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The two-component cold atom systems with anisotropic hopping amplitudes can be phenomenologically described
by a two-dimensional Ising-XY coupled model with spatial anisotropy. At low temperatures, theoretical predictions [Phys.
Rev. A 72 053604 (2005)] and [arXiv: 0706.1609] indicate the existence of a topological ordered phase characterized by
Ising and XY disorder but with 2XY ordering. However, due to ergodic difficulties faced by Monte Carlo methods at low
temperatures, this topological phase has not been numerically explored. We propose a linear cluster updating Monte Carlo
method, which flips spins without rejection in the anisotropy limit but does not change the energy. Using this scheme
and conventional Monte Carlo methods, we succeed in revealing the nature of topological phases with half-vortices and
domain walls. In the constructed global phase diagram, Ising and XY -type transitions are very close to each other and
differ significantly from the schematic phase diagram reported earlier. We also propose and explore a wide range of
quantities, including magnetism, superfluidity, specific heat, susceptibility, and even percolation susceptibility, and obtain
consistent and reliable results. Furthermore, we observed first-order transitions characterized by common intersection
points in magnetizations for different system sizes, as opposed to the conventional phase transition where Binder cumulants
of various sizes share common intersections. The critical exponents of different types of phase transitions are reasonably

fitted. The results are useful to help cold atom experiments explore the half-vortex topological phase.

Keywords: topological phase transition, Ising-XY model, Monte Carlo method, half vortex

PACS: 05.20.—y, 05.10.Ln, 74.25.Ha, 87.16.aj

1. Introduction

In the 1970s, the topological phase and phase transitions
were proposed and described by the two-dimensional (2D) XY
model, which has broad applications including the description
of superconductivity in 2D films, 2D crystals, 2D magnets,
and various other systems.!!'~# This phenomenon eventually is
called the celebrated Berezinskii—Kosterlitz—Thouless (BKT)
transition, as referenced in Refs. [1,2]. The BKT transition
typically involves the unbinding of vortex—antivortex pairs on
a lattice.[®! An integer vortex is defined as a circulation of the
gradient of the angle 6 of the standard XY spins, given by
$ VO -del=2mn, where n is an integer.

In addition to integer vortices, there are many non-integer
vortices in topological phases, and the Ising transition emerges
in such systems. Usually, half-integer vortex emerges in cer-
tain generalized XY models that include terms like cos(26; —
26 j).[6] These half-integer vortices are accompanied by strings
or domain walls connecting pairs of them. The Ising phase
transition was observed due to the vanish of domain walls.®!
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The so-called fully-frustrated XY model,!”-3! and the equiva-
lent version, i.e., Ising-XY coupled model® 'l also has in-
teraction between the domain wall and the vortex. Further-
more, the half-vortex and domain wall also exist in cold-atom
systems. [!?]

Due to the very close proximity of Ising and XY phase
transitions and the presence of only one specific heat peak in
some cases,>!% distinguishing between the two phase transi-

3] Numerous research efforts have been

tions is challenging.
made to investigate the sequence in which these two types of
phase transitions occur, with higher computational accuracy,
using methods such as Monte Carlo (MC) simulations!'*! or
tensor network methods. !>

The Ising and XY transitions also occur in the coupled
Ising-XY model with spatially anisotropy.!'>!6] This model
can be effectively derived from the two band Bose—Hubbard
model that describes quantum gases. The XY spins are ob-
tained through the mapping a' ~ e =19, where a' (a) are the

creation (annihilation) operators.'>!%] This model was pre-
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dicted to have an interesting topological phase denoted as the
symbol B;. The phase is characterized by Ising and XY disor-
der, but 2XY (26, +26) order, where 0, are the XY spins
of the layers, respectively.

However, it is difficult to simulate the model especially
at low temperatures. The difficulty is the non-ergodic prob-
lems in MC methods.!!”! The B, phase is predicted Ising
disordered,!'! but such disordered state cannot be reached if
the initial state starts from an ordered state with all spins point-
ing in the same direction. At lower temperature, when using
the Metropolis scheme, '8! the states become frozen in the en-
ergy local-minimum state and it is difficult to move the spins
across the excited state to global ground state. Meanwhile,
at low temperature, the Wolff cluster!!”! becomes very large,
and fails to capture the true spin correlations, making cluster-
updating inefficient.

In this paper, we have introduced innovations in both the
method and the physics of the problem. Regarding the method,
we propose an MC scheme with line-shaped clusters, which
can be either vertical or horizontal. In the case of spatial
anisotropy limit, one can flip spins within the clusters without
rejection while keeping the energy invariant. This approach
ensures consistent results using different initial states. The re-
liability of our results is confirmed using the parallel temper-
ing (replica exchange MC) method.!?"! Although the method
looks simple, our scheme serves as a valuable reference for the
study of other anisotropic models.[!>2!]

Regarding the physical aspects, while the model Hamil-
tonian and the topological phase (B;) were initially proposed
in Refs. [12,16], our study has yielded distinct findings. These
findings are summarized as follows:

(I) Our useful simulations reveal the presence of the By
phase by visualization of the strings and half vortices. In ad-
dition to the fact that y = 6; + 6 is considered disordered, ['°]
we propose that 0 itself should also be disordered. The mag-
netization Mg, (L) follows a different way with the size in
the topological phase (Ising disorder) and the high tempera-
ture disorder phase. Another advantage is that the location
of peaks in the distribution P(Mp,) can be analyzed manu-
ally. This quantity and the quasi-one-dimensional pattern cor-
respond very well in the anisotropic limit.

(II) In contrast to the schematic phase diagram, the nu-
merical phase diagram shows two phase transition lines so
close together that they are almost indistinguishable with the
naked eye. The distance between the two phase transitions is
essentially on or less than the order of 1072, For example,
in the isotropic limit, 72" ~ 1.361(1) and TXY ~ 1.342(4)
are obtained. Approaching the anisotropic limit, the two
phase transition boundaries are also very close to each other.
These values are in line with the findings reported in previous
Refs. [13-15].

(IIT) We have uncovered a first-order phase transition,
which exhibits behavior distinct from that of systems with dis-
crete spin variables, as described in Ref. [22]. In typical cases,
a phase transition is identified by the intersection points of the
well-known Binder ratio for different system sizes.>3] How-
ever, in our study, it is noteworthy that the magnetizations of
different system sizes themselves share common intersection
points. This study provides a comprehensive understanding
of the Ising-XY model with spatial anisotropy through reliable
numerical investigations.

The outline of this paper is as follows. In Section 2, the
model and the predicted and simulated global phase diagram
are shown. In Section 3, the methods and various quantities
are described. The results are shown in Section 4. The nature
of the B; phase and the phase transitions with other phases are
discussed in detail. Conclusion and discussion are made in
Section 5.

2. Vortex, model, and global phase diagram

This section introduces the definitions of vortices and
half-integer vortices, then describes the sources of Hamilto-
nian quantities for the specific spatially anisotropic coupled
Ising-XY model, and finally gives a schematic representation
of the phase diagram as well as numerical phase diagram ob-
tained from our simulations.

2.1. Vortex and anti-vortex

The integer vortices, half-integer vortices and mathemat-
ical descriptions are given here before the specific physical
models are presented. In Fig. 1(a), the integer vortex is shown.
Mathematically, it is defined by the four spins around a plaque-
tte 1. The four spin angles 6;, i = 1,2,3,4, can be restricted to
[—m, m] by £27. The sum of the differences between adjacent
spins is defined as 2ztn = (6, — 0;) + (63 — 6,) + (64 — 63) +
(61 — 64). The 27n is naturally equal to O if four values in the
brackets ( ) are in the range (— 7, ]. However, whenever any
of these values in brackets exceeds the range, there is a possi-
bility of nonzero vorticity by the saw-tooth function, defined
by 24!

6;—0;+2n, 6,—0;<-—m,
saw(e,- — 9/) =< 06,— Gj, —T<6;— Gj <m, (1)
91'—9]'—27[', 7L'<6i—6j.

When using the configurations shown in Fig. I(a) with
01234 =—m/4, /4, 3n/4, —37/4, one can get AG; j = /2,
n/2, =3m/2, m/2, respectively. Without using the saw-tooth
function, the summation becomes )’ A9; ; = 0. However, when
the saw-tooth function is employed, the summation results in
ZAG,‘J =2nn,n=1.

