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The pseudogap regime of the cuprate high-temperature superconductors is characterized by a
variety of competing orders, the nature of which are still widely debated. Recent experiments have
provided evidence for electron nematic order, in which the electron fluid breaks rotational symmetry
while preserving translational invariance. Raman spectroscopy, with its ability to symmetry resolve
low energy excitations, is a unique tool that can be used to assess nematic fluctuations and nematic
ordering tendencies. Here, we compare results from determinant quantum Monte Carlo simulations
of the Hubbard model to experimental results from Raman spectroscopy in Las.xSrxCuQO4, which
show a prominent increase in the B14 response around 10% hole doping as the temperature decreases,
indicative of a rise in nematic fluctuations at low energy. Our results support a picture of nematic
fluctuations with Biy symmetry occurring in underdoped cuprates, which may arise from melted

stripes at elevated temperatures.

I. INTRODUCTION

High temperature superconductivity is an important
area of research in physics, not only due to its potential
applications but also the interesting physics of the strong
electron correlation in high-T,. materials. However, the
physics of cuprate high-T, superconductors is still largely
unclear [1]. For example, the pseudogap regime of the
phase diagram, out of which superconductivity emerges,
is characterized by an anomalous suppression of elec-
tron density of states and a variety of competing and
co-existing orders [2]. The precise relationship between
these orders and their connection to the pseudogap, and
ultimately the mechanism for unconventional supercon-
ductivity, remains controversial. Likely, they each play
an important, but complex role in the mechanism of su-
perconductivity and are therefore deserving of continued
investigation [3, 4].

Common to the cuprates are charge and spin order
in the form of stripes, unidirectional charge- and spin-
density waves in the copper oxide plane that break ro-
tational and translational symmetry. While evidence for
charge order has been found in all families of cuprates
[5], there appears to be less universality in spin stripes,
with varied behavior in different compounds, such as the
periodicity of the modulation and their static or fluctuat-
ing nature. Whether these stripes compete or cooperate
with superconductivity still represents an active area of
research [6]. A related order, electronic nematicity [7],
unlike stripes, breaks rotational symmetry while preserv-
ing translational symmetry. The kind of experimental
anisotropies suggestive of electronic nematicity have been
observed in a number of experiments including transport

[8-11], neutron scattering [12], scanning tunneling mi-
croscope [13] and nuclear magnetic resonance [14]. How-
ever, properties, such as the inferred nematic orienta-
tion and onset temperature lack any universal character
across cuprate families. Electronic nematicity and stripes
may be closely related, as nematicity can arise naturally
from the melting of stripe order [7]. Electron nematic-
ity also may play an important role in the formation or
enhancement of superconducting order, as suggested by
several theories [15-17].

Theoretically, the Hubbard model is considered a
canonical starting-point for the study of strongly cor-
related electrons, and, in particular, has been able to
capture signatures of a number of the orders relevant to
the cuprates. The case for stripes was made by early
mean-field calculations, which predicted their formation
[18-20], and subsequently more sophisticated methods
have further corroborated the presence of stripes in both
the ground state and at finite temperatures within the
Hubbard model [21-27]. While a number of methods
have been developed to study strongly correlated models,
including the Hubbard model, a particularly powerful,
finite-temperature, numerically exact technique is deter-
minant quantum Monte Carlo (DQMC) [28], although
it has been restricted to relatively high temperatures
due to the fermion sign problem [29-31]. Recent DQMC
simulations have shown the presence of fluctuating spin
stripes, but with no discernible signatures of fluctuating
charge order, possibly due to the high simulation temper-
atures [26, 27]. This leads us to ask whether signatures
of fluctuating charge order may be present in a different
form in the Hubbard model at the temperatures acces-
sible by DQMC and whether these may be corroborated



by experiment.

Experimentally, the nematic susceptibility is propor-
tional to the real part of the Raman response at zero fre-
quency (static Raman susceptibility) [32, 33]. This will
enable us to compare the results from simulations directly
against Raman measurements on cuprates. Previous Ra-
man spectra that were taken on Lag 4SrxCuO4 (LSCO)
have shown prominent low energy peaks at low tempera-
tures due to charge stripe excitations [34]. In underdoped
cuprates this contribution dominates the spectra, since
particle-hole excitations in B, symmetry are largely
gapped out below 1000cm ™! in the pseudogap [35]. A
key question will be whether similar signatures can be
found in simulations of the Hubbard model, even at high
temperatures, and how such features can be interpreted
in terms of electronic nematic fluctuations and “melted”
stripes.

