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The many-body electron-electron interaction in cuprates causes broadening of the electronic bands in k space,
leading to a deviation from the standard Fermi liquid. While a k-dependent anisotropic electronic scattering
(k-DAES) has been assessed by photoemission, its fingerprint in Q space has been scarcely considered. Here,
we explore the Q-dependent electron dynamics in optimally doped Bi,Sr,CaCu,Og, s through the evolution of
low-energy charge excitations as measured by resonant inelastic x-ray scattering (RIXS). In the normal state,
the RIXS spectra display a continuum of excitations down to 0 meV, while the superconducting state features
a spectral weight suppression below 80 meV without any enhancement at higher energies. To interpret the

energy and Q evolution of our data, we introduce a phenomenological expression of the charge susceptibility
by including the k-DAES. We show that only the charge susceptibility with k-DAES captures the RIXS data,
highlighting the importance of k-DAES when describing the Q dependence of charge excitations from 0 to a few
eV scale. Furthermore, we also find that the inclusion of k-DAES is essential when quantitative parameters such
as the electronic energy gap are extracted from RIXS data.
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I. INTRODUCTION

In Bardeen-Cooper-Schrieffer theory, electron-phonon
coupling generates an effective attractive interaction between
two electrons to form the so-called Cooper pairs, whose con-
densation at low temperature gives rise to superconductivity
[1]. This concept, however, fails to account for unconventional
superconductivity in cuprates [2] that appears at a higher
temperature than what the electron-phonon coupling can sup-
port [3]. Instead, strong electron-electron (el-el) interaction
features in these unusual cases and is believed to play a
predominant role for the formation of Cooper pairs [4]. In
addition, it has also been argued that the el-el interaction is
at the root of multiple exotic phases of cuprates, such as mag-
netism, charge or spin density waves, pseudogap, and strange
metal behaviors [4]. Therefore, the understanding of el-el
interaction is crucial to achieving a physical understanding of
these phenomena and of unconventional superconductivity.
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Generally, such strong el-el interaction can significantly
alter the electron dynamics in cuprates, leading to the de-
viation from a Fermi liquid. Indeed, Raman scattering or
infrared reflectivity experiments revealed a strong electron
damping, i.e., an anomalous scattering rate that displays a lin-
ear variation with temperature and electron energy [5-9] and
that is suppressed in the superconducting (SC) state [10,11].
These unusual behaviors could be partially described by the
theory of “marginal Fermi liquids” [12], which is, however,
incapable of explaining the anisotropy of the scattering rate
[13,14] in k space, as reported by angle-resolved photoe-
mission spectroscopy (ARPES) [15-18]. While the origin of
k-dependent anisotropic electron scattering (k-DAES) is still
the subject of debate, two contributions to the anomalous elec-
tron scattering in cuprates seem clear: (1) anisotropic elastic
scattering possibly associated with impurity scattering [9,19]
or the pseudogap [17]; (2) the inelastic part arising from the
spin-fluctuation scattering [20-22].

