present the numerical details for how
chiral matter field amplitudes and phases are calculated from
their xy-basis counterparts. The chiral amplitudes p! are easily
found from the xy-basis variables through Eq. (20):

x2+ y2 .
pf:\/%—khpxpysm(@f—e:). (1)

The chiral phases are obtained by the set of equations

P sin6F + hp cos 6y

V20l ’

P cos 0F — hp’ sin 67
V20l

Aslong as p! > 0,0 € [, ) can be found through simple
trigonometric relations which we include for completeness.
Given that cos 6 > 0 then 6! = tan™! tan 6. If cos6! < 0
then 6! = tan~! tan 0! — mwsgntan . The final case is that
cos A" = 0 in which case " = 7 /2sgn sin 6.

In the chiral ground state of the system 6 — 6 — —hm /2
which makes p/ — 0 when p* = p’. This makes Egs. (C2)
and (C3) numerically unstable as both numerator and de-

(C2)

. h_
sinf, =

cos g = (C3)

nominator approach zero. To accurately calculate 6/, these
equations are expanded around the ground state value. Setting
0 — 6y = —hm /2 + 2xn+ § and expanding to fourth order
in § yields

TR . EE
S1n9r—>mc059r 1—§+@

18] . 82 84
——sinf; |1 — —+ ——|, (C4a)

2 24 1920
" 18] 82 84
cosf; — —cosby|l — — + ——
2 24 1920
5 011 > + > (C4b)
— —sin ——+ =
3] r 8 384
The expressions on the right are independent of h.
Then if sin6! <0, 6" = —cos™! cos§". If not, then O =
cos~ ! cos 6. To find § we simply calculate § = mod (67 —
6,2n) —3m/2 for h=+ and § = mod (8} — 6;,2m) —
/2 for h = —. With this expansion in &, the errors from

calculating 6/ were found to be smaller than the floating point
error.
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We use large-scale Monte Carlo computations to study the phase transitions of a two-component
chiral p-wave superconductor in zero external magnetic field. We find a first order phase transition
from the normal state to a chiral superconducting state, due to interplay between vortices and

domain walls.
I. INTRODUCTION

Chiral superconductors constitute a class of unconven-
tional superconductors whose order parameter features
finite angular momentum and a phase that winds around
the Fermi surface [1]. The chiral nature of the gap func-
tion arises from spontaneously broken time reversal sym-
metry (TRS), which yields a two-fold degenerate super-
conducting state with broken U(1) X Zs-symmetry. Chi-
ral superconductors are of fundamental interest because
they are predicted to display topological properties such
as Majorana modes in vortex cores and edge currents
leading to a quantized thermal Hall conductance [2-5].

The prototypical chiral p-wave superfluid state is real-
ized in A-phase of superfluid *He [6-8]. The search for
chiral p-wave pairing in a bulk superconductor has been
going on since the discovery of superfluid *He. For many
years, the leading candidate has been the extensively in-
vestigated superconductor SroRuQOy; a highly anisotropic
layered material with tetragonal crystal structure and
strong spin-orbit coupling [9-13]. ARPES-measurements
have revealed three bands crossing the Fermi-surface,
supporting a multi-component theory [14].  Several
groups have also found that in zero field there is a sin-
gle phase transition, where TRS is broken along with the
onset of superconductivity [10, 11, 15, 16], while split
transitions were reported to arise under strain [17]. How-
ever the evidence against the chiral p-wave superconduc-
tivity has been growing in recent years. The first no-
table example was the absence of chiral edge currents
that should produce magnetic signatures at the bound-
ary between domains of opposite chirality [18-20]. Re-
cently, the mounting evidence against the chiral p-wave
pairing lead to the discussion of other order parameters
in an attempt to reconcile all the experimental data, such
as near-degenerate between d- and g-wave pairing for
SroRuOy [21, 22]. Recent studies of ultrasound [23, 24],
and vortex state [25] point to multicomponent order pa-
rameter.

