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Establishing a minimal microscopic model for cuprates is a key step towards the elucidation

of a high-7. mechanism.

By a quantitative comparison with a recent in situ angle-resolved

photoemission spectroscopy measurement in doped 1D cuprate chains, our simulation identifies
a crucial contribution from long-range electron-phonon coupling beyond standard Hubbard models.
Using reasonable ranges of coupling strengths and phonon energies, we obtain a strong attractive in-
teraction between neighboring electrons, whose strength is comparable to experimental observations.
Non-local couplings play a significant role in the mediation of neighboring interactions. Considering
the structural and chemical similarity between 1D and 2D cuprate materials, this minimal model
with long-range electron-phonon coupling will provide important new insights on cuprate high-T¢

superconductivity and related quantum phases.

The origin of high-T, superconductivity in cuprates re-
mains one of the greatest mysteries in condensed matter
physics [1-4]. The microscopic mechanism is believed to
be related to the strong correlations represented by the
Hubbard model [5-7]. Although numerical simulations
using this model have reproduced some observations in
cuprates, such as antiferromagnetism [8], spin and charge
stripe phases[9-12], and strange metallic behavior [13-
15], the most significant phase — high-T,. d-wave super-
conductivity — remains an enigma. To date, numerical
evidence for quasi-long-range-ordered superconductivity
has been reported for specific systems and methods [16-
20], but the exact solutions with cylinder geometry
always reveal a coexistence of the charge order with
comparable strength, and superconducting correlations
progressively decay on shorter length scales as the nu-
merical cluster size increases[21-24]. This contrasts
sharply to the robust high-7, superconducting phases
observed in a large family of cuprate compounds. In-
creasing experimental evidence in the low-energy regime,
e.g. polaronic dressing near half-filling [25] and lattice
dressing effects that manifest as kinks or replica bands in
photoemission measurements [26-32], has suggested that
small ingredients missing from the Hubbard model may
have an outsized impact that can dramatically tip the
balance towards some instability.

To understand models with multiple degrees of free-
dom, which all play a significant role at low energies,
presents technical challenges in dealing with the coexis-
tence of strong correlations and quantum fluctuations [33,
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FIG. 1. (a) Schematic diagram of a local effective interaction
mediated by high-frequency phonons (anti-adiabatic limit)
and the non-locality for finite frequencies. (b) Schematic
explaining the geometry regarding local and non-local e-ph
couplings, estimated by the inverse distance between the
apical oxygen and corresponding copper atoms.

34], intertwined instabilities, and microscopic competi-
tion [35, 36]. Theoretical calculations in 2D are limited
by the rapid increase of Hilbert-space dimension and
entanglement with system size. Hubbard-like correlated
models in 2D, and in the thermodynamic limit, have
yielded only limited rigorous results. An alternative
approach to better understand the problem may lie in an
examination of the microscopic ingredients necessary to



describe 1D cuprate analogs with comparable structural
and chemical environments [37-39].

With better control of theory in 1D systems, quan-
titative comparisons to experiment can be made with
higher fidelity, which enable a determination of the most
significant missing microscopic ingredients. Recently, in
situ molecular beam epitaxy and angle-resolved photoe-
mission techniques have enabled a study of the single-
particle spectral function across a range of doping in
1D cuprate chains [40]. These experiments have revealed
an anomalously strong “holon folding” near kr with the
same velocity as the holon, which reflects interactions in
the charge channel. The intensity of this “holon folding”
spectral features cannot be captured in simulations of
the typical single-band Hubbard model. Only by adding
a substantial, attractive, near-neighbor interaction to
the model can the theoretical simulations well-explain
the experimental observations [40]. Due to the repulsive
nature of the electrostatic interaction between electrons,
such an attraction must be mediated by a virtual process
that may involve degrees of freedom not present in
the single-band electronic model. This interaction is
anomalously strong, far exceeding the effective t2/U
density interaction term obtained by a Schrieffer-Wolff
transformation of the Hubbard model. Motivated by
existing experimental evidence for strong lattice effects in
cuprates, a possible explanation may lie in the coupling
between electrons and phonons (e-ph), although this still
lacks a quantitative demonstration.

