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Stripe order manipulated dominant pairing symmetry in the Hubbard model
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Understanding the relationship between stripe order and other phenomena, including antiferromagnetism and
superconductivity, is one of the central issues in cuprate superconductors. The discovery that similar phase
diagram exhibits in both hole-doped and electron-doped cuprates brings a chance to explore the subtle role that
stripe order plays in the mechanism of superconductivity. To investigate this question, we study the behavior
of the superconducting pairing interaction within an inhomogeneous Hubbard model by the quantum Monte
Carlo method. Our study shows that stripe order may play a different role in the electron-doped and hole-
doped cases. For hole doping, the effective pairing interaction of dominant dx2−y2 pairing symmetry can be
enhanced by stripe potential V0 at moderate hole-doping concentration, but suppressed by V0 at low hole-doping
regions. However, for electron doping, the effective pairing interaction of dx2−y2 pairing symmetry is always
suppressed by V0. Surprisingly, when the dominant dx2−y2 pairing disappears, there exists a robust dxy pairing
channel induced by V0. Besides, with the occurrence of dxy pairing, the (π, π ) magnetic correlation is suppressed.
In general, our unbiased numerical simulations provide an understanding of the superconducting mechanism in
cuprate superconductors and offer possible evidence that the charge density waves have an important effect on
superconductivity.
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I. INTRODUCTION

Since the discovery of high temperature superconductivity
(SC) in doped cuprates, there has been a strong emphasis
on understanding the essential physics of high-Tc SC [1–6].
One major challenge arises from the intricate phase diagram,
including the so-called pseudogap, strange-metal regimes and
a variety of symmetry breaking orders [7–10]. Among them,
charge density waves (CDWs) have been observed universally
across different families of cuprates, but its interrelationship
with superconductivity, antiferromagnetic and the pseudogap
is still mysterious and interesting [3,11]. For example, the
CDW order can coexist with superconductivity below the su-
perconducting Tc, and its temperature dependence indicates a
tendency to compete with superconductivity [12,13]. Besides,
in YBa2Cu3O6+x, high magnetic fields can enhance the CDW
order and suppress superconductivity [14–16]. Nonetheless,
on theoretical grounds it has been suggested that charge order
may play an important positive role in the mechanism of
high-Tc SC [17–20]. Actually, by using scanning tunneling
microscopy, researchers find the charge order exhibits clear
positive correlation with cooper pairing modulation in doped
Bi2Sr2CaCu2O8+δ [21]. The recent experiments also indicate
that the CDW order not only competes with SC but also assists
it in superconductor NbSe2 [22] and UTe2 [23].
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Although the analogous forms of charge order and su-
perconducting pairing symmetry have been observed in both
electron- and hole-doped cuprates, there are obviously many
differences between them [3,10,24–26]. For instance, the
hole-doped compounds have apical oxygens. On contrary,
the electron-doped cuprates are characterized by a lack of
apical oxygens [27]. Superconductivity in the electron-doped
cuprates appears in a very narrow doping range (0.13 � δe �
0.2); in the hole-doped case the range is broader (0.05 � δh �
0.3) [3,10,28]. The highest Tc values of hole-doped cuprates
are apparently higher than that of electron-doped counter-
parts [3,10,25]. These novel phenomenon raise two interesting
questions: What causes the difference between electron-doped
and hole-doped cuprates? More specifically, are the effects of
CDWs on the superconducting mechanism similar or different
between hole-doped cuprates and electron doped cuprates?
Therefore comparing the difference among them may provide
an unexpected perspective to reveal the interplay between
symmetry-breaking order and superconductivity.

