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Charge density wave state in extremely overdoped cuprates driven by phonons
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Recent resonant x-ray scattering (RXS) experiments revealed a novel charge order in extremely overdoped
La,_,Sr,CuO4 (LSCO) [Li et al., Phys. Rev. Lett. 131, 116002 (2023)]. The observed charge order appears
around the (7 /3, 0) wave vector, distinct from the well-known stripe fluctuations near 1/8 doping, and persists
from cryogenic temperatures to room temperature. To investigate the origin of this charge order in the overdoped
regime, we use determinant quantum Monte Carlo (DQMC) simulations to examine correlated models with
various interactions. We demonstrate that this distinctive CDW originates from remnant correlations in extremely
overdoped cuprates, with its specific pattern shaped by interactions beyond the Hubbard model, particularly
electron-phonon couplings. The persistence of the (7 /3, 0) wave vector across different doping levels indicates
the presence of nonlocal couplings. Our study reveals the significant role of phonons in cuprates, which assist
correlated electrons in the formation of unconventional phases.
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I. INTRODUCTION

Unconventional superconductivity (SC) in cuprates has at-
tracted extensive experimental and theoretical studies [1-5].
In addition to its promising applications in energy and quan-
tum technology, the exploration of cuprates has been driven
by numerous complex phases of cuprates [6]. These phases
can coexist with or compete against SC, challenging con-
ventional solid-state theories. A particularly significant phase
among these is the charge density wave (CDW). In conven-
tional BCS superconductors, phonons mediate an effective
electron-electron attraction that gives rise to both mobile
Cooper pairs and immobile charge modulations. These two
states compete against each other as evidenced by investi-
gations into Holstein-like models [7-9]. In cuprates, despite
having distinct pairing symmetry and potential differences in
the pairing mechanisms from BCS theory, many experiments
have revealed the presence of CDW orders or fluctuations near
the SC phase. Their proximity suggests an intertwined origin
of CDW and SC, even in the unconventional and high-T,
materials [10-14].

Research on CDW has predominantly focused on the un-
derdoped and optimally doped cuprates [15—18], highlighting
the interplay between SC, the pseudogap phase, and CDW
[19-21]. Particularly, near 12.5% hole doping, a charge order
has been detected that manifests as a unidirectional stripe be-
havior with a periodicity of 4 unit cells (see Fig. 1). Advanced
numerical many-body methods have successfully described
this stripe order in the context of the Hubbard and Hubbard-
Holstein model [22-24]. Remarkably, the CDW emerging in

*Contact author: yao.wang @emory.edu

2469-9950/2024/110(11)/115133(14)

115133-1

these simulations at around 12.5% hole doping exhibits a
notable competition with d-wave superconductivity [25-27].

Recent observations of CDWs in overdoped cuprates,
specifically in (Bi,Pb), 1551 8sCuQO¢s (Bi2201) [28], have
sparked a renewed interest in understanding their role in
high-7, superconductors. This CDW phenomenon was
subsequently observed in extremely overdoped LSCO, in
the form of a charge modulation of extending over 6 unit
cells in the antinodal direction (see Fig. 1) and persists up
to room temperature [29]. [Here, we refer to the (H, 0) and
(H, H) directions as “antinodal” and ‘“nodal,” respectively.]
This CDW starts to develop at 35% doping and maximizes in
intensity at approximately 50% doping. Despite the expected
screening of Coulomb interactions in the overdoped regime,
Fermi-surface instabilities cannot explain the origin of this
CDW [29]. This suggests that the CDW is likely driven by
other interactions. Importantly, this overdoped regime, being
distanced from the SC and pseudogap phases, may be less
affected by the dominant spin fluctuations, providing a unique
opportunity to explore intrinsic yet subleading interactions in
cuprates.

undoped: (subleading)
checkerboard fluctuations

underdoped:
period-4 CDW

overdoped:
period-6 CDW

WFermi surf,
instability
E O :Foulomb
interaction
A/ e-ph
7Tt coupling
FIG. 1. Schematic illustrating different types of charge fluctu-
ations or order observed from experiments across various doping

regimes of cuprates. The origin of the overdoped period-6 CDW
serves as the primary focus of this work.
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For this purpose, we examine the extremely overdoped
cuprates using various models, including the Hubbard model,
the Hubbard-Holstein model, and their variants. Our findings
reveal that while the Hubbard interaction correctly produces a
correlation-induced charge instability peaking at 50% doping,
it fails to capture the charge pattern with wave vector (7 /3, 0).
The inclusion of electron-phonon coupling (EPC), particu-
larly nonlocal EPC, shifts the ordering wave vector from
(r,m) to the experimentally observed (;r/3,0). Building
upon this framework, we quantify the strength and distribution
of the EPC, addressing the experimental findings in LSCO.
This work highlights the essential contributions of EPC to
correlated phases in cuprates.

The organization of this paper is as follows. We first intro-
duce the models and the DQMC method in Sec. II. Next, we
investigate charge susceptibilities in the extremely overdoped
Hubbard model, demonstrating the absence of the expected
CDW in Sec. III. We then systematically examine the impact
of phonons, with local and nonlocal EPCs, in Sec. IV. This
analysis is further generalized to bond phonons in Sec. V.
Finally, Sec. VI summarizes the conclusion and discusses po-
tential connection to superconductivity in overdoped cuprates.

II. MODELS AND METHOD

We begin our theoretical analysis by considering the
single-band Hubbard model [30,31]:

Hibbard = — Y LijChCjo — 10 ) _nig + »_ Unigniy, (1)
i

ijo io

where c¢;, (c;) annihilates (creates) an electron at site i
with spin o and n;, = chw is the corresponding density
operator. The hopping term is defined by the one-electron
integral #;; between Wannier wave functions at sites i and
Jj- Under the tight-binding approximation, we limit the hop-
ping to the nearest and next-nearest neighbors, denoted as
t and t’, respectively. This effective model for cuprates
simplifies the electronic Coulomb interaction to the onsite
Hubbard U term and the average doping to a chemical po-
tential () shift. To reflect the LSCO electronic structure
determined by first-principles simulations and ARPES fit-
ting [32,33], we use t = 250meV, ' = —0.15¢, and U =
8¢ here. Notably, the experimental benchmarks for these
parameters were obtained for dopings below 30%. Due to
the lack of ARPES experiments for the extremely over-
doped regime, we assume the parameters in Eq. (1) remain
consistent across all doping levels. This assumption is
supported by the resilience of the simulated charge sus-
ceptibilities to variations in band parameters, as discussed
in Secs. III and IV.

The major simulations in this paper extend the Hubbard
models by incorporating additional EPCs. We primarily focus
on site phonons that couple to the electron density (n;,) due to
their direct impact on charge. When the interaction is local, the
resulting model corresponds to the Hubbard-Holstein model,

described by the Hamiltonian:

2
Hun = Huubbard + Z [%wghxf + P_l} - nginia- (2)
1 1o
Here, X; (P;) denotes the lattice displacement (momentum) at
lattice site i, g is the onsite EPC strength, M is the phonon
oscillator mass (set as 177!), and wpy is the phonon frequency.
In the latter sections of this paper, we also consider nonlocal
EPC, including the nearest-neighbor coupling g, next-nearest-
neighbor coupling g”, next-next-nearest-neighbor coupling
g”, and fourth-nearest-neighbor coupling g””. These models,

with these nonlocal EPCs, are collectively referred to as the
Hubbard-extended-Holstein (HEH) model:

Huen = Hun — Z Zg/Xinja - Z g'Xinjo

Lo\ {i.)) (@)
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Through with various EPCs, it is important to note the onsite
Coulomb interaction U remains the dominant interaction in
all above models, reinforcing the strongly correlated nature
of cuprates. As discussed in Sec. III, this strong correlation
is crucial for accurately reproducing the doping dependence
observed in experiments and linking it to the well-known 1/8-
doped stripes [15,34].

We employ the determinant quantum Monte Carlo
(DQMC) algorithm to simulate these strongly correlated mod-
els, considering the persistence of the overdoped CDW at high
temperatures [28,29]. DQMC is an unbiased quantum many-
body method, which transforms the thermal density matrix
into a summation over Hubbard—Stratonovich field configura-
tions, which are then estimated through stochastic importance
sampling [35,36]. Our primary goal is to address the charge
order observed in the RXS experiments, with a focus on the
charge susceptibility x.(q, ) at w = 0,

ﬂ .
Xe(q, 0 =0) = f dt el (i)
iy

x [(ni(t)n;(0)) — (ni())(n;(0)]. (4

Here, B = 1/T denotes the inverse temperature, and n; =
ni» + n;, | represents the electron density at site i. If interac-
tions are neglected, x. can be evaluated using the Lindhard
response function. However, as discussed in Ref. [29], this
estimation fails to explain the experimentally observed CDW.

Simulating the Hubbard model with nonlocal site phonons
presents significant challenges compared to the Hubbard and
Hubbard-Holstein models. The latter two models with only
local interactions require rank-1 DQMC updates; in contrast,
the presence of nonlocal EPCs affect multiple electron sites
at once, necessitating a rank-r update. Here, r denotes the
number of electron sites coupled to a single phonon. For
example, the HEH model involving ¢ and g’ requires rank-9
updates (e.g., 1 + 4 4+ 4). The DQMC update is realized by
the sampling weight ratio between two configurations, with
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FIG. 2. The charge susceptibility x.(q, @ = 0) obtained from the Hubbard model on a 12 x 12 square lattice at temperature 7 = 0.4¢. The
susceptibility is normalized for each doping (panel). For doping level 5%—20%, the white circles mark the wave vector fitted by four symmetric
peaks; for other doping levels, they mark the maximal instability among all momenta. The upper ribbons indicate the corresponding phase.