Here, we demonstrate that the experimentally ob-
served strong attractive interaction V' can be addressed
naturally in a model that includes a reasonable, long-
range e-ph coupling, determined from Madelung po-
tentials and Franck-Condon fitting [41]. An intuitive
argument is sketched in Fig. 1, where retardation effects
spread the effective attraction mediated by phonons over
longer distances. While retardation itself gives rise
to a weak, near-neighbor, attractive interaction in the
Hubbard-Holstein model, we find that a long-ranged e-ph
coupling determined by the lattice geometry [i.e. ¢', ¢”,
and ¢"”’ in Fig. 1(b)] provides a substantial enhancement
necessary to account for the experimental observations.
Considering the structural and chemical similarity be-
tween these 1D chain and 2D planar cuprate materials,
a combination of the well-known electron correlations
present in the Hubbard model and long-ranged e-ph
coupling provides a minimal description on which to base
future cuprate studies.

We consider a Hubbard-Holstein-like model with
strong on-site Coulomb repulsion
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where ¢; (c;rg) annihilates (creates) an electron at site ¢

with spin o and a; (a;) annihilates (creates) a phonon
at site j. The bare electronic kinetic and potential
energies are parameterized, respectively, by the hopping
integral ¢, and the on-site Coulomb interaction U, the
largest energy scale in this microscopic model. We ig-
nore the extended Coulomb interactions originating from
electronic repulsions, as they are substantially screened
by the copper-oxygen covalent bond. The phonons are
treated as Einstein optical modes with bare frequency w,
and a real-space coupling g;; between the charge density
n; on site ¢ and phonon displacement on site j. A local
restriction on the e-ph coupling g;; (i.e. gij = gdij)
reduces Eq. (1) to the standard Hubbard-Holstein model
(HHM). With translation symmetry, periodic boundary
conditions, and no disorder, g;; can be expressed as a
function of only the relative distance between sites |i — j|;
and it is convenient to express this in reciprocal space
(bosonic momentum) as g,. In this latter representation,
a momentum independent g, corresponds to a spatially
local coupling, while a strong momentum dependence
indicates a longer-range coupling.

The physical properties of the 1D HHM have been
studied by various numerical methods such as exact di-
agonalization (ED) [42-45], density-matrix renormaliza-
tion group (DMRG) [46-49], and quantum Monte Carlo
(QMC) [50-53]. Here, we employ a recently developed
variational non-Gaussian ED (NGSED) method [54],
which has been benchmarked with exact QMC results
for the HHM [54, 55] and can be extended easily to
longer-range interactions like those considered in Eq. (1).
More importantly, NGSED provides direct information
about the phonon mediated effective interations V', which
can be used to benchmark parameters extracted from
experimental comparisons [40]. Following the NGSED
framework, we consider a wavefunction ansatz [54]
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as the solution to this strongly correlated model.
Here, the momentum-space electron density p, =
D io nige "% and phonon momentum operator p, =
i3 (al — ai)e="r1 /\/N. The right-hand-side is a direct
product of electron and phonon states (denoted as |1.)
and [1pn), respectively), where |1)e) is treated as a full
many-body state while |¢pn) is a Gaussian state [56].
The polaron transformation Upun(f,) in Eq. (2) en-
tangles the two parts of the wavefunction. Note that
different from the Lang-Firsov transformation[57], the
fq’s are momentum-dependent variational parameters
determined self-consistently within NGSED [54].

Within the wavefunction ansatz of Eq. (2), the ground
state is obtained by iteratively minimizing the energy
E = <\I/|’H,‘\IJ> with respect to the electronic wavefunc-
tion |1).) and the variational parameters. With fixed vari-
ational parameters, the effective electronic Hamiltonian
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FIG. 2. Effective interactions obtained from the Hubbard-Holstein model (left) and the Hubbard-extended-Holstein model
(HHM+¢’, right). (a) The momentum distribution of V;, as a function of ¢, for different phonon frequencies with fixed A = 0.95.
(c) The spatial distribution of V(r) as a function of distance r. Both (a) and (c) are obtained for 12.5% doped HHM. (b,d)
Same as (a,c) but for 25% doped HHM. (e-f) Same as (a-d) but for the Hubbard-extended-Holstein model with g’ = g/v/5.

