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Copper oxide high-T. superconductors possess a number of
exotic orders that coexist with or are proximal to supercon-
ductivity. Quantum fluctuations associated with these orders
may account for the unusual characteristics of the normal
state, and possibly affect the superconductivity'. Yet, spec-
troscopic evidence for such quantum fluctuations remains
elusive. Here, we use resonant inelastic X-ray scattering to
reveal spectroscopic evidence of fluctuations associated with
a charge order>'* in nearly optimally doped Bi,Sr,CaCu,O; ;. In
the superconducting state, while the quasielastic charge order
signal decreases with temperature, the interplay between
charge order fluctuations and bond-stretching phonons in
the form of a Fano-like interference increases, an observation
that is incompatible with expectations for competing orders.
Invoking general principles, we argue that this behaviour
reflects the properties of a dissipative system near an order-
disorder quantum critical point, where the dissipation varies
with the opening of the pseudogap and superconducting gap
at low temperatures, leading to the proliferation of quantum
critical fluctuations, which melt charge order.

Charge order (CO), which is ubiquitous in hole-doped
cuprates™, is accompanied by a negligible lattice deformation
(approximately 0.1 pm, ref. '*); however, signatures of valence elec-
tron density modulations due to CO can be detected by resonant
inelastic X-ray scattering (RIXS) at the Cu L edge. RIXS resolves
both the quasistatic and dynamical inelastic signals®'¢, as high-
lighted in Fig. 1a, particularly the intensity of the inelastic branch of
excitations below 0.1eV. These excitations possess an energy scale
similar to that of bond-stretching phonons, which exhibit anoma-
lous softening and broadening in certain portions of reciprocal
space, observed using inelastic neutron scattering and non-resonant
inelastic X-ray scattering'”'®. These behaviours have suggested a
coupling with CO'”*® and possibly some form of charge collective
mode'’. However, while neutron and non-resonant X-ray scattering
measure the phonon self-energy (meaning the dynamical structure
factor), RIXS largely reflects the electron—-phonon coupling itself
and its interplay with charge excitations'®*. With superb momen-
tum resolution, RIXS at the Cu L edge has already revealed two dis-
tinct anomalies associated with CO excitations due to a Fano-like
interference effect', as shown in Fig. 1b: (1) an apparent soften-
ing of the RIXS phonon at the CO wave-vector (Q,), and (2) cre-
ation of a ‘funnel’-like spectral weight emanating from Q, with a

non-monotonic integrated momentum distribution whose maxi-
mum occurs at Q> Q..

Figure 1c shows the temperature evolution of CO in the quasi-
elastic region (Methods, and Extended Data Figs. 1 and 2) with
corresponding energy-integrated CO peak profiles in Fig. 1d. A
broad peak centred at approximately 0.25 reciprocal lattice units
(rlu.) already exists at 260K, essentially T*, the pseudogap tem-
perature’’. As the temperature decreases, the CO peak height gradu-
ally increases and the width narrows (Fig. le), consistent with an
increase in both the amplitude and correlation length of the order
parameter. The CO peak height reaches a maximum at T and
then decreases precipitously upon entering the superconducting
state (becoming less than one-third of the value at 90K), but with
a correlation length of roughly 30 A at 15K. These observations are
consistent with temperature evolution of CO in YBa,Cu,0,,,*” and
near-optimally doped La,_,Sr,CuO,'***, where reduction of CO for
T< T, was interpreted in terms of order parameter competition
with superconductivity.

A very different story emerges from the higher-energy inelastic
response, as shown in the raw data of Fig. 2a. Upon cooling from
260K, the RIXS phonon dispersion gradually softens roughly cen-
tred around Q,, from approximately 0.2 to 0.35r.l.u. (Fig. 2b).
Below the superconducting transition temperature T, this soften-
ing becomes more pronounced and a dip in the dispersion devel-
ops at Q. (Fig. 2b), in contrast to the substantial reduction in
quasielastic CO (Fig. 1 and Fig. 2a). Between 260K and 15K, the
RIXS phonon peak energy at Q, shifts from 58 meV to 36 meV
(inset of Fig. 2b). This shift is evident even in the raw data without
applying any fitting (Fig. 2c). Both the funnel-like spectral weight
(Fig. 2d) and integrated momentum-distribution curve for the pho-
non intensity (Fig. 2e) exhibit substantial enhancement once the
system enters the superconducting state.