In Fig. 1(b), the angles are set to be 0 234 = —7/8, ©/8,
3n/8, —3m/8, respectively. This configuration results in an-
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gle differences of AG; ; = n/4, m/4, —3m/4, n/4. Using the
saw-tooth function with the modified bounding range (—7/2
, m/2], the summation yields Y A6; ; = 27tn, where n = 1/2.
In other words, the spin plaquette corresponding to the half-
vortex in the configuration {6;} is also the integer vortex pla-

quette corresponding to the {26;} configuration.[*!

a3 i SN - R BN
@i [ b @y o L
~a e

Fig. 1. Schematic diagram of vortices in a square lattice: (a) integer vor-
tex, (b) half-integer vortex, and (c) integer anti-vortex, (d) half-integer
anti-vortex. The blue line is the domain wall between two spins in a
half-integer vortex with an angular difference close to 7.

Note that the saw-tooth function is used to detect the pres-
ence of half-vortices rather than causing them, indicating its
independence from the physics of the Ising-XY model.

2.2. Models

The two component Bose—Hubbard model, ['%1%26] which
describes cold atoms with p, and py orbitals, can be mapped to
the double-layer XY model.!'® The Hamiltonian of this model
is composed of three terms: H = Hyp + Hyy + Hupan, Where
Hyp, Han, and Hypan Tepresent the interaction of spins within
the upper layer, within the lower layer, and between the two
layers, respectively. These terms are given by

Hyy =} [—Jacos (V16:1) —Jpcos (Vy6:1)]
i.j
Hyy = ) [~Jpcos (Vi 2) —Jacos (Vy6;2)]
ij
Hypan = Y, [vc0s (26,1 —262)] . )
iJ
Here, J,, Jy, and y represent the interaction strengths. The
indices, denoted as i and j, vary from 1 to L during the sum-
ming, where L represents the size of the square lattice. Ad-
ditionally, the total number of XY spins in the upper (lower)
layer is N = L x L. 6, j () represents the XY spin variables
on the lattice site (i, j) at the upper (lower) layer. The expres-
sions of Eq. (2) are not artificially created Hamiltonians as the
Bose—Hubbard model can describe real quantum gases. It is
proposed that the XY spins between the two layers are perpen-
dicular to each other.

To account for this perpendicular alignment, the Ising
variable o is introduced, satisfying the relation

6,=0,+o0m/2. 3)

One substitutes this relation into the Hamiltonian, disregard-
ing the constant term Hypqn = —YN, where N also represents
the number of spin pairs between the two layers. The model
thus obtained is the Ising-XY model with spatial anisotropy,
given by the following equation:

H = Z— (Jb +Ja6i,j6i+m,j) COS(Q,'_’]' — 9i+m,j)

J
+Z—(Ja +JbG[)J'G,"j+y)COS(6,'7j—9[)j+y), “4)
i,j

where 6 € [—m, x|, and the angular difference A = 6; ; —
0;1«,j does not rely on the saw-tooth function. This function is
specifically employed for detecting vortices but does not mod-
ify any expression in the Hamiltonian. o; ; represents the Ising
spin variables on the lattice site (7, j), and 0; ;04 4, ; represents
interactions along the x direction. In particular, 6; denotes the
spin angle in the bilayer XY model before the mapping, and
6 denotes the spin angle in the Ising-XY model after the map-
ping Eq. (3).

2.3. Phase diagram

Figure 2(a) shows the schematic phase diagram of the
model in Eq. (4).1'% It contains the four phases A, Bi(2). C,
and D. The phase diagram is symmetric about the J, = Jp
axis in the plane J,/T —Jy/T. In order to demonstrate the
configurations of each phase, the gray square represents the
upward-oriented Ising spin (o; = 1), while downwards spins
are represented by the color white (6; = —1). The red arrows
indicate the XY spins 6; in the upper layer. The green arrows
indicate the XY spins 6, in the lower layer.

Figure 2(b) illustrates two typical configurations in the B;
phase as illustrated in Refs. [16,27]. The vertical dashed red
line denotes the domain wall of the XY spin 0;, while the XY
spin in the other layer, 6, exhibits domain walls in the horizon-
tal direction through Eq. (3). The main characteristic of the B,
phase is the absence of Ising order (sum of Ising variables) due
to the presence of numerous domain walls in the actual sim-
ulations. Similarly, the long-range XY spin order, as seen in
the configurations of ¥ = 61 + 6, is also expected to be dis-
order due to the domain walls for the XY spins. However, it
is predicted that the B, phase exhibits ordered for the configu-
ration of 2y = 20, +26,. To provide a clearer understanding
of the above terminology, let us consider the following exam-
ple. Suppose there are two spins with opposite orientations on
each side of the domain wall, i.e., 6; ; — 6;;1,; = 7, according
to Ref. [16], doubling each angle magnifies the angular differ-
ence to 27, i.e., 26; ; — 26,11 ; = 27. Consequently, for spins
pointing in opposite directions, doubling their angles results in
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them becoming identically oriented. The above analysis also
applies to the domain wall in the x direction for 8, (not shown).
In summary, the phase B; is predicted to behave in both Ising
and XY (x = 01 + 6,) disorder but 2XY (2y) ordered.

(a) _—
o/ T BKs ling o o= 11
4 o=-1
01
= b
. , Bia, ‘ . , Biay, \
A o M
N VARTRN
(c) . A ‘ ‘ ‘ ‘ D ‘ . ‘ ‘ C . .
NNN N N
i E B4
I B B

Fig. 2. (a) Schematic phase diagram of the model in Eq. (4) and (b) typical
configurations {6; } and {6, } of the half vortex in the phases B or B, pre-
sented by Ref. [16]. (c) Typical configurations of the phases A, D, and C.
Red arrows mean the XY spins 0y, gray and white squares represent the Ising
spins (0 = 1 and —1). The XY spins 6, can be obtained by the mapping in
Eq. (3).
Figure 2(c) depicts configurations of the phases A, D, and
C, respectively. The phase A corresponds to an ordered con-
figuration of both Ising and XY spins, the phase D exhibits the
Ising order but XY disorder, and the phase C represents disor-
der in both Ising and XY spins. The order parameters for these

four phases are listed in Table. 1.

Table 1. Different phases and their order parameters.

Phases/orders A C D B B>
Ising order Vv X V4 X X
XY order (x) 4 X X X X
2XY order (2)) 4 X X Vv 4

Moreover, in the thermodynamic limit, L — oo, we pro-
pose that My also tends to O in the B, phase. However, the
behavior of My (L) as a function of L exhibits distinct trends in
the B, phase and the high-temperature disorder C phase. This
is discussed in more detail in Subsection 4.3.

In Fig. 3, we obtain the global phase diagram by the nu-
merical MC method. In the plane J,/T—J,/T, as shown in

Fig. 2, the topology of the phase diagram is consistent with
the results predicted by the theory. The phase diagrams still
have the A, By (Bz), C, and D phases.

However, as presented by the numerical simulation re-
sults, the Ising and XY phase transitions are very close to each
other. The change in the sequence of the Ising and XY phase
transitions is confirmed. It is difficult to distinguish the two
phase transition lines with the naked eye, and for this reason
we have drawn enlarged pictures in certain areas, which are
placed in the two insets. One inset shows the positions of the
A, D, and C phases. The other inset shows the positions of the
A, C, and B; phases. In the regime J,,/T = 0.1, J,/T = 1.5
2.7 marked by green in Fig. 3, first order transitions are found.
Other details such as the snapshots of the By ;) phases are dis-
cussed in Section 4.

il

0.78 A 4 Ising
0.76 %XY
0.74
3 D
0.72
C
0.70
&~ 2 0.70 0.72 0.74 0.76 0.78
S ol e
2 . 0.03
a A
o
S, 0,02%}_;_7
e B
n 0.01 c ke,
2.96 3.00 3.04  3.08
Fimt ordey f
0 m] 1 1 Y
0 1 2 3 4
Ju)T

Fig. 3. Global phase diagram obtained by the MC method. The first-order
phase transitions are found in the regime of J,/T = 1.5-2.7. The insets
are to make the phase transition boundary visible to the naked eye.