is given by tracing over the phonon state [54]

HED = (o Upten (F) HUpren (fo) opn) - (4)

The polaronic dressing is reflected in the electronic
Hamiltonian ngﬂ) through its effective kinetic energy
and the additional electronic attraction mediated by
phonons [for a detailed derivation see Ref. 54 or the
Supplementary Material [58]]

Vo= 2"~"|fq|2 — 4dggRe[fy]. (5)

Physically, this effective V is sketched in Fig. 1(a): anti-
adiabatic phonons (w — o0) can be integrated out and
lead to a closed-form interaction V; = —2¢?/w. For a
Holstein-type coupling (g, = g), this (anti-adiabatic)
interaction is momentum independent, or equivalently,
local in coordinate space. It implies that the lattice
potential mirrors the instantaneous variation of the local
electron density and immediately acts back on that
density. The net effect is a correction to the on-site
Coulomb interaction. However, at finite frequency the
phonons are retarded and carry information about the
electron hopping, mediating a non-local interaction [see
Fig. 1(a)]. Such a non-local effect already will be
present with an infinitesimally small e-ph coupling [see
the Supplementary Materials [58] for discussions].

We first consider the HHM with only local e-ph cou-
pling at an intermediate strength A = ¢g2/w = 0.95 (such
a value, while serving an illustrative purpose here, will be

justified on physical grounds later), using a 16-site chain
with periodic boundary. After self-consistently solving
for the ground-state wavefunctions using NGSED, we
obtain the phonon-mediated attraction V, shown in
Figs. 2(a) and (b). With an increasing phonon frequency,
Vg exhibits weaker momentum dependence. To quantify
the neighboring attractive interaction, we extract the
spatial distribution of V(r), which decreases rapidly
with distance , resulting in a near-neighbor interaction
~ 0.1t. The comparison between experiment and the-
ory presented in Ref. 40 suggests that a near-neighbor
attraction ~ ¢ is required to account for the observed
“holon folding” [40], while the attractive interactions
presented in Figs. 2(a) and (b) are an order of magnitude
smaller than that experimental assessment. Therefore,
the results from a pure HHM model fail to provide a
strong Veg = V(r = 1) unless we increase the coupling
to an unphysically large strength.

To address the effective interactions within a reason-
able range of e-ph coupling, we note that the electrostatic
interaction has an intrinsically long-range nature. As
shown in Fig. 1(b), for the case where the phonon
originates from the motion of the apical oxygens, the e-
ph interaction strengths at different sites can be approx-
imated through the geometric distances. The local e-ph
coupling strength is proportional to 1/dy ~ 2/a, where a
is the lattice constant for a CuO unit cell. The ratios for
subsequent Cu-O distances can be read off immediately:
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FIG. 3. Comparison of the effective V(r) mediated by e-ph coupling of different ranges. (al-ab) The spatial distribution of
V(1) as a function of distance 7 for a 12.5% doped (al) HHM, (a2) 12.5% doped HHM+g¢' (with ¢’ = g/v/5), (a3) HHM+g'+g"
(with ¢ = g/V/17), (ad) HHM+g'+¢"+¢"" (with ¢ = ¢/+/37), and (a5) HAM+g'+¢"+¢""+¢"" (with ¢""”" = g//65). The
phonon frequency is fixed at w = 70 meV. (b1-b5) Same as (al-a5) but for 25% doping.

di/dy ~ /5, dy/dy ~ V17, and d3/dy ~ +/37. The
influence on the electrons in the CuO chain can be
approximated by the potential proportional to 1/d,,, so
g = g/V5, ¢" = g/V17, and g = g/\/37. (Here, we
employ the simplest geometric relation to give an order-
of-magnitude estimation. A more realistic model should
also consider the anisotropy, the dielectric constant, and
the integration towards the thermodynamic limit [59].)

