PHYSICAL REVIEW B 106, 064504 (2022)

Zero temperature superconductor—-edge metal-insulator
transition in two-dimensional bosonic systems

Havard H. Haugen and Asle Sudbg
Department of Physics, Norwegian University of Science and Technology, NO-7491 Trondheim, Norway
and Center for Quantum Spintronics, Department of Physics, Norwegian University
of Science and Technology, NO-7491 Trondheim, Norway

® (Received 24 May 2022; revised 31 July 2022; accepted 2 August 2022; published 11 August 2022)

Motivated by the recent experimental observation of an intermediate bosonic metallic state in the two-
dimensional superconductor-insulator transition at 7 = 0, we study an extended Bose-Hubbard model in the
limit of a large number of particles per site. Using a representation of this in terms of two coupled XY models,
we find, in addition to an insulating phase and a (2 + 1)D superfluid phase, two other phases. One phase is
a 2D superfluid phase where a crossover from (2 + 1)D to 2D has taken place as a result of incipient charge
ordering, signaled by 6 disordering, and which is closely related to a supersolid phase. The other new phase is an
edge metal state characterized by zero superfluid stiffness, zero charge ordering, and zero bulk compressibility.
However, the edge compressibility of the system is nonzero. While we do not find any intermediate state with
2D metallic conductivity, we are able to connect these results to STM experiments on MoS, showing brims of
finite density of states around the entire edge of 2D MoS, samples.
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I. INTRODUCTION

The zero temperature phases of two-dimensional systems
has been a topic of intense research for many decades. Early
works showed that even a small amount of disorder is enough
to localize all electronic states, implying that electrons cannot
form a metallic phase at 7 = 0 [1]. Hence, the zero tem-
perature ground state of two-dimensional systems should be
either superconducting (superfluid) or insulating. However,
experimental evidence of a metallic state at ultralow tempera-
tures at the phase boundary between the superconducting and
insulating phases has been reported [2]. This was explained
using the idea that even outside the superconducting phase the
relevant degrees of freedom are still bosonic, in the form of
preformed or phase-incoherent Cooper pairs. The analysis of
these bosonic models led to the prediction that the resistance
is universal at the superconductor (SC)—insulator (I) transition
[3-6].

More recent experiments have shown that the metallic
phase is not necessarily a point in parameter space, but can
exist for a wide parameter regime, typically intervening the
superconducting and insulating phases. This metallic behavior
has been found in a number of experimental setups, and the
phase transition from SC/I to a metallic state can be induced
by varying different experimental parameters [7]. A magnetic
field driven transition has been observed in MoGe, Ta, TaN,
and InO thin films [8—12]. The metallic phase has also been
observed in granular systems, where a gate voltage is used to
tune the effective Josephson coupling between superconduct-
ing grains [13-15]. Similar results with gate-voltage-tuned
transitions have been obtained for homogeneous systems
[16-18]. The final category of experiments includes systems
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where the geometry is tuned. Metallic behavior has been ob-
served both in homogeneous systems where the film thickness
is tuned, and in granular systems where the distance between
the superconducting grains is tuned [2,19]. A particularly illu-
minating study of YBCO [20] used reactive ion etching to tune
the thickness and crystalline properties of superconducting
islands. Measurements of the magnetoconductance oscillation
period were consistent with 2e charge carriers, which demon-
strates that Cooper pairs participate in transport in the metallic
state.

Despite the plethora of experimental evidence for a zero
temperature metallic phase, consensus is that no satisfactory
theoretical description of the anomalous metal or Bose metal
exists to date [7]. The fact that it can be found in a wide variety
of materials points to some fundamental effect that is missing
in our current understanding of these systems. Considerable
theoretical effort has gone into the study of systems where
the superconducting order parameter is coupled to a dissipa-
tive heat bath in the context of resistively shunted Josephson
junctions [21-27]. Another explored avenue is the glassy
phases found in Josephson junction array models with local
disorder introduced through random Josephson couplings or
gauge field [28-32]. In Ref. [33], it was proposed that the
SC—metal (M)-I transition should be viewed as a two order
parameter problem, one describing superconducting ordering
and the other describing charge ordering. This allows for a
scenario where an intermediate phase exists where supercon-
ducting phase coherence is destroyed, but charge order is not
yet established. Mapping the system onto bosons interacting
strongly with a gauge field and comparing with previously
obtained results [34], Ref. [33] suggested that a Bose metal
phase containing gapless diffusive charge excitations in the
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bulk spectrum would result. This was then proposed to consti-
tute the zero temperature Bose metal.

In this paper, we analyze the same model as in Ref. [33]
using large-scale Monte Carlo simulations. Our results con-
firm that an intermediate phase exists, but with a slightly
different physical interpretation than proposed in Ref. [33].
We find that the bulk compressibility vanishes in the inter-
mediate phase, implying that charge excitations are gapped in
the bulk. We show that the order parameter of the intermediate
phase instead corresponds to a nonzero edge compressibility.
From this, we conclude that the intermediate phase is a bulk
insulator with conducting edge states. Throughout the paper
we will refer to this phase as an edge metal (EM). We also
find a fourth critical superconducting (CSC) phase, with 2D
superfluid ordering but no order along the temporal direction,
as opposed to the regular SC phase. We present a detailed
study of the different possible phase transitions and map out a
phase diagram for the model. We comment on the differences
between the phase diagram obtained here and in Ref. [33].

II. MODEL

We start by considering the following quantum rotor model
on an L x L two-dimensional lattice,

H=-J ZCOS(¢[+C¢ —¢i)— I Zmi
+ % Zi:(ﬁii)z +V %:ﬁli"%im M

where o = X, §. Each site has an associated phase ¢; and
number fluctuation operator /#;; = #i; — ngy, where #; counts the
number of bosons at site i and ng is the average boson density
for 1 = 0. The phase and number operators have a nontrivial
commutation relation

[, §;1 = i 2)

The first term in Eq. (1) describes the kinetic energy of the
bosons. The second term is the chemical potential energy of
the system, where ;i = 4+ U/2 is a renormalized chemical
potential. In all the results presented in this paper we have
set i = 0, which implies ) .(m;) = 0. The third and fourth
terms represent the on-site and nearest-neighbor potential en-
ergy, respectively. Equation (1) describes the physics of the
extended Bose-Hubbard model in the limit of large integer
boson density ngy [35]. For a granular superconducting film,
the parameters of the model can be determined experimentally
from the relation [33,36]

Ro
2R,

J=—Ao, 3)

where Ry = o, ''= h/(2e)?, R, is the normal state resistance,
and Ay is the pairing gap. U and V are given by the inverse of
the capacitance matrix C,g of the superconducting grains.