The last panel summarizes the doping dependence of charge susceptibility at q =

the electronic part given by

7 =det[l + A(t)I — G° (1, 1)]
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In this equation, the A(t) matrix contains » nonzero elements,
corresponding to the rank-r update [37]. The phonon energy
contribution, e/t 97E® is also included in the total partition
function. Thus, the update ratio for the Metropolis algorithm
follows

R = R'RY exp(—8TAE). ©)
Here,  AE(xy, -+ X, ) =EQXp, -+ % +0x,--+) —
E(xy,---,x,---) represents the energy difference between

two phonon configurations, with x; being the phonon
displacement at imaginary time t.

Besides the HEH model with site phonons and the DQMC
method introduced so far, the subsequent sections will also
employ a zero-temperature method for benchmarking (in
Sec. IV C) and discuss the effects induced by bond phonons
(in Sec. V). To maintain the clarity of the discussion and
avoid distracting the reader from the primary focus, we have
postponed the introduction of these supplementary models
and methods until their respective sections.

III. ABSENCE OF OVERDOPED CDW
IN THE HUBBARD MODEL

Using the Hubbard model, we examine the influence of
strong electron-electron correlations on the behavior of ex-
tremely overdoped cuprates. Figure 2 presents the doping
dependence and momentum dependence of x. at T = 0.4,
corresponding to 1000 K. A 12 x 12 square cluster is em-

(7, ) and the experimentally relevant (;r /3, 0).

ployed to maintain D4, symmetry, ensuring an unbiased
comparison of charge instabilities along the nodal and antin-
odal directions. Given the substantial variation in charge
susceptibility—ranging from nearly zero at half-filling to sig-
nificant levels at high doping—we normalize x.(q, w) by
its maximum intensity at each doping level to highlight the
relative spectral weight distribution across momentum space.

As the doping increases, the Hubbard model reveals three
distinct behaviors in charge fluctuations. At and near half-
filling, the system is dominated by an insulating antiferro-
magnetic (AFM) order, which suppresses charge fluctuations,
resulting in a smaller x.. The remaining charge fluctuations
are centered around the wave vector (i, ), corresponding
to the subdominant doublon-hole fluctuations between nearest
neighbors [38]. At approximately 5% doping, the system tran-
sitions from an AFM state to stripe fluctuations, evidenced by
the emergence of prevailing wave vectors along the antinodal
direction. In finite systems without C4 symmetry breaking, the
peaks in charge susceptibility manifest in both the x and y
directions (see Appendix A) [22,34].

Beyond 25% hole doping, the stripe fluctuations are grad-
ually replaced by checkerboard charge fluctuations with q =
(r, ). These (spatially) short-range fluctuations stems from
strong correlations caused by the repulsive Hubbard U, which
tends to associate one hole with a neighboring doublon. As
the doping increases from 25% to 50%, the momentum distri-
bution of charge fluctuations remains qualitatively consistent,
while the overall intensity increases rapidly. This rise in in-
tensity is attributed to unraveled charge carriers from the AFM
background. However, this upward trend halts, and the suscep-
tibility starts to drop at around quarter filling (50% doping),
where a singly occupied checkerboard pattern develops. Fur-
ther doping beyond 50% disrupts this checkerboard pattern,
leading to a reduction in intensity.

The doping dependence of the charge susceptibility,
obtained from the Hubbard model, successfully captures the
experimental observations of the overall intensity in extremely
overdoped cuprates [29]. The maximum at quarter filling
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FIG. 3. The doping dependence of charge susceptibilities at
(7, ) and (7 /3, 0), obtained from the Hubbard model with U = 8¢
and various ¢’ values. All simulations are performed at 7 = 0.4¢. The
error bars are smaller than the symbol sizes.

reflects the tendency towards a singly occupied checkerboard
pattern, as the Hubbard interaction suppresses double
occupancy. Consequently, the experimentally observed
doping dependence reflects the remnant correlations present
in doped cuprates [39-44], which cannot be explained
by the Fermi-surface instability alone (see discussions in
Appendix A and in Ref. [29]).

To further investigate the influence of Fermi surface and
band structure, we examine the ¢’ dependence of the charge
susceptibility across varying levels of hole doping. As shown
in Fig. 3, the charge susceptibilities at (7, 7) and (7/3,0)
exhibit similar doping dependence across different ¢’ values,
representing specific band structures and materials. The re-
sults consistently show that charge susceptibility at (w, 7)
exceeds that at (r/3, 0) in the heavily doped regime. Thus,
the emergence of a checkerboard charge instability at quarter
filling, rather than a (;r /3, 0) charge order, is independent of
specific band structures in the Hubbard model, although the
exact intensities vary quantitatively.

Our simulations using the Hubbard model with various
parameters demonstrate that, although the model accurately
captures the doping-dependent behavior driven by correla-

tions, it fails to precisely replicate the momentum distribution
seen in experiments [29]. Once the Hubbard model is doped
beyond the stripe regime, the charge response consistently
manifests dominance at q = (7, ) across all band structures
relevant for cuprates. Thus, we conclude that the Hubbard
model is insufficient for explaining the experimentally ob-
served overdoped CDW.

IV. PHONON-MEDIATED OVERDOPED CDW

A natural extension of the Hubbard model involves in-
corporating additional interactions. Recent investigations into
1D cuprate chains have revealed the significant role of at-
tractive nonlocal interactions mediated by phonons [45-51].
These interactions are essential for accurately describing the
behavior of cuprates, especially superconductivity [52-55].
Moreover, experimental data from underdoped and optimally
doped cuprates suggest that long-range effective interactions,
especially attractive ones, are necessary to fully explain the
quasi-circular patterns observed in x-ray scattering [56,57].
With these considerations in mind, we extend the Hubbard
model to include EPCs and investigate their influence on the
extremely overdoped CDW.

A. Hubbard-Holstein model with local coupling

Building on the Hubbard model findings depicted in Fig. 2,
we incorporate local e-ph coupling by adopting the Hubbard-
Holstein model, as formulated in Eq. (2). Our previous analy-
sis of the Hubbard model identified a peak of charge suscep-
tibilities at around 50% doping. This leads us to focus on how
phonon interactions alter the momentum distribution of these
susceptibilities. Due to the computational complexity posed
by the phonon degrees of freedom (see Appendix B), we limit
our simulations to a 6 x 6 square lattice in this section, corre-
sponding to the smallest square cluster capable of accommo-
dating the experimentally observed (7 /3, 0) momentum.

In Fig. 4(a), we analyze the evolution of charge suscepti-
bilities in the 50% doped Hubbard-Holstein model across all

O (n/3,0)

(a)w[g=0 (Hubbard)] g=0.4t g=0.8t g=1.2t g=1.6t

a,0
-

stripe charge checkboard 1o hole doping O

(b) | 6% doping 11.7% doping 18.9% doping 27.1% doping Y | 36.2% doping 46% doping 56.2% doping [}

qy o n *
-

T no-m 0 T
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-1 0
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FIG. 4. (a) Charge susceptibility as a function of EPC strength at various momenta, simulated using the quarterly filled Hubbard-Holstein
model with U = 8¢ at T = 0.4¢. (b) Doping dependence of charge susceptibilities, simulated using the Hubbard-Holstein model with the EPC
g = t. The colormap in panel (a) is fixed to highlight intensity variations, while it is normalized within each panel of (b) to highlight the relative
distribution. (c) Charge susceptibility at the dominant (77, ) and the experimentally relevant (7 /3, 0).
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momenta as the onsite EPC g varies. Although typical EPC
strengths in cuprate materials are around 0.5¢ [58], we extend
our simulations up to g =2¢ to test the generality of our
conclusions. As expected, increasing g amplifies the overall
Xc(q, ® = 0) at all momenta, driven by the direct coupling
to the local electron density. Nevertheless, the peak intensity
consistently appears at large momenta near (7, 7 ), with no
significant enhancement at (;r /3, 0), the momentum relevant
to experimental observations.

We further explore the doping dependence of charge sus-
ceptibility distribution by fixing the coupling strength at g = 7.
As shown in Fig. 4(b), even with such a strong EPC, the
phase diagram remains qualitatively unchanged from that of
the pure Hubbard model. The system continues to display a
stripe state below 20% doping, characterized by a peak at
antinodal wave vector. Given the resolution limits of our 6 x 6
cluster, we can only identify the stripe wave vector at (7t /3, 0),
while it shifts with doping [24]. However, the primary focus of
this study is in the extremely overdoped regime beyond 30%
doping. In this regime, checkerboard fluctuations at (7, )
remains dominant, despite the presence of strong EPC. There
is signs of the unidirectional CDW instability throughout the
entire regime. Therefore, the onsite EPC, as considered in the
Hubbard-Holstein model, still cannot account for the exper-
imentally observed overdoped CDW at (7 /3,0). While the
simulations are performed at a relatively high temperature,
this conclusion is further supported by zero-temperature re-
sults discussed later.

Although the inclusion of the onsite EPC does not resolve
the issue of the (7/3,0) CDW at the extremely overdoped
regime, the doping dependence of charge susceptibilities
peaks near 50% doping [see Fig. 4(c)], consistent with the
experimental observations [29]. As discussed in Sec. III, this
monotonic doping dependence is driven by the strong Hub-
bard interaction, which is not altered by the inclusion of EPC.