Nonetheless, the impact of k-DAES on the cuprate electron
dynamics has been scarcely discussed in Q space [23,24].
It is, however, important to experimentally address this
point to refine models of the electron response at finite Q.
Here, we examine the electron dynamics of optimally doped
Bi;Sr,CaCu,0g5 (Bi2212) using resonant inelastic x-ray
scattering (RIXS), a momentum-resolved two-particle probe
[25,26]. We study the low-energy charge excitations across the
electronic energy gap of Bi2212 using high-resolution RIXS
at the Cu L3 edge, below and above 7. In the normal (N) state,
we observe a continuum of excitations down to ~0 meV. In
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FIG. 1. Sketch of particle-hole excitations across the energy gap in k space and the calculation of charge susceptibility x.(Q, w). (a) A
particle-hole excitation at Q =k — k', stemming from electron hopping from the lower band to the upper one along the nodal (Q, Q)
direction. The bottom plane outlines a quadrant of the Brillouin zone of cuprates. The shaded arc on the bottom plane represents a simplified
Fermi surface of cuprates, while the width denotes the anisotropy of FE,Ck(‘U) in the antinodal (Cu-O) region. The black dashed line indicates the
nodal (diagonal Cu-Cu) direction. (b) Representation of the anisotropic k dependence of FZ?k(a)) considered in the calculation of Imy.(Q, w)
in the SC state. Eight Gaussian curves (indicated by red circles) centered at antinodal points are used to model the anisotropic momentum
dependence. (c), (d) Imy.(Q, w) along nodal and antinodal directions in the SC state, without (c) and with (d) the anisotropic k dependence in
Fz(fk(a)). Imx.(Q, ) in (d) was obtained for Fz?k(w) derived from A = 6 and o = 0.457; see Eq. (1). (e) Imy.(Q, w) in the normal state. (f)
Imy.(Q, w) at (0.02, 0.02). The teal and blue dashed lines are the spectral difference between the normal and SC states without and with the
k-DAES, respectively. The black dashed lines in (c)—(f) indicate the electronic energy gap size (~30 meV) of nearly optimally dopped Bi2212.

the SC state, a spectral suppression emerges up to 80 meV
and displays a momentum dependence, consistent with the
opening of the electronic energy gap. However, no spectral
weight enhancement manifests at higher energies (=80 meV),
contradicting expectations based on spectral weight conserva-
tion. To explain our observations, we model the RIXS charge
response in the SC state with the charge susceptibility for-
mulated as a function of k-DAES. We found that only charge
susceptibility including k-DAES captures the data and their
momentum dependence. Our results prove that besides cap-
turing the opening of the electronic energy gap [27-29], we
can extract the electron dynamics including the damping in
reciprocal space. This aspect therefore needs to be accounted
for when quantifying the magnitude of the electronic energy

gap.

II. CHARGE SUSCEPTIBILITY

To start, we need to formulate a calculation of the charge
susceptibility x.(Q, ). Distinct from single-particle probes,
such as ARPES, RIXS is a two-photon process, requiring
the consideration of both occupied and unoccupied bands
to describe the created particle-hole excitations. Figure 1(a)
depicts a specific particle-hole excitation across the energy
gap with d-wave symmetry along the nodal direction and
exchanged momentum Q = k—k’. The RIXS response for

charge excitations is the combination of all particle-hole pairs
satisfying the momentum conservation Q = k—k’. We approx-
imate the RIXS response of charge excitations as proportional
to the charge dynamic structure factor, RS o §.(Q, w) =
Imy.(Q, )/[1 — e~®/*T)] [25,27,30], where Q and w are,
respectively, the momentum and energy transfer from the
photon to the material. The imaginary of charge susceptibility
Imy.(Q, w) is extracted from a tight binding model as re-
ported in Eqgs. (Al) and (A2) of Appendix A for the SC or
N state. Below we focus on the momentum k-dependent scat-
tering rate Fffk (w) for a given @ as it is the dominant physical
quantity in x.(Q, ) that is sensitive to the electron-electron
interaction in the SC state:

T (@)

wn

eIkl /20%) 4 e—lk+Q—k,-2/(2<72):| o

x|14+A Z
|: P J2ro

In the above equation, the first square bracket contains the
Heaviside step function H[x] and refers to the energy de-
pendence of the scattering rate separated by the energy gap
2A with a d-wave symmetry that primarily originates from
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the superconducting phase but also partially from the pseu-
dogap [20,31-33]. The scattering rate is assumed to follow
an w-linear marginal Fermi liquid form outside the gap and
an " power law (with n = 2) inside the gap expressing a
suppression of the rate due to the gap. Note that the choice of a
larger value of n, for example, n = 3, does not change our con-
clusions. The second term phenomenologically describes the
anisotropic k dependence of Fack (w) [13-18], which captures
the pseudogap physics in cuprates and is overall represented
by eight Gaussians at the four antinodal points k;; see the red
circles in the Bi2212 Fermi surface illustrated in Fig. 1(b).
The prefactor A and the width o, respectively, characterize
the magnitude and the extent of the anisotropy in momentum
space. This form of Fz(,jk(w) successfully captures the essen-
tial behavior of the electron dynamics in cuprates as reported
in previous studies [16,34-36]. With such formulation, we can
thus switch on (A # 0) or off (A = 0) the anisotropic k de-
pendence of scattering rate for the calculation of Imy, .(Q, w)
in the SC state, evaluating its impact on the RIXS cross
section.