The impact of these long-range e-ph couplings is
prominent. Figures 2(e-h) present the momentum and
spatial distribution of V;, including the influence of ¢/,
for different phonon frequencies and a fixed A\ = 0.95
(i.e., all coupling strengths scale quadratically with the
frequencies). Compared to the local (Holstein) coupling
in Figs. 2(a-d), this effective interaction with non-local
¢’ produces a more momentum dependent V,, which
is further amplified for small phonon frequencies. In
real space, this ¢g-dependence corresponds to a non-local
V(r). Therefore, the near-neighbor effective interaction
Ve obtained in the Hubbard-extended-Holstein model
increases for two reasons: 1) the additional ¢’ increases
the strength of the interaction mediated by phonons; 2) ¢/
provides a direct, non-local interaction between electrons
and phonons. The effective V(r) for both 12.5% and
25% doping have comparable values, as it describes how
phonons dress neighboring electrons and mediate local
attraction, with little relevance to other electrons. This
observation is consistent with experiments, in the sense
that independent fittings of all spectral functions for
different doping levels result in an almost uniform value
of the near-neighbor, attractive interaction V' = —¢[40],
which lends further support to the ideas presented here
that phonons are ultimately responsible for this attrac-
tion.

Armed with knowledge of the significant effects of
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FIG. 4. The effective neighboring interaction Veg extracted
from the variants of models for (a) 12.5% doping and (b)
25% doping. Different colors denote the longest range of e-ph
coupling included in the model: local e-ph coupling g (red), up
to neighboring e-ph coupling g’ (green), up to next-, 3rd-, and
4th-neighboring e-ph coupling g” (blue, purple, and black).
For different g values, the ratio between allowed non-local
coupling are fixed as the geometric ratios in Fig. 1(b). The
gray line denotes the experimentally extracted strength, while
the brown arrow denotes the Vg obtained by the Schrieffer-
Wolff transformation of the Hubbard model.

non-local e-ph couplings, we now investigate the impact
of coupling strengths and the range of the interaction.
To provide a basis for realistic comparison, we fix
w =70meV in the following discussion, identified in
cuprates with CuOs plaquette modes[41, 60, 61]. As
shown in Figs. 3(al) and (bl), the interaction strength
extracted from the HHM with only local e-ph coupling
leads to a small Vg, impractical if the goal were to reach
the experimentally observed value ~ t for reasonable



coupling ¢ [40]. However, introducing ¢’, even restricted
by geometric considerations to ¢’ = g/v/5, we find that
Vegt increases rapidly with g [see Figs. 3(a2) and (b2)].
A coupling g ~ 200meV (i.e. A ~ 0.95) can produce
Vg ~ —0.5t. More encouragingly, the addition of next-
nearest-neighbor coupling ¢” = g/+/17 further increases
Veg ~ —t for the same local coupling strength [see
Figs. 3(a3) and (b3)]. To address the full impact of
long-range e-ph coupling on the effective electrostatic
interaction, we include also ¢"”’ and ¢, finding that Vg
saturates asymptotically [see Figs. 3(ad-a5) and (b4-b5)].
Although these couplings still increase Veg, their impact
is not as evident, as it is ¢’ that connects neighboring
electrons and phonons and has an outsized impact on
the nearest-neighbor interaction.

To better visualize the influence of e-ph coupling with
different ranges and strengths, we extract the Vg from
Fig. 3 and plot the dependence on ¢ in Fig. 4. With
the asymptotically converged V.g, involving long-range
coupling effects, we conclude that realistic e-ph coupling
corresponding to experimental observations, and falling
within the scenario presented here, should be g <
185meV. Such a value is consistent with estimates from
Madelung potential calculations and Franck-Condon fit-
ting in another quasi-1D cuprate compound [41], sug-
gesting that long-range e-ph can account adequately for
the anomalously strong near-neighbor attraction derived
from recent experiments[40]. If one further consider
the extended Coulomb interaction arising from electronic
repulsion, the total Vg may be corrected slightly by
~0.2t[62], within the errorbar of experiments. Taking
the parameters ¢ = 600meV and w = 70meV extracted
from experiments, this e-ph coupling corresponds to A =
0.81, which is of moderate strength in correlated materi-
als. This phonon-mediated Veg is an order of magnitude
stronger than that originated from the Schrieffer-Wolff
transformation of the Hubbard model. Note that the
minimal model adopted in the photoemission experiment
[40] included only nearest-neighbor V(r = 1). If one
were to consider even longer-range neighboring attraction
V(r > 1), the corresponding g to provide a good fit would
be even smaller.