Another candidate for chiral triplet superconductivity
is the type-II heavy fermion superconductor UPts [26—
28]. Unlike SroRuQy, it is claimed to feature two separate
phase transitions in zero applied magnetic field, where
TRS is spontaneously broken within the superconduct-

ing phase [29-31]. The superconducting state in UPt3
is believed to be chiral f-wave with an order parameter
that has the two-dimensional irreducible representation
Es, [32]. Although this is a higher order pairing than chi-
ral p-wave, our theoretical description will be relevant for
UPt3 since the order parameter symmetry group has the
same irreducible representation. In more recent works,
chiral superconductivity has also been claimed in other
systems, such as Van der Waals materials and nano tubes
[33-35].

Even after decades of research, the nature of multicom-
ponent superconductivity in SroRuQO,4 remains a puzzle.
This fact and the emergence of new candidates for chiral
superconductors raise the need to understand the nature
of superconducting phase transition in a chiral p-wave
superconductor beyond mean-field approximations and
possible clues it may yield in real materials.

The question of fluctuations in a chiral p-wave super-
conductor is nontrivial because it breaks two symme-
tries: U(1) and Zy. Therefore, in general, fluctuations
can cause a single transition or a sequence of transitions.
A similar question arises for s+ is superconductors, that
shares the U(1) x Zy symmetry and has been studied
by numerical methods [36, 37]. Recent experiments re-
ported fluctuations-induced splitting of the phase tran-
sition [38]. Analogous questions for chiral p-wave su-
perconductors were studied in [39], but no Monte-Carlo
calculations were performed for this problem. In this pa-
per, we use large-scale Monte-Carlo calculations to study
the phase transition a chiral two-component supercon-
ductor transition in Ginzburg Landau (GL)-theory for
an Fs, order parameter. Before we proceed to calcula-
tions, we note that the problem is related to the more
general question of the phase transitions in multicompo-
nent gauge theories, where large-scale Monte-Carlo stud-
ies were performed. For a U(1) x U(1) two-component
London superconductor, it has been shown that for mod-
erate values of the gauge charge and equal amplitudes
in the two ordering fields there is a single first order
phase transition where both symmetries are broken at
the same temperature. For high values of the gauge
charge the single transition line splits into two sepa-
rate transitions predicting an intermediate metallic su-
perfluid with broken global U(1) symmetry but restored
local U(1) symmetry [40-44]. In Refs. [40, 45] the merg-



ing of the two phase transitions was coined a preemp-
tive phase-transition, where ordering in one symmetry
sector of the model leads to ordering in the other. For
the case of interacting U(1) x U(1) neutral superfluid a
detailed study of the first order character of the phase
transition was presented in [42], where also the exis-
tence of a tricritical point was reported. Similarly, for
a SU(2)-symmetric model, where the amplitudes of the
two matter fields (W1, ¥5) are related by a CP! constraint
|¥,]2 +|W¥q|? = 1, a single transition was found for mod-
erate values of the gauge charge, which split into two
transitions for higher values [46, 47]. The model we con-
sider in this paper is different from a U(1) x U(1) Lon-
don superconductor, due to the presence of a term that
explicitly breaks the global U(1) symmetry down to a
Zy-symmetry. It is also different from s + ¢s supercon-
ductor due to the structure of a so-called mixed gradient
terms (MGT). These terms are products of two gradient
terms, as in the standard kinetic energy, but where the
two factors are gradients in different directions involving
different order-parameter components (see below). Such
terms are common for chiral p-wave superconductors [48]
and can also originate for instance with spin-orbit cou-
pling [49]. Such terms will provide an additional direct
coupling between the U(1)- and Zs-symmetry sectors of
the model.