(a) ﬂHubbard-HoIstein (g’=0) g’'=0.15t

B. Charge instability driven by nonlocal coupling

Our analysis of the Hubbard-Holstein model reveals that
the inclusion of onsite EPC within realistic coupling strengths
does not substantially alter the charge susceptibility patterns
observed in the pure Hubbard model. To investigate the origin
of the experimentally observed overdoped CDW, we extend
our model to nonlocal EPCs [59], which are known to stabi-
lize polarons under weak coupling conditions [60—62]. These
couplings have been found essential in explaining the attrac-
tive interactions recently observed in 1D cuprates [45—47].
Considering that electrostatic couplings, like those to apical
oxygens, decay with distance [46], our primary focus is on
the EPC between nearest-neighbor electron density and lat-
tice displacement, labeled as ¢ in Eq. (3). Starting with the
quarter-filled Hubbard-Holstein model discussed in Sec. IV A
(¢ = 0), we gradually increase ¢ while holding g = 0.5¢ [see
Fig. 5(a)]. The introduction of nearest-neighbor EPC results
in the emergence of small-momentum charge susceptibility
at the zone center. At the same time, the checkerboard fluc-
tuations at large momenta persist. Once ¢ exceeds ~0.25¢,
the small-wave vector x. at q = (7t /3, 0) surpasses the (r, )
susceptibility in intensity, becoming the dominant wave vector
[see Fig. 5(b)]. This critical coupling strength is slightly above
the estimated value from the octahedral symmetry, where
g ~ g/~/5 [46], but the Jahn-Teller effect may bring ¢ and
g closer in cuprate materials, making the simulated scenario
realistic.

Importantly, the intensities at these key wave vectors
and their doping dependence are resilient to temperature
changes [see Fig. 5(b)], consistent with RXS results [29]. (See
Sec. IV C for a more detailed demonstration of this resilience.)
Furthermore, while these nonlocal EPCs shift the dominant
wave vector, they do not alter the doping dependence of the
charge susceptibility intensities, which remains maximal near
quarter filling (see Appendix D).

g’'=0.3t

(b) %(q,0=0) (3 Vesi(@)

i Sl
=)
- 0

dy = 0.1[ 02 030 0.1, 0.20.3
( g'lt] g'(t]

T RSOSSN

[ © (4 ®
O S =s=s=3=3s=%=
g s Hubbard-Holstein
J

FIG. 5. (a) Charge susceptibility for the quarterly filled HEH model (U = 8¢ and g = 0.5¢) with different g's and 7 = 0.2¢. (b) The
q = (/3,0) (blue) and (7, ) (red) susceptibilities for T = 0.4t (dashed curves) and T = 0.2¢ (solid curves) as a function of the g with
U = 8¢.The errorbar is smaller than the symbol. (c) Phonon-mediated effective interaction |V.g(q)| for o = 0 as a function of g at specific
momentum points marked in the inset. (d) The x.(q) obtained by RPA (lower-left) and DQMC (upper-right insets) simulation for the extended-
Holstein model with U = 0 and T = 0.2¢. (e) Schematic illustrating that the nonlocal EPC g favors longer period charge modulation, while

onsite EPC g favors short period charge modulation.
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The emergence of small-momentum susceptibilities can
be elucidated by analyzing the phonon-mediated effective
interactions between electrons [63]. The nearest-neighbor
coupling ¢ modulates the EPC in momentum space, i.e.,
8q = 8+ 2¢/(cos gy + cos gy). When g’ shares the same sign
as g, the coupling is predominantly projected onto small
momenta. As the phonon-mediated dynamical interaction
Veir (@, 0) = g3/M (0 — a)gh) scales with g, this modulation
further affects the charge susceptibility near the zone center,
including the anticipated (7 /3, 0) [see Figs. 5(b) and 5(c)].
Simultaneously, the momentum dependence of the attractive
Vetr also adjusts the (7, ) charge instability. As gq—(z,x)
decreases and eventually turns negative with increasing g,
the Vg o g%l exhibits a nonmonotonic trend with respect to
¢. Such a nonmonotonic dependence is also reflected in
the evolution of x.[q = (7, w)]. Alternatively, the impact of
nonlocal EPC can be interpreted in the real-space picture.
As shown in Fig. 5(e), the presence of g clusters electrons
around individual lattice displacements, transforming short-
range doublon-hole fluctuations into form a longer-range
charge pattern.

The relationship between V¢ and small-momentum charge
instabilities suggests an independent origin for these in-
tensities, allowing them to coexist with large-momentum
doublon-hole fluctuations induced by U. These two interac-
tions manifest minimal overlap in momentum space. As a
demonstration, we set Hubbard U to zero in the insets of
Fig. 5(d) and find that the DQMC-simulated charge suscep-
tibility intensifies only near the zone center, with negligible
intensity at (7, 7) compared to that of the HEH model [i.e.,
Fig. 5(a)]. These small-momentum susceptibilities are consis-
tent in models with and without U when the EPC strength
is the same. The Hubbard U plays the role of determining
the overall charge susceptibility and its doping dependence,
necessary for achieving a maximum at 50% doping.

While the dominant wave vector for charge susceptibility
has reached the experimentally observed (7 /3, 0) in Fig. 5(a),
we caution against over-interpreting the quantitative value of
this wave vector, given that it represents the smallest nonzero
wave vector in the 6 x 6 square lattice. As discussed in
Appendix C, simulations of larger systems, albeit at higher
temperatures, suggest a dominant wave vector shifting closer
to (0,0). Moreover, the phonon-mediated |Vi| is unlikely
to peak at nonzero wave vectors if only positive onsite and
nearest-neighbor couplings (g and g) are considered. This
limitation necessitates the exploration of a parameter regime
incorporating longer-range couplings, such as g”’, g”, and ¢g"")
in Eq. (3). These extended couplings, which originate from
the electrostatic nature of the site-phonon interactions, signif-
icantly modulate the momentum-space EPC g, thus shaping
the small-momentum charge distributions more precisely.

To quickly estimate phonon-induced CDW orders without
system-size limitation, we utilize the random phase approx-
imation (RPA) to map the momentum distribution of x.(q),
employing V.(q, @) as the interaction vertex. This method
proves effective, as shown by comparing the RPA (major
parts) and DQMC (insets) in Fig. 5(c). The RPA successfully
captures small-momentum instabilities in systems with U =
8¢, as the EPC and electronic interactions determine small-
and large-momentum susceptibilities almost independently.

(a) EPC vertex |V,

e

(c) comparison
0.24 T T

Hubbard
+EPC

@) (b) susceptibility y_

Hubbard

0.2}

0.16

0 n/3 21/3 =
g in (H,0)

/2 -n/2 n/2
a, a,

FIG. 6. (a) Effective dynamical interaction |V (q, @ = 0)| me-
diated by phonons with longer-range couplings (¢ = 0.55g, ¢’ =
—0.1g, ¢" = ¢"/~/2, ¢" = g'/2). (b) DQMC-simulated charge sus-
ceptibility x. for quarterly filled HEM (U = 8¢ and g = 0.5¢)
obtained at 7 = 0.25¢. (c) Comparison of the background-removed
RXS results at 31 K obtained adapted from Ref. [29] (gray peak), the
simulated charge susceptibility for the Hubbard model (green), and
that for the HEH model (blue) along the antinodal direction.

Due to the screening effects at long distances, we slightly
relax the assumption that EPC decays strictly as 1/r and
instead adopt the parameters in Fig. 6, where |Ve(q, w =
0)| peaks at (;r /3, 0). Using this parameter set, we simulate
Xc using DQMC. As expected, the charge wave vector is
precisely pinned at (;r /3, 0) for 12 x 12 systems, validating
the potential of inducing a robust, experimentally consistent
charge order through long-range EPC. While these couplings
are tied to materials’ crystal and electronic structure, slight
deviations from this commensurate wave vector may be
mitigated by domain boundaries and disorders in real mate-
rials [18]. Our simulation ignores the long-range electronic
Coulomb repulsion, which typically contributes an additional
~1/|q|? interaction as its bare form. However, the single-band
Hubbard model already incorporates corrections from these
Coulomb interactions during the projection from its multiband
prototype [64,65]. As a result, the effective single-band wave
function combines the copper and oxygen components [31],
where the in-plane Coulomb interaction is largely screened by
the copper-oxygen covalent bond in the extremely overdoped
regime. Such a screening is more severe in the overdoped
regime with a large Fermi surface.

C. Temperature dependence

The fermion sign problem in DQMC limits our ability
to simulate at low temperatures comparable to experimental
conditions (below 300 K). To extrapolate the potential impact
of temperature, we analyze how susceptibilities change at
higher temperatures. Figure 7(a) presents the results using
the same model parameters as in Fig. 6, but at elevated tem-
peratures. The (;r /3, 0) peak in y. is consistently observed
throughout all temperatures studied. This behavior becomes
more apparent when susceptibilities at different temperatures
are normalized to the intensity at the zone center q = (0, 0),
as shown in Fig. 7(b). While the relative peak height dimin-
ishes as temperature increases, the peak’s position remains
unchanged. Although this observation does not definitively
prove that this charge order persists at low temperatures
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FIG. 7. (a) Charge susceptibility and (b) normalized suscepti-
bility relative to x(0,0) along the (H,0) direction for different
temperatures. All model parameters are identical to those in Fig. 6.
The triangles mark the wave vector observed in experiment [29].
Due to significant particle number fluctuations, the q = (0, 0) charge
susceptibility at 7 = 0.25¢ is extrapolated. Error bars in panel (b) are
not shown.

beyond the DQMC’s reach, it does provide strong indirect evi-
dence that the charge order is resilient to temperature changes.