To summarize, we conducted a systematic study of the
Hubbard-extended-Holstein model and investigated the
impact of phonon frequency and long-range e-ph coupling
on the effective electronic attraction V(r). Taking the e-
ph coupling parameters extracted from existing studies
of 1D cuprate materials, our simulation gives rise to an
anomalously strong near-neighbor attractive interaction
(V ~ —t), consistent with recent in situ ARPES ex-
periments [40]. Our work has uncovered a significant
missing ingredient in the microscopic description of 1D
cuprate chains; and we have developed a minimal model
that captures the essential experimental features. More
generally, the similarities between 1D and 2D cuprates
may be exploited to extend our conclusions to high-T.

cuprate materials and the d-wave pairing, with limited
corrections to model parameters. Future systematic
DMRG and QMC studies are promising to extend the
conclusion towards superconductivity.

Y.W. acknowledges support from the National Science
Foundation (NSF) award DMR-2038011. Z.C., B.M.,
7.X.S, and T.P.D. were supported by the Department of
Energy, Office of Basic Energy Sciences, Materials Sci-
ences and Engineering Division under Contract No. DE-
AC02-76SF00515 for work at SLAC National Accelerator
Laboratory and Stanford University. The calculations
were performed on the Frontera computing system at the
Texas Advanced Computing Center.

* These two authors contributed equally to this work.

f All correspondence  should be addressed to
Y. W.(yaowang@g.clemson.edu) and T.P.D.
(tpd@stanford.edu)

[1] J. G. Bednorz and K. A. Miiller, Possible High T¢
Superconductivity in the Ba-La-Cu-O System, Zeitschrift
FUR Physik B Condensed Matter 64, 189 (1986).

[2] C. Tsuei and J. Kirtley, Pairing Symmetry in Cuprate
Superconductors, Rev. Mod. Phys. 72, 969 (2000).

[3] A. Damascelli, Z. Hussain, and Z.-X. Shen, Angle-
Resolved Photoemission Studies of the Cuprate Super-
conductors, Rev. Mod. Phys. 75, 473 (2003).

[4] N. Armitage, P. Fournier, and R. Greene, Progress and
Perspectives on Electron-Doped Cuprates, Rev. Mod.
Phys. 82, 2421 (2010).

[5] P. W. Anderson, The Resonating Valence Bond State
in La2Cuo4 and Superconductivity, Science 235, 1196
(1987).

[6] F. Zhang and T. Rice, Effective Hamiltonian for the
Superconducting Cu Oxides, Phys. Rev. B 37, 3759
(1988).

[7] H. Eskes and G. Sawatzky, Tendency Towards Local
Spin Compensation of Holes in the High-T C Copper
Compounds, Phys. Rev. Lett. 61, 1415 (1988).

[8] A. Singh and P. Goswami, Spin-Wave Spectrum in La
2 Cuo 4: Double Occupancy and Competing Interaction
Effects, Phys. Rev. B 66, 092402 (2002).

[9] 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).

[10] 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-Tc Cuprate Superconductors, Science 358, 1161
(2017).

[11] 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, 22 (2018).

[12] B. Ponsioen, S. S. Chung, and P. Corboz, Period
4 Stripe in the Extended Two-Dimensional Hubbard
Model, Phys. Rev. B 100, 195141 (2019).

[13] J. Kokalj, Bad-Metallic Behavior of Doped Mott Insula-
tors, Phys. Rev. B 95, 041110 (2017).


mailto:yaowang@g.clemson.edu
tpd@stanford.edu

[14] E. W. Huang, R. Sheppard, B. Moritz, and T. P.
Devereaux, Strange Metallicity in the Doped Hubbard
Model, Science 366, 987 (2019).

[15] P. Cha, A. A. Patel, E. Gull, and E.-A. Kim, Slope
Invariant T-Linear Resistivity from Local Self-Energy,
Phys. Rev. Research 2, 033434 (2020).

[16] T. A. Maier, M. Jarrell, T. Schulthess, P. Kent, and
J. White, Systematic Study of d-Wave Superconductivity
in the 2D Repulsive Hubbard Model, Phys. Rev. Lett. 95,
237001 (2005).