II. MODEL
A. Ginzburg Landau model

We consider a superconductor with tetragonal crystal
structure and spin orbit coupling, belonging to the point
group Dyp. Gauge invariance and TRS yields the full
symmetry group of the system G = Dyp, x U(1) X Z5. In
the two-dimensional odd-parity representation FEjs,, the
superconducting gap function may be written as d(k) =
(Nokz +nyky) 2. The complex matter fields (components)
describe two types of Cooper pairs in the theory, and can
be written in terms of an amplitude and a phase on the
form 7; = p;e’%. This leads to a GL energy functional
E = [ fd3 where the dimensionless energy density is
given by [48, 50, 51]

g
f:—a(\ﬁz\2+ ‘771/‘2)"'? (‘Ww|4+|77y|4) (1a)
+ Y |neny|? cos 2(0, — 6,)
+ D |? + Dy | + [V x AP (1b)

+ Y (D) (Dyny)™ + (Dyne)(Dany)™ +hec].
(L)

The matter fields are minimally coupled to the gauge
field A through covariant derivatives D = V — igA
and the energy is normalized to the condensation energy
B2 /4w. The decay of magnetic fields in this model usu-
ally involves multiple modes and multiple length scales
[52], that yields further differences compared to s + is

models previously studied in Monte-Carlo simulations
[36, 37]. These are parametrized by the gauge-charge
through ¢. In what follows we will not distinguish be-
tween the subdominant electromagnetic scales.

The mean field ground state of Eq. (1) is found by set-
ting A = 0 and ignoring spatial variations in the matter
fields. Minimization of the potential energy in Eq. (1a)
then yields the ground state

2] = |my| = = po, (2)

Uo — 7

0y — 0y, =£71/2 =0y (3)

We find two degenerate solutions due to the phase-
locking term. Theses are related by a Zs symmetry oper-
ation which will be discussed in more detail in Sec. ITC.
Finally, we note that this ground state gives an order pa-
rameter on the form k, & ik,, corresponding to a super-
conducting state with chiral p-wave pairing which spon-
taneously breaks the U(1) x Z symmetry of the theory.

B. The London limit

In order to perform Monte Carlo simulations on the
free energy introduced in Eq. (1), we will work within
the London approximation where the amplitudes of the
matter fields are frozen. The London limit is commonly
used for similar models [40, 41]. However, in the case of a
multi-component order parameter, and with the addition
of Ising anisotropy and MGT, such an approach requires
considerable care and is generally not applicable [52].

We will first explicitly assess the validity of this ap-
proach, following a similar but not identical method to
the one presented in [52]. To this end, we expand all
fluctuating fields to second order in deviations from their
mean-field values, introducing

€ = pi — po, 4)
1
aAzﬁ(az_ey_60)7 (5)
1
pi = A — —0ibs, (6)
g
Oz = (0 +0y)/2, (7

where p; essentially is a gauge-invariant current. Ex-
panding the energy to second order in these fluctuations
and Fourier transforming, we obtain an expression on the
form

f=fo+vGvl, (8)



where fo is the ground state energy, G(k) is a matrix
describing the coupling between fluctuations in different
fields and v is the fluctuation vector given by

v(k) = (e4 e~ 0a px py). 9)

We have introduced a rotated amplitude basis €4 = (€, %
€y)/ V2 in order to simplify the structure of the coupling
matrix. The exact form of the coupling matrix, along
with details of the derivation are given in Appendix A.

To determine what fluctuations are most important,
the coupling matrix is diagonalized to obtain the lowest
eigenvalue A, along with the corresponding eigenvector
.. In the absence of MGT, the coupling matrix is al-
ready diagonal and the eigenvectors are pure modes with
fluctuations in only one field. In the long wavelength
limit, we then find that the phase-difference mode 6
corresponds to the lowest eigenvalue for low values of the
Ising anisotropy

v <0.17 (10)

when a = up = g = 1.0. Above this value amplitude fluc-
tuations become important as the e_ mode corresponds
to the lowest eigenvalue. The effect of MGT is that the
eigenvectors become mixed modes with multiple non-zero
entries for non-zero momentum [52]. To investigate the
degree of mixing, we plot the k-dependence of the non-
zero entries in 1, in Fig. 1b with the corresponding pa-
rameters without MGT in Fig. la. For low momentum
magnitude k the phase difference mode is now weakly
mixed with e amplitude fluctuations, but phase differ-
ence fluctuations are still dominant.

Note that although taking a London limit eliminates
some of the mixing at the level of bare model, we find
below that the phase transition is first order, so in a fluc-
tuating model the mixing should reappear at the level of
a large-scale effective field theory. Otherwise, at the level
of bare model, the London limit is a good approximation
for the regime of small mixing.