In this paper, we undertake a systematic quantum Monte
Carlo study about the pairing correlation to uncover the effect
of charge stripes in both hole- and electron-doped cases. For
hole-doping regimes, even the existence of preformed stripe
potential V0, the dx2−y2 pairing symmetry is still robust at
different doping concentration. Moreover, we discover that
the effective pairing interaction of dx2−y2 pairing symmetry
is enhanced by V0 at hole-doping δh ≈ 0.25, but suppressed
by V0 at low hole-doping areas. Different from hole-doping
cases, the dx2−y2 pairing symmetry exhibits a complete insta-
bility at electron doping, which is suppressed by V0 at whole
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FIG. 1. (a) Geometry of the L = 12 square lattice with stripe
period P = 4. The red filled circles label the site with stripe potential
V0, and the green filled circles represent sites without V0. t and t ′

denote hopping parameters. [(b)–(e)] Phase of the sx2−y2 , dx2−y2 , sxy,
and dxy.

electron-doping regions. As V0 increases, the dominant dx2−y2

pairing symmetry is quickly disappeared, and replaced by
dxy pairing symmetry. Our results indicate that this dxy pair-
ing symmetry occurs with the appearance of charge stripe.
Additionally, when we consider the charge inhomogeneity
at electron-doping cases, the AFM correlation is suppressed
with the enhancement of V0. Our discovery may provide
a perspective to grasp the interplay between charge or-
der and other phenomena (for example, antiferromagnetism
and superconductivity) and highlight the difference between
electron-doped and hole-doped cuprates.

II. MODEL AND METHODS

We study the two-dimensional repulsive Hubbard model on
a square lattice. The Hamiltonian is

Ĥ = − t
∑
〈i,j〉σ

c†
iσ cjσ − t ′ ∑

〈〈i,j〉〉σ
c†

iσ cjσ + U
∑

i

ni↑ni↓

− μ
∑

i

(ni↑ + ni↓) + V0

∑
iy∈P

(ni↑ + ni↓). (1)

Here, ciσ (c†
iσ ) annihilates (creates) electrons at site i with spin

σ (σ =↑,↓), and niσ = c†
iσ ciσ is the particle-number operator

for spin σ . 〈i, j〉 and 〈〈i, j〉〉 denote nearest- and next-nearest
neighbors, respectively. We set nearest-neighbor hopping t as
the energy unit, and the t ′ is next-nearest-neighbor hopping.
The doping level is obtained by varying chemical poten-
tial μ. V0 is an additional site potential exerted on a set of
rows i = (ix, iy) with mod (iy,P ) = 0, i.e., red filled circles
in Fig. 1(a). We choose P = 4 to grasp the stripe-ordered
patterns of cuprates observed experimentally [11,29]. Here,
we emphasize that V0 is phenomenological. And, it has no
direct microscopic origin corresponding to actual parameter in

the materials. We also note that this model does not resolve the
issue of spontaneous stripe formation in a broken translational
symmetry system, but it allows us to check the characteristic
of magnetic and pairing correlations when the system exhibits
a set of preformed stripes with reduced particle density. In
fact, it is an appropriate approximation model when the energy
scale of striped order formation is bigger than that of super-
conductivity [30–33], which is true in both electron-doped and
hole-doped cuprates [3,11,34].

Our simulations are mainly performed on the lattice shown
in Fig. 1(a) by using the determinant quantum Monte Carlo
(DQMC) method with periodic boundary conditions. The
main idea of the finite temperature DQMC algorithm is to
convert the interacting fermion model into the system of free
fermions coupled with auxiliary field. Specifically, by em-
ploying the Suzuki-Trotter decomposition, partition function
Z = Tr exp(−βH ) is expressed in a discretized imaginary-
time slice, and then the four-fermions interactions term in
Hamiltonian is decoupled by standard Hubbard-Stratonovich
(HS) transformation. In the process, the errors caused by the
Trotter decomposition are proportional to (�τ )2, where �τ is
time slice. Therefore the errors can be made sufficiently small
by decreasing �τ . And we set �τ = 0.1 to ensure systematic
errors smaller than those associated with statistical sampling
[35]. Finally, tracing out fermions can be executed since only
quadratic fermion operators appear in the exponential of par-
tition function. In our calculations, 6000 warm-up sweeps are
used to equilibrate the system and additional 12 000–48 000
sweeps are conducted for measurements, which are split into
20 bins. For more technical details about DQMC, please see
Refs. [36–40]