[17] B.-X. Zheng and G. K.-L. Chan, Ground-State Phase
Diagram of the Square Lattice Hubbard Model from
Density Matrix Embedding Theory, Phys. Rev. B 93,
035126 (2016).

[18] K. Ido, T. Ohgoe, and M. Imada, Competition among
Various Charge-Inhomogeneous States and d-Wave Su-
perconducting State in Hubbard Models on Square Lat-
tices, Phys. Rev. B 97, 045138 (2018).

[19] H.-C. Jiang and T. P. Devereaux, Superconductivity in
the Doped Hubbard Model and Its Interplay with Next-
Nearest Hopping 17, Science 365, 1424 (2019).

[20] Y.-F. Jiang, J. Zaanen, T. P. Devereaux, and H.-C. Jiang,
Ground State Phase Diagram of the Doped Hubbard
Model on the Four-Leg Cylinder, Phys. Rev. Research
2, 033073 (2020).

[21] C.-M. Chung, M. Qin, S. Zhang, U. Schollwock, S. R.
White, et al., Plaquette Versus Ordinary d-Wave Pairing
in the T’-Hubbard Model on a Width-4 Cylinder, Phys.
Rev. B 102, 041106 (2020).

[22] S. Jiang, D. J. Scalapino, and S. R. White, Ground State
Phase Diagram of the t-t'-J Model, arxiv:2104.10149
(2021).

[23] S. Gong, W. Zhu, and D. Sheng, Robust d-Wave Su-
perconductivity in the Square-Lattice ¢t — J Model,
arxiv:2104.03758 (2021).

[24] H.-C. Jiang and S. A. Kivelson, Stripe Order En-
hanced Superconductivity in the Hubbard Model,
arxiv:2105.07048 (2021).

[25] K. Shen, F. Ronning, D. Lu, W. Lee, N. Ingle,
W. Meevasana, F. Baumberger, A. Damascelli, N. Ar-
mitage, L. Miller, et al., Missing Quasiparticles and the
Chemical Potential Puzzle in the Doping Evolution of the
Cuprate Superconductors, Phys. Rev. Lett. 93, 267002
(2004).

[26] A. Lanzara, P. Bogdanov, X. Zhou, S. Kellar, D. Feng,
E. Lu, T. Yoshida, H. Eisaki, A. Fujimori, K. Kishio,
et al., Evidence for Ubiquitous Strong Electron—Phonon
Coupling in High-Temperature Superconductors, Nature
412, 510 (2001).

[27] J. Tallon, R. Islam, J. Storey, G. Williams, and
J. Cooper, Isotope Effect in the Superfluid Density of
High-Temperature Superconducting Cuprates: Stripes,
Pseudogap, and Impurities, Phys. Rev. Lett. 94, 237002
(2005).

[28] T. Cuk, D. Lu, X. Zhou, Z.-X. Shen, T. Devereaux,
and N. Nagaosa, A Review of Electron—Phonon Coupling
Seen in the High-Tc Superconductors by Angle-Resolved
Photoemission Studies (ARPES), Phys. Status Solidi B.
242, 11 (2005).

[29] J. Lee, K. Fujita, K. McElroy, J. Slezak, M. Wang,
Y. Aiura, H. Bando, M. Ishikado, T. Masui, J.-X. Zhu,
et al., Interplay of Electron—Lattice Interactions and
Superconductivity in BizSroCaCu20s4s, Nature 442,
546 (2006).

[30] D. Reznik, L. Pintschovius, M. Ito, S. Iikubo, M. Sato,
H. Goka, M. Fujita, K. Yamada, G. Gu, and J. Tran-
quada, Electron—Phonon Coupling Reflecting Dynamic
Charge Inhomogeneity in Copper Oxide Superconduc-
tors, Nature 440, 1170 (2006).

[31] T. P. Devereaux and R. Hackl, Inelastic Light Scattering
from Correlated Electrons, Rev. Mod. Phys. 79, 175
(2007).

[32] Y. He, M. Hashimoto, D. Song, S.-D. Chen, J. He,
I. 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).

[33] E. Dagotto, Correlated Electrons in High-Temperature
Superconductors, Rev. Mod. Phys. 66, 763 (1994).