C. Charged and chiral symmetry sectors

In this section we introduce the chiral basis, which
is obtained by a unitary transformation ny = (1, £
iny)/v/2. Under TRS, the chiral components transform
as I@ni = n%. It is common to recast the model in terms
of these chiral components [51, 53, 54], but in the present
setting we introduce them because they provide an or-
der parameter in the Z, symmetry sector. If we cal-
culate the chiral component amplitudes in terms of the
ry-components, we find

1 .
74| = \/5 (17212 + Iny|? £+ 2[namy| sin(0, — 6,)].  (11)

By inserting the ground state values form Egs. (2) and
(3), we see that one of the chiral amplitudes is spon-
taneously chosen. Coming from the low-temperature

a=10u=10,7=017,=00¢g=10

0.0 —— Ruy(0s)

(a)

a=10,u=1.0,7=0179 =01, =10

0.0
0.0 0.5 L0 L5

(b)

FIG. 1. Non-zero entries of the eigenvector 1), corresponding
to the lowest eigenvalue of the coupling matrix, plotted along
the line k» = ky. In (a) there are no MGT and the coupling
matrix is diagonal with pure modes. In (b) we have included
MGT, which cause mixed modes with fluctuations in multiple
fields. In both cases fluctuations in the phase difference are
dominant in the long wavelength limit.

regime, chiral symmetry is then restored by a prolif-
eration of topological defects in the form of Ising do-
main walls separating areas of opposite chirality. From
Eq. (11) we see that these domain walls can be de-
scribed by a gradient in the phase-difference of the zy-
components.

The superconducting phase transition is associated
with spontaneous symmetry breaking of the local U(1)-
symmetry. The low temperature phase is well understood
at mean-field level, where the gauge field A acquires a
mass, yielding a Meissner-effect. In the context of single-
component superconductors it has been shown that go-
ing beyond mean-field, the (non-local) order parameter
of the U(1)-sector is still the gauge field mass, which now
corresponds to the inverse magnetic penetration length
of the problem. Upon heating the system, the mass of
the gauge field is eventually destroyed at some critical
temperature. The phase transition is driven by a pro-
liferation of thermally excited topological defects in the
form of charged vortex-loops [55, 56].

In the London limit, we can perform a separation of
variables to rewrite the model in terms of charged and
chiral terms
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This form highlights the interplay between the symme-
try sectors of the model in an intuitive way. We have
the charged sector given by the phase-sum coupling to
a gauge field with strength 2¢g. The chiral sector is gov-
erned by the phase-difference, where we have a 3D XY-
model with an easy axis anisotropy that demotes the
symmetry from global U(1) down to Zs. Then finally
there are the MGT that provide an explicit coupling be-
tween the two sectors. Note that even in the absence of
MGT, the two symmetry sectors are still connected as
the phase-sum and phase-difference are not independent
variables.

III. MONTE CARLO SIMULATIONS

The critical properties of the model in Eq. (1) in the
London limit are investigated using Monte Carlo simu-
lations. This is achieved by discretizing the model on a
numerical cubic lattice, where the matter-fields live on
lattice points and the gauge field is discretized through
renormalized non-compact link-variables [57]. Periodic
boundary conditions are used because we are interested
in bulk properties of the model. In simulations, we use
the Metropolis Hastings algorithm with a local update
scheme and parallel tempering between different temper-
atures to numerically evaluate various observables [58-
60]. The gauge-field is discretized through renormalized
non-compact link-variables defined as

1 r+
Apy = 77/ A, (r") dr’ € (—o0,00), (13)
g r

for p € {x,y,2}. These are non-compact in the sense
that they don’t have a 27 periodicity [57] and this means
that the discretization of the pure gauge term in Eq. (1b)
will have the form

- 1
/d“r [V x A2 fi = 7 D> (A x A, (14)
r,u

where (A x A), = €Ay Ar using the Levi-Civita
symbol and summation over repeated indices. A,
is a discrete forward difference operator such that
AyAry = Argpy — Ary. We note that writing out the
sums over u, v and A, Eq. (14) can be written in term of
plaquette sums. The link variables are renormalized in
the sense that we multiply the field by a factor —1/g to
simplify the covariant derivatives.