3. Methods and observed quantities

In order to construct the global phase diagram, we sim-
ulate the model in the various values of J,/J,. We primar-
ily employ the Metropolis—Wolff algorithm in the regime of
Jv/Ja € [0.2,1], while for the regime where J,/J, < 0.2, we
utilize the Metropolis—Wolff-Line algorithm. The results ob-
tained through this approach have been cross-validated using
the parallel tempering (PT) MC method. ?"!

3.1. Line-shaped cluster-updating method

3.1.1. The energy-constant updating with line-shaped
cluster

The basic idea of the line-shaped cluster MC is as follows.
In the parameter limit J;, = 0, one can flip randomly without
rejecting the spins within the clusters as the energy does not
change. The energies of the configurations in Figs. 4(a) and
4(b) are the same by substituting J, = 0 into Eq. (4).
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eV Vave
s s s
S
VAT VAV E e

Fig. 4. Schematic diagram of line-shaped cluster update: (a)—(b) update
along the x direction with flipping only the Ising spins; (c)—(d) update
along the y direction, flipping both the Ising spins and rotating the angle
of the XY spins 180°.

Similarly, in the second line of Eq. (4), in the y direction,
one rotates the XY spins with angles 7 simultaneously. To fix
the energy term in the x direction, one has to flip the Ising
variables simultaneously. Specifically, this can be illustrated
by the following equation:

Ja0; i, €08 (6 j — Oz, )

= Ja(—Gi,j)G,urw’j COS([@,‘J + TE] — 9i+m7j)~ 5)

The advantage of this scheme is that there is no probability of
rejection, and it can help us to explore the B, phase at J, =0
very well.

3.1.2. The updating of a line-shaped cluster with
changes in energy

In the parameter regime J, # 0 but very close to 0. One
can use the Metropolis method to accept or reject the flip of
the spins in the above line-shaped clusters defined as follows:

L
AE =Y Y 2J50i0i1ycos(6;j—0ijiy),

i=ly=—1,1
L
AE, = Z Z 2Jpcos (6, — Oira,j),
j=lx=—1,1
_ [exp(=BAE))  (Fig. 4) = Fig.40), o
Paccept = exp(—ﬁAEz) (Fig, 4(c) — Fig. 4(d))-

In the above equation, puccepe 1S acceptance probability,
AE| and AE, are energy differences by fliping the clusters
along x and y directions respectively. In the real simulation,
we perform L times in each MC step to select the directions of
the line clusters, which are oriented either horizontally or ver-
tically with a probability of 0.5 and then try to flip the spins
within the clusters.

3.1.3. One MC step with three kinds of updating

In the real simulation, in one MC step, we use three
kinds of updating at the same time. These updates include the

line-shaped cluster updating, the Metropolis algorithm,'®) and

(191 The constant-energy flips,

the Wolff clustering algorithm.
without rejections, sample a subset of phase space confined
to a constant-energy surface. Therefore, we let the configura-
tions jump out of the subset of energy constants with the help
of the Metropolis and Wolff algorithms. The idea of mixing

up different algorithms is used in other references. [!7-28-2]

3.2. Parallel tempering method

Parallel tempering (PT) is a simulation technique that en-
hances the efficiency of MC sampling methods,?%! especially
useful in spin-glass systems.3-32! It is particularly effective
for systems with complex energy landscapes, where traditional
sampling methods may get trapped in local minima. The basic
idea behind the PT method is to simulate multiple replicas at
different temperatures simultaneously. Each replica represents
a copy of the system with the same set of spins but at a differ-
ent temperature. The acceptance probability of an exchange
between neighboring replicas satisfies

pmn(ton[e-e)(2-1)]) o

where T} ;) represents the temperature of the replica, and E;( )
is the energy at temperature 7;(;). In the actual simulation, we
set the temperature range to cover both sides of the phase tran-
sition. This approach allows the low-temperature system to
feel the influence of the high-temperature system and ensures
that the system explores the entire energy landscape, including
the local energy minimum.

(a)( )

Ly N
Time| 11 ‘—’@ @‘ﬁ@
5 MC steps 5MCsteps |5 MC steps 5 MC steps
Y
()—()—) @)
5MCsteps |[5MCsteps |5MCsteps | 5 MC steps

\s : : /

Fig. 5. Parallel tempering involves multiple processes, each denoted
as T; where i = 1,2, ..., representing replicas at different temperatures.
(a) The independent relaxation for each replica, (b) the process of ex-
changing replicas. Bidirectional arrows indicate successful replica ex-
changes, and red arrows indicate that 5 MC steps are simulated between
exchanges.

The two stages of the PT method are described in detail.
In Fig. 5(a), taking J, = 0 for example, for the relaxation stage,
250 discrete temperatures are uniformly taken in the range
[0,1]. In each T;, 5 X 10° relaxation MC steps are performed,
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and one MC step consists of Wolff-Metropolis—Line updates.
In Fig. 5(b), during the exchange stage, 2.5 x 10® MC updates
are performed for each T;. Every 5 MC steps, configurations
at each T; are attempted to be exchanged with configurations
at neighboring temperatures 7;_ and 7;; | with the acceptance
probability given in Eq. (7). The bidirectional arrows indicate
successful replica exchanges.

3.3. Algorithmic verification

In Fig. 6, we compare the effects of the combination of
different methods at low temperatures and in the anisotropic

limit. There are three methods in total, one of which is a pure
Wolff-Metropolis method. In certain cases, if the Wolff clus-
ter is large, the MC algorithm may fail to meet the ergod-
icity condition. In such situations, several Metropolis-type
updates can be employed to address this issue. The second
method is the Wolff—-Metropolis—Line method, and the third
is the Wolff—Metropolis—Line—PT method. The three methods
utilize different initial configurations, random or all the same,
i.e., marked by “RS” and “GS”. With parameters L = 24,
Jy =0, T = 0.3, for the distribution of the energy and Ising
magnetization are measured.
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Fig. 6. Distribution of energy P(E) and magnetization P(M) for different methods and different initial configurations. (a) The same P(E) by
three methods with two different initial configurations. (b) P(Mp) by the Wolff-Metropolis method, (c) P(M;) by the Wolff-Metropolis—Line

method, and (d) P(M;) by the Wolff-Metropolis-Line—PT method.

In Fig. 6(a), the distribution of energy P(E) is the same
for all methods with different initial states. The energy prob-
ability distributions are identical in all cases, but the magneti-
zation probability distributions are different in Fig. 6(b), indi-
cating that sampling does not traverse the global configuration
space well, and only samples certain degenerated states of the
energy state.

As seen in Fig. 6(c), the Wolff—-Metropolis—Line method
allows a high degree of overlap between P(Mj) obtained from
the two different initial states. The minor deviation observed
between the two distributions is primarily caused by fluctu-
ations. Finally, in Fig. 6(d), the Wolff-Metropolis—Line—PT
method confirms the convergence of the distribution P(M),
so there is reason to believe that better global sampling is
achieved.

3.4. Observed quantities

(i) Both the BKT and Ising phase transitions can be de-
scribed by the magnetic order parameters, defined by the Ising

and the XY magnetization defined as

=5 (e

Mg = % < (;sin6j>2+ (;cos9j>2>, 9)

where 0 = %1 represents the Ising spin, and N represents the
total number of lattice sites. My is used to define the BKT
phase transition with respect to 8, similarly, M, and M,, can

) ®)

be defined as magnetization order parameters by the variables
X and 2. In the calculations of M, and M>,, neither x nor
2y is subject to regulation by the saw-tooth function. This is
because the quantities M, and M, are employed for detect-
ing magnetism, not vortices. Note that 6, = 6; + ¢ (7/2), and
X =61+ 6.