Here, using DQMC we calculate the nematic suscepti-
bility of the single-band Hubbard model on a square lat-
tice, which is proportional to the static Raman response,
and draw a comparison to Raman scattering experiments
in LSCO. The nematic susceptibility in B4, symmetry of
the Hubbard model, with no explicit symmetry breaking
terms, shows an unexpected non-monotonic dependence
on doping, not tied to simple band structure effects, such
as the van Hove singularity, but rather this may arise
from strong electron correlations. The Raman By, sus-
ceptibility, extracted from the Raman spectra of LSCO,
shows a similar, but more dramatic doping dependence,
albeit at much lower temperatures, which previously has
been attributed to charge excitations in the presence of
stripes [35, 36].

II. METHODS

The Hubbard model is one of the simplest models
describing strongly correlated electron physics and has
been taken as a starting point for understanding the low-
energy physics of the cuprates [37]. The Hamiltonian is
given by

H=- Ztijczacjif + Uz’flmﬁu - ,U'Zﬁioa (1)
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where t;; are electron hopping matrix elements which pa-
rameterize the kinetic energy (here, we assume only non-
zero nearest- and next-nearest-neighbor hopping matrix
elements); U is the Hubbard repulsion, giving rise to the
strongly correlated nature of the model; u is the chemical
potential controlling the number of electrons; ng (cip) are
electron creation (annihilation) operators for electrons at
site ¢ with spin o; and 7;, = c;racw is the number oper-
ator. As in previous studies of stripes [26], we choose
U = 6t to ensure that we capture the effects of strong
correlations while simultaneously mitigating the effects
of the fermion sign problem, which allows us to access
lower temperatures in our DQMC simulations. The re-

sults that we present below were obtained from 64-site
square clusters.

In our numerical simulations, the Raman response in
imaginary time s(7) is given by the correlation function
of the effective scattering operator p, [38]

sa(7) = (Trpa(7)pk(0)), (2)

where « is one of the two common symmetry projected
scattering channels B;, or By, and the scattering op-
erators are properly projected charge density operators.
These projected symmetry channels highlight different
portions of the Brillouin zone and depend on the polar-
ization of the incident and scattered light in a Raman
experiment, such that the scattering operators in mo-
mentum space take the form

1
PBL = 5 Z(COS ky — cosky)ch (K)cq (K), 3)
ko

PBay, = Z sin k, sin k¢l (k)cq (k). (4)
ko

These operators, and the corresponding response func-
tion, can capture broken Cy rotational symmetry, or ne-
maticity, as one can see when the operators are written
in real space

= Z (c;’r,aci-‘ri,o — Cj’aci—&-y,a +h.c.), (5)
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Real-frequency Raman spectra can be obtained by ana-
lytic continuation, equivalent to inverting the following
equation

salr) = Tepa(rlol) = [ Tl T W), @)

o T Lo Bulte

where x”(w) is the imaginary part of the Raman re-
sponse, directly comparable to Raman measurements.
Inverting Eq. (7) is ill-defined because of the behavior of
the kernel at large frequencies; however, after integrating
over imaginary time

’ o, [Tdwxalw) _
/0 dea(T)—2/0 =xo,(w=0). (8
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The left-hand side of this expression can be determined
entirely from the results of DQMC simulations. The
right-hand side is just a Kramers-Kronig relation, pro-
portional to the real part of the Raman response func-
tion at zero frequency x/ (w = 0), which can be readily
obtained from experimental measurements, allowing for
a direct comparison.
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FIG. 1. Real part x’g;,(T) of the static Raman susceptibility
in Big symmetry as a function of temperature for various
doping levels x. The doping ranges below and above x = 0.1
are shown separately for clarity in (a) and (b), respectively. A
clear Curie-like increase of X'Blg(T) at low temperatures can
only be resolved for x = 0.08,0.1 and 0.12.

III. RESULTS

Published work from earlier Raman scattering studies
on LSCO showed that a low energy peak in B, symmetry
emerged with decreasing temperature, most prominently
near 10% hole doping [34], attributed to charge stripe
excitations [39]. The real part of the Raman response
at zero frequency (static Raman susceptibility) is domi-
nated by these low energy features as the integrand falls
off as 1/w. Fig. 1 shows data for x5,,(7") determined
from previous experimental spectra [34]. X, (T) ex-
hibits a Curie-Weiss-like temperature dependence for the
doping concentrations x = 0.08, 0.1 and 0.12. At higher
doping there is an increase of Xz, ,(7') as temperature de-
creases, but the shape is convex rather than concave. In
the overdoped regime, the particle-hole continuum rep-
resents a dominant contribution to the intensity and any
possible contributions from stripe fluctuations cannot be
resolved, and presumably are not present [34].