To further validate our results at extremely low temper-
atures comparable to experimental conditions, we leverage
the non-Gaussian exact diagonalization (NGSED) method,
a zero-temperature technique, to simulate the HEH models.
NGSED is a variational approach built upon exact diagonal-
ization (ED), designed to address systems with both strong
electronic correlations and EPCs. Generally, any electron-
phonon wave function can be decomposed as

|W) = Ungs({AqD¥pn) ® [e). @)

Here, the electron-phonon entanglement is encapsulated by
the non-Gaussian transformation Ungs = €SI¢" <"l where
S is a polynomial involving at least two electronic creation
and annihilation operators and at least one phonon opera-
tor. While this method approaches exactness as the order
in S increases, previous numerical benchmarks using ED
and DQMC on small clusters have shown that truncating to
the lowest-order terms is sufficient for site-phonons [66,67].
Thus, the non-Gaussian transformation reduces to a general-
ized polaronic transformation:

P ) iqr; _ .
Unas ({hq}) & &~ 77 Za e Camazgm (8)

where pg = Y, n;e”"9" denotes the momentum-space elec-
tron density, and py = Y, P.e 4%/ /N represents the phonon
momentum operator. Within the wave-function ansatz de-
scribed in Eq. (7), the ground-state solution is determined
by minimizing the total energy in the variational parameter
space spanned by {Aq}, [¥pn), and |1/e). The NGSED method
self-consistently optimizes the variational parameters and the
individual states, converging to the ground state [66]. Due
to the complexity of evaluating excited states within this
self-consistent framework, we restrict our focus to the static
(equal-time) charge structure factor Ny in the NGSED simu-
lation, using it as a metric for the charge instability.

(a) g=0.25¢t

04 06 08
doping

0 02 04 06 0 02
doping

FIG. 8. Static charge structure factor Ny in the HEH model for
momenta accessible in a 4 x 4 cluster, simulated using NGSED. The
model parameters used are U = 8¢, ' = —0.15¢, and (a) g = 0.25¢,
(b) g=0.5t, (c) g = 0.25¢t,¢ = 0.1¢, and (d) g = 0.5¢, ¢ = 0.2¢.

As shown in Fig. 8, in the Hubbard-Holstein model with
no or minimal ¢, (;r, 7) dominates over other momenta at
zero temperature. However, as g is increased to 0.2¢, there
is a notable enhancement in charge correlation at (7 /2, 0),
with this enhancement peaking at 50% doping. It should be
noted that due to the constraints of a finite-size cluster (a4 x 4
square lattice here), the NGSED simulation is unable to reach
the expected (7 /3,0) momentum, leaving (w/2,0) as the
closest momentum point accessible. Nevertheless, the distinct
behavior with and without g, are consistent with our DQMC
results discussed above, suggesting that the conclusions drawn
the EPC vertex are robust even at zero temperature.

D. Impact of phonon frequencies and band structure

The constraints of DQMC simulations, particularly the se-
vere autocorrelation issues caused by low-frequency phonons,
necessitated our choice of a phonon frequency wp, =t for
the results discussed above. However, realistic phonon fre-
quencies in cuprates can be as low as 60-70 meV [68,69],
suggesting that wpy, ~ 0.27 is more appropriate for LSCO.
Despite adopting a higher phonon frequency, our findings sug-
gest that the wave vector of the extremely overdoped charge
order near the Brillouin zone center is primarily determined
by the momentum distribution of the effective EPC vertex
g%l / a)gh. This conclusion is supported by both our DQMC sim-
ulations and comparisons with RPA in Sec. IV A. Therefore,
when phonons are optical with minimal frequency depen-
dence (i.e., wq ~ wpn), the influence of phonon frequency on
the relative distribution of charge susceptibility in momentum
space is largely quantitative rather than qualitative.

To demonstrate this, we simulate x (q, w = 0) for various
phonon frequencies at a high temperature of 7 = 1¢. When
the EPC g is kept constant, decreasing wpp, leads to a uniform
increase in the (;r /3, 0) susceptibility, driven by the enhanced
vertex [see Fig. 9(a)]. This simple scaling behavior of the
phonon frequency is further demonstrated by fixing the ra-
tio gq/wpn While varying wpp, thereby preserving the vertex
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FIG. 9. (a), (b) Dependence of charge susceptibilities on phonon
frequency by fixing (a) all EPC strengths g, g, etc., and (b) the ratio
8/ wpn. (c) Dependence of the charge susceptibility on the band struc-
ture in the quarter-filled HEH model. All other model parameters
are identical to those in Fig. 6 and the temperature is 7 = 0.5¢. The
triangles mark the wave vector observed in experiment [29].

amplitude gz /wpy,. As shown in Fig. 9(b), the susceptibility
distribution remains largely unaffected across different fre-
quencies. Therefore, employing a single phonon frequency
wpn = t in most simulations is sufficient to identify the domi-
nant wave vector and relative susceptibility distribution.

In addition to the phonon frequency, the electronic band
structure is a crucial factor that can significantly influence
collective excitations by modifying the electronic Fermi sur-
face shape, a characteristic that varies across different cuprate
materials. As discussed in Sec. II, this band structure is pa-
rameterized by the next-nearest-neighbor hopping ¢'. To test
the robustness of our conclusions across a wider range of
cuprate materials, we slightly adjust ¢’ from the accepted
LSCO value of t' = —0.15¢, while keeping all other parame-
ters the same as in Fig. 6. As shown in Fig. 9(c), this variation
of ¢/ within £0.05¢ leads to an approximate 5% change
in the overall charge susceptibilities. However, despite this
quantitative scaling, the dominant wave vector consistently
remains at (77 /3, 0), reflecting the robustness of this extremely
overdoped charge order against the changes in specific band
parameters when nonlocal EPCs are present. These results
further support the generality of our conclusions regarding
the EPC-vertex-determined charge order across the various
cuprate materials, consistent with the observed experimental
signatures observed in both LSCO and Bi2201 [28,29].

V. POTENTIAL CONTRIBUTIONS FROM BOND PHONONS

In the previous sections, we concentrated on site-phonons
that couple to electronic density, as described by the Hamil-
tonians expressed in Egs. (2) and (3). However, in cuprate
materials, electrons also couple to bond phonons, where the
coupling matrix elements are dependent on the electronic
momentum. To extend our analysis, we investigate various
bond phonons and their impacts on charge instabilities in the
extremely overdoped regime. The electron-phonon coupled
part of Hamiltonian for a general Frohlich EPC system is

8k
Z —qc]i qaclm(aj1 +a_q) + wpy Z a;aq. ©

Hefph -
VN .

k.,q.0

breathing mode apical mode

tﬁ; (,Cu

B, mode

c%ﬁé—g © JL

(b)
qy . m
-Tt
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FIG. 10. (a) Schematics illustrating bond-phonon modes in the
cuprates. (b) The RPA charge susceptibility xrpa(q) for each phonon
mode. (c) The difference in charge susceptibility from the Lind-
hard response, revealing phonon-induced instabilities. Simulations
are performed on a 50% doped 128 x 128 square lattice at 7 = 0.1¢.

Building upon the conclusions from Sec. IV, we focus on their
influence on the EPC vertex within the RPA framework, under
the assumption that large-momentum checkerboard fluctu-
ations induced by electronic correlations do not affect the
zone-center charge susceptibility in the extremely overdoped
regime. In this framework, the charge susceptibility is given
by

XO(pv lwpa q, lwq)
1 — P(p, iwp; q, iw,)’

X(P, iwp; q, iwy) = (10)

where xo denotes the bare susceptibility of noninteracting

electrons, and

8kq8p,—qWph nF(ep) - nF(Gerq)
N(a)g + a);h) iwg + €p — €piq

(I

P(p.iwy: q.iw,) =Y
k

Here, spin indices are omitted, and ny represents the Fermi-
Dirac distribution. Finally, the charge susceptibility is calcu-
lated as x(q, iw,y) = Zp,w,, x (P, iwy; q, iwy)/BN. Consistent
with previous discussions, we focus on the zero-frequency
charge susceptibility x (q, @ = 0), which acts as a fingerprint
for charge order.

We examine several significant types of bond phonons in
cuprates by projecting their couplings onto the Zhang-Rice
singlet electronic wave functions [70]. As shown in Fig. 10,
the breathing phonon predominantly enhances charge sus-
ceptibility near the Fermi momentum, while the A, phonon
primarily induces charge instability around the I" point. The
apical phonon, however, generates a broad range of fluctua-
tions along the nodal direction. Interestingly, the B, phonon
leads to susceptibilities in the antinodal direction and may
contribute to the (7 /3, 0) charge order observed in extremely
overdoped LSCO, albeit with a slightly different wave vector.
The Bg phonon has been shown to support d-wave super-
conductivity in cuprates [69-71]. The impact of these bond
phonons on superconductivity, particularly in the extremely
overdoped regime, is beyond the scope of this paper but
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warrants further study, particularly in understanding the role
of the extremely overdoped CDW in high-T7 systems.

VI. SUMMARY AND OUTLOOK

In conclusion, we have conducted a thorough investigation
of the charge instabilities in the extremely overdoped cuprates,
utilizing the Hubbard model and its extensions with phonons.
Excluding Fermi-surface instability, the extremely overdoped
Hubbard model successfully captures the nonmonotonic dop-
ing dependence of the experimentally identified period-6
CDW, reflecting the persistence of remnant correlations even
in the overdoped regime. However, the limitations of the
Hubbard model and the Hubbard-Holstein model with lo-
cal EPCs become evident when attempting to address the
(/3,0) wave vector, as local particle-hole fluctuations at
(m, ) dominate. By introducing nonlocal EPCs, with cou-
pling strengths determined by geometric relations, we have
provided an explanation for the period-6 CDW in extremely
overdoped cuprates. Crucially, this phonon-induced CDW is
shown to be robust against variations in temperature and
specific model parameters. The phonon-mediated effective
interaction pins the CDW at (7t /3, 0) across a wide range of
doping levels, consistent with RXS experiments.

