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8CNR-SPIN, Dipartimento di Fisica, Politecnico di Milano,

Piazza Leonardo da Vinci 32, I-20133 Milano, Italy
9European Synchrotron Radiation Facility (ESRF), B.P. 220, F-38043 Grenoble Cedex, France

10Instituut-Lorentz for theoretical Physics, Leiden University,
Niels Bohrweg 2, 2333 CA Leiden, The Netherlands

11Geballe Laboratory for Advanced Materials, Stanford University, Stanford, CA, USA
12Department of Materials Science and Engineering,
Stanford University, Stanford, California 94305, USA

Identifying quantum critical points (QCPs) and their associated fluctuations may hold the key
to unraveling the unusual electronic phenomena observed in cuprate superconductors. Recently,
signatures of quantum fluctuations associated with charge order (CO) have been inferred from
the anomalous enhancement of CO excitations that accompany the reduction of the CO order
parameter in the superconducting state. To gain more insight about the interplay between CO and
superconductivity, here we investigate the doping dependence of this phenomenon throughout the
Bi-2212 cuprate phase diagram using resonant inelastic x-ray scattering (RIXS) at the Cu L3-edge.
As doping increases, the CO wavevector decreases, saturating near a commensurate value of 0.25
r.l.u. beyond a characteristic doping pc, where the correlation length becomes shorter than the
apparent periodicity (4a0). Such behavior is indicative of the fluctuating nature of the CO; and the
proliferation of CO excitations in the superconducting state also appears strongest at pc, consistent
with expected behavior at a CO QCP. Intriguingly, pc appears to be near optimal doping, where
the superconducting transition temperature Tc is maximal.

INTRODUCTION

Electronic complexity in high-Tc cuprate superconduc-
tors manifests in multiple intertwined, competing or co-
operating phases, coexisting with or proximal to super-
conductivity [1, 2]. Whether these phases undergo quan-
tum phase transitions remains an important question,
because if they do, the associated quantum fluctuations
may account for the unusual properties of the ”normal”
state and possibly affect superconductivity [1–7]. While
evidence exists for vanishing order parameters from Kerr
rotation [8], optical second harmonic spectroscopy [9] and
x-ray scattering [10], signatures of quantum critical be-
havior in the cuprates are inferred primarily from trans-
port measurements [11–14], which do not probe directly
the order parameter of a quantum phase. Without di-
rect access to an order parameter or excitation spectrum,

∗ leews@stanford.edu

drawing associations between quantum phases and pu-
tative quantum critical fluctuations becomes a difficult
task.

Due to its ubiquitous presence in superconducting
cuprates, and the intertwined behavior of its order pa-
rameter with that of superconductivity, it is of great in-
terest to investigate whether charge order (CO)[15–28]
possesses a quantum phase transition, and in particular
one tuned by chemical substitution or doping. The or-
der parameter has been probed directly by neutron and
x-ray scattering, as well as STM, but those investiga-
tions have provided little direct evidence about the CO
excitation spectrum or the presence of quantum critical
fluctuations. In principle, quantum fluctuations drasti-
cally modify collective behavior; however, these excita-
tions form a “continuum” [5, 29], rather than sharply
defined collective modes, often leaving only subtle fin-
gerprints on the spectra.

In this regard, resonant inelastic x-ray scattering
(RIXS) can provide a unique perspective on CO and its
excitations. RIXS directly probes the CO order parame-
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ter, allowing one to track the momentum distribution of
the quasi-elastic peak intensity in the spectrum. It also
can highlight the presence of CO excitations, and their
interplay with lattice degrees of freedom, through the
variation of dispersion and spectral intensity attributed
to collective vibrational modes – phonons. Proportional
to the electron-phonon coupling [30], the RIXS cross-
section for phonon excitations also exhibits a Fano-like
interference effect between the sharply defined phonon
modes and the underlying “continuum” charge excita-
tions. Demonstrated previously, the cross-section for the
CO excitations themselves can be small, but their Fano
fingerprint manifests as an enhancement of the phonon
intensity and a softening of the ”phonon” dispersion in
the RIXS map[30–33]. The RIXS phonon cross-section is
distinct from the phonon self-energy measured using in-
elastic neutron scattering (INS) or non-resonant inelastic
x-ray scattering (IXS); thus, the dispersion and spectral
lineshape (width and intensity) of the RIXS phonons will
deviate from that of the phonons measured using INS and
IXS, in particular due to the influence from the underly-
ing charge excitations.