These behaviours are different from the phonon self-energy
evolution in the superconducting state probed by non-resonant
inelastic X-ray and neutron scattering. The opening of a super-
conducting gap in the particle-hole continuum (here 24 ~ 80 meV;
ref. 2') should sharpen the bond-stretching phonon spectral width,
as its energy scale lies below 2A (ref. *?); however, the RIXS pho-
non width near Q broadens, with no obvious changes discernible
elsewhere (Fig. 2f). Neither can they be explained by a Kohn anom-
aly, which would require unrealistically large electron-phonon
coupling strength to produce the observed magnitude of softening.
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Fig. 1| Temperature dependence of the CO in the quasielastic region. a, Raw RIXS intensity map along the (0, 0)-(1,0) direction taken at T. (90 K). White
markers indicate the fitted peak positions of the excitations that possess an energy scale similar to that of bond-stretching phonons. The black dashed line
indicates Q. b, Top: RIXS phonon map obtained by subtracting the fitted elastic peak from raw data. Bottom: momentum-distribution curve of integrated

phonon intensity within the white dashed box in the top panel. The dashed line and arrow indicate Q.o and the maximum of the curve, respectively.

¢, Quasielastic maps taken at different temperatures obtained by subtracting the fitted phonon and background from raw data (Fig. 2a). d, CDW peak
profiles obtained by integrating the quasielastic maps within the white dashed boxes in €. The black curves are fits to CDW peak profiles using a Gaussian
function plus a linear background. a.u., arbitrary units. e, Fitted intensity (top) and FWHM (bottom) of CDW peak profiles at different temperatures.

The error bars are the s.d. of the fit except for the 130-K and 220-K data, whose error bars were estimated via the uncertainty of the linear background.

In addition, the Kohn anomaly should decrease concomitant to
the reduction in CO magnitude, as seen in the low-energy phonon
anomalies in yttrium barium copper oxide via IXS**. These again
testify to the fact that the RIXS phonon cross-section is reflective of
not the phonon self-energy, but rather the electron-phonon cou-
pling itself and its interplay with underlying charge excitations'**.
Thus, the enhancement of the RIXS phonon anomalies near Q,
should be attributed to an increase in spectral weight associated
with inelastic CO excitations in the superconducting state. Yet, the
contrasting temperature evolution shown in Figs. 1 and 2 reveals a
major paradox, which departs from the picture of order parameter
competition as in Landau theory, where the reduction of CO due to
superconductivity ultimately would lead to a weakening of the CO
excitations’ spectral weight, in contrast with our observations.

We propose a natural way to understand this temperature
dependence. Due to a much smaller mass for electrons than that
of atoms forming solids, an electronic crystal, such as the CO, can
be subjected to severe quantum zero-point motion that can reduce
the magnitude of the order. The fact that the weight of the CO
excitations at the elevated energies of the bond-stretching phonon
decouples from the magnitude of the static order parameter may
signal that the system lies in close proximity to a strong-coupling,
order-disorder, phase-driven quantum phase transition, rather
than one driven by amplitude fluctuations®. This is analogous to
dynamical stripes, which were based on a similar organization of
the spin excitations measured by inelastic neutron scattering’” in
the La family of cuprate superconductors. Figure 3 shows a sketch
of the evolution of a CO and the associated excitations (vertical
panels) when approaching the quantum critical point (QCP, g.(a))
via changing a conceptual tuning parameter g and ‘dissipation’ a.
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In an isolated quantum system (where there is no dissipation, so
a=0) with a g value far away from g on the ordered side (denoted
renormalized classical, RC) of the phase transition, excitations can
be characterized by (1) a static order parameter, (2) the associated
Goldstone bosons and (3) a branch-cut continuum associated with
quantum fluctuations of the quantum critical state (red shading
in Fig. 3), starting at energy @ ~ kT, and extending to high energy
(T, denotes the transition temperature in the RC region). Note that
in a commensurate CO system the zero-energy Goldstone modes
will acquire a pinning gap. We assume that this gap, if present, is
substantially smaller than the bond-stretching phonon energy and
the energy resolution of our RIXS instrument. At the QCP, both
the static order and Goldstone bosons vanish, with spectral weight
transferred into the continuum.