Figures 1(c) and 1(d) show the calculated Imyx.(Q, ®) in
momentum-energy space for the SC state with A = 30 meV,
without and with the anisotropic k dependence of FZ?k(w).
Hereinafter, we refer to these cases as "non-k-dependent"
and "k-dependent," respectively. We focus on two reciprocal
space directions: the antinodal (Q, 0) and nodal (Q, Q). In the
non-k-dependent case, see Fig. 1(c), the opening of the energy
gap pushes the spectral weight of the charge excitations above
the ~A for any Q directions, leading to a sharp intensity en-
hancement peaked at ~1.5A around the Brillouin zone (BZ)
center [28]. In this work, we call this enhancement a hump
structure [37]. When switching on the anisotropic k depen-
dence of FZ?k(w), see Fig. 1(d) (A = 6, 0 = 0.457), the hump
structure gets heavily suppressed, and overall the spectral
weight along both antinodal (Q, 0) and nodal (Q, Q) direc-
tions weakens and shifts towards lower energies than the
non-k-dependent case. We note that, however, for large Q
values (|Q| 2 0.15) the spectral shapes of Imy.(Q, w) for
both cases become broad and indistinguishable besides an
overall scaling factor. For completeness, we report in Fig. 1(e)
the Imyx.(Q, w) in the normal state, where the scattering rate
I'N(w) is approximated as a linear function of the electron
energy o following the marginal Fermi liquid form [12] (See
Appendix A). Strong charge excitations appear in both direc-
tions, ungapped at the BZ center and linearly dispersing in
energy with an increasing width in the high-Q regions.

To better visualize how Imx.(Q, w) varies between the SC
and N states, we take the calculations at Q = (0.02, 0.02)
[Figs. 1(c)-1(e)] and compare them with spectral differences
SC-N (dashed lines) [Fig. 1(f) (solid lines)]. In the non-k-
dependent scenario, the calculated SC-N difference yields a
characteristic dip-peak-like feature (green dashed line), ow-
ing to the formation of the hump structure in the SC state
at energies larger than A [28]. In the k-dependent scenario,
instead, the SC-N yields a simpler diplike feature with a min-
imum below A. In Fig. 5 we display the complete SC-N map
in reciprocal space. We note a stronger contrast of SC-N along
the nodal direction up to @ ~ (0.1, 0.1) rather than along the
antinodal direction. Therefore, by experimentally investigat-
ing the SC-N spectral difference along the nodal direction and

as a function of Q around the BZ center, we aim at unraveling
the electron dynamics in Bi2212 with RIXS. To this purpose,
high-resolution RIXS is required to access the spectrum in the
energy scale of A.

III. EXPERIMENTAL DETAILS

A high-quality single crystal of nearly optimally doped
Bi;Sr,CaCu,0g45 (T, =91 K, T* ~ 190 K) [38] was used
for this study. The samples were grown by the traveling-
solvent floating-zone method [39] and characterized by
ARPES as described in previously published works [34,40]. A
fresh surface was prepared in air by cleaving with Scotch tape,
just before loading the sample in the vacuum chamber. The
RIXS experiment was performed at the SIX 2-ID beamline of
the National Synchrotron Light Source II [41], with an energy
resolution of AE ~ 35 meV (full width at half maximum)
at the Cu L3 edge. The momentum resolution was estimated
to be ~0.007 r.l.u. by considering the angular acceptance of
the RIXS spectrometer. The sample was mounted with the
surface normal [001] and the [110] axis lying in the scattering
plane. Throughout the experiment, the scattering angle was
fixed to 150°. The Miller indices in this study are defined
by a pseudotetragonal unit cell, with a = b = 3.82 A and
c=30.7A [42]. The momentum transfer @ is defined in re-
ciprocal lattice units (r.l.u.) as Q = Ha* + Kb* + Lc* where
la*| = 27 /a, etc.