In Ref. [33], it was shown that the quantum rotor model
introduced in Eq. (1) can be transformed into two coupled
XY models in 2 4+ 1 dimensions. Their derivation is summa-
rized here for completeness. We start by writing the model

introduced in Eq. (1) in the following form,

H = —JZCOS(¢i+a —¢i) — ﬂzﬁli

+Vo ) 0+ Vi) O+ e’ (4)

i,a

where we have reorganized the potential terms by setting
U/2 =Vy+ 4V and V = 2V;. This is a convenient choice for
the transformations done later on, and we will be discussing
the model in terms of Vy and V; in the following. Next, the
model in Eq. (4) is written in the path integral representation,
with a partition function given by

2
Z= Z /0 Dee 5, (5)

{m;}
S=iy mi(Veg)—J Y cos(Vadi)
+Vo Y m) + Vi Y (mi+mie), (6)

where we have set fi = 0. The sum over i now runs over 2 + 1
dimensions, where the last dimension t is discrete imaginary
time with periodic boundary conditions. Discretizing imagi-
nary time introduces a length At between each time (Trotter)
slice, which has been set to unity. The index o € {%, } refers
to spatial directions, and V , f; = fiy, — fi is the finite dif-
ference operator. In the path integral formalism, the fields m
and 6 are real numbers, not operators, and their commutation
relation is taken into account by the first term in Eq. (6). In-
voking the transformation m; — e @Tim;, where Q = (7, ),
the action in Eq. (6) reads

S=i) mi(Vepi) =T ) cos(Vagh)
+Vo > (m)? + Vi Y (Vami). )

The next step is to Hubbard-Stratonovich-decouple the V)
term, thereby introducing a new field p;,

oV i (Vam? _ / Dpe V) Lia Pla=i ZiamiVaria) (g)

In the last term, the gradient has been shifted onto the p; ,
factor by a partial integration. This transformation is only
possible for positive values of V|, which will put a restriction
on the parameter regime for which the transformed model is
valid. In the original formulation, Eq. (1), a positive V| cor-
responds to a parameter regime where the on-site interaction
U is larger than 2Vz, z being the number of nearest neigh-
bors. We can rewrite the Hubbard-Stratonovich field as p; , =
Pio +27l; o, where p; o € [0,27) and [;, € Z. Furthermore,
the phase variable can be split into a curl and a gradient
part, i = Vabi + (V X ©;),. Inserting this into Eq. (8), the
curl contribution to p can be integrated out since only the
divergence of p couples to m. Furthermore, the coupling term
is invariant under shifts of 27. Thus, we obtain Eq. (8) in the
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form
Z fozﬂ Dee—(l/wl)Z,-,L,(Vu(?i—hli‘u)z—iZ,»m,(Vﬁ@f)
{lia}
~ fOZTr Deea/zvl)zi_a cos(Vob)—i Y, mi(vﬁei)’
where the sum over / has been executed using the Villain
transformation. We also introduced the notation Vﬁ to ex-
plicitly show that the Laplace operator only includes spatial

components. Finally, we may carry out the sum over m. Col-
lecting all the terms in the action that include m we find

37 oW D Dy i) ©)
{m;}

~ e(1/2Vo)Z (eI V i 4V6;) (10)

where the Villain transformation has been used again. Com-
bining all this leads to the following partition function for two
coupled XY models,

2w
Z= DpDle™5, (11)
0
=— JZ cos(Vai) — Z cos(Vo6))
iQr;
~ v Zcos(e Vi + V6, (12)

where the sum over i now runs over N = L x L x L, sites in
2 4+ 1 dimensions. The action is dimensionless by absorbing
the discrete imaginary time length At into the coupling con-
stants.

Key results in this paper rely on understanding the equiva-
lence between Eq. (4) and Eq. (12), since we use the quantum
rotor model to interpret the numerical results obtained from
the coupled XY model. The coupled XY model features two
phase degrees of freedom, ¢ and 6. Ordering of these phases
is described by their phase stiffness or helicity moduli, which
is nonzero in the ordered phase. Spatial phase coherence
of ¢ is associated with superconductivity, i.e., the collective
ordering of the superconducting phase on each grain in the
system to form a superconducting state with global phase
coherence. Temporal phase coherence in ¢ is associated with
a nonzero bulk compressibility, which measures the change
in charge density in response to an infinitesimal shift of
the chemical potential. Zero compressibility indicates that
particle-hole excitations are gapped, yielding an insulating
state, while a nonzero compressibility indicates a metallic
or superconducting state. The interpretation of the field 6 is
not as straightforward as the interpretation of the field ¢. As
Eq. (8) (and onward) shows, the field 6 arises from decoupling
a term in the form (m; + mj,)? in the unrotated basis. To be
precise, p o V@ is the dual variable to m; + m;;, S0 ordering
of 6 is tied to disordering the field m; + m; 4. In Sec. IV, we
show explicitly that the order parameter of 6 is closely linked
to a susceptibility to induce excess charge on two neighboring
sites so that when 6 is disordered a charge density wave is the
only possible charge excitation. However, due to the trans-
formation in Eq. (8), the coupled XY model is only valid in

TABLE I. Summary of how the two phase fields 6 and ¢ are
ordered in each of the four phases found in this paper.

Phase ¢ ordering 6 ordering
SC Spatial and temporal Spatial
EM Disordered Spatial
I Disordered Disordered
CSC Spatial Disordered

a parameter regime where the nearest-neighbor interaction is
too weak to establish charge density wave ordering, and con-
sequently we find a uniform charge distribution when 6 is both
ordered and disordered. There is still an observable differ-
ence between these two cases in the valid parameter regime.
In Appendix B we show that spatial phase coherence in 6
corresponds to a nonzero edge compressibility, that will be
defined in Sec. IV. Like the bulk compressibility, we can use
the edge compressibility to determine whether the edge states
feature gapless excitations or not. The edge compressibility is
nonzero in the phase where 6 is ordered, which corresponds
to the phase where both uniform and charge density wave
excitations are possible in the bulk. In the phase where 6
is disordered, and only charge density wave excitations are
possible in the bulk, the edges are incompressible.

Among the different combinations of ordering in the two
fields we find that all four are realized in the parameter regime
considered, summarized in Table 1.

(1) Spatial and temporal ordering in ¢, spatial ordering in
6. This corresponds to a compressible superconducting (SC)
phase with nonzero superfluid stiffness.

(ii) Spatial and temporal disordering in ¢, spatial ordering
in 6. This corresponds to a phase with zero superfluid stiffness
and an incompressible bulk. The edge compressibility remains
nonzero, yielding an edge metal (EM) phase with nonzero
edge conductance.

(iii) ¢ and 6 disordered. This corresponds to a state with
zero superfluid stiffness along with incompressible bulk and
edges yielding a fully insulating (I) phase.

(iv) Spatial ordering and temporal disordering in ¢, 6
disordered. This state is realized above a critical value of
J > J. ~ 1.03, and corresponds to a critical superconduct-
ing (CSC) state with finite superfluid stiffness and zero bulk
as well as edge compressibility. It is closely related to the
critical superconducting state found in previous works using
quantum Monte Carlo simulations on (2 4 1)D quantum rotor
models with Caldeira-Legget dissipation [26,27]. However,
the crossover/transition from (2 + 1)D to 2D superfluidity
is not driven by varying an explicit dissipation strength as
in Refs. [26,27], but by the disordering of 6, equivalently
incipient charge ordering. It is therefore closely related to a
supersolid phase. An overview of (Vi, V) and (V;, J) param-
eter space is presented in the phase diagram in Fig. 1.