In practice, this should be a dissipative quantum phase transi-
tion”. The CO quantum fluctuations inevitably couple to the elec-
trons near the Fermi surface that dissipate the order parameter
quantum fluctuations via the creation of particle-hole excitations. It
is well documented that the coupling to a heat bath generically sup-
presses quantum fluctuations. A famous example is the Caldeira—
Leggett problem of a tunnelling particle that comes to a standstill
when the coupling to the heat bath exceeds a critical strength”. In
fact, the present situation is very close to the problem of a network
of resistively shunted Josephson junctions approaching the super-
conductor-insulator quantum phase transition. The (Euclidean)
path integral offers a simple explanation: the heat bath effectively
induces long-range interactions along the time direction that stiffen
the temporal fluctuations, driving the system away from the QCP.*’

Here, the dissipation should be strongly temperature dependent.
The opening of the pseudogap below T* and a clean gap (24) in
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Fig. 2 | The temperature dependence of RIXS phonon spectra. a, Raw RIXS intensity maps taken at different temperatures. b, Fitted RIXS phonon
dispersions at different temperatures. Inset: the phonon energy at in-plane projected momentum transfer g, =0.25r.L.u. The dashed line indicates the
superconducting transition temperature (T.). The error bars are estimated using the 95% confidence interval of the fit. ¢, Raw energy-loss spectrum at
~Q at different temperatures. The vertical dashed line indicates the phonon peak position at 260K, serving as a guide to the eye for the shift of position
at low temperatures. d, RIXS phonon maps obtained by subtracting the fit of the elastic peaks from the raw data. e, Integrated momentum-distribution
curves at different temperatures, obtained by integrating RIXS phonon maps within the white dashed boxes indicated in d. f, Temperature evolution of RIXS

phonon spectra at representative gy, as indicated by dashed lines in e.

the superconducting state will suppress the coupling to the particle-
hole excitations below the gap. This substantially reduces dissipa-
tion at low temperatures, thereby enhancing the order parameter
quantum fluctuations. We are unaware of explicit calculations deal-
ing with this motif, as a fixed dissipation parameter at zero tempera-
ture is usually considered. However, it is easy to see the qualitative
outcome (Fig. 3). At a given temperature, one can freeze  and com-
pute the distance from g.(a). Keeping the coupling constant fixed at
g, and decreasing the dissipation parameter, the fluctuations would

>
>

Fig. 3 | Dissipation and QCP. A sketch of the evolution of a CO and the
associated excitations (vertical panels) when approaching the QCP at
g.(a) via changing g at zero dissipation (grey panels) or varying dissipation
at g, near g, (light-red panels). The ordered side of the phase diagram is
yellow shaded (RC), while the disordered side is blue shaded (quantum
disordered, QD). The round red shading represents the static order at
=0 and q=Q,, whose intensity represents the magnitude of the order
parameter. The red shaded area in @ > O represents the branch-cut
continuum of quantum fluctuations associated with the order. The purple
lines represent the Goldstone mode associated with the order. Note that

in a commensurate CO system the zero-energy Goldstone modes will
acquire a pinning gap. The graininess of the continuum at higher dissipation
illustrates its suppression from larger dissipation.
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be restored due to reduced damping, effectively pushing the system
toward the QCP. In the context of our experimental observations,
entering the superconducting state suppresses dissipation such that
quantum fluctuations become more severe than those at higher
temperatures and melt the CO.

We can model the resulting RIXS spectrum as a superposition
between a discrete dispersive mode (bond-stretching phonon) and
a continuum of quantum fluctuations emanating from Q,. As is
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Fig. 4 | Modelling the Fano interference between CO excitations and bond-stretching phonons. a, Left: a sketch of the model to mimic the situation
when T < T.. The momentum dependence of the electron-bond-stretching phonon coupling strength is illustrated by the blue colour gradient along the
phonon dispersion curve. The CO excitation continuum (CO exc.) is illustrated by the red shaded area. The dispersion modified by Fano interference with
CO excitation is sketched as the purple curve (Fano ph.). Right: the Fano spectrum at Q= Q.. b, A sketch of the model and Fano spectra for T>> T, where
the CO is more damped in energy and broadened in momentum space, resulting a weaker Fano effect. ¢, Calculated phonon intensity maps for different

temperatures. A Gaussian convolution of 35-meV FWHM is applied to account

for the energy broadening due to instrument resolution in the experiment

data. d, The peak positions of the Fano spectra shown in ¢. Grey symbols are the experimental data of Fig. 2b. e, Integrated momentum-distribution curves
at different temperatures, obtained by integrating the maps shown in € from 0.01to 0.09eV. f, I" at different temperatures. The vertical dashed lines
indicate T and T*. The black dashed line indicates kT/h plus I',=0.04 eV. SC, superconductivity. The error bars were estimated from the range of I" that

can produce Fano phonon spectra at Qc, with a peak energy within the error ba
barsat 0.25r.lu.ind).

