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Cuprate superconductors, the most commonly known class of high-7, superconductors, have much
richer properties than the conventional superconductors, yet much of it is not well-understood.
To explain their physical origin, many theories involving emergent gauge fields have been put
forth in recent years. Focusing on the theory developed in Christos et al. [1], consisting of
fundamental SU(2) bosons of charge e coupled to an emergent SU(2) gauge field, we develop a
Monte-Carlo algorithm to efficiently sample the fluctuating gauge and boson fields in presence
of finite temperature. We demonstrate a Kosterlitz-Thouless transition from the superconducting
(SC) to a pseudo-gap phase (PG) and the existence of vortices with flux &/(2¢) confirming that
indeed these arise due to confinement of the SU(2) gauge fields. Furthermore, we explicitly
show the existence of a period-4 charge order nucleating inside the vortex cores, observed in
the experiments by Hoffinan et al. [2]. Further, we also observe Fermi arcs in the electronic
spectral density in the high temperature PG phase where quantum oscillations of hole pockets
with fractional area in the local electron density of states are also observed, thus unifying these
seemingly unrelated phenomena within the framework of a single theory.
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1. Introduction

Hole-doped cuprate superconductors have been a subject of intense research for several decades
due to their relatively high superconducting transition temperatures at ambient pressures and having
a rich phase diagram consisting of many interesting strongly-correlated phases of matter. Despite
significant progress, the underlying mechanism responsible for their unconventional superconduc-
tivity and the enigmatic pseudogap phase remain somewhat elusive. The pseudogap phase at small
hole doping p is characterized by a partial gap in the electronic density of states at the anti-nodal
region of the Brillouin zone [3] and leads to the observation of ‘Fermi arcs’ in angle-resolved
photoemission spectroscopy (ARPES) [4, 5] and scanning tunneling microscopy (STM) [6, 7]
experiments. Further, recent magnetotransport experiments provide compelling evidence for the
existence of hole pockets across the Brillouin zone diagonals [8]. Experimental observation of the
Yamaji effect also provides evidence of these hole pockets having a fractional area at low doping [9].
Understanding the nature of the pseudogap phase and its relationship to d-wave superconductivity
at lower temperatures is crucial for unravelling these mysteries and building a unified framework
for high-temperature superconductivity in cuprates.

A few notable approaches towards understanding the pseudogap phase include (a) treating it as
a precursor to superconductivity, where the pseudogap arises due to the formation of Cooper pairs
without long-range phase coherence, and (b) treating it as a competing order where the pseudogap
arises due to the formation of a separate order parameter that competes with superconductivity.
An interesting direction along the first approach is the phase-fluctuation theory of Emery and
Kivelson [10], modelling the pseudogap as a fluctuating superconducting phase. Although this
approach successfully explains several experimental phenomena, it cannot satisfactorily explain
magnetotransport experiments and the existence of pockets detected therein. Along the second line
of approach, one perspective is to treat the pseudogap phase as arising due to the coexistence of a
fluctuating spin-density wave (SDW) along with the conventional Fermi liquid [11, 12]. However,
it is difficult to apply this theory to explain the properties of hole-doped cuprates beyond a certain
doping where SDW order at zero temperature is not present [13].

A third alternative yet prominent theoretical approach to understand the pseudogap phase is to
treat it as a quantum phase on its own. Within this approach, the Fermi arcs are described as front
segments of hole-pockets with backsides represented by strongly suppressed spectral weights. In
this presentation, we report the key results of our work [14] build upon a field theoretical approach
where hole pockets arise due to quantum fluctuations of the antiferromagnetic state with fractional
spinonic excitations. The parent state is called a fractionalized Fermi liquid (FL*) [15] which has
hole-pocket Fermi surfaces and a background quantum spin liquid [16, 17].

The outline of the talk is as follows: In section 2, we start by writing down the most general
energy functional for a 2 + 0D thermal SU(2) gauge theory describing the FL* phase of the hole-
doped cuprate superconductors, developed in Christos et al. [1]. It consists of bosonic chargon
fields B describing charge fluctuations of the background 7-flux spin liquid constructed using gauge
invariance and projective symmetry transformations. In section 3, we review the ground state phase
diagram of the system as a function of coupling parameters in the energy functional obtained by
minimizing the energy functional at the mean-field level. In section 4, our Monte-Carlo sampling
algorithm for the chargon and gauge fields at finite temperature is discussed which is used to
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generate configurations for the chargon and gauge fields. In section 5, we demonstrate the finite-
temperature Berezinskii-Kosterlitz-Thouless (BKT) phase transition from the low-temperature d-
wave superconducting phase to the high-temperature pseudogap phase in terms of phase stiffness of
the superconducting order parameter and identify the transition temperature. In section 6, we discuss
our calculations of the zero-frequency electronic spectral density using the fermionic Hamiltonian
obtained in the Ancilla Layer Model [18], performing thermal averages over the finite-temperature
configurations to obtain the characteristic Fermi arcs. Finally, we conclude with a discussion of our
results and future directions. The results presented in this talk are based on our recent work [14].