III. MONTE CARLO METHODS

To investigate the different zero temperature phases of
the coupled XY model, we need to minimize the action in
Eq. (12). This can be achieved using Monte Carlo simulations,
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FIG. 1. Zero temperature phase diagrams for the coupled XY
model in Eq. (12). (a) V; — V, plane with J = 0.5 fixed. (b) V} —J
plane with Vy = 0.5 fixed. (a) features three distinct phases: a su-
perconducting (SC) phase for low values of V; and Vj, the edge
metal (EM) phase characterized by nonzero edge compressibility for
intermediate values of Vi, and an insulating (I) phase for high values
of Vi. The edge compressibility is equal to the susceptibility for
creating excess charge of equal sign on two neighboring lattice sites.
(b) features four phases, namely the three phases mentioned above
and in addition a strictly 2D critical superfluid phase (CSC). The
transition from 3D to 2D SC for large J is driven by the proliferation
of 2D vortices (instantons) in the phase field 8, where V6 is a
conjugate variable to the excess charge on two neighboring points.
These results are obtained from Monte Carlo simulations, described
in more detail in Sec. III, on a 20 x 20 x 20 system.

where we obtain averages of various observables for a given
set of system parameters through a weighted walk through the
configuration space of the two fields using the Metropolis-
Hastings algorithm [37-39]. The coupled XY model is already
discretized, and we use a forward finite difference for the
gradients. The Laplace operator is discretized using a central
finite difference, to avoid breaking fourfold rotation sym-
metry, so that the action we use in numerical simulations
explicitly reads

1
S =1 ) cos(ira = 9) = 535 D cosOira = 61)

1 . .
2V, Z cos[(—= 1) (hirr — ¢i) + Oix + bix

+Oipy + 6,y — 461, (13)

where o = X, y refers to in-plane directions. The system is
2 4 1 dimensional so that the sum over i runs over a total of
N =L x L x L, lattice sites. The sum over imaginary time
runs from zero to 8, where f is inverse temperature, so to find
the zero temperature behavior we should consider a system
that extends to infinity in all three dimension. This is enforced
through periodic boundary conditions, and we can use finite
size scaling to infer the behavior in an infinite system.

Using Eq. (13), the Monte Carlo simulations proceed as
follows. Starting from some initial configuration, typically a
state that is uniform in (¢;, 6;), we propose an updated state
where one of the fields on a single site has been changed. The
value of the updated field is drawn from a uniform probability
distribution over the interval [¢; — ¢p, @i + @] (mod 27),
where ¢,, was typically set to 277 /3. This new configuration is
then accepted if

Inr < —AS, (14)

where AS = Spew — Soia 18 the change in the action from the
updated field, and » € [0, 1] is a random number. Thus, if
the action decreases the change is always accepted and if
it increases the change is accepted with some probability
depending on the change. This leads to a weighted walk,
where high probability configurations with a smaller value
of the action are visited more frequently, which simulates
the zero temperature quantum fluctuations of the system. The
procedure of updating a field value is done sequentially for
both fields ¢ and 6 for every lattice site, referred to as a
Monte Carlo sweep. In simulations we do millions of such
sweeps, while sampling observables after every fixed number
of sweeps to obtain statistical averages. We also do an initial
set of sweeps to thermalize the system in a high probability
configuration before starting the measurements. Errors in the
results were estimated using the jackknife method [40].

IV. OBSERVABLES

To characterize the possible phases of the model along with
the phase transitions separating them, we study a number of
observables. A key observable of the XY model is the helicity
modulus, or phase stiffness. The helicity modulus is given by
the curvature of the free energy with respect to an infinitesimal
twist in one of the phases along some direction [t in the system
¢i — ¢ + Yuir - ;. We can measure the helicity modulus of
both ¢; and 6;, along spatial and temporal directions. They are
given in the form

10 = <€) - (9] (15)

where ® = 6, ¢ labels the phase field and u = x, y, T labels
the direction of the twist. The brackets (. ..) denote averaging
over quantum fluctuations. We sample three different helicity
moduli, where the explicit expressions to be used in Eq. (15)
are

b =1 cos(dira — 1), (16)

I2=7 sin(ira — 1), a7
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1 .
€? = — ) cos[eC"(V.¢;) + V36,1, (18)
2V &
1
If = — e 7isin[e 0TI (V  ¢y) + V26,1, (19)
2o
< ZVI 2005(91+a —0), (20)
=5 Z Sin(B;4o — 0))- 1)

The helicity modulus of ¢ in the spatial directions is pro-
portional to the superfluid stiffness. We are only interested
in whether this is zero or finite, so we set these equal for
simplicity,

¢ = ps. 22)
where a nonzero superfluid stiffness signals superconductiv-

ity. The helicity modulus of ¢ in the temporal direction is
equal to the bulk compressibility of the system

3 (m)
Ere

Y =« (23)
This has previously been shown for V| = 0 in Ref. [35], and
in Appendix A we show that this equality also holds when the
Vi term is included. The insulating phase is incompressible
due to an energy gap for particle-hole excitations, and we will
use the compressibility to distinguish between insulating and
conducting phases. Finally, the helicity modulus of 6 in the
spatial directions is equal to the edge compressibility of the
system which we define as

g 1 9(M,)

YY) = Kew = , (24)
N Opleq

My =Y "(my;+mes). (25)

where the primed sum runs over the two edges of the system
that are orthogonal to ««. Note that we only differentiate with
respect to the chemical potential at those same two edges.
Similarly to the bulk compressibility, the edge compressibility
is used to determine whether a given phase features con-
ducting or insulating edge states. To our knowledge the edge
compressibility has not been studied in similar models previ-
ously, and we provide a more detailed derivation of Eq. (24)
in Appendix B. We would like to emphasize that the edge
compressibility, like the helicity modulus, is a bulk observ-
able which does not depend on the boundary conditions. To
observe an edge current the boundary conditions would have
to be altered, so what we actually measure in this paper is the
bulk signal of a phase that should exhibit edge currents if we
were to introduce an edge by altering the boundary conditions.
To understand what ordering in & means for the bulk of the
system, consider the following correlation function,

G5, (ri — 1)) = (ZemZgmj) — (Zgm;)(Zemj),  (26)
with

T = (m; + miyy)e' e’ 27

We can then define the following susceptibility:

15, = lim = ZGEm(r,» — )T~ rf o (28)
This is not strictly equal to the helicity modulus, as the long
wavelength limit and averages over lattice and Monte Carlo
sweeps are taken in different order, but they will show the
same behavior. This is shown in Appendix C. Thus, when
the helicity modulus of 6 is zero the susceptibility xy is
also zero, and excitations in the form (m; + mi)e'®" are
frozen out. This means that the only possible excitation in m
when 6 is disordered is configurations with m; = —m;,, in
other words charge density wave ordering. However, we find
that when 6 is disordered all fluctuations in m are suppressed
and stable charge density wave ordering is never established.
Therefore we will refer to this as incipient charge ordering.