Since the extremely overdoped regime is well-separated
from the pseudogap and AFM phases, where spin fluctuations
dominate, the phonon-driven nature of the CDW suggests a
subleading interaction in cuprates. This interaction is over-
whelmed by the Hubbard U in underdoped and optimally
doped cuprates, as detailed in this paper. However, recent
studies increasingly indicate that phonons, alongside strong
correlations, contribute significantly to d-wave superconduc-
tivity [52,54,69,72,73]. In the overdoped regime, where the
impact of correlations is separable, the EPC identified here
is crucial for the theory of understanding unconventional su-
perconductivity, particularly given its BCS-like nature at the
emergence from the overdoped side [69].
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APPENDIX A: DETAILS ABOUT THE DOPING
DEPENDENCE IN THE HUBBARD MODEL

In addition to the false-color representation in Fig. 2 of
the main text, we present here the antinodal and nodal cuts
of the charge susceptibility for hole-doped Hubbard models
and analyze the detailed evolution of these features with dop-
ing. As shown in Figs. 11(a) and 11(b), the system exhibits
AFM at half-filling, with the subleading charge instability of

(c)

peak momentum 4
o

o

0 i 0 0.1 0.2

g, along (H,0) q, along (H,H) doping
FIG. 11. (a), (b) Charge susceptibilities along the (a) (H, 0) and
(b) (H, H) directions for the Hubbard model with t' = —0.15¢, U =
8t, across different doping levels at 7 = 0.4¢. (¢) Dominant wave
vectors along the (H,0) direction within the stripe regime, fitted

through the multi-Lorentzian functions.

doublon-hole fluctuations centered at (7, ) [38]. As doping
increases, stripe order emerges, shifting the dominant wave
vector closer to the zone center. The fluctuating nature of the
stripes causes significant momentum broadening, resulting in
a greater spread of the charge susceptibility peaks compared
to their separation. To identify the precise wave vector, we fit
the susceptibility data using Cs-symmetric multi-Lorentzian
functions, following Ref. [74]. The fitted wave vectors are
shown in Fig. 11(c). This fitting procedure works well for
identifying stripes in the 5%—-20% hole doping range, indicat-
ing the presence of stripes in the Hubbard model, but becomes
less effective beyond this regime.

Beyond 25% doping, the state deviates significantly from
the stripe states that smoothly evolve with increasing doping.
This divergence is primarily indicated by a rapid increase in
susceptibility near (7, i), which overwhelms the instabilities
in the antinodal direction and reflects a shift towards checker-
board fluctuations. In the extremely overdoped regime, these
checkerboard fluctuations dominate over the entire Brillouin
zone. This phenomenon can be attributed to two main reasons.
First, the Fermi surface geometry in the extremely overdoped
regime naturally favors charge instability at large momenta
near (7, i), as shown by the Lindhard response function for
noninteracting electrons in Fig. 12. Second, residual correla-
tions within the system lead to doublon-hole fluctuations that
further reinforce the (77, ) charge fluctuations. The combina-
tion of these influences results in the observed dominance of
(7, ) excitations, while the (7 /3, 0) charge order—observed
experimentally in Ref. [29]—is notably absent in the ex-
tremely overdoped Hubbard model.

T=0.2t T=t
036 ™ 03 T 0.17
0.32 Ly N
0.28 0 0.26 o 0.16
0.24 0.15
-TC 0 T - T

0 0
a, a, q
FIG. 12. Charge susceptibilities calculated from the Lindhard re-
sponse functions for noninteracting electrons at 30% hole doping and
temperatures 7 = 0.1¢, 0.2¢, and ¢, respectively. The band structure
parameters are identical to those used in Fig. 2, i.e.,t’ = —0.15¢.
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FIG. 13. (a), (b) Doping dependence of charge susceptibilities,
along the (a) (H,0) and (b) (H, m) direction, obtained from the
Hubbard model on a 12 x 4 rectangular lattice at 7 = 0.25¢. The
model parameters are chosen as U = 6t and t' = —0.25¢, following
Ref. [74]. (c) Doping dependence of the CDW wave vectors along
the (H,0) (blue) or (H, w) (red) directions, derived from double-
Lorentzian fitting. The gray dashed curve highlights the linear doping
dependence in the stripe phase, with all the three regimes labeled on
the top bar. (d) Doping dependence of the charge susceptibilities at
(m, ), the (7, 0), and the experimentally observed (7 /3, 0).

To further demonstrate the above doping dependence at a
lower temperature (7 = 0.25¢), we switch to a 12 x 4 rect-
angular lattice, which is smaller than the 12 x 12 square
lattice used previously. This geometry naturally breaks the Cy
symmetry, providing a clearer visualization of the symmetry-
breaking stripe state [see Figs. 13(a) and 13(b)]. Despite the
use of slightly different model parameters, the doping depen-
dence of the charge instability remains consistent with the
underlying phases presented in Figs. 2 and 11. Shortly after
doping, the system exhibits unidirectional stripe order along
the antinodal direction. As shown in Fig. 13(c), the dominant
wave vector ¢, increases linearly with doping within the stripe
regime. However, in the extremely overdoped regime beyond
30% doping, the stripe charge fluctuation is then replaced by
checkerboard charge fluctuations near (, 7).

Notably, the overall charge susceptibility increases with
doping reaching its peak at approximately 50% doping for
both square and rectangular lattices. As elaborated in the
main text, this peak emerges due to the suppression of charge
fluctuations at both ends of the doping axis. At half-filling,
the Mott insulating phase, driven by strong electronic corre-
lations, minimizes double occupation and suppresses charge
fluctuations. However, in the extreme hole-doped regime,
where the band is nearly empty, the total charge suscepti-
bility diminishes. Thus, the charge susceptibility reaches its
maximum at the midpoint of the doping axis, around 50%
doping. This doping dependence is observed in x(q) across
all momenta, though the precise peak doping level may vary
between 45% to 55%, depending on the specific q and model
parameters like U/t. Therefore, the fact that experimentally
observed susceptibility peak near 50% suggests that strong
correlations continue to play a significant role even in the
extremely overdoped regime of cuprates.

(a)1 (b)1 (c)1.6
c =« auto-corr.
2 2 0-87\ | fitted curve £ 10l
@ © 0.6 <
() ] c
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5 9% - --1e | 508} 27 moment
<
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>
0 : cola— . 0.4
025 051 2 0 200 400 600 0 1000
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FIG. 14. (a) Average signs during DQMC simulations for the
quarter-filling HEH model on a 12 x 12 square lattice across dif-
ferent temperatures, using parameters identical to Fig. 6. (b) Phonon
autocorrelation function at 7 = 0.5¢, with an exponential fit shown
by the red line. (c) The phonon mean displacement and second- and
fourth-order momentum statistical data over 1000 sweeps from 10
processes, showing fluctuation around equilibrium value.

From the detailed analysis in this Appendix, it becomes ev-
ident that the charge susceptibility in the extremely overdoped
Hubbard model is dominated by a (7, ) instability on both
square and rectangular lattices. While these models effectively
capture the overall doping dependence of charge susceptibil-
ity, their specific momentum distributions do not align with
experimental observations. This discrepancy substantiates the
conclusion drawn in Sec. III of the main text, affirming that
the pure Hubbard model is insufficient to explain the experi-
mentally observed overdoped charge order.

APPENDIX B: FERMION SIGNS
AND AUTOCORRELATIONS IN DQMC
FOR THE ELECTRON-PHONON SYSTEMS

The common challenge in all DQMC simulations is the
fermion sign problem, which limits the lowest tempera-
ture that can be explored in simulations of systems lacking
particle-hole symmetry. A small average sign is typically
indicative of very low sampling efficiency, making simula-
tions more computationally demanding. As summarized in
Fig. 14(a), for the 50% doped HEH model in a 12 x 12 square
lattice, with parameters, U = 8¢,t = —0.15¢t, and T = 0.25¢
(same parameters as Fig. 6 of the main text), the average
sign is around 0.05, which is comparable to the average sign
in the Hubbard model (0.06) under the same doping and
temperature conditions. While the inclusion of phonons and
relatively strong couplings does not significantly worsen the
fermion sign, it substantially increases computational cost
through another factor—the autocorrelation length. In our
simulations, the Hubbard-Stratonovich fields for electrons are
binary, whereas the phonon fields (i.e., displacements) are
continuous real numbers. This results in a much longer au-
tocorrelation length for the phonon fields compared to the
electronic auxiliary fields [see Fig. 14(b)], the latter usually
requiring fewer than 10 sweeps. As temperatures decrease,
the rapidly diverging autocorrelation length of the phonon
fields makes reliable Monte Carlo sampling and achieving
equilibrium states increasingly time-consuming.

To ensure the statistical reliability of the results pre-
sented, we initiate our simulations with a series of extensive
preheating sweeps, starting from a random configuration
where phonon displacements were distributed according to a
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FIG. 15. Left: Charge susceptibility for the HEH model with
g = 0.5t and ¢ = 0.2¢, simulated on a 12 x 12 cluster at T = 0.4¢.
The remaining parameters are identical to those in Fig. 5(a) of the
main text. Right: Momentum-space distribution of the EPC-mediated
effective interaction.

Gaussian. Throughout this preheating phase, we monitor key
statistical metrics such as the average displacement and its
second and fourth-order moments to ascertain when the sys-
tem reaches thermal equilibrium. For example, as shown in
Fig. 14(c), these metrics converge after a sufficient number of
preheating sweeps, confirming that the system has stabilized
in a thermal equilibrium state. Following this, we estimate the
autocorrelation length by fitting the autocorrelation function
to the exponential decay model f(¢) = exp(—¢/L). With the
extracted autocorrelation length L, we conduct our measure-
ments at intervals of L sweeps to ensure statistically unbiased
sampling. In the occasional scenario where the exponential
fitting function does not fit the data well, we adjust the num-
ber of sweeps according to the first time point at which the
autocorrelation falls below 1/e. This strategy ensures that our
DQMC simulations accurately capture the thermal equilib-
rium properties of the system without bias.