2. Energy functional for bosonic chargon and gauge fields

The energy functional for the complex scalar field B involving gauge links U € SU(2) is
obtained by including all possible terms in a Landau-Ginzburg approach allowed by the symmetry
properties of B and gauge invariance. Such an energy functional contains the following quadratic
(&) and quartic (E4) terms in B fields,

EB.U] = (r+2V2w) ) BiBi—iw Y ey (B{UyB; - BUsiBi)
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where the quartic terms are expressed in terms of the following bilinears of B, associated with the
following five gauge-invariant observables,

Site charge density: <cI c, > ~pi = BjBl.,

la 1a

Bond density: <cT c, +ch e, > ~Qij = Qji =Im (BTe..U..BJ-) ,

ia ja Jaia iij ij

Bond current: i<cT c. —ch ¢ > ~Jij = =Jji =Re (BTe..U..B.) ,

i ja jaia iij ijj

Pairing: <8aﬁCiQleg> ~ Aij = Aji = 8abBaieijUiijj

3. Mean-field phase diagram at zero temperature

The first step towards understanding the phases within this theory is to minimize the total
energy functional & = &; + &4 within a mean-field approximation where we ignore the fluctuations
of the gauge field and set U;; = 1. This is done at zero temperature in order to obtain the ground
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this work
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Figure 1: Mean-field phase diagram of the system as a function of V;; and V, parameters in the energy
functional. Here, dSC stands for d-wave superconducting phase while CDW stands for the charge-density
wave phase with various periodicities.

state phase diagram of the system as a function of the parameters in the energy functional. We set
the parameters in the energy functional as follows,

r=-0.732, w=0.40, u =0, Vi =0, g =0.021446,
2

Ji=Ki=——m—,
4(1 +V2)2

3
and calculate the mean-field phase diagram as a function of V;; and V,,. Upon minimizing the total
energy functional within a mean-field approximation U;; = 1, various competing phases shown in
Fig. 1 are observed.

4. Thermal fluctuations of chargon and gauge field

In order to account for thermal fluctuations of chargon B and gauge fields U, we implement a
Monte-Carlo algorithm [14] at finite temperature with the partition function,

Zovo = [ T1; OB; [ Tiijy DUij exp [—(E2B, U] + E4[B,UN)/T] . 4)

We have performed two types of updates: (i) local updates where we randomly select a site and
update the B field at that site and (ii) link updates where we randomly select a link and update
the gauge field residing on that link. The change in energy due to these updates is calculated and
the updates are accepted or rejected based on a Metropolis accept-reject criterion. This criterion
efficiently minimizes the free energy even in the presence of several competing orders which is
essential to observe experimentally relevant phenomena like charge order halos inside the vortex
cores.
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Fig. 2 shows a snapshot of bond density and phase distribution of superconducting order
parameter obtained at an extremely low temperature 7 = 10~8. At this temperature, we observe a
dilute sea of vortices and antivortices, identified by the 27 phase winding in the superconducting
order parameter while going around the vortex core. Further, when we zoom into the core of these
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Figure 2: Snapshot of bond density (left) and phase of superconducting order parameter (right) at an
extremely low temperature (T = 107%). The presence of vortices and antivortices is identified by the 27
phase winding in the SC order parameter while going around the vortex core.

vortices, we observe nucleation of charge order stripes with period-4 inside the vortex core. The
observed structure is remarkably similar to the experimental observations using scanning tunnelling
microscopy (STM) by Hoffman et al. [2] shown in the right panel of Fig. 3 for reference.
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Figure 3: Left: Zoomed-in view of the vortex core showing the nucleation of period-4 stripes inside the
vortex core. Right: The observed structure is remarkably similar to the experimental observations in STM
measurements by Hoffman et al. [2]