Correlations in the two phase fields can also provide in-
formation about the different phases. We will investigate the
spatial correlation function of the field 8, given by

Gy (ri) = (cos(0; — 6o)), (29)

where 6 is the phase at the origin of our coordinate system
and 6; is the phase at some site i in the same time slice. Note
that this is just a convenient choice and we could measure the
correlation function between any two sites as it only depends
on the relative distance between them.

For the phase ¢ we consider the possibility of both in-plane
and temporal ordering, through the superfluid density and
bulk compressibility, respectively. We can also measure the
simultaneous ordering in all directions through the 3D XY
order parameter, which is given by

|m?) = < (Z cos(ey), Zsm(qb, )D (30)

This order parameter is equivalent to the magnetization for
magnetic systems, and (2 4+ 1)D phase coherence is charac-
terized by a nonzero value of |m?|. We note that the absolute
value has to be taken before the Monte Carlo average, because
the direction of the order parameter in a fully correlated state
can change over a number of Monte Carlo sweeps. We can
also determine the critical coupling of a 3D XY phase transi-
tion by analyzing the Binder cumulant of the order parameter

{m*)
3¢ m2>2 :
The Binder cumulant will, like the order parameter, rise as
¢ orders in the superconducting phase. At the critical cou-
pling it is independent of system size, so curves for different
system sizes will cross [41,42]. We use this crossing point to
determine the critical coupling for the superconducting phase
transition. We also measure the zero temperature equivalent
of the specific heat, namely the action susceptibility given by

U,(m)=1- 3D

1@ 2
xs = < [(S7) = (8)7], (32)
N
where S is given by Eq. (13). For the superconducting transi-
tion, we expect to see a singularity in the action susceptibility
at the critical coupling.
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We can measure the bulk conductivity at the superconduct-
ing phase transition, using the method presented in Refs. [4,6].
The conductivity is given by the following Kubo formula,

0y = lim GQM, (33)

—0 Wy,

where o = (2¢)*/h is the conductance quantum for Cooper
pairs, and the frequency dependent stiffness is given by

1 - -
palion) = - [[el) = (L GoDkGo))], (34
0 =) cos(¢ira — i), (35)
Io=177) sin(@ira — g™ (36)

T is the coordinate in the imaginary time dimension, and
w, is the Fourier momentum along that direction. Now, in
principle we could use Eq. (33) to measure the conductiv-
ity directly for any parameter regime. The limit @ — 0 is
however not accessible in our numerics, as the resolution in
Fourier space depends on the number of lattice sites. We can
however use finite size scaling to measure the conductivity at
the superconducting phase transition. At the phase transition,
the conductivity scales as [4]

o(n,L/n) _ o_* +c(oz n)

O'Q O’Q n L

n L
where n is given by w, = 2wn/L and « is a fit parameter to
account for small system sizes in our numerics. In detail, « is
determined by minimizing the difference between curves for
o of different sizes,

(37

H

5= f dx{o,(x) — op (O, (38)
—&

where x = a/n — n/L and we used a cutoff of &£ = 0.4. Af-

ter o has been determined, the universal conductivity at the

transition o * can be read off at o /n — n/L = 0.

V. RESULTS

In this section we present results from extensive Monte
Carlo simulations on the coupled XY model presented in
Eq. (13) using the method described in Sec. III. For most of
the results measurements are taken over 4 x 10% Monte Carlo
sweeps, up to 16 x 10 for certain parameter regimes. The
system geometry is cubic in all the results (L = L,). We start
by presenting an overview of the SC-EM-I transition, with
the quantities used to characterize these. After this we present
detailed studies of the SC-EM, EM-I, and SC-CSC transitions.

In Fig. 2 we present results for the superfluid stiffness,
bulk compressibility, and edge compressibility, sampled over
an interval of V| that spans the SC-EM-I transition. For low
values of V| all three observables have a finite value. In terms
of the coupled XY model, this corresponds to spatial and
temporal ordering of the phase ¢ and spatial ordering of the
phase 6. The physical interpretation of this phase is a super-
conducting state, where the supercurrent is carried by the field
¢. For intermediate V; the superfluid stiffness and bulk com-
pressibility drop to zero as phase coherence in ¢ is destroyed

0.3 1.5
.
; T
0.2F% Ke 1.0
< .\\\\‘ )
- Y ¢
< N
0.1} \Y 0.5
\i\\\
0.0 e e, 8—g—0——o0b~0~of () ()

0.1 0.2 0.3 0.4 0.5 0.6 0.7

1
0.1 0.2 0.3 0.4 0.5 0.6 0.7

(b) Vi

FIG. 2. Results from Monte Carlo simulations on the coupled
XY model in Eq. (13) with J = 0.5, V, = 0.5 with L = L, = 20.
(a) Superfluid stiffness given by Eq. (22), bulk compressibility given
by Eq. (23), and edge compressibility given by Eq. (24). (b) Action
susceptibility given by Eq. (32). Shows how the system transitions
from a superconductor to an edge metal at V; =~ 0.214 and then from
an edge metal to an insulator at V; 2~ 0.47. Error bars are typically
smaller than the data points.

by quantum fluctuations. The loss of spatial phase coherence
signals the destruction of superconductivity, and the bulk of
the system becomes insulating since the bulk compressibility
vanishes. However, the edge compressibility remains finite
which means the edges of the system can carry a current. This
leads to an edge metal phase where the bulk is insulating and
the edges conducting. At high values of V;, phase coherence in
6 is also lost which results in a fully insulating state. The loss
of phase coherence in 6 means that the uniform susceptibility
for inducing excess charge of the same sign on neighboring
sites is suppressed. This is interpreted as a state with incipient
charge order.

A. Superconductor-edge metal transition

The superconductor-edge metal (SC-EM) transition is
driven by spatial and temporal disordering of ¢, while 6
remains ordered. We can measure this through the global
order parameter defined in Eq. (30). Results for the order
parameter are shown in Fig. 3, along with action susceptibility
and Binder cumulant. The order parameter follows the typical
behavior we expect for a 3D XY transition, where the drop
becomes steeper with increasing system size. Note that the
nonzero value on the metallic side of the phase transition is
an artifact of our numerical method, discussed in Sec. IV.
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FIG. 3. Results for the SC-EM phase transition, using the model
in Eq. (13) with J =0.5, V, =0.5 and system sizes L =L, =
16, 20, 24, 28. (a) Order parameter of ¢ given by Eq. (30). (b) Ac-
tion susceptibility given by Eq. (32). (c¢) Binder cumulant given by
Eq. (31). Shows a 3D XY -like phase transition at V|, = 0.214.

The drop in |m?| is accompanied by a peak in the action
susceptibility, which becomes increasingly sharper with larger
system size, typical of the 3D XY phase transition. Finally,
we use the Binder cumulant of the order parameter to accu-
rately determine the critical coupling. At the phase transition,
the Binder cumulant is independent of system size and we
use the crossing point of curves from different system sizes
to determine the critical coupling [41,42]. This leads to a
critical coupling V; = 0.214 which matches the peak in the
action susceptibility. The edge compressibility k., remains
finite above V; = 0.214; equivalently the uniform susceptibil-
ity for inducing excess charge on neighboring sites remains
finite. This means that the resulting nonsuperconducting state
remains charge-disordered.