APPENDIX C: FINITE-SIZE ANALYSIS OF THE HEH
MODEL WITH ONLY g AND g’ COUPLINGS

Figure 5(a) in the main text demonstrates an increase in
the charge susceptibility at the (;r /3, 0) with rising ¢ on a
6 x 6 cluster. To avoid confusion, we clarify that, under the
parameters used, this peak signals the emergence of instabili-
ties near the zone center but does not precisely determine the
wave vector due to the finite system size. To further illustrate
this, we repeat the simulation of Fig. 5(a) ona 12 x 12 cluster,
albeit at a higher temperature (T = 0.4¢) due to the computa-
tional constraints. As shown in the left panel of Fig. 15, the
dominant wave vector shifts closer to (;r/12,0) instead of
(m /3, 0) in this enlarged system. This shift indicates that the
charge instability is expected to be dominated by a smaller
wave vector near the I' point in the thermodynamic limit,
instead of being pinned at (7 /3, 0). It is also suggested by
the EPC vertex distribution shown in right panel of Fig. 15.

Thus, this finite-size analysis shows that the HEH model
with only g and ¢ does not precisely stabilize the overdoped
CDW at (7t /3, 0), though it does induce significant fluctua-
tions near the zone center. By comparing DQMC and RPA
results in Fig. 5 of the main text, it becomes clear that the or-
dering wave vector is primarily determined by the distribution
of the EPC vertex. This insight leads us to introduce additional
nonlocal EPC interactions into the HEH model, ultimately

71 32.2% doping 41.8% doping . 49.5% doping

- n [ ] | mn
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FIG. 16. The doping dependence of charge susceptibilities sim-
ulated using the HEH model on a 6 x 6 cluster with g = 0.5¢ and
g = 0.3t at T = 0.4¢. The band structure and Hubbard interactions
are identical to those in Fig. 5. The last panel presents the evolution
of susceptibility at (;r, 7) and (;r /3, 0). Error bars are smaller than
the symbol sizes.

achieving the precise (r/3,0) order observed in Fig. 6 of
the main text, consistent with experimental observations. This
progression from qualitative to quantitative analysis provides
a more comprehensive explanation for the overdoped CDW
phenomenon.

APPENDIX D: DETAILS ABOUT THE DOPING
DEPENDENCE IN THE HEH MODEL

In Fig. 5 of the main text, we have demonstrated that
the next-nearest-neighbor EPC suppresses the checkerboard
charge fluctuations at (7, r) while enhancing charge fluctua-
tions near the zone center at 50% doping. To provide a more
comprehensive understanding of this trend, we present the full
doping dependence of charge susceptibility in Fig. 16, using
the next-nearest-neighbor coupling strength g = 0.37. Due
to computational complexity, these additional simulations are
performed at a higher temperature T = 0.4z. Notably, the en-
hancement in the zone center charge instability persists across
the entire extremely doped regime. At the examined coupling
strength, this zone center instability clearly dominates over the
checkerboard (77, ) instability.

The maximization of charge susceptibilities near quarter
doping, as discussed in Sec. III, results from strong electronic
correlations. This trend remains consistent across models,
from the Hubbard model to the HEH model with EPCs, as
both the coupling strength itself gq and the EPC vertex g%l / a)gh
are significantly weaker than the Hubbard U, leaving the spin-
dominant physics near half-filling unaffected. Consequently,
the charge susceptibility at (7, ) continues to peak at 50%
doping, whereas the zone center susceptibility, which turns to
dominate in the HEH model, peaks at 55%. While the intro-
duction of EPCs does not alter the overall doping dependence
discussed in the context of the Hubbard model, it redistributes
susceptibility across different momenta. This doping depen-
dence distinguishes our HEH model simulations, where the
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FIG. 17. The average density n as a function of chemical poten-
tial u for (a) the Hubbard model [parameters identical to Fig. 2 of
the main text], (b) the HEH model with parameters g = 0.5¢ and
¢ = 0.3¢ [Fig. 5 of the main text], and (c) the HEH model with
longer-range EPCs [Fig. 6 of the main text], respectively. Error bars
are smaller than the symbol sizes.

Hubbard U remains the dominant energy scale, from previous
studies on phonon-only models [60—62]. In those phonon-only
models, the charge susceptibility consistently peaks near half
filling, contrary to experimental observations.

APPENDIX E: ABSENCE OF PHASE SEPARATION
IN ALL INVESTIGATED MODELS

In systems where strong EPC mediates an attractive in-
teraction, potential phase separation may occur due to the

instability of particle numbers. To confirm the absence of
phase separation in the models investigated here, we analyze
the evolution of the average density n as a function of the
chemical potential i [see Fig. 17]. A key indicator of phase
separation is a discontinuity in the n — u curve. However, for
the Hubbard model, the continuous n — p curve confirms the
absence of phase separation, aligning with prior numerical
studies [22,26,34]. The inclusion of phonons with the relevant
couplings does not alter this outcome, as the n-u relationship
remains continuous across the coupling strengths considered
[see Fig. 17(b)]. This observation holds true for all HEH
models examined in this study, with different g, ¢, and other
nonlocal interactions [see the example in Fig. 17(c)]. There-
fore, phase separation is conclusively absent in the models
relevant to our investigation.

The stability observed in our models largely stems from the
strong Hubbard interaction U = 8¢. This repulsive interaction
dominates the energy landscape of the system and effec-
tively prevents the phase separation that might be induced
by attractive phonon-mediated interactions. It is generally
recognized that for phase separation to occur, the attractive
interaction must reach approximately half the magnitude of
the Hubbard U [75,76]. Our study confirms that, while the
phonon-mediated attractive V is significant, it does not exceed
this critical threshold set by U. This observation further high-
lights the importance of incorporating the strong electronic
correlation in the study of phonons.

[1] J. G. Bednorz and K. A. Miiller, Possible high 7; superconduc-
tivity in the Ba-La-Cu-O system, Z. Phys. B 64, 189 (1986).

[2] E. Dagotto, Correlated electrons in high-temperature supercon-
ductors, Rev. Mod. Phys. 66, 763 (1994).

[3] P. A. Lee, N. Nagaosa, and X.-G. Wen, Doping a Mott insula-
tor: Physics of high-temperature superconductivity, Rev. Mod.
Phys. 78, 17 (2006).

[4] A. Damascelli, Z. Hussain, and Z.-X. Shen, Angle-resolved
photoemission studies of the cuprate superconductors, Rev.
Mod. Phys. 75, 473 (2003).

[5] D. F. Agterberg, J. S. Davis, S. D. Edkins, E. Fradkin, D. J. Van
Harlingen, S. A. Kivelson, P. A. Lee, L. Radzihovsky, J. M.
Tranquada, and Y. Wang, The physics of pair-density waves:
Cuprate superconductors and beyond, Annu. Rev. Condens.
Matter Phys. 11, 231 (2020).

[6] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and
J. Zaanen, From quantum matter to high-temperature super-
conductivity in copper oxides, Nature (London) 518, 179
(2015).

[7] S. Li, E. Khatami, and S. Johnston, Competing phases and
orbital-selective behaviors in the two-orbital Hubbard-Holstein
model, Phys. Rev. B 95, 121112(R) (2017).

[8] T. Shi, E. Demler, and J. I. Cirac, Variational study of fermionic
and bosonic systems with non-Gaussian states: Theory and
applications, Ann. Phys. 390, 245 (2018).

[9] 1. Esterlis, B. Nosarzewski, E. W. Huang, B. Moritz, T. P.
Devereaux, D. J. Scalapino, and S. A. Kivelson, Breakdown of
the Migdal-Eliashberg theory: A determinant quantum Monte
Carlo study, Phys. Rev. B 97, 140501(R) (2018).

[10] J. S. Davis and D.-H. Lee, Concepts relating magnetic inter-
actions, intertwined electronic orders, and strongly correlated
superconductivity, Proc. Natl. Acad. Sci. USA 110, 17623
(2013).

[11] S. Peli, S. D. Conte, R. Comin, N. Nembrini, A. Ronchi, P.
Abrami, F. Banfi, G. Ferrini, D. Brida, S. Lupi ef al., Mottness
at finite doping and charge instabilities in cuprates, Nat. Phys.
13, 806 (2017).

[12] G. Seibold, R. Arpaia, Y. Y. Peng, R. Fumagalli, L. Braicovich,
C. Di Castro, M. Grilli, G. C. Ghiringhelli, and S. Caprara,
Strange metal behaviour from charge density fluctuations in
cuprates, Commun. Phys. 4, 7 (2021).

[13] S. Lee, E. W. Huang, T. A. Johnson, X. Guo, A. A. Husain,
M. Mitrano, K. Lu, A. V. Zakrzewski, G. A. de la Pefia, Y.
Peng et al., Generic character of charge and spin density waves
in superconducting cuprates, Proc. Natl. Acad. Sci. USA 119,
€2119429119 (2022).

[14] M. Kang, J. Pelliciari, A. Frano, N. Breznay, E. Schierle, E.
Weschke, R. Sutarto, F. He, P. Shafer, E. Arenholz et al.,
Evolution of charge order topology across a magnetic phase
transition in cuprate superconductors, Nat. Phys. 15, 335
(2019).

[15] J. Tranquada, B. Sternlieb, J. Axe, Y. Nakamura, and S.-i.
Uchida, Evidence for stripe correlations of spins and holes
in copper oxide superconductors, Nature (London) 375, 561
(1995).

[16] R. Comin and A. Damascelli, Resonant X-ray scattering studies
of charge order in cuprates, Annu. Rev. Condens. Matter Phys.
7,369 (2016).

115133-12


https://doi.org/10.1007/BF01303701
https://doi.org/10.1103/RevModPhys.66.763
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1146/annurev-conmatphys-031119-050711
https://doi.org/10.1038/nature14165
https://doi.org/10.1103/PhysRevB.95.121112
https://doi.org/10.1016/j.aop.2017.11.014
https://doi.org/10.1103/PhysRevB.97.140501
https://doi.org/10.1073/pnas.1316512110
https://doi.org/10.1038/nphys4112
https://doi.org/10.1038/s42005-020-00505-z
https://doi.org/10.1073/pnas.2119429119
https://doi.org/10.1038/s41567-018-0401-8
https://doi.org/10.1038/375561a0
https://doi.org/10.1146/annurev-conmatphys-031115-011401

CHARGE DENSITY WAVE STATE IN EXTREMELY ...