To investigate the superconducting property under charge-
density modulation, we define the pairing susceptibility,

Pα = 1

Ns

∑
i,j

∫ β

0
dτ 〈�†

α (i, τ )�α (j, 0)〉, (2)

where α denotes the pairing symmetry. Due to the constraint
of Coulomb repulsion U in Eq. (1), pairing between two sub-
lattices is favored. The corresponding order parameter �†

α (i)
is written as

�†
α (i) =

∑
l

f †
α (δl )(ci↑ci+δl ↓ − ci↓ci+δl ↑)†,

where fα (δl) represents the form factor of pairing function.
The vectors δl and δ′

l denote nearest- and next-nearest-
neighbor connections, respectively, which are pictured in
Figs. 1(b)–1(e). Considering the structure of square lattice,
the possible pairing forms are given by (a) sx2−y2 , (b) dx2−y2 ,
(c) sxy, and (d) dxy [32,41]. These different pairing symmetries
have the following form factor:

sx2−y2 -wave : fsx2−y2 (δl ) = 1, l = 1, 2, 3, 4,

dx2−y2 -wave : fdx2−y2 (δl ) = 1(δl = (±x̂, 0)),

and fdx2−y2 (δl ) = −1(δl = (0,±ŷ));

sxy-wave : fsxy (δ′
l ) = 1, l = 1, 2, 3, 4,

dxy-wave : fdxy (δ′
l ) = 1(δ′

l = ±(−x̂, ŷ)),

and fdxy (δ′
l ) = −1(δ′

l = ±(x̂, ŷ)). (3)
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FIG. 2. The effective pairing interaction P̄α as a function of hole
doping δh at T = 1/6 and U/t = 4.0 on a L = 12 lattice for the
different stripe potential (a) V0 = 0, (b) 2, (c) 4, and (d) 6.

In fact, the effective pairing interaction serves as a
stronger evidence for identifying the dominant supercon-
ducting pairing symmetry [42–44]. To obtain the effective
pairing interaction P̄α in finite system, the uncorrelated single-
particle contribution P̃α (i, j) is also calculated, which is
achieved by replacing 〈c†

i↓cj↓c†
i+δl ↑cj+δl′ ↑〉 in Eq. (2) with

〈c†
i↓cj↓〉〈c†

i+δl ↑cj+δl′ ↑〉. Subsequently, we get the effective pair-

ing interaction P̄α = Pα − P̃α . Our DQMC simulations yield
negative effective pairing interaction and pairing suscepti-
bility, which reflects the pairing symmetry is suppressed by
other competing pairing channels or phases [42–44]. On the
contrary, the positive pairing interaction suggests that there is
indeed the possibility of superconductivity driven by electron-
electron correlation.

Furthermore, in order to explore the magnetic excitation,
we calculate the spin susceptibility in the z direction at zero
frequency,

χ (q) = 1

Ns

∫ β

0
dτ

∑
i,j

eiq·(i−j)〈mi(τ ) · mj(0)〉, (4)

where mi(τ ) = eHτ mi(0)e−Hτ with mi = c†
i↑ci↑ − c†

i↓ci↓.