0.8F
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— L=20
0.6f
& L =24
.
<
e
3
£
5
0.0
—0.4 —0.2 0.0 0.2 0.4
a/n—n/L

FIG. 4. Conductivity (per quantum conductance) as a function
of the scaling variable «/n — n/L, for system parameters J =V =
0.5 and sizes L = L, = 16, 20, 24, 28. The conductivity at the SC-M
transition, 0* /oy, is given by the value at o/n — n/L = 0.

We can now use the method presented in Ref. [4] to cal-
culate the bulk conductivity at the critical coupling of the
SC-M phase transition. The fitting parameter in Eq. (37) is
determined to be « = 0.959, from which we obtain the scaling
plot in Fig. 4. The conductivity at the transition is then given
by the value at «/n — n/L = 0, which we determine to be

0* =(0.31£0.01)0yp. 39)

We estimate the error by calculating the conductivity using
the same method for the two data points on either side of the
critical coupling on the V; axis. We can compare this to the
value found for the large-n limit of the Bose-Hubbard model
in [4], which corresponds to the model used in this paper
with V; = 0. They find 0* = 0.2850(, which is argued to be
universal in the sense that it only depends on the universality
class of the model. In summary, we find that the SC-EM
transition is very similar to the SC-I transition found in the
zero temperature 2D Bose-Hubbard model for large n, with a
3D XY character and comparable bulk conductivity.

B. Edge metal-insulator transition

The edge metal-insulator (EM-I) transition is driven by
spatial disordering of the phase 6. We measure this through
the in-plane helicity modulus of 6, equivalently the edge
compressibility of the system. Data for the edge compress-
ibility along with the action susceptibility at the transition are
shown in Fig. 5. The behavior of both these quantities is what
we would expect for the 2D XY model, which is known to
exhibit a Berezinskii-Kosterlitz-Thouless (BKT) phase tran-
sition [43-45]. The helicity modulus is predicted to exhibit
a universal jump at the transition, with magnitude 4V, /7 in
terms of the parameters used in our model. This is consistent
with our data, where the helicity modulus is independent of
system size at the predicted critical value of V; (black line in
Fig. 5), and tends toward a jump with increasing system size.
Furthermore, the action susceptibility exhibits a peak above
the transition, which has also been found in previous studies
of the BKT transition [45]. Figure 2 shows that this peak
is considerably less pronounced than the one caused by the
SC-EM transition. We did also consider the possibility of 3D
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FIG. 5. Results for the EM-I phase transition, using the model
in Eq. (13) with J =0.5, V, =0.5 and system sizes L =L, =
16, 20, 24, 28. (a) Edge compressibility given by Eq. (24). (b) Ac-
tion susceptibility given by Eq. (32). Shows a BKT transition at
Vi >~ 0.47.

ordering in the phase 6 through an equivalent order parameter
to the one defined for ¢ in Eq. (30), which vanished as the
system size was increased. Thus, our findings are consistent
with a BKT transition, and we determine the critical coupling
to be the V| value where the predicted value of the jump
matches our numerical results. For / = 0.5 and Vi = 0.5, the
transition occurs at V; >~ 0.47.

One of the hallmarks of the BKT transition is the algebraic
decay of the correlation function in the ordered phase, with
exponential decay in the disordered phase. To investigate this,
we have sampled the correlation function given in Eq. (29).
Data are presented in Fig. 6. The top right panel shows the
correlation function for a set of V; values, with blue curves in
the ordered phase and red curves in the disordered phase. This
clearly shows that correlations grow significantly stronger
across the phase transition. To investigate the possibilities
of exponential and algebraic decay, we include a log-normal
(bottom left) and log-log (bottom right) plot of the correla-
tion function. The log-normal plot shows that the correlation
function tends toward exponential decay for large V; in the
strongly disordered phase, and the log-log plot shows alge-
braic decay for small V in the ordered phase. Clearly, there is
some crossover between the two regions. To investigate this,
we consider a general form of the correlation function given
by

AV1)

Go¥) = S

exp{—x/A(V1)}, (40)
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FIG. 6. Measurements of the correlation function given by
Eq. (29), using the model in Eq. (13) with J/ = 0.5, V;, = 0.5 and
L =L, =20. Top left: Three-parameter curve fit of Monte Carlo
data to the ansatz in Eq. (40). Normal plot (top right), log-normal
plot (bottom left), and log-log (bottom right) plot of the correlation
function for different values of V, indicated by the color bar on the
right. In all figures data have been sampled along the x axis, with one
point fixed at the origin. Data have also been averaged over all time
slices (before MC average).

where in principle the amplitude A, the correlation length A,
and the coefficient 1 can all depend on V,. We fit our Monte
Carlo data to this form, keeping all three parameters free.
The results of this fit are shown in the upper left panel of
Fig. 6. First we note that the correlation length diverges as
we approach the phase transition from above, consistent with
what we would expect for a BKT transition. Note that this
occurs slightly above our estimated value of the transition,
which is a finite size effect. Comparing to Fig. 5, we see that
the correlation length diverges around the same value that the
edge compressibility drops to zero. In an infinite system, we
would expect the drop to occur exactly at the transition ac-
companied by a diverging correlation length. The divergence
of the correlation length then gives purely algebraic behavior
in the ordered phase, according to Eq. (40). Furthermore we
note that the coefficient n increases linearly with V; below
the transition, which is also consistent with a BKT transition.
A limitation of the method used in this paper is that we are
not able to determine how large the edge conductivity of the
metallic state is. We note however that the conductivity is
related to the compressibility through [46,47]

o = Dk, 41

where the diffusivity D is some unknown material constant.

C. Superconductor—critical superconductor transition

The superconductor—critical superconductor (SC-CSC)
transition is driven by spatial disordering of the phase 6,
similar to the EM-I transition discussed in Sec. V B, leading to
a decoupling of phases ¢ along the t direction. The difference
is that the SC-SCS transition occurs for a higher value of
J > J. ~ 1.03 where ¢ is ordered a priori. With increasing V|
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FIG. 7. Results for the SC-CSC phase transition, using the model
in Eq. (13) with J =1.2, V; =0.5 and system sizes L =L, =
16, 20, 24, 28. (a) Edge compressibility given by Eq. (24). (b) Ac-
tion susceptibility given by Eq. (32). (c) Bulk compressibility and
superfluid density given by Egs. (23), (22). Shows a BKT transition
in 6 at V; ~ 0.5 along with a crossover from 3D to 2D ordering of ¢.

we go from the superconducting phase where 6 is 2D ordered
and ¢ is 3D ordered, to a critical superconducting phase where
0 is disordered and ¢ is 2D ordered in the plane but not along
the temporal direction. Figure 7 displays data for the edge
compressibility and action susceptibility. These show a BKT
transition in 6 at V; >~ 0.5, where the edge compressibility
tends towards a discontinuous jump at the critical coupling
Vi >~ 0.5 with increasing system size. Comparing with results
for the EM-I transition for lower J in Fig. 5, we see that both
the edge compressibility and action susceptibility behave very
similarly. The only notable difference is that the critical cou-
pling has increased slightly with increasing J. From this we

conclude that the ordering of 6 has no qualitative dependence
on whether ¢ is ordered or not, at least for the parameter
regime considered.