[34] B. Keimer, S. Kivelson, M. Norman, S. Uchida, and
J. Zaanen, From Quantum Matter to High-Temperature
Superconductivity in Copper Oxides, Nature 518, 179
(2015).

[35] J. S. Davis and D.-H. Lee, Concepts Relating Magnetic
Interactions, Intertwined Electronic Orders, and Strongly
Correlated Superconductivity, Proc. Natl. Acad. Sci.
U.S.A. 110, 17623 (2013).

[36] E. Fradkin, S. A. Kivelson, and J. M. Tranquada,
Colloquium: Theory of Intertwined Orders in High
Temperature Superconductors, Rev. Mod. Phys. 87, 457
(2015).

[37] H. Fujisawa, T. Yokoya, T. Takahashi, S. Miyasaka,
M. Kibune, and H. Takagi, Angle-Resolved Photoemis-
sion Study of Sr 2 Cuo 3, Phys. Rev. B 59, 7358 (1999).

[38] B. Kim, H. Koh, E. Rotenberg, S.-J. Oh, H. Eisaki,
N. Motoyama, S.-i. Uchida, T. Tohyama, S. Maekawa, Z.-
X. Shen, et al., Distinct Spinon and Holon Dispersions in
Photoemission Spectral Functions from One-Dimensional
SrCuOg, Nat. Phys. 2, 397 (2006).

[39] J. Schlappa, K. Wohlfeld, K. Zhou, M. Mourigal,
M. Haverkort, V. Strocov, L. Hozoi, C. Monney, S. Nishi-
moto, S. Singh, et al., Spin—Orbital Separation in the
Quasi-One-Dimensional Mott Insulator Sr 2 Cuo 3, Na-
ture 485, 82 (2012).

[40] Z. Chen, Y. Wang, S. Rebec, T. Jia, M. Hashimoto,
D. Lu, B. Moritz, R. Moore, T. Devereaux, and Z.-X.
Shen, Anomalously Strong Near-Neighbor Attraction in
Doped 1D Cuprate Chains, Science (in press) (2020).

[41] W. Lee, S. Johnston, B. Moritz, J. Lee, M. Yi, K. Zhou,
T. Schmitt, L. Patthey, V. Strocov, K. Kudo, et al., Role
of Lattice Coupling in Establishing Electronic and Mag-
netic Properties in Quasi-One-Dimensional Cuprates,
Phys. Rev. Lett. 110, 265502 (2013).

[42] T. Hotta and Y. Takada, Unconventional Supercon-
ductivity in the Hubbard-Holstein Model, Physica B:
Condens. Matter 230, 1037 (1997).

[43] H. Fehske, G. Wellein, A. Weifle, F. Gohmann,
H. Biittner, and A. Bishop, Peierls-Insulator Mott-
Insulator Transition in 1D, Physica B: Condens. Matter
312, 562 (2002).

[44] H. Fehske, A. P. Kampf, M. Sekania, and G. Wellein,
Nature of the Peierls-To Mott-Insulator Transition in 1D,
The European Physical Journal B-Condensed Matter and
Complex Systems 31, 11 (2003).

[45] H. Fehske, G. Wellein, G. Hager, A. Weile, and
A. Bishop, Quantum Lattice Dynamical Effects on
Single-Particle Excitations in One-Dimensional Mott and
Peierls Insulators, Phys. Rev. B 69, 165115 (2004).



[46] M. Tezuka, R. Arita, and H. Aoki, Density-Matrix
Renormalization Group Study of Pairing When Electron-
Electron and Electron-Phonon Interactions Coexist: Ef-
fect of the Electronic Band Structure, Phys. Rev. Lett.
95, 226401 (2005).

[47] M. Tezuka, R. Arita, and H. Aoki, Phase Diagram for the
One-Dimensional Hubbard-Holstein Model: a Density-
Matrix Renormalization Group Study, Phys. Rev. B 76,
155114 (2007).

[48] H. Fehske, G. Hager, and E. Jeckelmann, Metallicity
in the Half-Filled Holstein-Hubbard Model, Euro. Phys.
Lett. 84, 57001 (2008).