The covariant derivatives are discretized using forward
difference where the order-parameter component value at

[
r + ji is parallel-transported back to r by the gauge-field
link variables by

e . (15)

This ensures that the resulting lattice-discretized GL-
theory remains invariant under the gauge-transformation

Dyna(r) = 77?+pe_i

e e e (16)
A= Avy + A,
where A, is an arbitrary real field.

The resulting lattice theory is, from a renormalization
point of view, a member of the same universality class
as the continuum GL-model and is therefore expected to
yield the same quantitative behaviour, at least in strongly
type-II regime [61]. The remaining expressions for the
discretized effective free energy density f* are presented
in Appendix B.

To measure ordering in each of the symmetry sectors
at the phase transition, we introduce two order param-
eters. As discussed in section ITC, the Zs transition is
characterized by an imbalance between the chiral com-
ponents introduced in Eq. (11). Hence, we can measure
spontaneous symmetry-breaking of TRS using the chiral
amplitude difference

)

577i_<

This is zero in the high-temperature phase and tends to
2p2 in the low-temperature phase. The superconducting
phase is characterized by a non-zero gauge field mass
m = /\Zl. This can be computed via the dual stiffness

(41]
Pk = 1 o ¢ )
9 T (2n)2L8 A
(18)

The low g-limit of this expression tends to zero in the su-
perconducting phase, where Ay, is finite, and some con-
stant in the normal state, where Ay, is infinite. Hence,
we measure the dual stiffness at the lowest non-zero mo-
mentum allowed by our discretization as an order param-
eter in the U(1)-symmetry sector. Finally, both phase-
transitions are accompanied by singularities in the spe-
cific heat

2 @~ I )P

ST(A x A

r

Co=B*((E —(E)*), (19)

where (3 is the inverse temperature.



In numerical simulations, we thermalise systems of
sizes up to 32% from both an ordered state given by
Egs. (2) and (3), or fully disordered states in some cases,
over 3 x 10° Monte Carlo sweeps. We then make mea-
surements of the energy, dual stiffness and chiral order
parameter over 1 x 106 Monte Carlo sweeps. The mea-
surements are done every 40’th sweep to account for the
auto-correlation time. Ferrenberg-Swendsen multi his-
togram reweighting has been used to post-process the
raw data [62, 63].

IV. RESULTS

In this section we present results from large scale
Monte Carlo simulations using the parameter regime dis-
cussed in Sec. IIB. For all simulations we have fixed
a=1.0,up=1.0 and g = 1.0.

A. Model without mixed gradient terms

Results without MGT, ~,, = 0, are shown in Fig. 2.
We find that ordering in both symmetry sectors occurs
simultaneously. In Fig. 2a the chiral order parameter
has a kink as it drops to zero at the critical temperature.
The dual stiffness in Fig. 2b displays similar behaviour;
in the Meissner phase, where \j, is finite, it tends to
zero and in the normal state it grows, as the thermal
gauge fluctuations become larger. The normal phase and
Meissner phase are separated by a jump in both order
parameters accompanied by a singularity in the specific
heat in Fig. 2c. In summary, we find that with decreasing
temperature the system goes from a normal state to a
chiral superconducting state with spontaneously broken
U(1) X Zy symmetry.

The fact that they coincide is explained by a pre-
emptive phase transition scenario, discussed previously
for multi-component superfluids and superconductors
[40, 45], see the earlier discussion in terms of j-currents
in [42]. The process of proliferating topological defects in
the two symmetry sectors is cooperative. Namely, as the
charged vortices in the U(1)-sector proliferate, the stiff-
ness of the Ising domain walls drops to zero triggering a
proliferation in the Z5 sector. The smoking gun signature
of a preemptive phase transition is that it is first order,
with a latent heat related to the sudden drop in the chi-
ral/charged order parameters at the phase transition. An
intuitive way of understanding this is to consider the case
where the two symmetry sectors are completely decou-
pled. The chiral sector is then, with increasing temper-
ature, headed towards a continuous second order phase
transition in the Ising universality class. At some lower
temperature, charged vortices in the U(1)-sector will pro-
liferate which also triggers the Z5 phase transition due
to the interplay between domain walls and vortices. This
scenario is sketched in Fig. IV A, where the order pa-
rameters in both symmetry sectors are cut off at the
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FIG. 2. Results from Monte Carlo simulations of model in
Eq. (1) with v = 0.1 and 7, = 0.0 for L = 24, 28, 32. (a)
Chiral amplitude difference given by Eq. (17). (b) Dual stiff-
ness given by Eq. (18). (c) Specific heat given by Eq. (19).
We find a single phase transition at T, ~ 3.745 characterized
by ordering in both symmetry sectors and a singularity in the
specific heat.