(ii) The Binder cumulant?333] for the Ising and XY vari-
ables are defined as

n+2 n
U, = 1— R
T2 ( n+2 2)’

(10)
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where n = 1 for the Ising variables, n = 2 for the XY variables,
and R, is Binder ratio®*3! defined as

Ry = (M*) /(M?)2. (11)

We
duce corresponding susceptibilities for all order parameters
(MI7M9aM757M2)()7

(iii) Specific heat and susceptibilities. intro-

1

X = g (M) = (M), (12)
and the specific heat Cy,
Cv = ()~ (1)?) (13)
(iv) The spin stiffness ps is defined as follows:[**!
1 2 2
ps = 3o [(H) = BUL) + (1), (14)

where [ is the inverse temperature, N is the total number of
spins, d is the dimension, and Iy, I, defined as

Li=Y (Jo+Ja0iOira;)sin(6;j— Oisaj), (15
(i,7)x
Iy= ) (Ja+J50;0i jry)sin(6;; — O jry).  (16)
(i.7)y
(v) The bond’s order in x and y directions
Bond, = Y 6i0;, Bond,= ) o0, (17)

(i,J)x (G

where are useful to characterize the melting Ising domain

walls.
1.1 .
(a) 3
1.0 ETJS‘“8:1.361(1)
[y
0.9t ! \\
- |
b I
—+-L=24 i
0.8f L=32 |
L =48 |
| L=56 |
07" 41 =96 |
—+-L=128 |
0 i
P31 1.35 1.36 1.37 1.38
T
1.2 ;
| TAY =1.342(4)
1.0] ;
i
i
2 0.8 ! =
3 | s
= o6 | E
|
1
0.4 :
i
H 5
0.2 w
1.32 1.33 134 135 1.36 1.37
T

(vi) The percolation susceptibility*®! S, is defined as

Ne—1

Sy = L_2< Z n12>,
i=1

where n; denotes the number of Ising spins in the Ising clus-

(18)

ters. Meanwhile, one removes the cluster containing the high-
est number of sites during the summing.

4. Results

In this section, we give numerical results in detail. We
first scan the phase diagram along the J; = J;, diagonal cut in
Subsection 4.1, then we scan the regimes J, < J, in Subsec-
tion 4.2. The signature of My is also analyzed carefully in
Subsection 4.3. The regimes of first order transition is con-
firmed in range about J, /T € (1.5,2.7) in Subsection 4.4. At
Jy/T = 3.5, the phase transition and Ising type universality
between A—B; phase are discussed in Subsection 4.5.

4.1. Phase transitions between the phases A-D-C along

Jo=Ja

In this section, we calculate the critical points of the Ising
transition and the XY transition at isotropic parameters J, = J,
and verify that the XY transition occurs earlier than the Ising
transition from low to high temperatures. It is understandable
that if the Ising spins emerge as a domain wall, the interac-
tion (14 o;0;) =0, so the algebraic order of the XY spins
can only exist before the Ising transition or both the XY and
Ising transitions occur at the same time. In addition, in the
coupled system, we also confirm the universalities by data col-
lapse method on the data with different sizes.

1.0

0.8

0.6

0.4

0.2

—0.400

—0.525 T=TXY

—0.650

3.0 4.0

InL

Fig. 7. The results along the cut J, = J;,. (a) The crossing points of Uy occur at TcISing ~ 1.361(1), (b) the crossing points of MgL'/® occur at

TXY = 1.342(4). (c) Data collapse of Uy, (d) InMg versus InL.
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In Fig. 7(a), along the diagonal cut J, = J;, in the phase
diagram, we scan the temperature in the range T € [1.34,1.38]
with lattice sizes L = 24, 32, 48, 56, 96, 128. With the in-
crease in temperature, the Ising Binder cumulative Uy overlap
at T! ~ 1.361(1) for different lattices. At critical regimes, the
cumulative moments of the magnetization satisfy the follow-

ing scaling relationship:?3-37]

(M*)p, = kﬁ/"]—"( Ll/V) (19)
I:

where F is a scaling function. When T = T¢, the ratio R, =
(M*)1/(M?)? is independent of L, and therefore the data Uy
for different sizes cross at the critical point.

In Fig. 7(b), MgL'/8 versus T is plotted. The data from
different sizes also cross at T = T; very well. The reason is
as follows. Firstly, the correlation length is proportional to

system size as

) (20)

and then

T-T.|P

My ~ ’ ~L BV Q1)

C

Using the critical exponents 3 = 1/8 and v = 1, the data of
MgL'/8 cross at the same point for different sizes. MoL'/8is a
very good order parameter to locate the BKT phase transition
point TXY ~ 1.342(4).
To further confirm the Ising transition, we also re-scale T’
s (T —T.)L'", and the data overlap very well as shown in
Fig. 7(c). For the XY transition, letting k = 1 in Eq. (19), one
can get (Mg), o L~'/3. Using the log—log plot, the slope is
—1/8 as shown in Fig. 7(d).

4.2. Snapshots, and phase transition between the phases
Bz—C with Jb < Ja

Figure 8 plots typical snapshots in the B, phase (Jp/J, =
0), showing the configurations of 6, o, X, and 2). The gray
squares indicate o = 1, and the white squares indicate 6 = —1,
and the arrows indicating XY spins.

We observed only domain walls inside the B, phase and
the half-integer vortex is observed near the transition point be-
tween the B, and C phases. In Fig. 8(a), 6; (red), and o; are
shown. 6, is not shown for clarity purposes, but it can be ob-
tained by Eq. (3). Along different directions of the domain
wall, the angle 6; occurs a w-flip along the Z; domain wall
in the y direction, while there is no domain wall along the x
direction. Conversely, 0, has a 7-flip along the domain wall in
the x direction, while there is no in the y direction (not shown).

Figure 8(b) shows the configuration of y = 0; + 6,. It can
be seen that the ) angle inside each shaded block is opposite

to the surrounding neighboring spins. There are domain walls
in both the x and y directions. Therefore, M), = Mg, 19, =0
is disordered. Although the actual value in the figure is finite
at My ~ 0.079, it is found to be zero in the subsequent finite
size scaling. In Fig. 8(c) the configuration of 2y =26, +26,
is shown. For 2y, the domain wall hardly appears anymore,
and all the spins point approximately the same way, i.e., 2 is
ordered. In the configuration, the actual value is M>, ~ 0.998.

(al) Hh

RYATATATAS

Rt i B By

TNV

- RN R

\\I\I\!\I
NN

|
nl
|
i
|
I
|
1
m
[ \
- R :/J.ﬁ

P

' ' '
i g -~

~ i -
\\I\I\\\I\\\\\\\\\\\\ \/\/\/\/I—\/\"\/\/\/I
- QAT T CREmSRE I s
\l\\\\\l\\\\‘\\\\\\\\ \\I"I\l\\\l/\"\/\/l"
Il i e e N L e e e L U R S i
‘\\‘\\‘\\‘\r‘\\\\\\\\\\\\ ININ I~ |
ORISR L QT o A 1
\\\\\\\\\\\\ NN -~ EAe—
ST IIIT T TR T T —-
\\\\\\‘\\\\ \T F:—':ll/l-':qu\—-\/-:/

TRORIRIIRIIRD IO T - ‘_‘:'_\_J:': }7 ; if‘ Z.’:: B

!
[
\
:\/\//‘///\'
|

7:\7\7:\\\‘\ \‘\\‘7 LHIN 2N~
1 1 1 1 1 1 I I I I 1 1 I I I I
(1) 2x,0 (e2) 2x,0
NNNINVINVNINVNING A s =g
TNVVNVVINININING . TN~ A~
CTNINOVNIVINININNIN T T TSN AA 2 21 2N
CINNNININVAN NN = ATNES S
CONANNNNINAING SN SN A ]
COVVNNINNINNNL L N2 NI 2N
SAVVNVVNVINNVNIN N _/_UJ_/_I_ _‘ :1 Nz
SO NN NN N e L s
COAODNANNNNNNNN VN s
CODNNNNNNNVNININ = NN
1 ] 1 1 1 1 I | I 1 I I | | |

Fig. 8. Snapshots for {6;, o, x, 2x}. Left column: J, =1, J, =0,
T = 0.01 in the B; phase. Right column: J; =1, J, =0, T = 0.375
near the transition point. The Arrows indicate the XY spins, and the
shaded squares indicate the Ising spins o; = 1, and the white squares
indicate 6; = —1. (a) The snapshots of {6} and {c}. The domain
walls of 0; (red) form straight lines aligned in the y direction while
the Ising domain walls are represented as closed rectangles. (b) The
snapshots of y = 6; + 6, clearly reveal the disorder in )y with the mag-
netization M, ~ 0.079 (left) and M, ~ 0.006 (right). (c) The snapshots
of {2y} demonstrate the ordered phase, with M, ~ 0.998 (left) and
May ~ 0.367 (right, near the critical point).