well known from Raman scattering, the coupling between a discrete
mode and a continuum can lead to a distortion of the combined
spectra, resulting in a Fano-like lineshape. This occurs where the
phonon branch intersects the continuum near Q. The spectra can
be modelled remarkably well using this simple and natural construc-
tion, where we take linearly dispersing electronic modes with fixed
spectral weight, attenuated by a temperature-dependent damping
constant. Their propagator takes the form of an anti-Lorentzian as a
function of w and momentum q

1 1
2:(q ) = ® — 2q(q) + il (T) T +24(q) +il(T)

where £,(q) =c|q— Q0| is the CO excitation energy at q, c is
the mode velocity and I'(T) is the damping, similar to the standard
form for quantum critical excitations. To account for the effect
of the finite CO correlation length on the continuum, we apply a
Gaussian momentum broadening on y,(q, @), whose full-width at
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rs of the data at the same momentum position (grey markers and the error

half-maximum (FWHM) corresponds to the CO width shown in
Fig. 1e (Methods). The Fano effect explains the CO-induced anoma-
lies in the RIXS phonon cross-section (for example Fig. 4a,b), where
the coupling reorganizes spectral weight according to the strength
of the continuum. Note that the apparent Fano phonon (mean-
ing the RIXS phonon) dispersion can substantially deviate from
the actual phonon dispersion due to only the phonon self-energy
in the momentum region where the Fano interference is strong.
By adjusting only I'(T) (Methods and Extended Data Fig. 3), we
can achieve excellent agreement with our temperature-dependent
data, including the energy-momentum intensity map (Fig. 4c),
phonon dispersion (Fig. 4d) and integrated phonon intensity
momentum-distribution curve (Fig. 4e). From the fit, as the
temperature decreases, the damping decreases, and appears to do so
more rapidly when approaching T (Fig. 4f), presumably due to the
opening of the superconductivity gap.

Interestingly, the increment of I'(T) is of the same order of
magnitude as the Planckian dissipation’, kT/A, consistent with our
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conjecture of dealing with strongly interacting quantum critical-
ity””. We note that the zero-temperature residue Iy~ 40meV may
be related to a disorder pinning gap or the effective gap in the quan-
tum critical spectra, which are beyond the resolution of our current
data. Higher-resolution RIXS spectra would allow us to gain further
insight into the lower-energy structure of the electronic continuum.

Our results provide support for the existence of quantum phase
fluctuations inside the superconducting dome, with the corre-
sponding CO QCP located near the optimal doping in our Bi-2212
sample. Furthermore, our proposed dissipation-driven quantum
melting of CO provides a fresh perspective on the relationship
between CO and superconductivity, which is beyond a simple com-
petition. It may provide a natural explanation for the lack of CO
reduction inside the superconducting state of some other cuprates.
Experiments on single-layer Bi-based cuprates (Bi-2201, ref. ') and
underdoped La,_,Sr,CuO, (ref. *) tend to show CO largely insen-
sitive to superconductivity. This lack of quantum melting of CO
implies that proximity to the CO QCP may be material dependent;
for some materials, the QCP even may lie beyond the superconduct-
ing dome’. In stripe-ordered La,_,Ba,CuO,, signatures of charge
density wave (CDW) excitations were also reported in underdoped
compounds™®, and attributed to phase modes™. We argue that
La,_,Ba,CuO, near x=1/8 probably sits in the RC regime of Fig.
3, since the associated CO is more robust and heavily suppresses
superconductivity around this doping level. Taken together with
the coexisting spin order, it would be of great interest to identify
signatures of all these modes as functions of doping and tempera-
ture. Finally, a broad CO feature still exists at 7**, and the excita-
tions already play a role at high temperatures, where we find the
pseudogap and strange metal behaviour'. So, it may well be that the
pseudogap and the strange metal behaviours are intimately con-
nected with this quantum critical CO state.