III. RESULTS AND DISCUSSION

In this work, we mainly discuss the system with a set of
preformed charge stripes under P = 4, simulating the effects
of the charge density modulation. We have calculated the
hole-doping dependence of the effective pairing interaction
P̄α at T = 1/6 and U/t = 4.0 with different stripe potential
strengths in Fig. 2. As shown in Fig. 2(a), when the system is
homogeneous (V0 = 0), the dx2−y2 pairing symmetry is always
robust at different doping levels and becomes biggest at the
zero doping, which is associated with strong scattering by
the antiferromagnetic background [41,45]. Once the system is

FIG. 3. The effective pairing interaction P̄α as a function of
electron-doping δe at T = 1/6 and U/t = 4.0 on a L = 12 lattice
for the different stripe potential (a) V0 = 0, (b) 2, (c) 4, and (d) 6.

doped away from half filling, the uncorrelated single-particle
contribution P̃α increases when temperature is lowered [41].
In Figs. 2(a)–2(d), with the enhancement of stripe potential,
the effective pairing interaction of dx2−y2 pairing symmetry
is clearly decreased at low doping region and becomes very
small for V0 � 4 at low doping area. On the contrary, we
can notice that P̄α (dx2−y2 ) is enhanced at hole-doping level
δh ≈ 0.25 as V0 increases, and a clear peak is observed at
δh ≈ 0.25 in Fig. 2(c) and 2(d). This enhancement might be
caused by the appearance of more nearly half-filled regions
between stripes for large V0 at δh ≈ 0.25 [32,33]. Besides,
we can also observe that the preformed stripe potential under
P = 4 may not cause the change of dominant superconduct-
ing pairing symmetry for hole doping.

Despite the abundance of experimental and theoretical
studies of charge order and SC in the hole-doped cuprates,
comprehensive studies of the electron-doped compounds are
much less [3,10,24–26]. To distinguish the difference be-
tween hole-doped and electron-doped cases, more detailed
simulations about the latter are presented in the following.
As shown in Figs. 3(a) and 3(b), the P̄α (dx2−y2 ) is quickly
decreased as V0 increases at all electron-doping levels. In-
triguingly, in Figs. 3(c) and 3(d), we can notice that the
effective pairing interactions of dx2−y2 wave becomes negative
in all electron-doping region, reflecting the fact that the dx2−y2

pairing symmetry is totally suppressed. On the contrary, the
effective pairing interaction with the dxy pairing symmetry
becomes positive in large electron-doping levels, although
its numerical value is relatively small. All of this indicates
that the dx2−y2 pairing symmetry is not always robust under
the presence of charge-density modulation at electron doping,
and there might be a transition from dominant dx2−y2 pairing
symmetry to dxy pairing symmetry, induced by charge inho-
mogeneity. Besides, combining Figs. 2(a) and 3(a), we can
notice that the effective pairing interaction of dx2−y2 pairing
channel exhibits symmetry about zero doping. However, as
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FIG. 4. P̄α (dx2−y2 ) as a function of V0 for (a) different hole-
doping concentration and (b) different electron-doping concentration
at T = 1/6 and U/t = 4.0 on a L = 12 lattice.

V0 increases, it breaks particle-hole symmetry and then the
symmetry about P̄α disappears.

Moreover, Fig. 4 directly shows P̄α (dx2−y2 ) as a function of
V0 at hole-doped and electron-doped cases. For hole doping
in Fig. 4(a), it is clearly to see that the effective pairing
interaction with dx2−y2 symmetry is always positive in the
parameter range. With the enhancement of V0, P̄α (dx2−y2 ) ex-
hibits a strong doping dependence. Specifically, P̄α (dx2−y2 ) for
δh = 0.25 is stably enhanced as V0 increases. However, with
the increase of V0, P̄α (dx2−y2 ) is decreased at δh = 0.20 and
0.15. This directly indicates stripe potential has a complex
relationship with the dominant dx2−y2 wave at hole-doping
case. Besides, comparing results of δh = 0.20 and 0.15, we
can get that stripe potential has a larger inhibitory effect on
superconductivity at lower hole-doping concentration. This
is consistent with Fig. 2. For the electron-doped case in
Fig. 4(b), we can notice that dx2−y2 pairing channel is always
suppressed by V0 at all typical electron-doped levels. Mean-
while, P̄α (dx2−y2 ) quickly becomes negative at large V0, which
reflects the vanish of dominant dx2−y2 wave.