Let us mathematically illustrate the 2y order, that is, the
equality of 2y; ; and 2);,; for two neighboring sites. From
the configuration depicted in Fig. 8, when the Ising variables
satisfy 0; jOiyz,j = 1(—1), the XY spin variables then satisfy
AB; i+ = 0(m). Due to the strong interaction y in Eq. (2), the
XY spins 6; ;1 and 6; ;> between the upper and lower layers
0ij.1+0i(m/2).
Therefore, the difference between 2y; ; and 21, ; should be

are perpendicular to each other, i.e., 6; j» =

A2iive = 2(Xij — Xita.j)

T
=2(6;j1+06; 1+ Oij>
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T
01,1 = 0ite 1 — Oitwjz
= 4(6,j,1 — bi1a,j,1) + 7(0;,j — Oita,j)

= 4A0; ;15 +7(0ij — Oiya,j)- (22)

When AG,-‘Hm =0and Ci,j = Oitax,j» it leads to A2){,-1,-+m =0.
Similarly, A6;;i, = & and 0;; = —0j;4,j, it follows that
A2Yiivx = 4m £ 27 = 0. The same derivation can also be
applied in the y direction. Therefore, B, phase has 2XY -order.

Thus, the existence of the B, phase is confirmed and the
problem becomes how to determine the phase transition point.
Firstly, we try to understand the phase transition by the excita-
tion of the topology. For simplicity, the picture with only one
domain wall and one excited vortex pair is discussed in terms
of free energy. Mean while, supposing the position of domain

wall is fixed, and therefore the entropy should be In1 = 0. For
one domain wall, the free energy is

FDW =E—-TS~ Jde —TInl= Jde, (23)

where Ly is the length of domain-wall, such as the blue line
in Fig. 8(b). With the increasing of the temperature, a pair
of half-vortex and anti-half-vortex emerges, and the new free
energy becomes!'®

F = Fpw + Fyortex—pair = JoLda +CiInLg — TInLy,  (24)

where InL4 and CInLy are the entropy and energy of the vor-
tex pair, 3339 respectively. By solving for F < Fpw, the rough
phase transition temperature 7' can be obtained.
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Fig. 9. The quantities for the XY variables at J, = 1, J;, = 0, and Tch ~ 0.3250(1). (a) Specific heat Cy, (b) magnetization My, (c) magnetization My,
(d) the density of half-integer vortex (e) the spin stiffness ps (f) extrapolation to obtain the phase-transition point.

More accurate phase transition points still need to be de-
termined by physical quantities calculated by numerical meth-
ods. Figure 9(a) shows the specific heat Cy in the range
T/J, € [0,1] while J;, = 0. Using data for sizes L = 16-48 it
has been shown that, the non-divergent behavior of the specific
heat peaks indicates the presence of the BKT phase transition.

As predicted, in both the B, and C phases, x is disordered
(My = 0, L — ) as shown in Fig. 9(b). However, obtaining
such data in agreement with expectations is quite challenging.
First, the phase transition point corresponds to a very low tem-
perature, around 7; =~ 0.34. Traditional cluster methods such
as the Wolff algorithm are inefficient in this mixed system. As
introduced in Subsection 3.3, a combination of various meth-
ods including the Metropolis, Wolff, line-shaped cluster, and
PT methods, is used to obtain results consistent with expecta-
tions.

In order to obtain the phase transition point, we ana-
lyze the signal of 2. The first quantity of interest is M>, as

shown in Fig. 9(c). In the low-temperature phase with T < T,
My > 0 and continuously changes smoothly to 0. This sug-
gests that when we magnify the angle by a factor of two, the
2y ordered state is found from the ) disordered configuration
and remains stable in the thermodynamic limit.

Additionally, we assess the density of half-integer vor-
tices, as shown in Fig. 9(d). In the low-temperature phase, the
density of half-integer vortices is zero. Near the critical point,
T ~ TCXY , half-vortex excitation is observed. This consists
1,149 where vor-
TXY.

In the high-temperature phase, numerous half-vortices become

with the observations from the pure XY mode
tex excitation is typically observed at temperatures 7 ~

excited, resulting in a non-zero density. Experimentally, the
vortex distribution can also be observed. 142!

In addition, inspired by the formula for the superfluid
density of isotropic systems given in the literature,33! we de-
rive an expression for the spin stiffness in the anisotropic case

as shown from Eq. (14) to Eq. (16). Within the BKT theory,
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spin stiffness exhibits a universal jump at T, 3]

2
= p-Te V=1/2.

(25
The line 87 /7, the spin stiffness data ps of various sizes in
Fig. 9(e) intersect at the location of the jump T; ~ 0.325(5)
and the fitting XY (L) versus L~ is shown in Fig. 9(f).

Next, the phase transition is analyzed from the perspec-
tive of the Ising variables. Due to the numerous domain walls
in both the B, and C phases, the Ising variables are disordered.
Clearly, in Figs. 10(a) and (b), Mj is zero as L — oo. The av-
erage bonds in both directions, described in Eq. (17), are also
zeros. However, we see the phase transition signal in terms
of the Binder cumulant U; corresponding to the Ising variable
as well as the percolation susceptibility S in Figs. 10(c) and

10(d). In the C phase, the shape of P(M) should be Gaussian
as shown in Fig. 10(e). Due to the relations

bl 1 2
/Mz—e*M/szzl (26)
—oo V2T ’

bl 1 2
/M4—e’M/2dM:3 @7
—oo V2T ’

we can get Uy = 3 (1—3(M*)/(M?)?) — 0.3 In the B,
phase, characterized by the quasi-exponential distribution
P(M) = Ae *MI as shown in Fig. 10(f), we can get Uy < 0.
The change in U; from O to less than zero reflects the phe-
nomenon of phase transition. Usually, a negative peak of
Uy represents a first-order phase transition. >3] A negative Uy,
without a negative peak, is not indicative of a first-order phase

transition.
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Fig. 10. The quantities for the Ising variables (J, = 1, J, = 0). (a) Magnetization M, (b) the bonds order Bondsyy, (¢) binder cumulant Uy, and (d) the
percolation susceptibility S. (e) Distribution of My in the C phase, (f) the distribution of M in the B, phase.

4.3. Signatures of our proposed Mg

In this subsection, we list the behaviors of physical quan-
tity My, in different phases, as shown in Fig. 11. Because the
variables for our numerical simulation are XY spins on one
layer 0 and Ising variable o;, one might ask whether or not the
magnetization My is 0, except that My, is zero in phase B>.

In Fig. 11(a), Mg versus T is plotted. In the thermody-
namic limit, it is not difficult to understand that Mg is zero
in the disordered C phase. The B, phase has no )-order with
M, = 0. Additionally, it exhibits no 6-order with Mg = 0.

Next, we analyze My through the probability distribution
P(Mpy) as shown in Fig. 11(b) at J, /T = 0. The distribution of
My has many discrete peaks. The horizontal coordinates cor-
responding to these peaks can actually be calculated manually.
As shown by the red arrows in the snapshot in Fig. 8(a), these
arrows are almost identical in the vertical direction, i.e. the
stripe pattern. Therefore, we simply pick one of the rows of

spins to analyze.

The first peak corresponds to a horizontal coordinate of 0O,
which represents the configuration of the system where there
are L/2 up spins and L/2 down spins. In this case, the prob-
ability P(My = 0) is proportional to the coefficient Cf/ %, For
the second peak, there are L/2+ 1 up spins and L/2 — 1 down
spins. Taking L = 56 for example, the location is (29 —27)/56
and its probability proportional to 2C£‘/ >~! Thus the ratio of
the areas of the two peaks is CIL‘/ 2 : ZCf/ 21 0.5208, which
coincides with the results of the MC simulation. We also ex-
amine the results at other sizes and other peaks and the con-
clusions remain the same. The peaks at different positions
can precisely reflect the excellent ergodic capability of our
method.