Although the proposed picture provides a plausible resolution
to the observed discrepancy between the temperature dependence
of the RIXS phonon softening and the CO parameter, the spectro-
scopic traces are indirect, effectively scrambled by the Fano physics.
We leave it as a challenge for other forms of spectroscopy to obtain a
clearer view of this spectrum. Spectroscopies that can observe more
directly CO fluctuations in a large momentum and energy regime
can help to further refine the picture of dissipative CO quantum
criticality by a metallic heat bath.
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Methods

Materials. High-quality Bi-2212 (Bi, ,Pb,,Sr, ;CaCu,Oy,;) single crystals were
grown by floating-zone methods. The crystals were annealed in nitrogen
atmosphere to achieve a nearly optimally doped hole concentration with T.=90K;
this corresponds to a doping concentration of ~13% holes per Cu cation. Flat

crystals with a sharp Laue pattern were selected for the reported RIXS experiments.

Ultrahigh-resolution RIXS measurements. The RIXS measurements were
performed using the RIXS spectrometer at the 121 RIXS beamline of the

Diamond Light Source in the United Kingdom. The RIXS spectra were taken

with the photon energy of the incident X-rays tuned to the maximum of the
absorption curve near the Cu L, edge (Extended Data Fig. 1a). The scattering
geometry is sketched in Extended Data Fig. 1b. The data were collected with a
linear vertical polarization (c polarization) of the incident beam. The energy
resolution was AE=35meV (FWHM) at the Cu L, edge. The scattering angle

of the spectrometer was set at 26 =146°. Since the electronic state in Bi-2212 is
quasi-two-dimensional, that is, rather independent along the ¢ axis, the data shown
in this report are plotted as a function of g, that is, the projection of q=k; -k onto
the CuO, plane. k; and k; represent the incident and scattering photon momenta.
Different g, (projections of the scattering vector q along [100]) were obtained by
rotating the samples around the vertical b axis. Note that the scattering vector q is
denoted using the pseudotetragonal unit cell with a=b=3.82 A and c=30.84 4,
where the ¢ axis is normal to the sample surface. In our convention, positive

q, corresponds to grazing-emission geometry and negative g, corresponds to
grazing-incidence geometry. For all RIXS data the g resolution is smaller

than 0.02r.Lu.

Data analysis and fitting. The data were normalized to incident photon flux

and corrected for self-absorption effects using the formalism described in the
Supplemental Material of ref. . The zero-energy positions were determined by
comparing the spectrum recorded from a small amount of silver paint (at each

q,) near the sample surface, and fine tuned using the fitted elastic peak position,

as shown in Extended Data Fig. 2a. The fitting model involves a Gaussian (elastic
peak), an anti-Lorentzian (phonon peak) and a background using the tail of an
antisymmetrized Lorentzian. The model is convolved with the energy resolution
of the RIXS instrument (FWHM = 35 meV, Gaussian convolution) and fitted to the
data. The results of these fits are presented in Extended Data Fig. 2b.

From this fitting analysis, we extracted the dispersion (peak positions) of the
RIXS phonon shown in Fig. 2b. In addition, we also obtained the quasielastic
maps in Fig. 1b,c and phonon maps in Fig. 2d by respectively subtracting the fitted
phonon and elastic peaks from the raw data.

The CO peak profiles shown in Fig. 1e were fitted to a Gaussian peak with
a linear background. For T=130-K and 220-K data, the linear background is
estimated by linear interpolation between the 90-K and 260-K data. The error bars
of 130-K and 220-K data were estimated by the difference of the fitted parameter
value using T'=90-K and 260-K background, respectively.

Model simulation of Fano effect between CO excitations and the
bond-stretching phonons. An explicit calculation for the RIXS spectral function
involves a four-particle correlation function, with an accurate description of the
quantum critical charge-ordered state for the cuprates. Since such a description
is not currently available, we instead appeal to general phenomenology and
model the RIXS spectra as having a Fano lineshape, whereby the phonon seen in
RIXS interacts with a charged particle continuum, that is CO collective modes.
The Fano spectra were modelled using the form of the Raman response® with

a straightforward generalization to finite q by using momentum-dependent
electronic susceptibility (for CO excitations), phonon dispersion and electron—
phonon coupling:

(0tw,(q))*
0~y () ) +2w1(Q); (g

. 2
{rrao|o-o@rurnen (25)]
2w 2 Aqw)]?
+4gpp (@)1 ((a)+uE:l()q))> {1 + }i‘(lq))] }

0,(q) = w,(q)/1 + B(q) sets the position of the antiresonance of the lineshape

with f(q) = %, where g,(q) is the electron-phonon coupling vertex,

w,(q) is the bare phonon frequency and y, is a symmetry element of the Raman
vertex projected out by the incoming and outgoing photon polarization vectors.
For simplicity, we use the full charge vertex and set y, to 1. y,(q,) is the
momentum-dependent complex electronic susceptibility representing the

CO excitations that causes the Fano effect on the phonon spectrum, whose

real and imaginary parts are denoted as y’,(q, @) and x(q, ), respectively.