We now turn to how the field ¢ behaves at the SC-CSC
transition. Results for the bulk compressibility and superfluid
stiffness are shown in Fig. 7(c). We see that the superfluid
stiffness remains finite through the transition, meaning ¢ is
spatially ordered in both phases. The bulk compressibility
is finite in the SC phase but zero in the CSC, meaning ¢
disorders along the temporal direction. For the system sizes
we have access to, there are no obvious signs of an S-shaped
curve, nor any size dependent behavior. This leads us to
conclude that the transition from 3D to 2D ordering of ¢ is
a crossover phenomenon and not a genuine phase transition.
The SC-CSC transition is still regarded a phase transition, in
the sense that 6 shows a BKT transition. To understand how ¢
disorders along the temporal direction, we turn to the coupled
XY model in Eq. (12). As 6 disorders, we also get wild fluctu-
ations in Vﬁ@. Since this couples to the temporal gradient of ¢
through the Vj term, it forces ¢ to disorder along the temporal
direction while spatial order prevails due to the high value
of J. This is a highly unusual phenomenon, since typically
in anisotropic XY models ordering in all dimensions occurs
simultaneously. Such a phase has been studied previously in
the dissipative Josephson junction model [26,27].

D. Phase diagram overview

In the previous sections, we have presented systematic
studies of the SC-EM, EM-I, and SC-SCS transitions. As
the phase diagram in Fig. 1 shows, the model exhibits two
more phase transitions. For intermediate values of J, we find
a direct SC-I transition, and for high values of V| we find an
I-CSC transition. We have not done finite size scaling of these
transitions, as we already know how both fields order on either
side of the transitions from the previous results. However, we
have done simulations on a 20 x 20 x 20 system to determine
the phase boundaries used in Fig. 1. In this section we briefly
summarize these results.

The I-CSC phase transition is driven by the spatial ordering
of ¢. We know that ¢ is fully disordered in the insulating
phase and found in Sec. V C that ¢ is 2D ordered in the critical
superconducting phase. Thus, we anticipate a BKT transition
in ¢ where the superfluid density exhibits a universal jump
with magnitude 2/mJ, at the critical coupling J.. From the
numerical results, we use the predicted value of the universal
jump to determine the critical coupling, similarly to what was
done for the edge compressibility at the EM-I transition in
Sec. V B. A representative example of results for the I-CSC
transition is shown in Fig. 8.

The SC-I phase transition is driven by ordering in both
phases. 6 is disordered in the insulating phase, 2D ordered
in the superconducting phase, and undergoes a BKT-like
transition at the SC-I phase transition. ¢ is also disordered
in the insulating phase, 3D ordered in the superconducting
phase, and undergoes a 3D-XY -like transition. For J = 0.75
we find that the two transition points coincide perfectly, for
the resolution used in the simulations. The peak in specific
heat associated with the 3D XY phase transition matches the
point where the 6 helicity modulus reaches the predicted value
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FIG. 8. Results for the I-CSC phase transition, using the model in Eq. (13) with V; = 0.8, V;, = 0.5 and L = L, = 20. (a) Bulk compress-
ibility and superfluid density given by Egs. (23), (22). (b) Action susceptibility given by Eq. (32). Shows a BKT transition in ¢ at J >~ 1.03.

for the universal jump (see Fig. 9). For higher values of J, as
we move closer to the I-CSC transition, the ordering of ¢ is
harder to resolve due to strong finite size effects around the
tricritical point. As shown in Fig. 8, in a finite system the
superfluid density will remain finite in the insulating phase
close to the critical superconducting phase. As we move into
the insulating phase from the superconducting phase, close
to the critical superconducting phase, the superfluid density
will not go to zero but remain finite. This is however not an
issue for the 6 field, which shows a clear phase transition for
all values of J in the phase diagram in Fig. 1. Consequently,
we argue that in the thermodynamic limit the SC-I phase
transition should be a simultaneous 3D XY in ¢ and BKT
in 6 phase transition for J € (0.75, 1.0), and use the critical
coupling of the BKT transition in 6 to determine the phase
boundary.

VI. SUMMARY AND DISCUSSION

In this paper we have investigated a quantum rotor model
representation of the extended Hubbard model in the case
where there are many bosons per site. This has been proposed
as a candidate theory to describe the SC-M-I transition found
at zero temperature in two-dimensional systems. We have
shown that the model exhibits four distinct phases, namely,
(i) a superconducting phase characterized by phase coherence
in the field ¢, (ii) an edge metal phase which is insulating in
the bulk with conducting edge states characterized by spatial
phase coherence in the field 6, (iii) a critical superconduct-
ing phase characterized by spatial phase coherence in ¢ and
temporal disordering in ¢, and (iv) an insulating phase char-
acterized by disorder in both fields. We start by comparing

our results to the findings in Ref. [33] on the same model.
One of the major differences is the transition line where 6
disorders. We find that it is essentially independent of both
Vo and J for the parameters considered, which leads to a very
different phase diagram. We can understand this from the cou-
pled XY model, where the gradient term plays the dominant
role in ordering 6. In other words, even when fluctuations in
¢ along the temporal direction are completely suppressed, the
Vo term cannot order 6 by itself. An equivalent statement is
that ordering of ¢ has very little impact on the ordering of
6. The inverse statement is not true, as both phase diagrams
in Fig. 1 shows that ordering in ¢ can be achieved by tuning
only V. To understand this consider the limit V; — 0 where
fluctuations in 6 are completely frozen out and the coupled
XY model reduces to the following anisotropic 3D XY model
for the phase ¢:

S=—1Y cos(Vasi) — 2Lv0 D cos(Veg).  (42)

This features long range order in ¢ for sufficiently small V;/J,
and in Fig. 1 the transition occurs for V) = 1.32, J = 0.5.
Increasing V; will increase fluctuations in 6, acting to disorder
¢ due to the Vy coupling term. At some intermediate value
of V| the fluctuations in the Vﬁ@ term will be sufficiently
strong to disorder ¢ completely by effectively renormalizing
the coupling constant along the temporal direction, resulting
in a decoupling transition in the t direction. Such a decoupling
transition cannot happen in a single-component anisotropic
XY model. Since J = 0.5 < Jp, this results in complete
disordering of ¢. Here, J.»p is the critical value of J below
which the 2D XY model disorders. As Vy/J is reduced larger

; 10
------ awi/m 5 A
A
15 08
4 s . 06 T
1.0 2 B I
3 L ) =04 .
_____ - KN . Y
_______ o . >
050 . ., Y
————— o - 0.2 \
0 S sl . > - — 0g —
1 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08 0T 02 03 04 05 06 07 08
(a) Vi (b) Vi (©) \41

FIG. 9. Results for the SC-I phase transition, using the model in Eq. (13) with J/ = 0.75, V, = 0.5 and L = L, = 20. (a) Edge compress-
ibility given by Eq. (24). (b) Action susceptibility given by Eq. (32). (c) Order parameter of ¢ given by Eq. (30). Shows a BKT transition in 0

and a 3D XY transition ¢ at V| >~ 0.48.