In fact, these highly degenerate states are caused by do-
main wall excitations without cost energies. By analyzing
the first line in Eq. (4), in the x direction, for the two most
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neighboring spins, there are two possible states. One state is
0; jOi+e,j = —1 and ;45 ; = 6; ; + 7, and each term involved
in the summation in the first line of Eq. (2) becomes

E. = *(Jb JrJaGi’leurm’j) COS(G,"J‘ — 9i+m,j)

—(Jp—Ja)cos(—m) = Jp — Ja. (28)

The other state is 0; j0;12 ; =1 and 0;,, ; = 6; ;. And each
term involved in the summation in the first line of Eq. (2) be-
comes

Ey = —(J+4a0ij0isa,j) 05(6ij — it ;)

= —(otJa)cos(0) = —Jp — Ju. (29)

For J, > J, =0o0rJ, > J, > 0, E, is equal or very close to E..
Thus, any combinations of the number of E, and E/ counter-
parts are energy-equivalent. The analysis of the interaction in

0.30
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0
0 0.02 0.04 0.06 0.08
L—l

the y direction is similar. Totally speaking, when domain walls
appear, the configurations do not have Ising-order or XY -order
but instead have 2XY -order.

In both the B, and C phases, as the system size approaches
infinity in the thermodynamic limit, My converges to 0, but it
varies with size in different ways. In Fig. 11(c), the plot shows
Mg versus L™! at T /Ja = 0.1 in the B, phase. The data are
well fitted with the function 0.8007L~°78_ In Fig. 11(d), in
the C phase, the plot of Mg versus L™! is well fitted with the
function 1.583L~! and it decays faster.

In short, the phase By and phase C, although both have
no 0-order, have distinctly different patterns. In the B, phase,
the pattern for 0 (red arrows) appears striped, showing disor-
der only in the x direction. But in the C phase, the spins are
completely disordered, lacking any noticeable pattern.

50 S
40 [ L=56
= 30
S
T 20
10 ]
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0 02 04 06 08
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0.15
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_ 0.09 .
>
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Fig. 11. The signatures where (Mg = 0) occur in the thermodynamic limit. (a) Mg versus T, (b) the probability distributions of My for sizes
L =56 when T /J, = 0.1, panels (c) and (d) show My versus L~! at different phases.

4.4. First order transitions along J,/T = 1.5-2.7

In the global phase diagram in Fig. 3, the regimes marked
in green represent first-order phase transitions. Two questions
need to be addressed. The first question is whether the Ising
first-order phase transition and the XY first-order phase tran-
sition occur with the same parameter? Second, what is the
signal for the first-order phase transition?

In the results shown in Fig. 12, it is observed that in the
region of the first-order phase transition, the phase transitions
for the Ising and XY variables still do not occur simultane-
ously. Fixing J, /T = 2.5, My and My versus J, /T are plotted
in the range of 0-0.08 and the zoomed range of 0.04-0.045.
Apparently, the intersection of M lines of different sizes is
close to 0.0421(3) while the intersection of My lines of differ-
ent sizes is close to 0.0428(3). Therefore, the two transitions
do not occur simultaneously. In this parameter interval, the
theoretical predictions''®! of the phase diagram structure and

the numerical experiments are in agreement.

In response to the second question, when testing the
Binder cumulant Uy for different sizes, no intersection point
is found, but a negative peak is observed!?}! (although not
shown). In Figs. 12(a)-12(d), it is intriguing to observe that
the magnetization curves, represented by M| and My, for dif-
ferent system sizes intersect at the critical points. These inter-
sections are attributed to the symmetry breaking of continuous
variables.[?2] In Figs. 12(e) and 12(f), the critical exponents
are obtained by using finite-size scaling:[**! v ~ 0.52(1) for
the Ising phase transition and v ~ 0.5(2) for the XY phase
transition. The values of the correlation length exponent v are
either equal to or close to the theoretical value of 1/d = 0.5 for
the first-order phase transition.>>* More precisely, the value
0.52(1) is greater than 0.5 due to the effect of the so-called

weak first-order transitions. !
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Fig. 12. (a)-(d) My and Mg versus J, /T at J,/T = 2.5. The intersection positions are close to 0.0421(3) and 0.0428(3), respectively, indicating
that the two phase transitions are not at the same location. (e)—(f) The critical exponent v obtained by finite size scaling is close to 0.5, which
characterizes the first order phase transition.
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Fig. 13. The probability distribution (normalized) of physical quantities near the critical point obtained by fixing the parameter J,/7T and
scanning J, /7. This two-peaked distribution characterizes the first-order phase transition. Details of the parameters are shown in Table 2.
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Table 2. List of parameters and dimensions corresponding to the
double-peaked distribution in Fig. 13.

JJT L B/T(P(E)  Jp/T(P(M)  Jo/T(P(Mg))
L5 48 0.2600 0.2585 0.2580
L5 72 0.2620 0.2610 0.2606

17687 48 0.1761 0.1761 0.1761

17687 72 0.1766 0.1766 0.1766
20 48 0.1188 0.1188 0.1184
20 72 0.1194 0.1194 0.1192
27 48 0.0360 0.0440 0.0370
27 12 0.0340 0.0360 0.0320

Furthermore, the distributions P(E), P(M;), P(My) are
At
the beginning of the green line, with parameter J, /T = 1.5,

plotted to check whether or not double peaks emerge.

the signatures of the double peaks are weak or even absent,
indicating a phenomenon known as pseudo first-order phase
transition. #6471 As the system size increases, the two peaks in
the energy distribution approach each other, as illustrated in
Fig. 13(a).

In the regime J, /T = 0.1, J,/T =2, and J,/T = 1.7867
in Fig. 3, the signature of the first-order transition is the most
obvious. The evidence is that the double peaks emerge for
the distributions P(My), P(My), and P(E) with L = 48, 72 as
shown in Figs. 13(b) and 13(c). In the end of the green line
Jo/T = 2.7, the double peaks of energy disappear. Although

both P(Mj) and P(My) exhibit bimodal distributions, which
indicates energy degeneracy in the system or coexistence of
two phases in the system, it is still not possible to determine
whether a first-order phase transition occurs at this point.

It is worth noting that the double peaks observed in M
and My do not occur at the same parameter values of J,/T
and J,/T. There is a deviation between the parameters corre-
sponding to My and My for different system sizes. The specific
values of the parameters are listed in Table 2. The parameter
difference for M and My, obtained from the same lattice size,
indicates that the two phase transitions do not occur simulta-
neously.

4.5. J,/T = 3.5, transitions between A and B, phases

In Fig. 14, we explore the phase transition between the
A-B; phase. By fixing J,/T = 3.5 and scanning J,, /T, at this
point, we observed that both My and My for different sizes ex-
hibit common intersections, as reported in Ref. [22] recently.

The Binder cumulants Uy and Uy exhibit similar behav-
ior during the phase transition. By performing a data collapse
analysis for these two quantities, we plot U and Uy as func-
tions of (T — T;)L!/V, for different system sizes. Remarkably,
the data points for various sizes overlap with each other. This
observation indicates that the critical exponent of the phase
transition follows the Ising universal class with v = 1.

. 1.00 0
Hl @) () - (<) b r=24 &*
j/ 0.75} —+L=16 e —0.6 L—32 o8
~t-L=16 S L=24 /j 12 b L—48 K
- L=24 4 =39 , L .°
0.5 / 0.50 ; = o
= L=32 & = —$—L=48 ff e -1.8 Je°
_ e o®
——L=48 i 0.25F 1 se L
a/g oo ‘++/6"96/8 —24 g 8%
e @:@;e-éfa'? g6 . = b o8=® (Jb/j-')(, =0.015
i) ==== . . . : -3.0
0 1 2 3 4 5 0 1 2 3 4 5 —0.5 —0.1 0.7
Ju/T (1072) Ju/T (1072) (Jo/T—(Ju/T) ) LV»
1 T T T T e 1.0 3
(b) ff (d) jﬂBg (f) § L=24
. ) ’ 0.2 L=32 &
OF =16 ¢ 051 4 =16 b L=48 &
- L=24 / J L=24 p 09 of
D L=32 7 el L=32 : s o®
2 & > b e
) %L:‘lgg, = 05 b L =48 . ﬁ&seﬂ o egee
- - 7#:: N e oo T ‘oad . o 0% ee”
55 F o855 Eee=t (gy/T)=0.015
-3 ' : . . -1.0 . . s . -1.0 . . s
0 1 2 3 4 5 0 1 2 3 4 5 -0.5 —0.1 0.7
Ju/T (10-2) Ju/T (10-2) (Jo/T—(Jn/T) ) LV

Fig. 14. J,/T = 3.5: (a) My versus Jy, /T, (b) Uy versus J, /T, (c) Mg versus J, /T, (d) Ug versus Jy /T, (e) Uy versus (Jy /T — (Jb/T)c)Ll/", (f) Ug versus

(Jo/T — (Jo/T)c)L'Y, where v = 0.5.