To highlight the special nature of x = 0.1, we interpo-
late X1, (2, T) from the experimental data and plot an
z-T" “phase” diagram in Fig. 2. x;,(%,T) is enhanced
prominently in the vicinity of x = 0.1 at low tempera-
tures and falls off at higher and lower doping. A contin-
uous increase towards higher doping originates from the
buildup of the particle-hole continuum. In contrast to the
substantial temperature dependence of the susceptibility
in Byg4 around x = 0.1, there is only a small increase in
the otherwise flat response of X755, (7') at the onset of the
superconducting dome (¢f. Fig. 2 (b) and the “raw” data
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FIG. 2. Continuous color plots of the susceptibility x'(z,T).
(a) In B, symmetry x'(T) increases in the region around
z = 0.1. (b) In comparison, the Ba, susceptibility is weakly
temperature dependent at the onset of superconductivity and
remains flat otherwise.

in Fig. 6).

To address these findings, we calculate the nematic sus-
ceptibility of the Hubbard model [Eq. (8)] using DQMC.
The susceptibility as a function of temperature for vari-
ous doping levels is displayed in Fig. 3. We choose a next-
nearest-neighbor hopping of ¢’ /¢ = —0.25 to mimic a sim-
ilar Fermi surface to that of the cuprates. However, and
as we show later, the behavior that we observe is not tied
to any special features of the band structure, such as the
position of the van Hove singularity that would be tied
to this choice of ¢’ [Fig. 4]. As one can see from Fig. 3,
the general trend for the By, susceptibility is to increase
with decreasing temperature, indicating an enhancement
of the nematic correlations. This would be expected on
general grounds as reduced thermal fluctuations at lower
temperatures result in sharper charge excitation peaks
and an enhanced susceptibility. Unlike the susceptibil-
ity extracted from experiments at half-filling, which de-
creases with temperature due to the presence of a gap
at low frequency, the susceptibility derived from DQMC
simulations does not decrease. This can be attributed
to contributions from relatively broad two-magnon exci-
tations, which extend to low energy at DQMC tempera-
tures, expected to manifest in the B, symmetry channel.
The two-magnon peak in experiments, while present, is
comparatively sharp and at too high a relative energy to
contribute significantly to the susceptibility x5, o(T).

The rate of increase for different doping levels becomes

different as the temperature is lowered through the value
indicated by the arrow, which is near T = 2¢/3 = J,
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FIG. 3. Nematic/Raman susceptibility calculated using
DQMC as a function of temperatures for various doping levels
for (a) Big symmetry and (b) By, symmetry. Both suscep-
tibility increases with decreasing temperature. For Bi4, the
rate of increase for different doping becomes different as tem-
perature is lowered through the point indicated by the arrow,
which is near T' = 2t/3 = J (the data point to the right of the
arrow), the magnetic exchange. The Bz, susceptibility does
not show similar behavior, and is gapped at half-filling.

the magnetic exchange for the Hubbard model with the
chosen parameters. Although the increase of the suscep-
tibility going from the highest temperature to the lowest
is about three times for all dopings, it is clear that at low
temperatures the rate of increase has a non-monotonic
dependence on doping, as shown in the zoomed-in view
in the inset. In particular, at (x) = 0.1, the susceptibility
increases the fastest, qualitatively similar to the behavior
in experiments, where the Raman susceptibility is highly
enhanced at this doping. We note that at half-filling, the
curve of the susceptibility turns from convex to concave
at low temperatures. At finite temperatures, interband
transitions at frequencies smaller than the onset of the
Mott gap are present. As temperature is lowered, such
transitions are suppressed, giving rise to the smaller rate
of increase for the susceptibility.

The By, nematic susceptibility is plotted in Fig. 3 (b).
At half-filling, unlike B4, the susceptibility decreases
with temperature. Since the two-magnon excitation is
mostly absent in the Bs,; symmetry, the susceptibility is
determined predominantly by the Mott gap of the half-
filled Hubbard model. The By, Raman spectral weight
at small frequencies due to finite temperatures are sup-
pressed as temperature is lowered, resulting in decreasing
susceptibility. For all other dopings, the susceptibility
rises with decreasing temperature, similar to B;4. How-
ever, the rate of increase does not show a non-monotonic

_02 T T T T
_0.3_ —
to
= —0.4f , .
—o— t'ft=-0.3
t/t=—-0.2
t/t=—-0.1
-0.5 — t/t=0.0 .
| L | L | I |
0.0 0.1 0.2 0.3

(x)

FIG. 4. Curie-Weiss temperature Ty obtained from Curie-
Weiss fit of the B14 susceptibility as a function of doping level
for different values of ¢', all showing a peak at {x) = 0.1. The
peak moves slightly to higher doping level with increasing
—t'/t, which may be due to the van-Hove point moving to
higher doping level with increasing —t'/t.

dependence on the doping level as seen in B,. Instead,
the susceptibility rises with increasing hole doping mono-
tonically, due to the increasing spectral weight of the
quasiparticles in the Brillouin zone diagonal.