preemptive transition temperature resulting in a single
first order transition. To investigate this numerically, we
plot the energy probability distribution in Fig. 4a. We
find a pronounced double peak, indicative of a first or-
der phase transition where two phases co-exist at the
critical temperature. Furthermore, we have performed a
finite-size scaling analysis of the difference in free energy
between the double peak value and the valley minimum
AF = In(Ppaz/Pmin)/B, where P qp and Py, are the
energy probabilities at the double peak and the valley
minimum, respectively. For a first order phase transi-



tion, this quantity should scale asymptotically as L¢~1
[64] for large system sizes. Such scaling is confirmed in
Fig. 4b.

TCU(I) T. TcZz T

FIG. 3. Schematic drawing of the preemptive phase transition
scenario. The the chiral and charged order parameters would
exhibit two separate continuous phase transitions, were it not
for the mutual interplay between the two sectors. At some
intermediate temperature, interplay between topological de-
fects in the two symmetry sectors lead to ordering in both,
resulting in a single first order phase transition at 7.

B. Full model

We now consider the full model in Eq. (1) and exam-
ine how the MGT modify results from the previous sec-
tion. In Ref. [48] the MGT share coefficient with the Ising
anisotropy term, so due to the restrictions on v we stick
to low values of ~,,. Fig. 5 shows results for the phase
transition at 7, = 0.1. The results are very similar to
the case without MGT, which can be seen by comparing
with Fig. 2. The critical temperature decreases slightly,
and we can also see that finite size effects become more
prominent as the peak in specific heat changes more with
system size. To investigate whether this is still a preemp-
tive phase transition, the energy probability distribution
along with finite size scaling of AF' are plotted in Fig. 6.
We find a clear double peak and quadratic scaling, which
both indicate a first order preemptive phase transition.
By comparing with Fig. 4, we observe that the first or-
der behavior is even stronger in case of non-zero MGT, as
the double peak structure is now resolved for the smallest
system with L = 24.

To characterize the strength of the transition, we calcu-
late the difference in entropy between the two coexisting
states at the phase transition. The entropy is calculated
from the free energy F' = E-T'S. Because the two states
have the same free energy the entropy difference is given
by AS = AE/T. = cky. In Table I we show the co-
efficient ¢ for the change in entropy per lattice site for

0.8 9.9 10.0 10,1 10.2 10.3 10.4 10,5 10,6
i

(a)

fUL)=L*/115 - 1.6
1{ & AF

(b)

FIG. 4. (a) Energy per lattice site probability distribution at
the critical temperature for system parameters v = 0.1 and
Ym = 0.0 and system sizes L = 24,28,32. For larger system
sizes we see an increasingly pronounced double peak, indicat-
ing a first order phase transition. (b) Finite size scaling of the
difference in free energy between the double peak value P40
and the valley minimum Prin, AF = In(Prac/Pmin) /B, mea-
sured at the critical point. Ferrenberg Swendsen multi his-
togram reweighting has been used to obtain histograms with
peaks of similar height.