The RIXS spectra were measured at three Q points with
an incident photon energy tuned to the maximum of the Cu
L; absorption peak. Linear-vertical polarization was used to
maximize the charge contribution in the RIXS spectra [43]. A
previous RIXS study [28] demonstrated that the temperature
dependence of the RIXS cross section is sensitive to both T
and T*; therefore to maximize the spectral contrast in our
experimental data, we focused on two extreme conditions,
T <T. (40 K) and T > T* (250 K). All spectra presented
here are normalized to the integrated spectral weight in the
region 1.0 — 4.0 eV [29]. The zero energy of the RIXS spec-
tra was determined by fitting the spectrum within the region
—120 — 20 meV with a Voigt function whose width was con-
strained to the energy resolution.

IV. RESULTS AND DISCUSSION

Figure 2(a) reports the RIXS spectra at @ = (0.02, 0.02)
in the SC (blue open dots) and normal (red open dots) states.
In the low-energy region, we can identify multiple excitations,
previously discussed in RIXS studies of Bi-based cuprates
[42,44-47]. The peaks at ~80 and ~125 meV correspond,
respectively, to the apical phonon (labeled Phononl) and a
combined phonon mode (labeled Phonon2) between the api-
cal and the A, phonons [48]. At higher energies, the broad
spectral weight stretching even beyond 250 meV is associated
with the paramagnon mode [42,44,47]. While these excita-
tions do not show relevant temperature dependence between
40 and 250 K, we observe instead a suppression of the spectral
weight in the SC state, affecting the elastic energy range up
to almost the first phonon mode. The elastic peak variation
between 40 and 250 K and its momentum evolution are dis-
cussed in Appendix D, showing a strong connection with the
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FIG. 2. Cu L; RIXS spectra at (0.02, 0.02). (a) Data collected
below (40 K, blue dotted line) and above (250 K, red dotted line) 7.
The dashed gray curve represents the elastic peak at 40 K modeled
with a Voigt line shape. (b) RIXS spectra after elastic subtraction.
The black dots refer to the spectral difference between the SC and
normal states. The lines here correspond to the smoothed data. The
error bars in the RIXS spectra are determined assuming a Poisson
statistics, while the error bars in spectral difference are the sum of
those from each RIXS spectrum.

opening of the energy gap in the SC state. Here, we focus on
the quasielastic portion of the RIXS data; see Fig. 2(b) after
elastic peak removal. The spectral weight below ~80 meV
is clearly suppressed at 40 K with respect to 250 K. Such
a behavior is incompatible with a pure thermal effect, as it
would broaden the high-temperature data. Our observation
thus suggests an electronic origin connected with the cross-
ing of 7, behind this response, which resembles the electron
redistribution caused by the gap opening; see Fig. 1(f) and
Ref. [28].

To assess the spectral variation between SC and N states
versus @, we introduce the difference spectrum 40-250 K;
see the black dotted line in Fig. 2(b). Figure 3(a) presents data
at 0 = (0.02, 0.02), (0.04, 0.04), and (0.06, 0.06) using the
same format introduced in Fig. 2(b). A clear diplike shape is
observed in the 40-250 K spectra at the various Q points. The
dip is centered around ~30 meV at Q@ = (0.02, 0.02), and
its center of mass quickly shifts towards higher energies, i.e.,
~50 meV, as @ is increased to (0.06, 0.06) [see red triangles
in Fig. 3(a)].