Interestingly, temperature dependent studies of
RIXS phonon excitations in nearly optimally doped
Bi2Sr2CaCu2O8+δ [34] and La2−xSrxCuO4 [33] have cap-
tured unexpected behaviors, directly attributable to the
influence of CO quantum fluctuations. Cooling through
the superconducting transition, the CO order parameter
decreases as the superconducting gap grows. However,
in contrast to the behavior ascribed to a Landau phase
transition, where the spectral weight associated with CO
excitations should be proportional to the amplitude of
the order parameter, the Fano effects and influence from
CO excitations become more pronounced in the RIXS
phonon cross-section. This seemingly anomalous tem-
perature dependence below Tc portends the approach to
a QCP [33, 34]: the opening of a superconducting gap re-
duces the dissipation for quantum fluctuations; quantum
fluctuations are restored at low temperatures, which ef-
fectively moves the system towards the QCP [34]. Such
a scenario accounts for the apparent contradiction, in
which the CO order parameter decreases while the Fano
effects and underlying spectral weight associated with
the continuum increase, here, restored by the growth of
quantum fluctuations upon entering the superconduct-
ing state. However, results have been reported only at
a singular point, near optimal doping. To gain further
insight and support for such a scenario requires tracking
the anomalous behavior as a function of doping through-
out the cuprate phase diagram.

In this article, we report on the doping dependence
of the anomalous enhancement in the influence of CO
excitations below Tc. High resolution RIXS measure-
ments both at Tc and 15 K, the lowest achievable tem-
perature of our instrument, reveal clear signatures of CO
quantum fluctuations. We report data taken on samples
with eight different doping concentrations, covering the
antiferromagnetic, under-, optimally-, and over-doped

(AFM, UD, OP, and OD) regions across the cuprate
phase diagram. We find that the anomalous enhance-
ment of CO excitations below Tc exhibits a dome shape
as a function of doping with a maximum at pc located
between p = 0.13 and 0.16 holes/Cu. For p > pc, the CO
order parameter extracted from the quasi-elastic RIXS
spectrum also exhibits qualitative changes: i) the CO
wavevector saturates at approximately 0.25 r.l.u. and ii)
the CO correlation length becomes shorter than its peri-
odicity. Overall, these experimental findings are consis-
tent with the existence of a CO QCP in the vicinity of
pc in the Bi-2212 doping phase diagram.

EXPERIMENT DETAILS

High-quality Bi1.7Pb0.4Sr1.7CaCu2O8+δ (Bi-2212) sin-
gle crystals were grown by floating-zone methods. A
broad range of oxygen dopings were achieved by a sub-
sequent annealing process. In this study, we systemat-
ically studied OP96 (Tc=96K), OD90 (Tc=90K), OD83
(Tc=83K), and OD70 (Tc=70K) samples. We have also
studied underdoped UD70 samples (Tc=70K) which were
annealed from high quality Bi2.1Sr1.9CaCu2O8+d single
crystals. The superconducting transition was determined
by the onset temperature Tc measured with the AC
magnetic susceptibility module of a Physical Property
Measurement System from Quantum Design. The hole
doping concentration was estimated using the empirical
parabolic function [35], Tc = Tc,max[1 − 82.6(p− 0.16)2],
where Tc,max = 96 K for the batch of crystals studied
in this experiment. By using this formula, we are as-
suming that the optimal doping concentration is pop =
0.16 holes/Cu. For completeness, we have also studied
a non-superconducting and insulating antiferromagnetic
(AFM) compound, Bi1.6Pb0.4Sr2YCu2O8+δ, whose dop-
ing concentration cannot be determined using the empir-
ical function, but is expected to be nearly undoped. All
crystals were selected with flat surfaces and a sharp Laue
pattern.