PHYSICAL REVIEW B 110, 115133 (2024)

[17] M. Hiicker, M. v. Zimmermann, G. D. Gu, Z. J. Xu, J. S. Wen,
G. Xu, H. J. Kang, A. Zheludev, and J. M. Tranquada, Stripe
order in superconducting La,_Ba,CuO, (0.095 < x < 0.155),
Phys. Rev. B 83, 104506 (2011).

[18] G. Campi, A. Bianconi, N. Poccia, G. Bianconi, L. Barba, G.
Arrighetti, D. Innocenti, J. Karpinski, N. D. Zhigadlo, S. M.
Kazakov et al., Inhomogeneity of charge-density-wave order
and quenched disorder in a high-T. superconductor, Nature
(London) 525, 359 (2015).

[19] E. H. da Silva Neto, P. Aynajian, A. Frano, R. Comin, E.
Schierle, E. Weschke, A. Gyenis, J. Wen, J. Schneeloch, Z.
Xu et al., Ubiquitous interplay between charge ordering and
high-temperature superconductivity in cuprates, Science 343,
393 (2014).

[20] E. Fradkin, S. A. Kivelson, and J. M. Tranquada, Colloquium:
Theory of intertwined orders in high temperature superconduc-
tors, Rev. Mod. Phys. 87, 457 (2015).

[21] B. Loret, N. Auvray, Y. Gallais, M. Cazayous, A. Forget,
D. Colson, M.-H. Julien, I. Paul, M. Civelli, and A. Sacuto,
Intimate link between charge density wave, pseudogap and
superconducting energy scales in cuprates, Nat. Phys. 15, 771
(2019).

[22] E. W. Huang, C. B. Mendl, H.-C. Jiang, B. Moritz, and T. P.
Devereaux, Stripe order from the perspective of the Hubbard
model, npj Quantum Mater. 3, 1 (2018).

[23] B.-X. Zheng, C.-M. Chung, P. Corboz, G. Ehlers, M.-P. Qin,
R. M. Noack, H. Shi, S. R. White, S. Zhang, and G. K.-L. Chan,
Stripe order in the underdoped region of the two-dimensional
Hubbard model, Science 358, 1155 (2017).

[24] S. Karakuzu, A. Tanjaroon Ly, P. Mai, J. Neuhaus, T. A.
Maier, and S. Johnston, Stripe correlations in the two-
dimensional Hubbard-Holstein model, Commun. Phys. §, 311
(2022).

[25] S. Jiang, D. J. Scalapino, and S. R. White, Ground-state phase
diagram of the 7-t'-J model, Proc. Natl. Acad. Sci. USA 118,
€2109978118 (2021).

[26] H.-C.Jiang and T. P. Devereaux, Superconductivity in the doped
Hubbard model and its interplay with next-nearest hopping ¢’,
Science 365, 1424 (2019).

[27] H. Xu, C.-M. Chung, M. Qin, U. Schollwock, S. R. White, and
S. Zhang, Coexistence of superconductivity with partially filled
stripes in the Hubbard model, Science 384, adh7691 (2024).

[28] Y. Peng, R. Fumagalli, Y. Ding, M. Minola, S. Caprara,
D. Betto, M. Bluschke, G. De Luca, K. Kummer, E.
Lefrancois et al., Re-entrant charge order in overdoped
(Bi, Pb);.15S1r CuOg, s outside the pseudogap regime, Nat.
Mater. 17, 697 (2018).

[29] Q. Li, H.-Y. Huang, T. Ren, E. Weschke, L. Ju, C. Zou, S.
Zhang, Q. Qiu, J. Liu, S. Ding et al., Prevailing charge order
in overdoped La,_,Sr,CuO, beyond the superconducting dome,
Phys. Rev. Lett. 131, 116002 (2023).

[30] J. Hubbard, Electron correlations in narrow energy bands, Proc.
R. Soc. A 276, 238 (1963).

[31] F. C. Zhang and T. M. Rice, Effective hamiltonian for the
superconducting Cu oxides, Phys. Rev. B 37, 3759 (1988).

[32] E. Pavarini, I. Dasgupta, T. Saha-Dasgupta, O. Jepsen, and O. K.
Andersen, Band-structure trend in hole-doped cuprates and cor-
relation with 7, Max, Phys. Rev. Lett. 87, 047003 (2001).

[33] T. Yoshida, X. J. Zhou, K. Tanaka, W. L. Yang, Z. Hussain,
Z.-X. Shen, A. Fujimori, S. Sahrakorpi, M. Lindroos, R. S.

Markiewicz, A. Bansil, S. Komiya, Y. Ando, H. Eisaki, T.
Kakeshita, and S. Uchida, Systematic doping evolution of the
underlying Fermi surface of La,_,Sr,CuQOy4, Phys. Rev. B 74,
224510 (2006).

[34] E. W. Huang, C. B. Mendl, S. Liu, S. Johnston, H.-C. Jiang, B.
Moritz, and T. P. Devereaux, Numerical evidence of fluctuating
stripes in the normal state of high-7; cuprate superconductors,
Science 358, 1161 (2017).

[35] R. Blankenbecler, D. J. Scalapino, and R. L. Sugar, Monte Carlo
calculations of coupled Boson-Fermion systems. I, Phys. Rev.
D 24,2278 (1981).

[36] S. R. White, D. J. Scalapino, R. L. Sugar, E. Y. Loh, J. E.
Gubernatis, and R. T. Scalettar, Numerical study of the two-
dimensional Hubbard model, Phys. Rev. B 40, 506 (1989).

[37] J. Gubernatis, N. Kawashima, and P. Werner, Quantum Monte
Carlo Methods (Cambridge University Press, Cambridge, UK,
2016).

[38] E. A. Nowadnick, S. Johnston, B. Moritz, R. T. Scalettar, and
T. P. Devereaux, Competition between antiferromagnetic and
charge-density-wave order in the half-filled Hubbard-holstein
model, Phys. Rev. Lett. 109, 246404 (2012).

[39] M. Dean, G. Dellea, R. S. Springell, F. Yakhou-Harris, K.
Kummer, N. Brookes, X. Liu, Y. Sun, J. Strle, T. Schmitt
et al., Persistence of magnetic excitations in La, ,Sr,CuQO,
from the undoped insulator to the heavily overdoped non-
superconducting metal, Nat. Mater. 12, 1019 (2013).

[40] C. Jia, E. Nowadnick, K. Wohlfeld, Y. Kung, C.-C. Chen, S.
Johnston, T. Tohyama, B. Moritz, and T. Devereaux, Persistent
spin excitations in doped antiferromagnets revealed by resonant
inelastic light scattering, Nat. Commun. 5, 3314 (2014).

[41] J. Graf, G.-H. Gweon, K. McElroy, S. Y. Zhou, C. Jozwiak,
E. Rotenberg, A. Bill, T. Sasagawa, H. Eisaki, S. Uchida, H.
Takagi, D.-H. Lee, and A. Lanzara, Universal high energy
anomaly in the angle-resolved photoemission spectra of high
temperature superconductors: Possible evidence of spinon and
holon branches, Phys. Rev. Lett. 98, 067004 (2007).

[42] M. Le Tacon, G. Ghiringhelli, J. Chaloupka, M. M. Sala,
V. Hinkov, M. Haverkort, M. Minola, M. Bakr, K. Zhou, S.
Blanco-Canosa et al., Intense paramagnon excitations in a large
family of high-temperature superconductors, Nat. Phys. 7, 725
(2011).

[43] W. Lee, J. Lee, E. Nowadnick, S. Gerber, W. Tabis, S. Huang,
V. Strocov, E. Motoyama, G. Yu, B. Moritz et al., Asymme-
try of collective excitations in electron-and hole-doped cuprate
superconductors, Nat. Phys. 10, 883 (2014).

[44] K. Ishii, M. Fujita, T. Sasaki, M. Minola, G. Dellea, C. Mazzoli,
K. Kummer, G. Ghiringhelli, L. Braicovich, T. Tohyama et al.,
High-energy spin and charge excitations in electron-doped cop-
per oxide superconductors, Nat. Commun. 5, 3714 (2014).

[45] Z. Chen, Y. Wang, S. N. Rebec, T. Jia, M. Hashimoto, D. Lu, B.
Moritz, R. G. Moore, T. P. Devereaux, and Z.-X. Shen, Anoma-
lously strong near-neighbor attraction in doped 1D cuprate
chains, Science 373, 1235 (2021).

[46] Y. Wang, Z. Chen, T. Shi, B. Moritz, Z.-X. Shen, and T. P.
Devereaux, Phonon-mediated long-range attractive interaction
in one-dimensional cuprates, Phys. Rev. Lett. 127, 197003
(2021).

[47] T. Tang, B. Moritz, C. Peng, Z.-X. Shen, and T. P.
Devereaux, Traces of -electron-phonon coupling in one-
dimensional cuprates, Nat. Commun. 14, 3129 (2023).