To comprehend this observation, we compare the RIXS
data to the simulated spectra obtained from a model composed
of two Gaussian peaks accounting for Phononl and Phonon2,
a heavily damped harmonic oscillator [49] accounting for
the paramagnon, and the charge dynamic structure factor
S:(Q, w) accounting for the low-energy charge response, all
convoluted with the instrumental resolution. Details about
the model are presented in Appendix B. For the Imy.(Q, )
calculations, we further consider the non-k-dependent and
k-dependent scattering rates for the SC state, and only one
case for the N state.

When the k-dependent scattering rate is included, see
Fig. 3(b), the calculated SC-N spectra (black dashed line)
display a diplike shape with a momentum-dependent dip
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FIG. 3. Momentum dependence of RIXS spectra in the normal and SC states, and the corresponding simulations along the nodal direction.
(a) RIXS spectra after the subtraction of elastic peaks and difference between the SC and N states spectra. The (dashed) lines are smoothed
results. The error bars are defined as described in Fig. 2. (b), (c) are the simulations calculated with and without the k-DAES. The red triangles
in (a), (b), respectively, characterize the center of mass or the position of the dip features in the spectral differences. We note that all calculated
SC-N curves present a weak spectral weight up to ~200 meV, which is not captured in the experimental data. We associate this with the low
sensitivity of high-resolution RIXS to broad and weak signals, or possibly with other weak overlapping excitations.
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position that moves towards higher energies, i.e., ~60 meV
when @ is increased to (0.06, 0.06). In the non-k-dependent
case, see Fig. 3(c), the calculated SC-N spectra display a
dip-peak-like shape with a @-dependent nodal point mov-
ing to higher energies for larger Os. From these simulated
spectra, we can exclude a phononic or magnetic origin for
the O-dependent behavior of SC-N, given that phonons and
paramagnons have negligible energy dispersion within the
investigated Q range [44,47]. Rather, it indicates a sizable con-
tribution from the charge response to the overall low-energy
spectral weight. In fact, the simulated SC-N difference spectra
in Figs. 3(c) and 3(d) and their momentum dependence come
primarily from intrinsic changes in Imy.(Q, w) rather than
changes in the Bose factor; see Figs. 1(c)-1(f) and 5.

By comparing the data in Fig. 3(a) with the simulations, it
emerges that the k-dependent scenario captures our main ob-
servations: (1) there is no trace of the hump structure; (2) the
difference spectra match the simulations in Fig. 3(b) in terms
of spectral shape and momentum dependence. The parameter
optimization used in Fig. 3(b) is presented in Appendix C
where the pair of (A, o) was selected to simultaneously sat-
isfy our RIXS data as well as ARPES data [15,16]. From
a quantitative point of view, we also obtain good agreement
between the measured and calculated SC-N dip positions
at @ = (0.04, 0.04) and (0.06, 0.06). However, we overes-
timate it at @ = (0.02, 0.02), likely due to its proximity
to the subtracted quasielastic peak. Indeed, as discussed in
Appendix D where we examine the raw spectra before any
elastic subtraction—we observe a stronger intensity variation
of the 40-250 K spectrum in correspondence to the quasielas-
tic line at @ = (0.02, 0.02) as compared to slightly larger
Q’s; see Fig. 9. The same observation was found on a different
cuprate material, La; g5Srg.15CuQy; see Fig. 10. We interpret
these findings as the direct fingerprint of the gap closure
at Q ~ 0; thus the spectral distribution in the normal state
concentrates below A, partially mixing with the elastic line
of the RIXS spectra.

Our analysis demonstrates the need for including the k-
DAES to describe the Q-space electron dynamics probed by
RIXS. This enables us to examine the sensitivity of RIXS to
the magnitude of A. Figure 4 displays the RIXS spectra and
the simulations for different values of A at @ = (0.02, 0.02).
As discussed in Fig. 1, the spectral weight is pushed at higher
energy than ~A in the presence of the k-DAES in the SC
state, thus causing the SC-N line to assume a spectral shape
depending on A. Comparing the calculated SC-N spectra to
our data, good agreement can be reached when A < 40 meV,
because a dip-peak-like shape comes out for larger A values
(see the hump feature indicated by a blue triangle in Fig. 4),
contrary to the experimental observations that present only
a dip. This result is consistent with the A size of optimally
doped Bi2212 (~30 meV), as known from other studies [36].
Note that the spectral difference SC-N for smaller A comes
from the k-DAES, more than the presence of the energy gap.
Thus, it is necessary to account for the proper electron behav-
ior, i.e., the k-DAES in the case of cuprates, when extracting
the magnitude of A from RIXS data.