The Cu L3-edge RIXS experiments on OP96, OD90,
OD83, and OD70 samples were conducted in a single
beamtime using the RIXS spectrometer at the I21 RIXS
beamline of the Diamond Light Source (DLS) in the
United Kingdom [36]. The data of AFM and UD70
were obtained using the ERIXS spectrometer at the ID32
beamline of the European Synchrotron Radiation Facility
(ESRF) in France [37], where preliminary measurement
on OD70 was also conducted. High-resolution RIXS data
were measured with a combined energy resolution of 37
meV at DLS and 44 meV at ESRF, respectively. For
all superconducting compounds, momentum dependent
RIXS maps were measured both at Tc and well below
(15 K), whereas the non-superconducting AFM sample
was measured only at 15 K. See the Supplemental Mate-
rial for details about the RIXS measurements [38]. For
all data shown here, the electronic structure of Bi-2212
has been treated as quasi-two-dimensional and momen-
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tum dependent data have been denoted as a function of
the projected in-plane momentum transfer q‖ along the
Cu-O bond direction. All spectrum were corrected for
self-absorption effects using the formula presented in the
Supplementary Material of Ref. [39]. More details about
the scattering geometry and data analysis can be found
in the Supplemental Material [38].

RESULTS

Figure 1 shows the RIXS intensity map for the UD70
sample, simultaneously recording the CO peak in the
quasi-elastic region and the RIXS intensity for phonon
excitations. The quasi-elastic map in Fig. 1(b) has been
obtained by subtracting a fit of the RIXS phonon inten-
sity from the full RIXS spectrum (see the Supplemental
Fig. 3 and 4 for details of the fitting [38]), with the mo-
mentum distribution curve (MDC) obtained by integrat-
ing the map within an energy window of ±25 meV. The
CO peak can be seen clearly, centered at QCO = 0.275
r.l.u. (indicated by the black dotted line). To better vi-
sualize the RIXS phonon spectra, the fitted quasi-elastic
portion of the RIXS maps was subtracted from the raw
data with the result plotted in Fig. 1(c). Here, at higher
energies around 60 meV, a branch of excitations, the
RIXS phonons, can be identified, whose peak position
are indicated by white markers. Consistent with recent
high-resolution RIXS experiments at the Cu L3-edge in
the literature [31, 34], the RIXS phonons not only ex-
hibit an apparent softening at the CO wavevector (QCO)
but also show a “funnel”-shaped spectral weight emanat-
ing from QCO with a non-monotonic momentum distri-
bution of the integrated intensity (see the lower panel
of Fig. 1(c)), whose maximum (black arrow) occurs at
QA > QCO. These anomalies in the RIXS map were at-
tributed to Fano-like interference between the phonons
and underlying dispersive CO excitations [31, 34], which
form a continuum.

As reference, we turn to the AFM sample, which is
nearly undoped with antiferromagnetic (AFM) order. As
expected, neither the raw data (Fig. 1(d)) nor the quasi-
elastic map (Fig. 1(e)) hint at the presence of CO, in-
dicating that CO in Bi2212 emerges at a finite doping
concentration in the heavily underdoped regime of the
phase diagram, as in YBCO [10, 40]. As one sees in Fig.
1(f), the RIXS phonon intensity exhibits neither an ap-
parent dispersion softening nor a non-monotonic distri-
bution of integrated intensity as a function of momentum,
due to the absence of CO. In fact, the spectral weight of
phonon excitations increases monotonically with increas-
ing q‖, as expected from the momentum dependence of
the electron-bond-stretching-phonon coupling [30]. The
stark contrast in behavior of phonon excitation spectral
weight between the AFM sample where CO is absent
and UD70 sample (and Refs. [31] and [34]) where CO is
present unambiguously confirms the sensitivity of RIXS
phonons to the CO excitations, making RIXS an effective
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FIG. 1. RIXS intensity maps of (a) UD70 samples as a func-
tion of energy loss and projected in-plane momentum along
the Cu-O bond direction measured at 15 K. White markers are
fitted peak positions of the RIXS phonon intensity. The black
dashed line indicates the CO wavevector QCO in the UD70
sample. (b) RIXS quasi-elastic map obtained by subtracting
the fitted RIXS phonon intensity from the spectrum. The
MDC (lower panel) was obtained by integrating the quasi-
elastic map between (±25 meV). (c) RIXS phonon map ob-
tained by subtracting the fitted quasi-elastic peak from the
raw data. The MDC (lower panel) shows the integrated in-
tensity between the white dashed lines in the top panel (from
15 to 95 meV). The black dashed line and arrow indicate QCO
and the maximum of the curve, respectively. (d), (e), and (f)
show the raw RIXS intensity map, quasi-elastic map, and the
RIXS phonon map for the nearly-undoped AFM sample.

tool for detecting a putative quantum phase transition
associated with CO.