At low temperatures, the B4 susceptibility is approxi-
mately inversely proportional to temperature, suggesting
that it can be fit to a Curie-Weiss form. The Curie-Weiss
temperature, Ty, as a function of doping for different val-
ues of the next-nearest neighbor hopping ¢ is shown in
Fig. 4. While T} is negative in all cases, suggesting that
the system does not possess a transition into an ordered
nematic state, at least as far as one can tell at these tem-
peratures, it does show a non-monotonic dependence on
doping. While broad, the maximum of Ty occurs around
(x) = 0.1 for all values of ¢'. This behavior generally
agrees with the experimental data which shows a sharper,
more prominent peak at a similar doping.

The results presented here were all obtained from 64-
site square clusters. As shown in the appendix Fig. 7, we
also have checked that the notable behavior is present in
100-site square clusters. While finite-size effects clearly
are present in the data, the peak in x5, g(T) remains,
both qualitatively and quantitatively.

IV. DISCUSSION

Although DQMC calculations are performed at high
temperatures, many of the properties of the Hubbard
model obtained with this method are still consistent with
those found in experiments done at low temperatures on
cuprate materials. Here, our results show that the doping
dependence of the Raman susceptibility in LSCO is cap-
tured by the Hubbard model. The enhancement of the
susceptibility at (z) = 0.1 in LSCO is much more promi-
nent than that seen in the calculations, because of the low
temperature of the experiments. We expect this similar
enhancement in calculations to be more pronounced as



FIG. 5. Raman spectra obtained via maximum entropy an-
alytic continuation for (a) Big and (b) B2y symmetries for
different doping levels, at 8 = 4.5/t and ¢’ = —0.25¢. The
broad peak at around w/t = 6 arises from interband transi-
tions across the Mott gap.

temperature is lowered.

The maximum of the By, nematic susceptibility may
be closely related to fluctuating stripes. Electron ne-
maticity may arise from melting of stripes due to quan-
tum or thermal fluctuations, where the translational sym-
metry is restored but the rotational symmetry is still
broken [7]. It is possible that at the temperatures ac-
cessible by DQMC, charge stripe has been melted, leav-
ing an electron fluid with a nematic correlation that is
strongest near the doping where stripe correlation is oth-
erwise strong. Furthermore, the enhancement of the By,
Raman susceptibility of LSCO due to prominent low en-
ergy peaks in the Raman spectra may be interpreted
in terms of signals for charge excitations within stripes
[35, 36, 39]. This further corroborates the connection be-
tween electron nematicity and stripes in cuprates and the
Hubbard model.

The Raman response which relates to the nematic sus-
ceptibility through the Kramers-Kronig relation may be
obtained from the imaginary-time data using analytic
continuation. Here we use the maximum entropy method
(MEM) to perform numerical analytic continuation [40].
Although the resulting spectra are generally broad due
to the high temperatures of the simulation, some qual-
itative comparisons may be made between the B, and
By responses, and between theory and experiments.

Fig. 5 shows the spectra for different doping levels
at T/t = 0.22. At half-filling, the By, spectrum (a)
shows two peaks, one at a frequency slightly higher than
w/t =6 = U/t, and one at around w/t = 1.2. By con-
trast, the Ba, spectrum (b) shows only one broad peak.
The low energy feature in the B;, spectrum can be at-
tributed to the two-magnon scattering, which is not cap-
tured by the By, form factor. With hole doping, the high
energy peak in the By, spectrum broadens, and the peak
height decreases with doping due to spectral weight be-
ing transferred to the quasiparticle band that appeared
with hole doping [41]. For the low energy part, the two-
magnon peak is quickly reduced when doped away from
half-filling, and a quasiparticle peak at lower energy ap-
pears. With further hole doping, the quasiparticle peak
sharpens while maintaining the peak height. For Ba,
the high energy part shows varying peak heights and po-
sitions for different doping levels, but remains generally
broad. At low energy the Byg spectrum develops a clear
quasiparticle peak which becomes more prominent with
hole doping.