Comparing the difference between hole-doped and
electron-doped cases, we can get that the preformed stripe
potential exhibits both positive and negative influence on the
dx2−y2 pairing channel at hole doping, but always negative ef-
fect at electron-doping case. Additionally, the stripe potential
has a stronger inhibitory effect on dx2−y2 wave at electron-
doped case, which may relate to why SC in the electron-doped
cuprates appears in a smaller narrow doping range and has
lower Tc values than hole-doped cuprates. Actually, our calcu-
lations under striped period P = 8 also support that the charge
stripe modulation indeed has a stronger inhibitory effect on
dx2−y2 pairing symmetry at electron doping than hole doping
(Figs. 8 and 9).

To further clarify the role of V0 in electron-doped case,
we mainly discuss the behavior of the effective pairing in-
teraction at typical electron-doping δe = 0.2, where the sign
problem [40,46] is relatively friendly in Fig. 10. As shown
in Figs. 5(a) and 5(b), when V0 = 4 or 6, the effective pairing
interaction for dxy pairing symmetry increases with decreasing
temperature, but other pairing symmetries quickly decrease
as temperature is lowered, which indicates the dxy wave
is possibly robust for moderate stripe potential strength at
electron-doped area. In Fig. 5(c), we show the temperature
dependence of P̄α (dxy) for different stripe potential strengths
at electron-doping δe = 0.2 with U/t = 4.0. We can clearly

FIG. 5. The effective pairing interaction P̄α as a function of tem-
perature for different pairing symmetries at electron-doping δe =
0.2 and U/t = 4 on a L = 12 lattice when (a) V0 = 4 and (b) 6.
(c) P̄α (dxy ), (d) The P̄α (dx2−y2 ) as a function of temperature for
different V0 at electron-doping δe = 0.2 and U/t = 4 on a L = 12
lattice.

observe that the dxy pairing symmetry is enhanced with the
increasing of V0. This change from being inhibited to be-
ing facilitated is quite surprising. However, in Fig. 5(d), the
P̄α (dx2−y2 ) exhibits different temperature dependence, which
is always suppressed by stripe potential. Moreover, this sup-
pressive effect is enhanced with increasing V0 or decreasing
temperature, demonstrating the instability of dx2−y2 pairing
symmetry under charge stripe phase at electron doping. Our
further calculations show that this dxy pairing symmetry is
robust at different interaction strengths or lattice sizes. Later,
in Fig. 11, we check the interaction dependence and size
dependence of P̄α (dxy).

Recently, there is growing evidence that the next-nearest
hopping t ′ plays a significant role in revealing the interplay
between superconductivity and charge density wave and spin
density wave orders [47–50]. In Fig. 6, we consider the ef-
fect of t ′ on pairing interaction. As shown in Fig. 6(a), the
P̄α (dxy) is visibly suppressed by negative t ′, but insensitive

FIG. 6. The effective pairing interaction of (a) dxy pairing sym-
metry, (b) dx2−y2 pairing symmetry as a function of temperature for
different next-nearest hopping t ′ at electron-doping δe = 0.2, V0 = 4
and U/t = 4 on a L = 12 lattice.
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FIG. 7. The spin susceptibility χ (q) in the first Brillouin zone at
electron-doping δe = 0.2, T = 1/6, U/t = 4.0 for the different stripe
potential (a) V0 = 0, (b) 2, (c) 4, and (d) 6.

to positive t ′ within the parameters calculated. In Fig. 6(b),
we can see that P̄α (dx2−y2 ) is slightly enhanced by positive
t ′. Even including the next-nearest-neighbor hopping, the
dxy pairing symmetry is still dominant and dx2−y2 pairing
symmetry is suppressed at V0 = 4 and δe = 0.2. Due to the
limitation at lower temperatures, more efficient techniques are
needed to identify whether the dxy wave is still robust in the
ground state. Later, in Fig. 12, we also study the effect of
t ′ on hole-doped case with V0 = 4, which supports negative
t ′ can apparently enhance dx2−y2 pairing in the hole-doped
system.