To study the temperature and doping dependence of
CO and its excitations, we have compiled momentum de-
pendent RIXS maps for all the other dopings at both 15 K
and Tc. The intensity of the RIXS maps has been normal-
ized to the dd excitation peak area for different samples.
The UD90 data has been adapted from Ref. [34] for com-
parison. The raw RIXS maps of these doping is shown in
Supplemental Fig. 2 [38] for reference. We focus first on
the behavior of CO in the quasi-elastic region, which can
be inferred from the quasi-elastic map and the MDCs as
shown in Fig. 2. At first glance, the CO exhibits more-or-
less the expected doping dependence. In the under-doped
regime, the CO peak is well defined with a peak position
corresponding to the CO wavevector QCO. With increas-
ing doping, the CO peak shifts and broadens. In the
OD70 sample, the most overdoped sample in our study,
while a signature of CO still may be resolvable, the broad
peak profile indicates that CO is no longer a well defined
state. Both QCO and the peak width (σCO) can be deter-
mined by fitting the peak profile to a Gaussian function
plus a background arising from specular reflection at zero
momentum, which we mimic by a Lorentzian function in
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FIG. 2. (a) Quasi-elastic maps of Bi-2212 (RIXS phonon spectrum subtracted, see definition in Fig. 1(b).) taken at Tc and 15
K, showing the temperature and doping dependence of the CO peak. All the data have been normalized to the dd excitations
(the integrated intensity in the RIXS maps between 1 and 4 eV energy loss). The hole-doping of each sample is indicated by
the number in the parenthesis at the top of each panel. (b) The CO peak profile obtained by integrating quasi-elastic RIXS
maps within the energy loss window of ± 25 meV. The dashed curves are background used in fitting the CO peak. The data
from UD90K has been adapted from Ref. [34]. The data of UD70 were taken at ID32, ESRF, whereas other data were taken
at I21 Diamond Light Source.

the fit.

The results from the fit are summarized in Fig. 3.
While the σCO monotonically increases with doping,
QCO exhibits an intriguing doping evolution. In the
under-doped regime, QCO is incommensurate and mono-
tonically decreases with increasing doping. Near the opti-
mal doping pop = 0.16 holes/Cu, QCO begins to saturate
near a commensurate value of 0.25 r.l.u. in the over-
doped regime. This indicates that CO may undergo a
qualitative change at a doping concentration pc, which is
located between 0.13 holes/Cu and optimal doping pop.
Interestingly, by comparing the CO periodicity (λ) and
the CO correlation length (ζ) as shown in Fig. 3(c), ζ/λ
becomes less than 1 for doping concentrations p > pc,
indicating that the correlation length is shorter than the
apparent CO periodicity. In other words, the CO is not
well defined, and the charge order fluctuating become
dominant in this region of phase diagram.

Notably, the temperature dependence of CO below Tc
reveals a subtle but intriguing doping dependent behav-
ior. While CO is suppressed in the superconducting state
in samples near optimal doping (e.g. UD90, OP96, and
OD90K), CO appears to be insensitive to superconduc-
tivity in the under-doped (e.g. UD70) and over-doped
(e.g. OD70) regions. To better quantify the CO suppres-
sion, Fig. 3(d) shows the CO order peak intensity ratio
between Tc and 15 K, i.e. I15K/ITc. In other words, the
CO suppression due to superconductivity is not mono-
tonic as a function of doping, indicating that the origin
of the suppression is likely more complex than the ap-
parent phase competition between CO and superconduc-
tivity. Interestingly, this suppression is most pronounced

near pc, which more or less coincides with the doping con-
centration where the QCO saturate to 0.25 r.l.u. (Fig. 3).

0.10

0.05

0.00

0.31

0.29

0.27

0.25

0.23

Q
C

o
 (

r.
l.
u

.)

 15 K

 Tc

/ Ref. 31/34 

 σ
C

O
 (
r.
l.
u

.)

0.250.200.150.100.05

doping p

2

1

0

I 1
5

 K
 / 

I T
c
 

(a)

(b) (d)

(c)

ζ
 /

 λ
 

1

0

0.250.200.150.100.05

doping p

FIG. 3. The doping dependence of (a) the CO ordering
wavevector, QCO and (b) the CO peak width σCO, repre-
sented by the standard deviation of the Gaussian peak used
to fit the CO peak profile. The UD45(0.08) and UD90(0.132)
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length ζ = a/(2πσCO), where σCO is shown in (b) and a
denotes the lattice constand a = 3.89 Å. (d) The CO peak
intensity ratio I15K/ITc between 15 K and Tc. The CO peak
intensity is defined as the CO peak profile height, subtracting
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Next, we examine the RIXS phonon anomalies near



5

E
n

e
rg

y
 l
o

s
s
 (

e
V

)

(a)

(b)

Min

Max

UD70 (0.103) UD90 (0.132) OP96 (0.160) OD90 (0.187) OD83 (0.200) OD70 (0.217)
0.10

0.05

0.00

-0.05

T
C

0.10

0.05

0.00

-0.05

15K

0.08

0.06

0.04

0.40.30.20.1

 15K

 Tc

q
//
 (r.l.u.)