Finally, we comment that the impact of k-DAES stretches
well above the superconducting gap energy scale, affecting
charge excitations up to a few eV as covered by Imy.(Q, »)

Cu Ly RIXS at (0.02, 0.02)

5 40K
5 250K
} 40K-250K

¢
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FIG. 4. RIXS spectra at @ = (0.02, 0.02) and simulations de-
rived from different A values. The k-DAES was fixed for all
simulations and generated from A = 6 and 0 = 0.457. The blue tri-
angle indicates the hump feature emerging in the calculated spectral
difference for A > 40 meV.

at the BZ boundary. This suggests that k-DAES in the SC state
should be included in general when modeling charge excita-
tions in cuprates, e.g., temperature dependence of plasmonic
excitations.

V. CONCLUSION

In summary, we investigated the low-energy charge excita-
tions of optimally doped Bi2212 across the SC gap with RIXS.
By comparing spectra measured in the SC and normal states at
different Q points close to the BZ center, we find a suppression
of spectral weight in the SC state below ~80 meV, without
observing any enhancement at higher energies. The extracted
SC-N difference spectra, shaped as a dip centered around A at
0 = (0.02, 0.02), further display a shift towards higher ener-
gies as @ is increased. Such observations are well captured by
charge susceptibility calculations when a k-DAES is included.
These results demonstrate the sensitivity of RIXS to the
intrinsic electron dynamics of the cuprate superconductors,
and more broadly the impact of the k-DAES in Q-sensitive
techniques up to a few eV of energy scale. The theoretical
models explaining the dynamics of charge excitations such
as acoustic and optical plasmons in hole- and electron-doped
cuprates should properly account for the k-DAES [23,24,50—
55]. Furthermore, we demonstrate that RIXS can be used to
extract the size of the electronic energy gap A, making it
a complementary method to other established probes such
as ARPES and scanning tunneling microscopy (STM), and
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opening the route to the ultrafast regime. Our findings, in com-
bination with high-energy resolution RIXS, lay the foundation
for studying the electron dynamics and the energy gap size
in bulk and complex heterostructures, and buried and twisted
layers [56-59]. For instance, the RIXS has unveiled peculiar
electron behaviors in superconducting infinite layer nickelates
which, however, cannot be accessed by the surface-sensitive
probes due to the SrTiOs capping layer [60-63].
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APPENDIX A: CHARGE
SUSCEPTIBILITY CALCULATION

It has been shown that the RIXS cross section is pro-
portional to the charge dynamic structure factor, IRXS o
S:(Q, ) = Imy.(Q, w)/[1 — e=®/*1)] [25,27,30], where Q
and w are, respectively, the momentum and energy transfer
from the photon to the material. Here, we firstly calcu-
late the imaginary of charge susceptibility Imy.(Q, @) as a
function of both momentum and energy. The x.(Q, w) for
superconducting (SC) and normal (N) states is expressed,
respectively, as
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where Qi o = (exér +Q — AxAr + Q)/ExEpyg with Ep =
\/8,% + A,% and the d-wave gap Ax = %[cos(kx) — cos(ky)],
k.o = ekek + Q/|exex + Q|. The g is the tight binding band
structure of the normal state taken from Ref. [31] and the
Jx = f(ex) is the Fermi distribution function with €, = Ej
for Eq. (A1) and €, = |&x| for Eq. (A2). The scattering rate
I' characterizes the microscopic electron interactions [64].
In the N state, it is approximated as only a function of
electron energy [65,66], i.e., a marginal Fermi liquid form
I'N(w) = § + w with a constant term § = 0.002 eV. In the SC
state, instead, multiple interactions (such as electron-phonon
and electron-electron interactions) prevail in the system,
therefore introducing a nontrivial energy- and momentum-
dependent I [64]. As shown in Eq. (1) of the main text,
our FZ%(@) implements the anisotropic k dependence that
had been previously reported in cuprates by ARPES [13,15—
18], essential for evaluating the charge susceptibility in Q
space x.(Q, ).