Besides the characteristics of pairing interaction, it is also
interesting to investigate the role of charge stripe on the
modulation of spin correlation. In Fig. 7, we compare the
obtained spin susceptibility χ (q) for different stripe poten-
tial V0 at electron-doping δe = 0.2. One can notice that the
(π, π ) magnetic correlation is decreased as V0 increases.
When V0 = 4 and 6, the antiferromagnetic fluctuation disap-
pears, which is accompanied by dx2−y2 wave being inhibited
and dxy wave being promoted in Figs. 5(c) and 5(d). Consid-
ering that magnetism and superconductivity simultaneously
exhibit different properties with increasing stripe potential
strength, we suggest that the dominant pairing symmetry
is also strongly interwoven with magnetic properties of the
system.

IV. SUMMARY

In summary, we mainly study the superconducting be-
havior of a two-dimensional inhomogeneous Hubbard model
with striped charge-density-wave modulation at period

FIG. 8. The effective pairing interaction P̄α as a function of hole
doping δh with stripe period P = 8 at T = 1/6 and U/t = 4.0 on a
L = 16 lattice for the different stripe potential (a) V0 = 1, (b) 2, (c) 4,
and (d) 6.

P = 4, using the DQMC method. From our calculations,
we can discover that stripe potential has a complex rela-
tionship with the dx2−y2 pairing symmetry at hole doping,
but only competition with it at electron doping. In other
words, the pairing correlation of dx2−y2 pairing channel is
easily suppressed by stripe order at electron-doped case,
which may matter why SC in the electron-doped cuprates
occurs in a smaller narrow doping range with lower Tc

values than hole-doped cuprates. Furthermore, in the electron-
doped system, we find a dominant dxy pairing symmetry,
which is induced by charge stripe and always robust un-
der different U , L, and t ′. Although previous experiments
support predominantly d-wave symmetry in the cuprates, it
is still controversial about its pairing mechanism, especially
in electron-doped cuprates [3,28,34,51]. Therefore, in the
mixed phase of electron-doped cuprates, more experiments
may be needed to distinguish dxy and dx2−y2 pairings. Besides,
accompanied by the transition of dominant pairing symme-
try at electron-doped cases, the (π, π ) magnetic correlation
is suppressed. Thus, our calculations are possibly impor-
tant to understand the unconventional pairing mechanism of
copper-based superconductors, and reveal the difference about
pairing mechanism between electron-doped and hole-doped
cuprates.
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FIG. 9. The effective pairing interaction P̄α as a function of
electron-doping δe with stripe period P = 8 at T = 1/6 and U/t =
4.0 on a L = 16 lattice for the different stripe potential (a) V0 = 1,
(b) 2, (c) 4, and (d) 6.

APPENDIX A: PAIRING INTERACTION UNDER
STRIPED PERIOD P = 8

Previous findings supported striped order with wavelength
λ ≈ 8 in the ground state of the 1/8-hole-doped Hubbard
model under t ′ = 0 [52]. Therefore we have also studied the
effect of charge stripes with wavelength 8. As shown in Fig. 8,
we have calculated the hole-doping dependence of P̄α with
striped period P = 8 for the different stripe potential. With
the increase of V0, the effective pairing interaction of dx2−y2

pairing symmetry is clearly decreased at most hole-doping
concentration. However, P̄α (dx2−y2 ) is slightly enhanced at
hole-doping level δh ≈ 0.125, and a peak is observed at δh ≈
0.125 in Figs. 8(c) and 8(d). It is observed that dx2−y2 pair-
ing symmetry is always robust for V0 = 0 ∼ 6 under P = 8.
However, when it comes to electron-doped case in Fig. 9,
we can clearly notice that P̄α (dx2−y2 ) is always decreased at
all electron-doping concentration as V0 increases. When V0