064504-10



ZERO TEMPERATURE SUPERCONDUCTOR-EDGE ...

PHYSICAL REVIEW B 106, 064504 (2022)

fluctuations in Vﬁe are required to disorder ¢, which is con-
sistent with our numerical results.

Our results also lead to a different understanding of
the intermediate phase than Ref. [33]. We find that quan-
tum fluctuations in ¢ result in an incompressible bulk in
the intermediate phase, meaning charge fluctuations in the
bulk excitation spectrum are gapped. The only surviving
observable in the intermediate phase is the nonzero edge com-
pressibility. Thus, although the bulk is insulating the edges can
conduct a resistive current. A deficit of our method is that we
are not able to estimate the edge conductance, which makes
it hard to compare our results directly to experiments. Thus,
this paper should be viewed as a proof of principle of how an
edge metal state can be realized in two dimensions, starting
from a relatively simple description of superconducting grains
with basic interactions. We can also provide some qualitative
insight into how the metallic and superconducting degrees of
freedom coexist. As shown in Sec. V A, the SC-EM transition
is very reminiscent of the SC-I transition described by the
Bose-Hubbard model without the nearest-neighbor V| term
[4]. This leads us to hypothesize that the superconducting and
metallic degrees of freedom can be viewed as two conducting
channels (bulk and edge) in parallel coupling, so that the
overall resistance of the system is given by

RyR,

=" 43
Rb+Re ( )

In the EM phase R, — o0 so that the overall resistance is R =
R.. As we approach the insulating phase the edge resistance
will increase according to Eq. (41), which can qualitatively
explain the smooth evolution of the sheet resistance across the
intermediate metallic regime found in experiments.

We also found that the model exhibits a fourth phase, the
CSC phase where 0 is disordered and ¢ is 2D ordered. This
phase is also hypothesized in Ref. [33] as a possible supersolid
phase. We do not find any stable charge density wave order-
ing, since fluctuations in m are always suppressed when ¢ is
disordered. However we showed in Sec. IV that disordering 6
results in incipient charge density wave ordering. Therefore,
this phase is closely related to a supersolid, with a finite su-
perfluid density, but the charge ordering is never realized due
to suppression of all charge fluctuations. Instead we identify
this phase as a critical superconducting phase, which has been
realized earlier in resistive Josephson junction arrays [26,27].

Finally, we would like to draw attention to some exper-
imental papers on MoS,. In Ref. [48], scanning tunneling
microscopy was used to investigate single layer nanoclustered
MoS;. They reported a brim of very high conductance extend-
ing all the way around the edges of the clusters. These results
were corroborated by DFT calculations were up to two in-
trinsic metallic edge states were found, associated with subtle
changes in the electronic structure close to the edge. A subse-
quent study [49] demonstrated that the edge transport plays a
dominant role over bulk transport at low temperatures down to
6.3 K. Other work [17] investigated the conducting properties
of atomically thin layers of MoS, tuned by gate voltages.
They reported an intermediate metallic phase between the
superconducting and insulating regime at very low temper-
atures. Whether the metallic edge states found in Ref. [48]

can explain the low temperature metallic behavior found in
Ref. [17], and more generally whether the mechanism we
demonstrate in this paper can explain all the experimental
reports of zero temperature metallic behavior, still remains
very much an open question. However, we believe that our
results call for a systematic study of the local conducting
properties for a wider parameter regime spanning all three
phases of these systems to illuminate the issue further.

ACKNOWLEDGMENTS

We acknowledge financial support from the Research
Council of Norway Grant No. 262633 “Center of Excellence
on Quantum Spintronics,” and Grant No. 323766. We thank
C. M. Varma for several helpful discussions.

APPENDIX A: BULK COMPRESSIBILITY

In this Appendix, we show that the bulk compressibility is
equal to the helicity modulus of ¢ along the temporal direc-
tion. This will also partly include the derivation of the coupled
XY model in Eq. (12) starting from Eq. (4), but see Ref. [33]
for more details. Starting from Eq. (4), we write down the
partition function in the coherent path integral formalism,

2
7= Z/O Dpes, (A1)
i)

S=iY m(Ved)—J Y cos(@di — Pira) + Vo ) _m;

+W Z(mi + Miva)® — 1 Zmi,

o i

(A2)

where we have set At = 1. The expectation value of the
occupation number is now given by

110Z

_ 1 2 1 5
<’">=z%/0 D¢(ﬁZm,->e -~ 375

which is zero if u = 0, but could differ from zero if u # 0.
This implies immediately that 9 (m) /0 could differ from zero
even if u = 0. Inserting Eq. (A3) into the definition of the
compressibility Eq. (23), we find

1] Jas\> [a%s (s g
Kk==|—{—) (- o
N o ou? o
The first term is current-like and will have zero expectation
value in both the ordered and disordered phases, so we neglect
it in the main text result. To measure the compressibility using
the coupled XY model in Eq. (13), we then need to carry out

the calculation from Eq. (A2). By rotating the integer field
m; — m;e'?"i, where Q = (, ), the action becomes

S=i) e mi(Ve) =T ) cos($i — Pita)

VoY mi Vi) (Vam) =) e m.

(AS5)

(A3)

(A4)
n=0
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Note how the V| term has been turned into a gradient of the rotated m;. The V| term can be rewritten using a Hubbard

Stratonovich transformation

o0 1 .
exp |:—V1 E (Vami)2:| “/ Dpexp |:__4V1 E Pro—i E mi(Vapi,a)]
o - ia i

2 1
= Dhexp| —— Y (Vo —2mlig)* —i Y mi(V36) | ~
[ orer| - 2 >

The intermediate steps involve splitting the integral over p;
into intervals of 2z, by introducing a phase and an integer
field. This phase can be written as the sum of a gradient
and a curl, where the curl vanishes from the dynamics since
only the gradient of p couples to m. The final step inverts the
Villain approximation. This part of the derivation is explicitly
included to show how the field & comes from decoupling the
densities at neighbouring sites. The action now reads

1
S == 005 = Pira) = 5. > €080 = i)
3 1 ™
Y mle (V) + V26 + i)
+ V() Z I’I’Ll2

We can now integrate out the field m by completing the square.
Using again the inverse Villain approximation, we obtain the
action in terms of two coupled XY models

(A7)

2
Z= DpDOe S,
0

1
S =—J) cos(@; — i) — WV > cos(t; — bira)

(A8)

1

——— Y cosle (Vo) + V?0; + ie”C" ).
W

i

(A9)

We see that we obtain Eq. (12) in the main text by setting
p = 0. The final Villain approximation here is not entirely
trivial, since the argument of the cosine is complex. However,
since  is fixed, the complex part is just a shift along the imag-
inary axis and the approximation is still valid. Inserting the
action in Eq. (A9) into the expression for the compressibility
in Eq. (A4), we obtain the two terms for the helicity modulus
in Egs. (18) and (19).