The By, and By, form factors highlight the anti-nodal
and nodal regions of the Brillouin zone, respectively.
With doping, the quasiparticles in the anti-nodal region
are less coherent than those in the nodal region, due to

the much stronger quasiparticles scattering, which have
been also observed in ARPES experiments [42]. Since the
Kramers-Kronig transform highlights the low energy part
[Eq. (8)], the steady increase of the coherent quasiparti-
cle peak in By, with doping gives rise to the monoton-
ically increasing By, susceptibility. On the other hand,
the quasiparticle peak in B;4 does not increase with dop-
ing. The apparent shift of the low energy part to lower
energy, when doped from half-filling to about (x) = 0.1
gives rise to the initial increase of the B;4 susceptibility.
Upon further doping, the relatively unchanged quasipar-
ticle peak and the decreasing high energy part together
lead to the decrease in the susceptibility, and hence a
maximum at 10% hole doping.

Detailed studies of the Raman spectra of LSCO have
been reported previously [34]. While the experimental
spectra and the theoretical ones presented in Fig. 5 can-
not be compared quantitatively, certain features of the
spectra are consistent. In particular, in both LSCO and
the Hubbard model, the dominant peak in the By, spec-
tra are from the two-magnon excitation (compare Fig.
8 in [34] and Fig. 5). A previous study on the Ra-
man response in the Hubbard model using DQMC did
not produce the two-magnon peak, because the form of
the response function used did not include vertex correc-
tions and hence only captured particle-hole excitations
projected by the Raman form factors [41]. Here, the full
Raman response function goes beyond particle-hole exci-
tations and includes contributions from higher order pro-
cesses that give rise to the two-magnon scattering. This
demonstrates the ability of the Hubbard model, which
describes electronic degrees of freedom, to capture an im-
portant feature in the cuprates due to spin excitations. In
addition, the experimental B;, response develops a peak
from electron-hole excitations at high doping, which has
similar trends in the theoretical spectra.

Muschler et al. discussed several ways of analyzing the
Raman spectra, such as calculating the Raman resistiv-
ity, To(T), and integrated spectral weight [34]. In partic-
ular, in connection to the low energy charge stripe exci-
tations, the Raman resistivity, or the inverse of the initial
slope of the spectrum, provides information about the dy-
namics of the quasiparticles in different symmetry chan-
nels. For cuprates with maximum 7T, around 100K such
as BigSI‘gC&CUgOgJ’_g, YB&QCUgOy and TlgBaQCu06+5,
a dichotomy between the B, and By, relaxation rates
is found at about 20% doping where ' pog(T') shows
metallic behavior while I'y g14(7") is T-independent. The
behavior of LSCO is different in that I'g g14(T) increases
with T for a wide doping range down to at least 5%.
Muschler et al. indicated that the low energy peaks in
the B4 response giving rise to the metallic behavior of
Ty p14(T) are due to charge excitations in the presence
of stripes, which was supported by its consistency with
other experimental findings as well as decriptions of mi-
croscopic models.

Here we analyzed the Raman spectra by taking the
Kramers-Kronig transform, which highlights the low en-



ergy part of the spectra dominated by the charge stripe
excitations. The qualitatively similar behavior of the ob-
tained Raman (nematic) susceptibility between experi-
ment and theory and the close relation between fluctu-
ating charge stripes and nematicity, provides one more
piece of evidence supporting the charge stripe excitation
interpretation of the low energy structures in the B,
response of LSCO.

V. CONCLUSIONS

Using DQMC calculations, we have shown that the
doping dependence of the Bi, nematic susceptibility of
the Hubbard model qualitatively agrees with the Ra-
man B, susceptibility in LSCO. Specifically, both have
a maximum at 10% hole doping. The peak in the sus-
ceptibility from experiments are much more prominent
than that in the calculations, likely due to the high tem-
peratures of the calculations. We expect the nematic
fluctuations to continue to grow as temperature is low-
ered beyond the region accessible to DQMC simulaitons,
as can be seen from the Curie-Weiss temperatures in Fig.
4.

The agreement between the calculations and the ex-
periments is consistent with the picture of electron lig-
uid crystals. In this framework, melting of charge stripes
due to quantum or thermal fluctuations may give rise
to electron nematicity. Since DQMC calculations of the
Hubbard model is performed at very high temperatures,
it is possible that charge stripes are melted and result in a
state with strong nematic correlation. The doping where
the nematic correlation of the Hubbard model is maxi-
mum coincides with the doping where charge stripe exci-
tations in LSCO gives the most prominent Raman signal,
supporting the scenario of the electron liquid crystals.