increases to 4 and 6 in Figs. 9(c) and 9(d), we can see that
P̄α (dx2−y2 ) becomes negative at large electron-doping con-
centration, supporting the fact that the dx2−y2 wave is totally
suppressed. On the contrary, the effective pairing interac-
tion with the dxy pairing symmetry becomes positive at such
electron-doping levels. Considering the results of P = 4 and
P = 8, we can conclude that the stripe potential exhibits
both positive and negative influence on the dx2−y2 wave at
hole doping. For electron-doped case, dx2−y2 pairing chan-
nel is always suppressed by stripe potential. Overall, the
stripe potential indeed has a stronger inhibitory effect on
dx2−y2 wave at electron doping than hole doping under both
P = 4 and 8.

APPENDIX B: THE SIGN PROBLEM

In our simulations, we have performed an analysis
about the infamous sign problem [40] under the mainly

FIG. 10. (a) Average sign 〈sign〉 versus the inverse tempera-
tures β = 1/T for different interaction strengths or lattice sizes at
electron-doping δe = 0.2 and V0 = 4. (b) 〈sign〉 as a function of
electron-doping δe for different interaction strength or temperature
at V0 = 4 on a L = 12 lattice.

calculated parameters. In Fig. 10(a), 〈sign〉 quickly decreases
when the inverse temperature exceeds 4. From Fig. 10,
one can also notice that the sign problem becomes worse
for higher interaction strength or larger lattice size, which
makes it difficult to research in low temperatures and strong-
coupling cases. To keep quality of data, the average sign
is larger than 0.45 in main simulations. Moreover, much
longer measurements 12 000–48 000 are performed to com-
pensate the fluctuations when sign problem is much worse
[36]. These efforts ensure the reliability and accuracy of our
results.

APPENDIX C: DIFFERENT U OR L

Figure 11(a) shows the effective pairing interaction P̄α (dxy)
as a function of temperature for different interaction strengths.
The dxy pairing channel is always robust at different in-
teraction strength and P̄α (dxy) is enhanced with increasing
U , indicating the importance of electron-electron correla-
tion. Figure 11(b) suggests that lattice size effect of P̄α (dxy)
is very weak, i.e., L = 8, 12, and 16 exhibit almost iden-
tical results, suggesting our result is well converged and
reliable.

FIG. 11. The effective pairing interaction P̄α (dxy ) as a function of
temperature (a) for different interaction strength at electron-doping
δe = 0.2 and V0 = 4.0 on a L = 12 lattice, (b) for different lattice
sizes at electron-doping δe = 0.2, V0 = 4.0, and U/t = 4.0.
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FIG. 12. The effective pairing interaction of dx2−y2 pairing sym-
metry as a function of temperature for different next-nearest hopping
t ′ at hole-doping δh = 0.2, V0 = 4, and U/t = 4 on a L = 12 lattice.

APPENDIX D: EFFECT OF t ′ FOR HOLE-DOPED CASE

Despite the influence of t ′ and V0, dx2−y2 pairing symmetry
is always dominant at hole-doped case. In Fig. 12, we have
calculated the temperature-dependent P̄α (dx2−y2 ) for different
t ′ at hole-doping δh = 0.2. As the temperature is lowered,
P̄α (dx2−y2 ) will increase rapidly. Notably, it is observed that
the P̄α (dx2−y2 ) is enhanced by the negative t ′ but suppressed
by positive t ′, suggesting the important role of t ′ at hole-
doped case. Actually, this enhancement is in agreement with
previous observation that next-nearest hopping t ′ is negative in
hole-doped cuprates [53]. Besides, recent work also supports
that the negative t ′ can enhance superconductivity in the hole-
doped Hubbard model [47].
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