Xi-{ano(q7 m) = (
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The renormalized phonon frequency is defined through the following equation:
1(q,0)* = 0,(q)*(1 — A(q, w)), where A(q, ®) = 2g,(Q)%' (@ w)/w,(q). T, is the
renormalized linewidth of the phonon, I',(q, w) =T} +g,(q)* ¥} (q, ®), where I';' is
the intrinsic damping of the phonon away from Q. Finally, g,,,(q) represents the
photon-phonon coupling, which in principle is derivable from the direct resonant
matrix elements®.

Many of the parameters can be well constrained by the data. For example,
the renormalized phonon frequency and linewidth can be obtained from the
energy and momentum position of the phonon intensity near Qco, while
the bare phonon parameters can be obtained away from Q. The electronic
response y,(q, ®) is determined by the response at low energies near Q, given
the parameters of the CO collective modes. Finally, g,.(q) sets the overall
intensity of the phonon relative to the continuum and $(q) sets the position
of the antiresonance (depletion of spectral weight) on the high-energy side
of the phonon.

In this calculation, the momentum-dependent electron-bond-stretching
phonon coupling takes the expected form g,(q) = ggg sin(5}) for deformational
coupling with g, =0.123. Constrained by the bond-stretching phonon
energies at small q and near the zone boundary, we model the phonon
dispersion w;(q) = 0.08 — 0.014sin () in units of electron volts. The intrinsic
phonon bandwidth I';! is set to 0.005eV. g,,(q) is expected to have the same
functional form as g,(q), thus, gy,(q) = gyp sin(5}) with g,,=0.475. Taking the

simplest form for the electronic susceptibility of CO excitations, we assume

_ 1 1
1:(q,0) = D=0 HI(T) @+ Q@+l

a density-of-states factor, which we assumed is a constant, and found that a value
of 0.14 yields good agreement with our data. We use ¢ = /0.4eV r, with good
agreement with the data. In addition, to account for the finite correlation length of
CO, we also apply a Gaussian broadening on y,(q, w) with FWHM corresponding
to the CO width (Fig. 1e) to obtain the continuum of the CO quantum fluctuations
(Fig. 1b). To determine I°(T), we fit the peak positions of the Fano spectrum near
Qco to those in the data shown in Fig. 2b, while fixing other parameters.

il The y,(q, w) should also be multiplied by
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All other data that support the plots within this paper and other findings of this
study are available from the corresponding author upon reasonable request.
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Extended Data Fig. 1| RIXS experiment and scattering geometry. a, A representative RIXS spectral taking at Cu L;-edge. In this work, we discuss the
inelastic scattering signal below 0.1eV. The inset shows a typical x-ray absorption curve across the Cu L;-edge, taken by measuring total florescent yield.
b, A sketch of the scattering geometry. The crystal axes are denoted as g, b and c. k; and k; represent the incident and scattering photon momentum.

20 is the scattering angle. The yellow arrow represents the polarization of the incident x-ray. All the data shown in this manuscript were taken using
incident beam with sigma polarization.
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Extended Data Fig. 2 | Raw RIXS spectra and Fitting. a, An example of the spectra fitting. The fit function consists of a Gaussian function for the elastic
peak (blue), an anti-Lorentzian function for the RIXS phonon (red), and a smooth background from high energy (black dashed line). The fit function is
convoluted with a Gaussian function with a FWHM corresponding to the energy resolution of the RIXS instrument and fit to the data. b, All Raw RIXS
spectra discussed in this work. The red curves are the fits, showing good agreements with the experimental data.
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Extended Data Fig. 3 | CO excitations continuum used in the model. a, Intensity map of Im[y,(q,w)] with for modeling 15K data. b, Energy distribution
curves at Qg (the vertical black dashed lines in a) with different values of the damping I that are used to model the temperature dependence behavior
shown in Fig. 4c. ¢, Momentum distribution curve at 0.06 eV (the horizontal black dashed lines in a), approximately at the bond-stretching phonon energy.
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