115133-13


https://doi.org/10.1103/PhysRevB.83.104506
https://doi.org/10.1038/nature14987
https://doi.org/10.1126/science.1243479
https://doi.org/10.1103/RevModPhys.87.457
https://doi.org/10.1038/s41567-019-0509-5
https://doi.org/10.1038/s41535-017-0074-z
https://doi.org/10.1126/science.aam7127
https://doi.org/10.1038/s42005-022-01092-x
https://doi.org/10.1073/pnas.2109978118
https://doi.org/10.1126/science.aal5304
https://doi.org/10.1126/science.adh7
https://doi.org/10.1038/s41563-018-0108-3
https://doi.org/10.1103/PhysRevLett.131.116002
https://doi.org/10.1098/rspa.1963.0204
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1103/PhysRevLett.87.047003
https://doi.org/10.1103/PhysRevB.74.224510
https://doi.org/10.1126/science.aak9546
https://doi.org/10.1103/PhysRevD.24.2278
https://doi.org/10.1103/PhysRevB.40.506
https://doi.org/10.1103/PhysRevLett.109.246404
https://doi.org/10.1038/nmat3723
https://doi.org/10.1038/ncomms4314
https://doi.org/10.1103/PhysRevLett.98.067004
https://doi.org/10.1038/nphys2041
https://doi.org/10.1038/nphys3117
https://doi.org/10.1038/ncomms4714
https://doi.org/10.1126/science.abf5174
https://doi.org/10.1103/PhysRevLett.127.197003
https://doi.org/10.1038/s41467-023-38408-6

LIU, LI, HUANG, AND WANG

PHYSICAL REVIEW B 110, 115133 (2024)

[48] A.E. Feiguin, C. Helman, and A. A. Aligia, Effective one-band
models for the one-dimensional cuprate Ba,_,Sr,CuOj;. s, Phys.
Rev. B 108, 075125 (2023).

[49] H.-X. Wang, Y.-M. Wu, Y.-F. Jiang, and H. Yao, Spectral
properties of 1D extended Hubbard model from Bosonization
and time-dependent variational principle: Applications to 1D
cuprate, Phys. Rev. B 109, 045102 (2024).

[50] D. Banerjee, J. Thomas, A. Nocera, and S. Johnston, Ground-
state and spectral properties of the doped one-dimensional
optical Hubbard-Su-Schrieffer-Heeger model, Phys. Rev. B
107, 235113 (2023).

[51] Z. Shen, J. Liu, H.-X. Wang, and Y. Wang, Signatures of the
attractive interaction in spin spectra of one-dimensional cuprate
chains [Phys. Rev. Res. (to be published)].

[52] M. Jiang, Enhancing d-wave superconductivity with nearest-
neighbor attraction in the extended Hubbard model, Phys. Rev.
B 105, 024510 (2022).

[53] L. Zhang, T. Guo, Y. Mou, Q. Chen, and T. Ma, Enhancement
of d-Wave pairing in the striped phase with nearest neighbor
attraction, Phys. Rev. B 105, 155154 (2022).

[54] C. Peng, Y. Wang, J. Wen, Y. S. Lee, T. P. Devereaux, and
H.-C. Jiang, Enhanced superconductivity by near-neighbor at-
traction in the doped extended Hubbard model, Phys. Rev. B
107, L.201102 (2023).

[55] Z. Zhou, W. Ye, H.-G. Luo, J. Zhao, and J. Chang, Robust
superconducting correlation against intersite interactions in the
extended two-leg Hubbard ladder, Phys. Rev. B 108, 195136
(2023).

[56] F. Boschini, M. Minola, R. Sutarto, E. Schierle, M. Bluschke, S.
Das, Y. Yang, M. Michiardi, Y. Shao, X. Feng et al., Dynamic
electron correlations with charge order wavelength along all
directions in the copper oxide plane, Nat. Commun. 12, 597
(2021).

[57] K. Scott, E. Kisiel, T. J. Boyle, R. Basak, G. Jargot, S. Das,
S. Agrestini, M. Garcia-Fernandez, J. Choi, J. Pelliciari et al.,
Low-energy quasi-circular electron correlations with charge or-
der wavelength in Bi,Sr,CaCu,0Os4s, Sci. Adv. 9, eadg3710
(2023).

[58] Due to the variation of the hopping ¢ obtained by different
fitting approaches [32,33], the absolute value of g is be-
tween 130-210 meV, falling in the range determined by 1D
cuprates [46].

[59] F. Hébert, B. Xiao, V. G. Rousseau, R. T. Scalettar, and
G. G. Batrouni, One-dimensional Hubbard-Holstein model with
finite-range electron-phonon coupling, Phys. Rev. B 99, 075108
(2019).

[60] C. A. Perroni, E. Piegari, M. Capone, and V. Cataudella,
Polaron formation for nonlocal electron-phonon coupling: A
variational wave-function study, Phys. Rev. B 69, 174301
(2004).

[61] H. Fehske, J. Loos, and G. Wellein, Lattice polaron formation:
Effects of nonscreened electron-phonon interaction, Phys. Rev.
B 61, 8016 (2000).

[62] A.S. Alexandrov and P. E. Kornilovitch, Mobile small polaron,
Phys. Rev. Lett. 82, 807 (1999).

[63] G. Varelogiannis, A. Perali, E. Cappelluti, and L. Pietronero,
Density-of-states-driven anisotropies induced by momentum
decoupling in Bi;Sr,CaCu,Og, Phys. Rev. B 54, R6877 (1996).

[64] M. S. Hybertsen, E. B. Stechel, M. Schluter, and D. R.
Jennison, Renormalization from density-functional theory to
strong-coupling models for electronic states in Cu-O materials,
Phys. Rev. B 41, 11068 (1990).

[65] P. Hansmann, N. Parragh, A. Toschi, G. Sangiovanni, and
K. Held, Importance of d-p Coulomb interaction for high 7.
cuprates and other oxides, New J. Phys. 16, 033009 (2014).

[66] Y. Wang, 1. Esterlis, T. Shi, J. I. Cirac, and E. Demler, Zero-
temperature phases of the two-dimensional Hubbard-holstein
model: A non-Gaussian exact diagonalization study, Phys. Rev.
Res. 2, 043258 (2020).

[67] Y. Wang, T. Shi, and C.-C. Chen, Fluctuating nature of
light-enhanced d-wave superconductivity: A time-dependent
variational non-Gaussian exact diagonalization study, Phys.
Rev. X 11, 041028 (2021).

[68] 1. M. Vishik, N. Barisi¢, M. K. Chan, Y. Li, D. D. Xia, G. Yu, X.
Zhao, W. S. Lee, W. Meevasana, T. P. Devereaux et al., Angle-
resolved photoemission spectroscopy study of HgBa,CuOyys,
Phys. Rev. B 89, 195141 (2014).

[69] Y. He, M. Hashimoto, D. Song, S.-D. Chen, J. He, 1. Vishik, B.
Moritz, D.-H. Lee, N. Nagaosa, J. Zaanen et al., Rapid change
of superconductivity and electron-phonon coupling through
critical doping in Bi-2212, Science 362, 62 (2018).

[70] S. Johnston, F. Vernay, B. Moritz, Z.-X. Shen, N. Nagaosa,
J. Zaanen, and T. P. Devereaux, Systematic study of electron-
phonon coupling to oxygen modes across the cuprates, Phys.
Rev. B 82, 064513 (2010).

[71] C. Honerkamp, H. C. Fu, and D.-H. Lee, Phonons and d-wave
pairing in the two-dimensional Hubbard model, Phys. Rev. B
75, 014503 (2007).

[72] H.-X. Wang, Y.-F. Jiang, and H. Yao, Robust d-wave
superconductivity from the Su-Schrieffer-Heeger-Hubbard
model: Possible route to high-temperature superconductivity,
arXiv:2211.09143.

[73] X. Cai, Z.-X. Li, and H. Yao, High-temperature supercon-
ductivity induced by the Su-Schrieffer-Heeger electron-phonon
coupling, arXiv:2308.06222.

[74] E. W. Huang, T. Liu, W. O. Wang, H.-C. Jiang, P. Mai, T. A.
Maier, S. Johnston, B. Moritz, and T. P. Devereaux, Fluctuating
intertwined stripes in the strange metal regime of the Hubbard
model, Phys. Rev. B 107, 085126 (2023).

[75] D.-W. Qu, B.-B. Chen, H.-C. Jiang, Y. Wang, and W. Li,
Spin-triplet pairing induced by near-neighbor attraction in the
extended Hubbard model for cuprate chain, Commun. Phys. 5,
257 (2022).

[76] W.-C. Chen, Y. Wang, and C.-C. Chen, Superconducting phases
of the square-lattice extended Hubbard model, Phys. Rev. B
108, 064514 (2023).

115133-14


https://doi.org/10.1103/PhysRevB.108.075125
https://doi.org/10.1103/PhysRevB.109.045102
https://doi.org/10.1103/PhysRevB.107.235113
https://doi.org/10.1103/PhysRevB.105.024510
https://doi.org/10.1103/PhysRevB.105.155154
https://doi.org/10.1103/PhysRevB.107.L201102
https://doi.org/10.1103/PhysRevB.108.195136
https://doi.org/10.1038/s41467-020-20824-7
https://doi.org/10.1126/sciadv.adg3710
https://doi.org/10.1103/PhysRevB.99.075108
https://doi.org/10.1103/PhysRevB.69.174301
https://doi.org/10.1103/PhysRevB.61.8016
https://doi.org/10.1103/PhysRevLett.82.807
https://doi.org/10.1103/PhysRevB.54.R6877
https://doi.org/10.1103/PhysRevB.41.11068
https://doi.org/10.1088/1367-2630/16/3/033009
https://doi.org/10.1103/PhysRevResearch.2.043258
https://doi.org/10.1103/PhysRevX.11.041028
https://doi.org/10.1103/PhysRevB.89.195141
https://doi.org/10.1126/science.aar3394
https://doi.org/10.1103/PhysRevB.82.064513
https://doi.org/10.1103/PhysRevB.75.014503
https://arxiv.org/abs/2211.09143
https://arxiv.org/abs/2308.06222
https://doi.org/10.1103/PhysRevB.107.085126
https://doi.org/10.1038/s42005-022-01030-x
https://doi.org/10.1103/PhysRevB.108.064514