5. Conclusion

In this paper, we investigated the spatially anisotropic
Ising-XY models using our proposed line-shaped cluster-
updating MC scheme and other methods. Our method allows
for spin flips in clusters without rejection in the anisotropic
limit when J, = 0, following the energy invariance principle.

Even at small but nonzero values of J,,, we can still perform
cluster-spin flips using the Metropolis algorithm. Our ap-
proach effectively addresses the non-ergodic challenges (see
Fig. 6(b)) faced by traditional MC methods in the anisotropic
limit with significant degeneracy and low temperatures. The

main findings of this study are as follows:
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(i) The nature of the B, phase has been investigated in
depth.
XY disorder, but 2XY order, meaning that the magnetizations
have the properties My = 0, M, = 0, and M, # 0. Further-
more, the distribution P(My) even can be analyzed manually

In the anisotropic limit, the B, phase is Ising and

due to the XY spins exhibit a quasi-one-dimensional pattern.
Our proposed My (L) in the B, phase follows a scaling behav-
ior of Mg (L) = 0.8007L %3078 while in the high temperature
disorder C phase, it follows a different scaling behavior of
Mg(L) = 1.583L~'. We demonstrate that the superfluid den-
sity ps scales as ps = (2/v?m)T,, with the critical exponent
v=1/2.

(i1) In the constructed global phase-diagram, the two
boundary lines are very close to each other and differ signif-
icantly from the schematic phase diagram reported earlier. In
the isotropic limit, the critical points of the Ising XY phase
transitions have been identified at 7,""¢ = 1.361(1) and TXY =
1.342(2), respectively. In the anisotropic limit, for example
Jo/T = 2.5, the critical points locate at Jb/nlsmg =0.0421(3)
and J, /TXY = 0.0428(3).

(iii)) In the parameter regions that deviate from the
isotropic limits, both phase transitions become first-order
phase transitions. Interestingly, M| and My of different sizes
intersect at a point due to continuous symmetry breaking.[>?!
These phenomena are determined by the double-peaked distri-
bution of the energy E and magnetizations Mp and My. Also,
the critical exponent Vv is approximately equal to the inverse of
the space dimension, i.e., v=1/d.

Despite conducting numerous numerical simulations,
several open questions persist in this research. First, it re-
mains uncertain whether there are novel critical exponents,
particularly in the proximity of the first-order transition, as
discussed in Ref. [10]. Second, the applicability of the cou-
pled Ising-XY model extends beyond 2D lattice systems, po-
tentially revealing novel phenomena in three-dimensional sys-
tems, as explored in Ref. [16]. Furthermore, the direct inves-
tigation of the Bose-Hubbard model with p, and p, orbitals
holds promise for uncovering half-vortices.['®! Similar Hamil-
tonians have already been simulated directly, as referenced in
Ref. [48]. On the experimental front, the realization of a two-
component Bose—Hubbard system can be achieved using 3’Rb

(49501 or through

cold atoms in two different hyperfine states,
an array of cavity polaritons.®!l These experimental avenues
provide exciting opportunities for further exploration in this

field.

Appendix A: Direct simulation of Eq. (2) for the
bilayer XY model

Equation (4) comes from the mapping of Eq. (2). In our
simulation, we directly use Eq. (2) and compare it with the
results from Eq. (4). This helps verify the accuracy of the
mapping. Transforming an equation can change its underlying
physics, so it is crucial to check if the angles between the two
layers are perpendicular, i.e., if equation (3) holds true or if
AG,‘J = 9,'7./"1 — 91'71'72 = :|:7[/2.
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Fig. Al. The results of direct simulating Eq. (2). At different temperatures 7 =

0.01, 0.1, and 1, the ratios of A@ = +/2 are estimated as functions of y (a)

with parameters J, = J, = 1 and (b) with J, = 0, respectively. The results of (c) Uy and (d) Mg with parameters J, = J;, and y = 10°. (¢) Cy and (f) ps with

Jo =0and y=10°. T, = 0.33(2) is obtained in panel (f).

In Fig. Al(a) with parameters J, = Jy = 1 and (b) with
Jy =0, the ratios of A@ = +71/2 are estimated as functions of
7, respectively. At low temperatures, specifically when y > 2,
the upper and lower neighboring spins are entirely perpendic-

ular to each other. However, at a temperature of T = 1, larger
values of y are required, such as y = 10°. In Figs. Al(c)—
Al(d), for J, = Jy = 1, using Eq. (2), we recalculated the
results for Uy and My, and observed that the critical points
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remain at T2 = 1.361(1) and TXY = 1.342(2), which are
consistent with the results in Fig. 7. In Figs. Al(e)-A1(f), with
Jp = 0, we recalculated the values of Cy and pg, and found that
the critical point is still at XY = 0.33(2), consistent with the
results 7X¥ = 0.3250(1) in Figs. 9(e) and 9(f) within the error
bars.

Acknowledgements

We would like to thank valuable discussion with
Cenke Xu and Dingyun Yao, and the helpful sugges-

tions from the anonymous reviewer. Project supported

by the Hefei National Research Center for Physical Sci-
ences at the Microscale (Grant No. KF2021002), the Nat-
ural Science Foundation of Shanxi Province, China (Grant
Nos. 202303021221029 and 202103021224051), the National
Natural Science Foundation of China (Grant Nos. 11975024,
12047503, and 12275263), the Anhui Provincial Support-
ing Program for Excellent Young Talents in Colleges and
Universities (Grant No. gxyqZD2019023), and the National
Key Research and Development Program of China (Grant
No. 2018YFA0306501).

References

[1] Berezinsky V L 1972 Sov. Phys. JETP 34 610

[2] Kosterlitz J M and Thouless D J 1972 J. Phys. C: Solid State Physics 5
L124

[3] Cuccoli A, Fubini A, Tognetti V and Vaia R 2000 Phys. Rev. B 61 11289
[4] Granato E and Kosterlitz ] M 1986 Phys. Rev. B 33 4767

[5] KosterlitzJ M 2017 Rev. Mod. Phys. 89 040501

[6] Lee D H and Grinstein G 1985 Phys. Rev. Lett. 55 541

[7] Berge B, Diep H T, Ghazali A and Lallemand P 1986 Phys. Rev. B 34
3177

[8] Granato E and Kosterlitz ] M 1986 J. Phys. C: Solid State Physics 19
L59
[9] Granato E, Kosterlitz J M, Lee J and Nightingale M P 1991 Phys. Rev.
Lett. 66 1090
[10] Lee J, Granato E and Kosterlitz J M 1991 Phys. Rev. B 44 4819
[11] Granato E and Kosterlitz J M 1988 J. Appl. Phys. 64 5636
[12] Isacsson A and Girvin S M 2005 Phys. Rev. A 72 053604
[13] Olsson P 1995 Phys. Rev. Lett. 75 2758
[14] Okumura S, Yoshino H and Kawamura H 2011 Phys. Rev. B 83 094429
[15] Song F F and Zhang G M 2022 Phys. Rev. Lett. 128 195301

[16]
(17]

(18]

[19]
[20]
[21]

[22]
[23]
[24]
[25]
[26]

[27]
(28]

[29]

[30]
[31]
[32]

[33]

[34]
[35]
(36]
[37]
[38]

[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]
(471
[48]
[49]
[50]

(51]

040503-15

Xu C 2007 arXiv: 0706.1609 [cond-mat.str-el]

Landau D P and Binder K 2021 A Guide to Monte Carlo Simulations in
Statistical Physics, 5th edn. (Cambridge University Press) pp. 181-182
Metropolis N, Rosenbluth A W, Rosenbluth M N, Teller A H and Teller
E 1953 J. Chem. Phys. 21 1087