E
n

e
rg

y
 (

e
V

)

0.40.30.20.1

q
//
 (r.l.u.)

0.40.30.20.1

q
//
 (r.l.u.)

0.40.30.20.1

q
//
 (r.l.u.)

0.40.30.20.1

q
//
 (r.l.u.)

0.40.30.20.1

q
//
 (r.l.u.)

2Δ
SC

2Δ
SC

2Δ
SC

2Δ
SC

2Δ
SC

2Δ
SC

FIG. 4. (a) RIXS phonon maps from Bi-2212 (quasi-elastic spectrum subtracted, see definition in Fig. 1(c).) taken at Tc and
15K. The intensity is normalized to the dd excitations (integrated peak area from 1 to 4 eV energy loss). The hole-doping of
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the uncertainty of the zero energy determination. Horizontal dashed lines indicate the superconducting gap (2∆SC) estimated
from Ref. [41] and [42] for the associated doping. The data of UD70 were taken at ID32, ESRF, whereas other data were taken
at I21 Diamond Light Source.

QCO, which are related to the underlying CO excitations.
Figure 4(a) shows the RIXS phonon maps at Tc and 15
K, well below Tc. At Tc, the dispersion softening near
QCO is most apparent in the underdoped regime and
becomes less and less pronounced with increased dop-
ing, essentially following the diminishing and broadening
CO order parameter in the quasi-elastic region (Fig. 2).
Yet, the evolution of the dispersion in the superconduct-
ing state at 15 K exhibits an intriguing doping depen-
dence. As shown in Fig. 4(b), in the UD70 and OD70
samples, whose CO peak profiles show little temperature
dependence at and below Tc, the phonon dispersion also
remains roughly the same after entering the supercon-
ducting state. In other words, the CO excitations to
which the RIXS phonons couple do not exhibit notice-
able changes when the system becomes superconducting
in the significantly under- and over-doped regimes. In
stark contrast, the samples near optimal doping (UD90,
OP96, and OD90) show strong phonon softening near
QCO, which becomes even more pronounced in the super-
conducting state. A similar doping dependence also seen
in the temperature dependence of the integrated phonon
intensity (Supplemental Fig. 6 [38]). The ”continuum”
of CO excitations must increase in the superconducting
state, despite of the fact that CO in the quasi-elastic
region decreases (see Fig. 2). The enhanced phonon soft-
ening near QCO reflects the anomalous enhancement of
CO excitations in the superconducting state. As summa-
rized in Fig. 5, it exhibits a dome-shaped doping depen-
dence, in connection with the superconductivity-induced
CO suppression in the quasi-elastic peak (Fig. 3(d)). We
note that the non-monotonic doping dependence of the

phonon softening at QCO is evident already in the raw
data, as shown in the Supplemental Fig. 5. [38]

As argued previously [34], the enhancement of CO ex-
citations in the superconducting state is due to the weak-
ening of electronic damping by the opening of the super-
conducting gap (2∆SC). This provides a similar damp-
ing reduction in UD70, UD90, OP96, and OD90 samples,
since 2∆SC is well-above the RIXS phonon energy near
QCO and rather doping insensitive in the under- and
optimally-doped regimes (Fig. 4(b) and Ref.[41, 42]).
Thus, the dome-shaped doping dependence of the RIXS
phonon shift (Fig. 5) in this portion of the phase dia-
gram should reflect the intrinsic doping dependence of
the CO excitation spectral weight. Though, at higher
dopings (OD83 and OD70) where 2∆SC becomes com-
parable to the RIXS phonon energy, the weakening of
the RIXS phonon enhancement in the superconducting
state results from both the reduction of the CO excita-
tion spectral weight but also the smaller 2∆SC .