To perform the calculations, we considered 1024 x 1024
k points in the first Brillouin zone of a square lattice and
divided the energy interval of [0, 0.5] eV into 1000 meshes.
The temperatures for the SC and N states are assumed to be
1.2 and 120 K, respectively.

Figures 1(c)—1(e) in the main text summarize the calculated
Imy5€(Q, w) without and with the anisotropic k dependence

in Fé?k(w) and the ImxN(Q, ). As discussed in the main

(

text, ImxN(Q, ) evolves from 0 meV at the Brillouin zone
(BZ) center to a few hundred meV at higher Q positions in
the normal state. In the SC state the opening of the elec-
tronic energy gap pushes Im XCSC(Q, ) below A (~30 meV)
to higher energy; see Figs. 1(c) and 1(d) in the main text.
As a consequence, the spectral differences of Imy.(Q, w)
between the SC and N states display noticeable changes in the
low-Q region [|Q| < 0.1 (r.l.u.)], as demonstrated in Fig. 5.
The difference between (a) and (b) in Fig. 5 is the inclusion
of the k-dependent anisotropic scattering rate (k-DAES) in
the calculation of Imy5¢(Q, ®). Without k-DAES, the spec-
tral difference presents a dip-peak feature in the displayed
0 region [see Fig. 5(a)], while it mostly displays a dip-only
feature when accounting for k-DAES [see Fig. 5(b)]. Besides,
we notice that the contrast between these two scenarios is
more pronounced along the nodal direction (Q, Q) than the
antinodal one. Based on this guideline, the RIXS measure-
ments were performed along the nodal direction. Note that
for very small Q values (|Q| smaller than 0.01), we observe a
dip-peak-like structure in SC-N for both scenarios, due to the
highly coherent nature of the charge excitations close to the
BZ center. For this reason, we comment that our finding—the
importance of including k-DAES—is compatible with the Ra-
man results presented in Ref. [28], where the authors observed
a dip-peak-like shape in their SC-N spectrum at @ ~ O (as is
the case for Raman).
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FIG. 5. Spectral difference of Imy.(Q, w) between the SC and N
states in momentum-energy space. (a), (b) are the results of calcula-
tions done without and with the k-dependent anisotropic scattering
rate, respectively.

APPENDIX B: RIXS SIMULATION

We simulate the low-energy portion of the RIXS spectra
as the sum of the charge, phonons, and paramagnons [42,44],
ie.,

Irixs = Sc(Q, @) + C1 X Ipnt + Co X Ipna + C3 X Iyaramagnon

with the intensities of phonons and paramagnons adjusted by
the parameters C;, C,, Cs. The charge component is modeled
with the charge dynamic structure factor S.(Q, w). As dis-
cussed in the main text, the peak at ~80 meV is attributed to
the apical phonon mode (phononl) and the one at ~125 meV
to a combined phonon mode (phonon2) between the apical
and the A, phonons [48]. These two phonons barely change
in energy in our measured Q positions. In addition, it had
been also shown in [48] that only these two phonon modes
contribute to the RIXS intensity when approaching the BZ
center. In the simulation, we represent these two phonon
modes with Gaussian curves and fix their energies to 80 and
125 meV, respectively. Their widths are also constrained to
the instrument energy resultion, i.e., AE ~ 30 meV; see black
and gray dashed lines in Fig. 6. The paramagnon is heavily
damped in doped cuprates [49] and strongly overlaps with
phonons in the low-Q region. As reported in [44,49], the
energy of the paramagnon can be approximated as a linear
function of Q when approaching the BZ center. We thus use
an anti-Lorentzian shape [47] (green dashed line in Fig. 6)
to denote the paramagnon with the energy approximately fol-
lowing a relation of E = |@| x 1000 (meV). The width of the
paramagnon was fixed to 320 meV, comparable to reported
ones [42,44]. To account for the temperature effect, all these
phonons and paramagnons had been corrected by the Bose
factor [49]. In addition, the intensities of simulated phonons
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FIG. 6. RIXS simulations for the SC and N states. The blue and
red lines are the simulated spectra in the SC and normal states, re-
spectively. The color-filled areas are the corresponding Im x.(Q, w).
The green dashed line is the paragmanon and the black and gray
dashed lines indicate two phonon modes.