While the theoretical spectra from analytic contin-
uation cannot be quantitatively compared to the ex-
perimental spectra, the prominent two-magnon peak in
the Bi4 spectra at half-filling and its quick reduction
upon doping, as well as the emerging quasiparticle peak,
are observed in both experiment and theory. Previous
work by Muschler et al. discussed several analyses, such
as Raman resistivity and integrated spectral weight, in
connection to the low energy structures due to charge
stripe excitations. In this work we analyzed the spec-
tra by calculating its real part at zero frequency through
the Kramers-Kronig relation, and the comparison with
thoretical calculations further supports the attribution
of charge stripes to the emerging low energy structures
in the spectra.

Our result demonstrates the capability of the Hubbard
model to capture tendencies of electron nematicity that
aligns with experiments in cuprates. The agreement with
experiments also supports the notion of electron liquid
crystal states where nematicity results from melting of
stripe order.

VI. ACKNOWLEDGMENTS

T.L. acknowledges helpful discussions with Y.-F.
Jiang. This work was supported by the US Department
of Energy, Office of Basic Energy Sciences, Materials
Sciences and Engineering Division, under Contract No.
DE-AC02-76SF00515 (T.L., B.M., EW.H and T.P.D
for theoretical and computational work). E.W.H. was
supported by the Gordon and Betty Moore Foundation
EPiQS Initiative through the grants GBMF 4305 and
GBMF 8691. The experimental work in Garching (D.J.
and R.H.) was supported by the Bavaria-California Tech-
nology Center (BaCaTeC) under Grant No. 21[2016-2]
and the German Research Foundation (DFG), Project
IDs 107745057 - TRR80 and HA2071/12-1.

[1] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
and J. Zaanen, Nature 518, 179 (2015).

[2] M. Vojta, Advances in Physics 58, 699 (2009).

[3] S. A. Kivelson, I. P. Bindloss, E. Fradkin, V. Oganesyan,
J. M. Tranquada, A. Kapitulnik, and C. Howald, Rev.
Mod. Phys. 75, 1201 (2003).

[4] J. M. Tranquada, A. Avella, and F. Mancini, AIP Con-
ference Proceedings 1550, 114 (2013).

[5] R. Comin and A. Damascelli, Annual Review of Con-
densed Matter Physics 7, 369 (2016).

[6] E. Fradkin, S. A. Kivelson, and J. M. Tranquada, Rev.
Mod. Phys. 87, 457 (2015).

[7] S. A. Kivelson, E. Fradkin, and V. J. Emery, Nature 393,
550 (1998).

[8] R. Daou, J. Chang, D. LeBoeuf, O. Cyr-Choiniére,
F. Laliberté, N. Doiron-Leyraud, B. J. Ramshaw,
R. Liang, D. A. Bonn, W. N. Hardy, and L. Taillefer,
Nature 463, 519 (2010).

[9] Y. Sato, S. Kasahara, H. Murayama, Y. Kasahara, E.-
G. Moon, T. Nishizaki, T. Loew, J. Porras, B. Keimer,

T. Shibauchi, and Y. Matsuda, Nature Physics 13, 1074
(2017).

[10] H. Murayama, Y. Sato, R. Kurihara, S. Kasahara,
Y. Mizukami, Y. Kasahara, H. Uchiyama, A. Ya-
mamoto, E.-G. Moon, J. Cai, J. Freyermuth, M. Greven,
T. Shibauchi, and Y. Matsuda, Nature Communications
10, 3282 (2019).

[11] J. Wu, A. Bollinger, X. He, and I. Bozovié, Nature 547,
432 (2017).

[12] V. Hinkov, D. Haug, B. Fauqué, P. Bourges, Y. Sidis,
A. Tvanov, C. Bernhard, C. T. Lin, and B. Keimer, Sci-
ence 319, 597 (2008).

[13] M. Lawler, K. Fujita, J. Lee, A. Schmidt, Y. Kohsaka,
C. K. Kim, H. Eisaki, S. Uchida, J. Davis, J. Sethna, and
E.-A. Kim, Nature 466, 347 (2010).

[14] T. Wu, H. Mayaffre, S. Kramer, M. Horvatié, C. Berthier,
W. Hardy, R. Liang, D. Bonn, and M.-H. Julien, Nature
communications 6, 6438 (2015).