DISCUSSION AND CONCLUSIONS

Whether CO in cuprates arises from Fermi surface
nesting or strong electronic correlations has been a topic
of considerable debate [43]. Our observation of QCO sat-
urating near a commensurate value of 0.25 r.l.u. (i.e.
4a0 periodicity) in the over-doped regime indicates that
the formation of CO is unlikely due to any Fermi surface
nesting because the nesting vector would continuously
decrease in such scenarios. We note that a similar con-
clusion has also been reached for the CO in La-based
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sition of the putative critical point of pseudogap state.

cuprates [44, 45]. That QCO locks in to a commensurate
value should have been a stabilizing force for CO; how-
ever, we observe a diminishing CO that becomes broader
and weaker in the overdoped regime. This observation
could be reconciled through discommensuration, an ef-
fect which can yield an incommensurate QCO in recip-
rocal space (i.e. x-ray scattering probes) from locally
commensurate 4a0 CO domains in real space, as seen by
STM [46]. Since this effect is highly sensitive to the pres-
ence of disorder, it should decrease with increasing hole
doping; thus, QCO seen by x-ray scattering should ap-
proach the commensurate value of 0.25 r.l.u., as shown
in our results. However appealing such a scenario may
be, it is incomplete, since the CO excitations and the as-
sociated RIXS phonon anomalies should not be affected
by discommensuration, but rather they should occur at
0.25 r.l.u. through out the entire phase diagram, which
is inconsistent with the data in the underdoped regime
(1 and Ref. [31]). This reveals a subtle but intriguing
apparent paradox that we present as a challenge to the
community.

The essence of the CO behavior throughout the Bi-
2212 phase diagram is summarized in Fig. 5. CO is ab-
sent in our AFM sample, suggesting that it emerges at a
finite doping concentrations in the heavily-underdoped
region. With increased doping, the CO wave-vector
shifts, the peak width increases, and the CO eventu-

ally becomes fluctuating for doping concentrations be-
yond some critical value pc. Beyond this point, the ap-
parent CO periodicity λ settles at a commensurate value
of 4ao and exceeds the correlation length ζ (i.e. ζ/λ < 1).
Remarkably, comparing the temperature dependence be-
tween Tc and 15 K (i.e. deep in the superconducting
state) also suggests the existence of such a characteris-
tic doping concentration. Near pc, the most pronounced
suppression of the CO order parameter occurs upon en-
tering the superconducting state. Concomitantly, we ob-
serve the strongest enhancement of the CO excitations in
the superconducting state, which manifest as the RIXS
phonon energy difference at QCO between Tc and 15 K
(Fig. 5). Therefore, taken together, these observations
are consistent with a scenario which identifies pc with the
closest approach to a CO QCP, where the CO should van-
ish and become fluctuating and the spectral weight asso-
ciated with the CO continuum would become the most
pronounced. We note that continuous broadening of the
quasi-elastic CO signal beyond pc indicates the lack of
a clearly defined phase transition and may provide fla-
vor of a “crossover”. Nevertheless, our observations of
enhanced CO excitations near pc indicate a possible in-
volvement of a quantum phase transition, which could be
broadened by the presence of disorder.

Previously, a number of experiments, including
ARPES [41, 47], STM [48], and transport measurements
[49, 50], have reported various anomalies across a charac-
teristic doping concentration pps ∼ 0.19, which has been
associated with the termination of the pseudogap phe-
nomena. In particular, a recent higher resolution ARPES
study shows that the pseudogap abruptly disappears at
pps ∼ 0.19, like a first order phase transition as a func-
tion of doping concentration [47]. The fact that the we
do not observe any abrupt changes in the CO behav-
ior across pps, indicates that CO and its excitations are
not directly associated with the pseudogap phenomena.
We note that the persistence of CO beyond pps in the
overdoped region of the phase diagram also has been re-
ported in La-based cuprates [51] and single layer Bi-2201
cuprates [52], lending further support to the disconnect
between CO and the pps anomalies.

Finally, our results suggest that the CO QCP appears
to coincide with optimal doping, raising an intriguing
question about the role of CO quantum fluctuation in the
mechanism for superconductivity. We note that as shown
in the Fig. 5, 2∆SC is essentially doping independent in
the range of 0.08 < p < 0.18, despite the strongest CO
excitation spectral weight at pc. Thus, we conclude that
the CO excitations do not play an obvious role in Cooper
pairing. Whether the CO excitations near a QCP could
boost TC or whether the pc being near optimal doping is
merely coincidental warrant future investigation.
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