Wolff U 1989 Phys. Rev. Lett. 62 361

Swendsen R H and Wang J S 1986 Phys. Rev. Lett. 57 2607
Drouin-Touchette V, Orth P P, Coleman P, Chandra P and Lubensky T
C 2022 Phys. Rev. X 12 011043

Xu J, Tsai S H, Landau D P and Binder K 2019 Phys. Rev. E 99 023309
Binder K 1981 Phys. Rev. Lett. 47 693

Beach M J S, Golubeva A and Melko R G 2018 Phys. Rev. B 97 045207
Priviate discussion with Prof. Cenke Xu

Jaksch D, Bruder C, Cirac J I, Gardiner C W and Zoller P 1998 Phys.
Rev. Lett. 81 3108

Isacsson A and Girvin S M 2005 Phys. Rev. A 72 053604

Zhang L R, Ding C, Zhang W and Zhang L 2023 Phys. Rev. B 108
024402

Zhang L R, Ding C, Deng Y and Zhang L 2022 Phys. Rev. B 105
224415

Binder K and Young A P 1986 Rev. Mod. Phys. 58 801

Baity-Jesi M, Bailos R A, Cruz A, et al. 2013 Phys. Rev. B 88 224416
Tlgenfritz E M, Kerler W, Miiller-Preussker M and Stiiben H 2002 Phys.
Rev. D 65 094506

Sandvik A W 2010 AIP Conf. Proc. 1297 (American Institute of
Physics) pp. 135-338

Binder K and Landau D P 1984 Phys. Rev. B 30 1477

Binder K 1981 Phys. Rev. Lett. 47 693

Ding C, Deng Y, Guo W and Bléte H W J 2009 Phys. Rev. E79 061118
Wang L, Beach K S D and Sandvik A W 2006 Phys. Rev. B73 014431
Kardar M 2007 Statistical Physics of Fields (Cambridge University
Press) pp. 163-168

Lee D H and Grinstein G 1985 Phys. Rev. Lett. 55 541

Hsieh Y D, Kao Y J and Sandvik A W 2013 J. Stat. Mech. 2013 P09001
Burkov A A and Demler E 2006 Phys. Rev. Lett. 96 180406

Klaus L, Bland T, Poli E, Politi C, Lamporesi G, Casotti E, Bisset R N,
Mark M J and Ferlaino F 2022 Nat. Phys. 18 1453

Hiibscher D M and Wessel S 2013 Phys. Rev. E 87 062112

Melchert O 2009 autoscale.py — a program for automatic finite-size
scaling analyses: A user’s guide arXiv: 0910.5403 [physics.comp-ph]
Tino S, Morita S, Kawashima N and Sandvik A W 2019 J. Phys. Soc.
Jpn. 88 034006

Jin S, Sen A, Guo W and Sandvik A W 2013 Phys. Rev. B 87 144406
Jin S, Sen A and Sandvik A W 2012 Phys. Rev. Lett. 108 045702
Kuklov A, Prokof’ev N and Svistunov B 2004 Phys. Rev. Lett. 92
030403

Rubio-Abadal A, Choi J Y, Zeiher J, Hollerith S, Rui J, Bloch I and
Gross C 2019 Phys. Rev. X 9 041014

Meng Z, Wang L, Han W, Liu F, Wen K, Gao C, Wang P, Chin C and
Zhang J 2023 Nature 615 231

Zhang Y C, Zhou X F, Zhou X, Guo G C, Pu H and Zhou Z W 2015
Phys. Rev. A 91 043633


http://jetp.ras.ru/cgi-bin/dn/e_032_03_0493.pdf
https://iopscience.iop.org/article/10.1088/0022-3719/5/11/002
https://iopscience.iop.org/article/10.1088/0022-3719/5/11/002
https://doi.org/10.1103/PhysRevB.61.11289
https://doi.org/10.1103/PhysRevB.33.4767
https://doi.org/10.1103/RevModPhys.89.040501
https://doi.org/10.1103/PhysRevLett.55.541
https://doi.org/10.1103/PhysRevB.34.3177
https://doi.org/10.1103/PhysRevB.34.3177
https://doi.org/10.1088/0022-3719/19/3/001
https://doi.org/10.1088/0022-3719/19/3/001
https://doi.org/10.1103/PhysRevLett.66.1090
https://doi.org/10.1103/PhysRevLett.66.1090
https://doi.org/10.1103/PhysRevB.44.4819
https://doi.org/10.1063/1.342279
https://doi.org/10.1103/PhysRevA.72.053604
https://doi.org/10.1103/PhysRevLett.75.2758
https://doi.org/10.1103/PhysRevB.83.094429
https://doi.org/10.1103/PhysRevLett.128.195301
https://arxiv.org/abs/0706.1609
https://doi.org/10.1017/9781108780346
https://doi.org/10.1017/9781108780346
https://doi.org/10.1063/1.1699114
https://doi.org/10.1103/PhysRevLett.62.361
https://doi.org/10.1103/PhysRevLett.57.2607
https://doi.org/10.1103/PhysRevX.12.011043
https://doi.org/10.1103/PhysRevE.99.023309
https://doi.org/10.1103/PhysRevLett.47.693
https://doi.org/10.1103/PhysRevB.97.045207
https://doi.org/10.1103/PhysRevLett.81.3108
https://doi.org/10.1103/PhysRevLett.81.3108
https://doi.org/10.1103/PhysRevA.72.053604
https://doi.org/10.1103/PhysRevB.108.024402
https://doi.org/10.1103/PhysRevB.108.024402
https://doi.org/10.1103/PhysRevB.105.224415
https://doi.org/10.1103/PhysRevB.105.224415
https://doi.org/10.1103/RevModPhys.58.801
https://doi.org/10.1103/PhysRevB.88.224416
https://doi.org/10.1103/PhysRevD.65.094506
https://doi.org/10.1103/PhysRevD.65.094506
https://aip.scitation.org/doi/abs/10.1063/1.3518900
https://aip.scitation.org/doi/abs/10.1063/1.3518900
https://doi.org/10.1103/PhysRevB.30.1477
https://doi.org/10.1103/PhysRevLett.47.693
https://doi.org/10.1103/PhysRevE.79.061118
https://doi.org/10.1103/PhysRevB.73.014431
https://doi.org/10.1017/CBO9780511815881
https://doi.org/10.1017/CBO9780511815881
https://doi.org/10.1103/PhysRevLett.55.541
https://dx.doi.org/10.1088/1742-5468/2013/09/P09001
https://doi.org/10.1103/PhysRevLett.96.180406
https://doi.org/10.1038/s41567-022-01793-8
https://doi.org/10.1103/PhysRevE.87.062112
https://arxiv.org/abs/0910.5403
https://arxiv.org/abs/0910.5403
https://doi.org/10.7566/JPSJ.88.034006
https://doi.org/10.7566/JPSJ.88.034006
https://doi.org/10.1103/PhysRevB.87.144406
https://doi.org/10.1103/PhysRevLett.108.045702
https://doi.org/10.1103/PhysRevLett.92.030403
https://doi.org/10.1103/PhysRevLett.92.030403
https://doi.org/10.1103/PhysRevX.9.041014
https://doi.org/10.1038/s41586-023-05695-4
https://doi.org/10.1103/PhysRevA.91.043633
https://doi.org/10.1103/PhysRevA.91.043633

	1. Introduction
	2. Vortex, model, and global phase diagram
	2.1. Vortex and anti-vortex
	2.2. Models
	2.3. Phase diagram

	3. Methods and observed quantities
	3.1. Line-shaped cluster-updating method
	3.1.1. The energy-constant updating with line-shaped cluster
	3.1.2. The updating of a line-shaped cluster with changes in energy
	3.1.3. One MC step with three kinds of updating

	3.2. Parallel tempering method
	3.3. Algorithmic verification
	3.4. Observed quantities

	4. Results
	4.1. Phase transitions between the phases A–D–C along Jb=Ja
	4.2. Snapshots, and phase transition between the phases B2–C with JbJa
	4.3. Signatures of our proposed M
	4.4.  First order transitions along Ja/T=1.5–2.7
	4.5. Ja/T=3.5, transitions between A and B2 phases

	5. Conclusion
	References