[15] Y. B. Kim and H.-Y. Kee, Journal of Physics: Condensed
Matter 16, 3139 (2004).


https://doi.org/https://doi.org/10.1038/nature14165
https://doi.org/10.1080/00018730903122242
https://doi.org/10.1103/RevModPhys.75.1201
https://doi.org/10.1103/RevModPhys.75.1201
https://doi.org/10.1063/1.4818402
https://doi.org/10.1063/1.4818402
https://doi.org/10.1146/annurev-conmatphys-031115-011401
https://doi.org/10.1146/annurev-conmatphys-031115-011401
https://doi.org/10.1103/RevModPhys.87.457
https://doi.org/10.1103/RevModPhys.87.457
https://www.nature.com/articles/31177
https://www.nature.com/articles/31177
https://doi.org/10.1038/nature08716
https://doi.org/10.1038/nphys4205
https://doi.org/10.1038/nphys4205
https://doi.org/10.1038/s41467-019-11200-1
https://doi.org/10.1038/s41467-019-11200-1
https://www.nature.com/articles/nature23290
https://www.nature.com/articles/nature23290
https://doi.org/10.1126/science.1152309
https://doi.org/10.1126/science.1152309
https://doi.org/https://doi.org/10.1038/nature09169
https://doi.org/https://doi.org/10.1038/ncomms7438
https://doi.org/https://doi.org/10.1038/ncomms7438
https://doi.org/10.1088/0953-8984/16/18/015
https://doi.org/10.1088/0953-8984/16/18/015

[16] S. Lederer, Y. Schattner, E. Berg, and S. A. Kivelson,
Phys. Rev. Lett. 114, 097001 (2015).

[17] M. A. Metlitski, D. F. Mross, S. Sachdev, and T. Senthil,
Phys. Rev. B 91, 115111 (2015).

[18] J. Zaanen and O. Gunnarsson, Phys. Rev. B 40, 7391
(1989).

[19] K. Machida, Physica C: Superconductivity 158, 192
(1989).

[20] M. Kato, K. Machida, H. Nakanishi, and M. Fujita, Jour-
nal of the Physical Society of Japan 59, 1047 (1990),
https://doi.org/10.1143/JPSJ.59.1047.

[21] S. R. White and D. J. Scalapino, Phys. Rev. Lett. 80,
1272 (1998).

[22] G. Hager, G. Wellein, E. Jeckelmann, and H. Fehske,
Phys. Rev. B 71, 075108 (2005).

[23] C.-C. Chang and S. Zhang, Phys. Rev. Lett. 104, 116402
(2010).

[24] S. R. White and D. J. Scalapino, Phys. Rev. B 92, 205112
(2015).

[25] 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, Science 358, 1155 (2017).

[26] E. W. Huang, C. B. Mendl, S. Liu, S. Johnston, H.-C.
Jiang, B. Moritz, and T. P. Devereaux, Science 358, 1161
(2017).

[27] E. W. Huang, C. B. Mendl, H.-C. Jiang, B. Moritz, and
T. P. Devereaux, npj Quantum Materials 3, 1 (2018).

[28] S. R. White, D. J. Scalapino, R. L. Sugar, E. Y. Loh,
J. E. Gubernatis, and R. T. Scalettar, Phys. Rev. B 40,
506 (1989).

[29] V. L. Iglovikov, E. Khatami, and R. T. Scalettar, Phys.
Rev. B 92, 045110 (2015).

[30] E. Y. Loh, J. E. Gubernatis, R. T. Scalettar, S. R. White,
D. J. Scalapino, and R. L. Sugar, Phys. Rev. B 41, 9301

(1990).

[31] M. Troyer and U.-J. Wiese, Phys. Rev. Lett. 94, 170201
(2005).

[32] N. Auvray, B. Loret, S. Benhabib, M. Cazayous,
R. Zhong, J. Schneeloch, G. Gu, A. Forget, D. Colson,
I. Paul, A. Sacuto, and Y. Gallais, Nature communica-
tions 10, 1 (2019).

[33] Y. Gallais, R. M. Fernandes, I. Paul, L. Chauviere, Y.-X.
Yang, M.-A. Méasson, M. Cazayous, A. Sacuto, D. Col-
son, and A. Forget, Phys. Rev. Lett. 111, 267001 (2013).

[34] B. Muschler, W. Prestel, L. Tassini, R. Hackl, M. Lam-
bacher, A. Erb, S. Komiya, Y. Ando, D. Peets, W. Hardy,
R. Liang, and D. Bonn, The European Physical Journal
Special Topics 188, 131 (2010).

[35] L. Tassini, F. Venturini, Q.-M. Zhang, R. Hackl, N. Kiku-
gawa, and T. Fujita, Phys. Rev. Lett. 95, 117002 (2005).

[36] F. Venturini, Q.-M. Zhang, R. Hackl, A. Lucarelli,
S. Lupi, M. Ortolani, P. Calvani, N. Kikugawa, and
T. Fujita, Phys. Rev. B 66, 060502 (2002).

[37] F. C. Zhang and T. M. Rice, Phys. Rev. B 37, 3759
(1988).

[38] T. P. Devereaux and R. Hackl, Rev. Mod. Phys. 79, 175
(2007).

[39] S. Caprara, C. Di Castro, M. Grilli, and D. Suppa, Phys.
Rev. Lett. 95, 117004 (2005).