[49] S. Ejima and H. Fehske, Dmrg Analysis of the SDW-
CDW Crossover Region in the 1D Half-Filled Hubbard-
Holstein Model, in Journal of Physics: Conference Se-
ries, Vol. 200 (IOP Publishing, 2010) p. 012031.

[50] R. Clay and R. Hardikar, Intermediate Phase of the One
Dimensional Half-Filled Hubbard-Holstein Model, Phys.
Rev. Lett. 95, 096401 (2005).

[61] R. Hardikar and R. Clay, Phase Diagram of the One-
Dimensional Hubbard-Holstein Model at Half and Quar-
ter Filling, Phys. Rev. B 75, 245103 (2007).

[52] M. Hohenadler and F. F. Assaad, Excitation Spectra and
Spin Gap of the Half-Filled Holstein-Hubbard Model,
Phys. Rev. B 87, 075149 (2013).

[63] J. Greitemann, S. Hesselmann, S. Wessel, F. Assaad,
and M. Hohenadler, Finite-Size Effects in Luther-Emery
Phases of Holstein and Hubbard Models, Phys. Rev. B
92, 245132 (2015).

[54] Y. Wang, I. Esterlis, T. Shi, J. I. Cirac, and E. Demler,
Zero-Temperature Phases of the 2D Hubbard-Holstein
Model: A Non-Gaussian Exact Diagonalization Study,
Phys. Rev. Research 2, 043258 (2020).

[55] N. C. Costa, K. Seki, S. Yunoki, and S. Sorella, Phase Di-
agram of the Two-Dimensional Hubbard-Holstein Model:
Enhancement of s-Wave Pairing between Charge and
Magnetic Orders, Commun. Phys. 3, 80 (2020).

[56] T. Shi, E. Demler, and J. I. Cirac, Variational Study
of Fermionic and Bosonic Systems with Non-Gaussian

States: Theory and Applications, Ann. Phys-New. York.
390, 245 (2018).

[57] I. G. Lang and Y. A. Firsov, Sov. Phys. JETP 16, 1301
(1962).

[58] See Supplemental Material [url] for a brief introduction
of the NGSED method and the discussion of its weak-
coupling limit, which includes Refs. [63-66].

[59] J. Lee, F. Schmitt, R. Moore, S. Johnston, Y.-T. Cui,
W. Li, M. Yi, Z. Liu, M. Hashimoto, Y. Zhang, et al.,
Interfacial Mode Coupling as the Origin of the Enhance-
ment of T, in FeSe Films on SrTiOs, Nature 515, 245
(2014).

[60] H. Rosner, H. Eschrig, R. Hayn, S.-L. Drechsler, and
J. Malek, Electronic Structure and Magnetic Properties
of the Linear Chain Cuprates Sr 2 Cuo 3 and Ca 2 Cuo
3, Phys. Rev. B 56, 3402 (1997).

[61] S. Johnston, F. Vernay, B. Moritz, Z.-X. Shen, N. Na-
gaosa, J. Zaanen, and T. Devereaux, Systematic Study
of Electron-Phonon Coupling to Oxygen Modes Across
the Cuprates, Phys. Rev. B 82, 064513 (2010).

[62] K. Wohlfeld, A. M. Ole$, and G. A. Sawatzky, t- j model
of coupled cu 2 o 5 ladders in sr 14- x ca x cu 24 o 41,
Physical Review B 81, 214522 (2010).

[63] T. Shi, E. Demler, and J. I. Cirac, Variational Approach
for Many-Body Systems at Finite Temperature, Phys.
Rev. Lett. 125, 180602 (2020).

[64] S. Karakuzu, L. F. Tocchio, S. Sorella, and F. Becca, Su-
perconductivity, Charge-Density Waves, Antiferromag-
netism, and Phase Separation in the Hubbard-Holstein
Model, Phys. Rev. B 96, 205145 (2017).

[65] T. Ohgoe and M. Imada, Competition among Super-
conducting, Antiferromagnetic, and Charge Orders with
Intervention by Phase Separation in the 2D Holstein-
Hubbard Model, Phys. Rev. Lett. 119, 197001 (2017).

[66] Y. Wang, T. Sh, and C.-C. Chen, Fluctuating
Nature of Light-Induced d-Wave Superconductivity,
arxiv:2101.03495 (2021).