5. Role of thermal fluctuations of gauge fields in driving the SC transition

In order to establish a phase transition from the low-temperature d-wave superconducting
phase with long-range phase coherence to the high-temperature pseudogap phase characterized by
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proliferation of free vortices and antivortices, we have to study the most suitable order parameter
which quantifies the phase rigidity of the superconducting state. The order parameter chosen
here is the superfluid stiffness Y which quantifies the rigidity of the macroscopic superconducting
wavefunction to phase fluctuations and is defined as,

4Y = 1li ¢ 5

Lim ®)
where AF is the change in free energy due to a small twist ® applied at the boundaries of our lattice,
L is the linear dimension of the system. The change in the free energy

|
AF =2 n <exp -8 (§(®) - §(O = 0))] > (6)

H(©=0)
is calculated in terms of the difference in the energy of the system without any twist, denoted as
&(0 = 0) and the energy in the presence of a twist ©, denoted as &(®). The averaging is performed
over the ensembles of configurations generated from Monte-Carlo sampling in the absence of any
twist, hence denoted with a subscript H (® = 0) with 8 denoting the inverse temperature.
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Figure 4: Superfluid stiffness as a function of temperature, showing the Kosterlitz-Thouless phase transition.

In this 2D system, we anticipate a Kosterlitz-Thouless phase transition at a temperature which
can be measured from the Nelson-Kosterlitz criterion,

n
5 Y(T =Tkr) = TkT

The superfluid stiffness as a function of temperature shown in Fig. 4 clearly demonstrates
a Kosterlitz-Thouless phase transition from the superconducting phase to the pseudogap phase
at a temperature Tx7 = 0.093 where the superfluid stiffness Y drops to zero and the system is
populated with free vortices and antivortices. Snapshots of various order parameters across the
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Figure 5: Snapshots of various order parameters across the superconducting transition temperature 7.

superconducting transition temperature 7, are shown in Fig. 5. The first row shows the phase of
the superconducting order parameter where we indeed observe proliferation of free vortices and
antivortices above 7. The second row shows the ratio of the same order parameter in the x and
y-directions which flips its sign corresponding to Arg[A,] which confirms the d-wave nature of the
superconducting order parameter.

6. The electronic spectral weights and Fermi arcs at zero frequencies

Next, we study the electronic spectral weights at zero frequency and attempt to understand
whether thermal fluctuations of the chargon and gauge fields can give rise to the Fermi arcs which
are observed in photoemission experiments. The fermionic Hamiltonian for the microscopic Ancilla
Layer Model (ALM) [18, 19] is written in terms of the physical electrons ¢ and the spinons f and
Jf1 which are coupled to the chargon B and gauge fields U through Yukawa couplings. All the
parameters in the Hamiltonian are fixed to be similar to the ones used in Ref. [20] with hole doping
p = 0.2 to match the experimentally measured pseudogap.
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In order to obtain the zero-frequency electronic spectral density, we diagonalize the fermionic
Hamiltonian and compute the Green’s function for the physical electrons c. In the mean-field
approximation at zero temperature, we obtain the hole pockets shown in the left panel of Fig. 6.
At finite temperatures, the electronic spectral density is calculated by including the thermal con-
figurations for B and U in the fermionic Hamiltonian and performing thermal averaging to obtain
the finite-temperature Green’s functions. We clearly observe Fermi arcs in the electron spectral
density as shown in Fig. 6 which are also observed in photoemission experiments in the pseudogap
phase [4].
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Figure 6: Zero-frequency electronic spectral weight. Left: Hole pockets in the absence of thermal fluctua-
tions of the chargon and gauge fields. Right: Fermi arcs obtained after including the thermal fluctuations of
the chargon and gauge fields.
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7. Concluding remarks

In this presentation, we discuss some of our key results that arose out of our lattice study [14]
of a thermal SU(2) gauge theory coupled to charged SU(2) scalar fields describing the pseudogap
phase of cuprates. Starting with the low-temperature ground state which is a d-wave superconductor,
we have demonstrated a BKT transition to the pseudogap phase on increasing the temperature and
discussed the possible mechanism driving this phenomenon. Furthermore, we have explicitly
demonstrated the existence of period-4 charge order halos nucleating inside the vortex cores, which
is also observed in STM experiments. We also observe Fermi arcs in the electronic spectral density
in the high-temperature pseudogap phase which is consistent with the observations from ARPES
experiments. In future, we would like to perform a more detailed study of the thermodynamic and
transport properties of the different phases of cuprates within our lattice gauge theory framework.
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