[40] M. Jarrell and J. Gubernatis, Physics Reports 269, 133
(1996).

[41] B. Moritz, S. Johnston, T. P. Devereaux, B. Muschler,
W. Prestel, R. Hackl, M. Lambacher, A. Erb, S. Komiya,
and Y. Ando, Phys. Rev. B 84, 235114 (2011).

[42] J. Chang, M. Shi, S. Pailhés, M. Mansson, T. Claes-
son, O. Tjernberg, A. Bendounan, Y. Sassa, L. Patthey,
N. Momono, M. Oda, M. Ido, S. Guerrero, C. Mudry,
and J. Mesot, Phys. Rev. B 78, 205103 (2008).


https://doi.org/10.1103/PhysRevLett.114.097001
https://doi.org/10.1103/PhysRevB.91.115111
https://doi.org/10.1103/PhysRevB.40.7391
https://doi.org/10.1103/PhysRevB.40.7391
https://doi.org/https://doi.org/10.1016/0921-4534(89)90316-X
https://doi.org/https://doi.org/10.1016/0921-4534(89)90316-X
https://doi.org/10.1143/JPSJ.59.1047
https://doi.org/10.1143/JPSJ.59.1047
https://arxiv.org/abs/https://doi.org/10.1143/JPSJ.59.1047
https://doi.org/10.1103/PhysRevLett.80.1272
https://doi.org/10.1103/PhysRevLett.80.1272
https://doi.org/10.1103/PhysRevB.71.075108
https://doi.org/10.1103/PhysRevLett.104.116402
https://doi.org/10.1103/PhysRevLett.104.116402
https://doi.org/10.1103/PhysRevB.92.205112
https://doi.org/10.1103/PhysRevB.92.205112
https://doi.org/10.1126/science.aam7127
https://doi.org/10.1126/science.aak9546
https://doi.org/10.1126/science.aak9546
https://doi.org/https://doi.org/10.1038/s41535-018-0097-0
https://doi.org/10.1103/PhysRevB.40.506
https://doi.org/10.1103/PhysRevB.40.506
https://doi.org/10.1103/PhysRevB.92.045110
https://doi.org/10.1103/PhysRevB.92.045110
https://doi.org/10.1103/PhysRevB.41.9301
https://doi.org/10.1103/PhysRevB.41.9301
https://doi.org/10.1103/PhysRevLett.94.170201
https://doi.org/10.1103/PhysRevLett.94.170201
https://doi.org/https://doi.org/10.1038/s41467-019-12940-w
https://doi.org/https://doi.org/10.1038/s41467-019-12940-w
https://doi.org/10.1103/PhysRevLett.111.267001
https://doi.org/https://doi.org/10.1140/epjst/e2010-01302-4
https://doi.org/https://doi.org/10.1140/epjst/e2010-01302-4
https://doi.org/10.1103/PhysRevLett.95.117002
https://doi.org/10.1103/PhysRevB.66.060502
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1103/RevModPhys.79.175
https://doi.org/10.1103/RevModPhys.79.175
https://doi.org/10.1103/PhysRevLett.95.117004
https://doi.org/10.1103/PhysRevLett.95.117004
https://doi.org/https://doi.org/10.1016/0370-1573(95)00074-7
https://doi.org/https://doi.org/10.1016/0370-1573(95)00074-7
https://doi.org/10.1103/PhysRevB.84.235114
https://doi.org/10.1103/PhysRevB.78.205103

Appendix: Additional figures

| -
Lay - xSryCuO

I
4

r (@ —e— x =0.00 |
ar —o— x=0.02"]
i B —o— x=0.04 |
3+ 2g —
—o— x =0.05
i x = 0.08 |
2_. —
= x=0.10
fo———————0 o — i
——0— T o—=o
E1r g
g ———F+—+——F+—+—+— 2
c [ b x = 0.10 x = 0.20
s4r x=012 —e x=025
BN x=0.15 —e— x=0.26 |
3r x=017 —e— x=0.30 ]
2_ —
&e—————— ° 1
1 —
| | ) | ) |
0 100 200 300

Temperature T (K)

FIG. 7. Curie-Weiss temperature Ty for the Bi4 susceptibility
as a function of doping, for L = 8 and L = 10 square clusters,
both showing a peak around (z) = 0.1. The next-nearest-
neighbor hopping is ¢’ = —0.2t.

FIG. 6. Real part X'go,(T) of the static Raman susceptibility
in Byy symmetry as a function of temperature for various
doping levels . The doping ranges below and above z = 0.1
are shown separately for clarity in (a) and (b), respectively.
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