Ym T c

0.0 3.745 0.091
0.1 3.743 0.120
0.2 3.736 0.121

TABLE 1. Critical temperature 7. and coefficient for the
change in entropy AS = ckp for different strengths of the
MGT with v = 0. As 7, increases the critical temperature
decreases and the change in entropy increases, making the
phase transition stronger first order. Data is taken from sim-
ulations with L = 32, and T, is determined using multi his-
togram re-weighting to find the temperature where the two
peaks in the energy probability distribution have the same
height.

increasing values of ~,,. We see a significant increase
from the case without to the case with MGT, meaning
the phase transition becomes more strongly first order.
As vy, is increased further, this trend continues. This
can be explained by the fact that the MGT introduce
stronger interaction between vortices and domain walls
that results in a larger latent heat and stronger first order
behaviour.
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FIG. 5. Results from Monte Carlo simulations of model in
Eq. (1) with g = 1.0, v = 0.1 and v, = 0.1 for L = 24, 28, 32.
(a) Chiral amplitude difference given by Eq. (17). (b) Dual
stiffness given by Eq. (18). (c) Specific heat given by Eq. (19).
We find a single phase transition at 7. ~ 3.743 characterized
by ordering in both symmetry sectors and a singularity in the
specific heat.

V. SUMMARY

In this paper we have investigated fluctuation effects
on the phase transition in a GL model for chiral super-
conductivity. Within the parameter regime used, a single
phase transition from the normal state to a chiral super-
conducting state with spontaneously broken U(1) x Zs-

symmetry is found. We show that this is a preemptive
first-order phase-transition, where interplay between the
topological defects in both symmetry sectors cause them
both to disorder at the same temperature. We have also

1
o L=2
o L=R
' L=32
=
g2
[
1
0
08 9.9 10.0 10.1 10.2 10.3 10.4 10.5 10.6
E
(a)
(L) = L*/60 — 8.0
15 o« AF
10
o,
- v
) °
-
0
2 22 A 26 28 30 30 7]
L
(b)

FIG. 6. (a) Energy per lattice site probability distribution at
the critical temperature for system parameters v = 0.1 and
Ym = 0.1 and system sizes L = 24,28,32. For larger system
sizes we see an increasingly pronounced double peak, indicat-
ing a first order phase transition. (b) Finite size scaling of
AF'. Ferrenberg Swendsen multi histogram re-weighting has
been used to obtain histograms with peaks of similar height.

investigated the effect of MGT, which enhance the first
order character of the phase-transition.
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Appendix A: Coupling matrix

The energy in Eq. (1) is expanded to second order in
the fluctuation fields introduced in Egs. (4)-(6). For the

20‘(“&4’7) +l€2 0
ug—y
0 2a + k?
2
Gp = 0 0 e
0 0
0 0
0
2a 0
Guer = £Ym —2kgky
— 0
0

In Eq. (A7), we note that the Meissner effect gives rise
to massive gauge-field fluctuations, which yield a mass-
less Goldstone mode associated with the phase-sum when
g = 0. The phase-difference mode is also seen to evolve
to a massless Goldstone mode when the Ising-anisotropy

potential in Eq. (1a), we find

2

fv=—«a (ug + ui) + % (ui + ufl) - Vuguy

+ (—a + Bugu? — "/ui) e+ (—Oz + SuOuZ - 'yuz) e

y
— Ayuzuyezey + 87uiu§927
(A1)

where fj is the ground state energy. The Maxwell term
keeps the exact same form to second order in p, since it
only differs by a gradient from A
fa=IVxpl (A2)
Finally for the various gradient terms, we expand the
gradients to first order since all relevant combinations
are squared
ei(92+l90/2)7 (A3)

(A4)

Diny = [Oiee — i(gps — 9i0a)us]
Diny = [Diey — i(gpi + 0i0a)uy] €'~/

These expressions can now be combined to form all the
terms in the energy functional. After Fourier transform-
ing and rotating the amplitude basis, we can write the
energy on the form in Eq. (8)

f=fo+vGvi. (A5)
where v is given in Eq. (9). We can write the coupling
matrix as a sum of three contributions, a diagonal part
with massive terms, a diagonal part with k-dependant
terms and an off-diagonal part from the MGT.