APPENDIX B: EDGE COMPRESSIBILITY

In this section we show that the edge compressibility is
equal to the helicity modulus of 6 along the in-plane di-
rections. Our starting point is the action in Eq. (A2) (with
At =1)

2w
z=y /0 Die™™, (B1)
{mi}

2

1
DO exp [2_\/1 D cos(Vab) =iy mi(VZQi):|.
io i

(A6)

S=i) m(Vep)—J Y cos(@i — Pire) + Vo ) _m;

VI (i + mipa) = pesMp — iy Y 'mi, (B2)
where we have split the chemical potential term into a bulk
contribution denoted by the double primed sum, and the edge
contribution which is defined in Eq. (25). We set u, to zero,
and consider an infinitesimal p. g which will also be set to
zero at the end of the derivation. The expectation value of the
edge occupation number is now given by

11 9z

My) = —— , B3
M) = 5 750 (B3)

and inserting this into the definition of the edge compressibil-
ity in Eq. (24) gives
.U':',ﬁ=0’

2
I e A R (CrPi]
(B4)

The objective is now to follow similar steps to those in Ap-
pendix A to see where . g will appear in the coupled XY
model. We start by making the variable shift

e g = IVp. (BS)

Next, we rewrite the edge contribution of the chemical poten-
tial in the following manner,

L1

My =) (myit+m) =) (mi+mipp)e®",  (B6)

1 1

with Q = (r, ). The sum in the rightmost expression now
runs over all lattice sites except those at one edge. Carrying
out the sum, the alternating phase factor will cancel any bulk
contribution leaving us with exactly M,. Note that the rela-
tive sign of m;; and m; ; seemingly depends on whether L
is even (+) or odd (—). However, the transformation of m
with the phase factor exp(—iQ - r;) is only sensible for an
even system, as it introduces frustration effects in an odd
system with periodic boundary conditions. The next step is
reintroducing periodic boundary conditions, by extending the
sum in Eq. (B6) to include the edge layer. This might seem
arbitrary as the sum should now be zero, but another trans-
formation will show that it still corresponds to a boundary
term. This extension to periodic boundary conditions, where
the two edges are connected, is also exactly what is done when
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measuring the helicity modulus of the XY model. We concep-
tualize and explain it in terms of a finite system, where there
is an infinitesimal twist introduced between every site, but in
numerical simulations with periodic boundary conditions the
twist is also applied to the links connecting the two edges.
This point also highlights the fact that the edge compress-
ibility is a global observable, like the helicity modulus. After
reintroducing periodic boundary conditions and making the
shift in Eq. (B5), the action now reads

S = izm,-(qus,-) —JZcos«m — pira) + Vo Zm?

FVIY Omi+mie) +i Z(mz +migp)e@ry,

io

(B7)

Next, we rotate the integer field m; — m; exp(—iQ - r;) and
obtain

S=iy e Cimi(Vog) =T Y cos(di — Bire) + Vo y_m}

i

Vi) (Vam) =i Y (Vamy)y,, (B8)

io io

where we have introduced y, = ygd.p. Note that integration
by parts will show that the last term is indeed a boundary term.
We can now Hubbard-Stratonovich-decouple the two terms
including V,m; similarly to what is done in Eq. (A6),

exXp |:—V1 Z(Vam,‘)z + i Z(Vami))/éi|
= /oo Dpexp —L Z(p- +y')2+i2p- Vm;
oo 4V ™ “ “ o o

(B9)

Z

lia

X exp |:—— Z(V 0; —

2l + Y, +iY Vu,miVO,Q,-:|

(B10)

2

~ D6 exp
0

Zcos(V 0 —i—)/a)—i-lZV m;V 0:|

lOl

(B11)

The difference is that we complete the square before de-
coupling, which leads to a shift in the squared term after
decoupling and ultimately to a shift in the cosine term for 6.
The final steps are identical to Appendix A, and we thus obtain
the action of two coupled XY models

2

7 = D¢pDbe™5, (B12)

0

1
S=-J ;cos(qs,- — tia) = 3 gcosw,» — O + V)
1 Ciom ,
—— ) cos[e (V) + V6. (B13)
2Vo -

Notice that y, enters the action exactly as a twist between
neighboring phases along the direction B, equivalently like
a gauge field in the XY model. We next use Eq. (B13) with
Eq. (B4) to obtain the two contributions to the helicity modu-
lus listed in Egs. (20) and (21) of the main text.

APPENDIX C: EQUIVALENCE BETWEEN x5 AND e

In this section we show the equivalence between the sus-
ceptibility introduced in Eq. (28) and the helicity modulus
of 6. Using Eq. (15) with Eqgs. (20) and (21), the explicit
expression for the 6 helicity modulus is

o] [ZVI <Zcos(9,+a 6 )>

2
(2V1)2<<Zsm<a+a— l-) ﬂ (@)

Turning to the susceptibility, we start from the correlation
function introduced in Eq. (28),

Gy, (ri = 1)) = (Zam;Zgm;) —

with

(Xami)(Zam;),  (C2)

Sam; = (m; + mjyq)e' %", (C3)

The two expectation values can be calculating by adding a site
dependent factor to the action in the following manner:

(C4)

S=iy mi(Veg)—J Y cos(dy = dira) + Vo y_m}

VI i+ mie) +1 Y (Tai)Via- (C5)
Using the standard expression for calculating expectation val-
ues we then have

2w
(Sam) = Zf D(Sum)e™

Yi.a=0

2
=—Z/ ( )e‘S . (C6)
Vla Vi,a=0
] 2 S
(EamZom;) = 23, | Dp(Zam)(Eampe™®|
{m} i,a=0
S A [
8)/, o an,o: Yia=0
(C7)
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Comparing Eqs. (B7) and (CS5), the only difference is that y; 4
is site dependent in the latter. This will not change the deriva-
tion following (B7), so we can repeat the steps in Appendix B
while keeping the site dependence. Thus the partition function
takes the form

2
7 = f DoDO e, (C8)
0

1
S=—JY cos(¢i — pita) — v > o8O — Ot + Vi)
it ia

1 .
A > cosle (V) + V26i). (C9)
0
Inserting this action into Egs. (C6) and (C7), we find
o1 .
(Bgmj) = 12—Vl<— sin(6; — Oi1a)), (C10)

1 1 .
(EmiZm;) = 2—‘/1(5;‘,‘ cos(t; — Oi14)) — W(SIH(@ — Oiya)

x sin(0; — 0j4q)). (C11)

Finally, inserting this into Eq. (26) [or Eq. (26)] and writing
out the expression for the susceptibility in Eq. (28) we find

o 1
x5, = ;15(1) N2 121: [2_Vl<3ij cos(0; — Oiya))

- W(Sin(ei — bita) sin(®; — 0j14))

— W<_ sin(@i - 9i+a)><_ Sin(ej — 0j+o¢))]

x el 4i=ri), (C12)
The final last is current-like, and should be zero. Hence we
have neglected it in most of the expressions for the helicity
modulus, but it is corresponds to a similar term to the first one
in Eq. (B4). Comparing the two first terms to the expression
for the helicity modulus in Eq. (C1), we see that the only
difference is the order in which the long wavelength limit, sum
over lattice sites, and MC averaging are taken.
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