G = Gp + Gunar (A6)
0 0 0
0 0 0
+ ek 0 0 (AT)
0 uff o g>+ k2 0
0 0 2oy R
0 —2kzk, O 0
0 0 —igk, —igk,
0 0 0 0 (A8)
igk, 0 0 0
igky 0 0 0

parameter v = 0. Furthermore, Eq. (A8) shows that the
MGT have an effect for ¢ = 0, coupling fluctuations in
the e amplitude mode to fluctuations in the phase dif-
ference Oa. Finite g will moreover couple the e_ ampli-
tude mode to gauge-invariant currents. Contrary to the



one-component case, the eigenmodes are in general com-
plicated linear combinations of amplitude modes, phase-
difference modes, and gauge-invariant currents [52]. Only
in a limited parameter regime do the eigenmodes simplify
significantly.

Appendix B: Lattice regularized free energy

In this section we apply the regularization procedure
introduced in Section III to the dimensionless effective
free energy density in Eq. (1). The resulting expression
was used in the Metropolis-Hastings algorithm to find the
energy-difference between different field-configurations as
well as when calculating the energy as an observable
which again was used in calculating of the specific heat.

Inserting the discretization of the covariant derivative
in Eq. (15) yields

IDyunal® =g o” + 08 ? = 2Re (i une “e =)
~2|(py ) pr+upr COS(9r+u Oy — Ar,u)]
(B1)

In the second line we have introduced the notation
ne = p“fewra for the amplitude and phase of the compo-
nents of the order parameter. We have also used peri-
odic boundary conditions to map the term |77f+ﬂ\2 back
to [n¢|? by a simple shift of the index in the sum > fy.
Using the formula above we immediately get the
lattice-regularized conventional kinetic energy density

fﬁzreg{ZIDna }= Zreg{lDwa\ }
=23 [0

pa

a a a a
- pr+ﬂpr cos (91‘+[L - 91‘ -

4e,)].
(B2)

where p runs over z, y and z, while a € {z,y}. Using
the notation

4= { ya=az
T ra=y

the MGT in Eq. (1c) can be written on the more compact
form

(B3)

fMceT = 29m Z Re [DzTIa(Dy%)*]- (B4)

Inserting the discretization of covariant derivatives we
find in Eq. (15) gives
Dota(Dyna)” = (i pe! e Aee) /J“e“’f)
— pgﬂpgyei(@r‘lﬂ iy~ (Arz—Ary))

@i (07 s =07 —Ar,e)

— Pryapre
— peplyge =0y 5 —0r —Ary)
+ pt pa i(0g—02) (B5)
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Taking the real part of this gives

Re[ Do (Dya)*]
/’r+zpr+y cos (9r+z 93+y (Ar — Ar’y))
pr+1pr cos (9r+z 61(‘1 - Al"vz)
- Pr+gpr cos (9r+g -0 - Ar,y)
+ plpl cos (08 — 63), (B6)

This gives the final expression for the discretized MGT

Faar = 29m Y [t cos (62 — 07)

Ar,z)

Ary)

(Ar,z - Ar,y))] ’

- P?—;-fu/’f cos (954-55 —0F =
— Py cos (05 — 07 -

+ P apgsgcos (O s — Oy —

where we have switched the superscripts a <> a on the
third line. To ensure that this discretized term is ren-
dered invariant under the four-fold rotations of the square
numerical lattice, we may average as follows

et — .ffﬁGT (B8)

1 T T T T
=1 [fuer + Caftiar + Ci faar + CffMGT} (B9)

where Cy denotes a 90 degree counterclockwise rotation
of the xy-coordinate system. We then find

3y Tm a a a a
fMGT = 7 Z {pr+2pr+g COs (0r+z 9r+y (Arz
= Pr-iPiy €08 (075 = 0y + (Ar—sa + Ary))
+ pp_aprgeos (05 —0F 5 — (Aegy — Ar—iz))
— PyyaPe_g COS (6rss — 05— (Arz + Arfy.,y))} )
(B10)

The potential terms in Eq. (1) are simply discretized
by mapping to the amplitude phase-notation and become

=3 [—alon)?+ 52 (00 |+ (pipt)? cos 205 — 62).

a
(B11)
These expressions together with the regularization of the
pure gauge-potential term in Eq. (14) then give the com-
plete discretized free energy density

ff=F+ fic+ facr + fa (B12)

= Ary))
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