and paramagnons had also been scaled through the param-
eters Cy, C>, C3 to match the calculated S.(Q, w). The final
RIXS simulations were then convoluted with the instrument
energy resolution before making the comparison with RIXS
experimental data.

APPENDIX C: DETERMINATION OF THE SCATTERING
RATE IN SC STATE

The scattering rate FSC . () [see Eq. (1) in the main text]
is expressed as the product of two terms: the first one is
the energy distribution with a cutoff energy set by 2A, and
the second one is a phenomenological description of its
anisotropic momentum dependence. To check how Iy 5C (@)
varies with different parameters, we summarized the calcula—
tions of FSCk(w) versus o, k, A, and o at @ = 0 in Fig. 7. In

Fig. 7(a), we display the energy behavior of FS (@) at two
k positions, the nodal and the antinodal points. At the nodal
point, the I'C (@) increases linearly with electron energy w
(black dashed line). Instead, at the antinodal point, it varies
linearly with w for energies higher than 60 meV (that is,
2A) while it turns into a parabolic shape for smaller energies
(solid black line). This behavior is consistent with ARPES
data from cuprates [18]. In Fig. 7(b), we examine the evolution
of I35 (w) in k space, at a fixed energy w = 40 meV (above
Asc). As introduced in Fig. 1(b) in the main text, we use
eight Gaussian curves centered at antinodal points to account
for the k-DAES in Fsck(a)) The resulting FSC (@) presents
minima at nodal pomts while it maximizes at the antinodal
points and zone center [see Fig. 7(b)], compatibly with the
momentum dependence studied by ARPES [16,18]. There-
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FIG. 7. Scattering rate F

+(@) at @ = 0 in the SC state. (a) Energy-dependent behavior of the scattering rate evaluated at the nodal and

antinodal points [see red stars in (b)], with A = 6 and o = 0.457. The line with double arrows indicates the coherent energy gap size of
2A = 60 meV. The blue dashed line is the linear interpolation (down to 0 meV) of the scattering rate below w = 60 meV. (b) Scattering rate
vs momentum k at an energy cut of @ = 40 meV, with A = 6 and o = 0.457. The white dots denote the Fermi arc and the stars indicate the
two k positions (nodal and antinodal points) examined in the (a),(c)—(e) panels. (c) Scattering rate variation as a function of A, at w = 40 meV
and o = 0.457. (d) Scattering rate variation as a function of o, at w = 40 meV and A = 6. (e) Scattering rate as a function of A with o = 0.2
(dashed lines) and o = 0.457 (solid lines). The gray areas indicate the region of scattering rate deduced from ARPES data [15,16]. The two
lines are calculated from Eq. (1) in the main text with ¢ = 0.457, at two representative positions (N: nodal point; AN: antinodal point). The
yellow area is the region supported by the RIXS data. The inset depicts a quadrant of the Brillouin zone with the arc denoting the Fermi surface

of cuprates.

fore, our proposed scattering rate captures the electron behav-
ior in both energy and momentum space [7,8,10,11,16,18].

In the phenomenological form of FSC (@) including the
k-DAES, there are two free pararneters A and o, which,
respectively, characterize the amplitude and width of the
Gaussian curves introduced to describe the momentum de-
pendence of Sck(a))‘ see Fig. 1(b). In Figs. 7(c) and 7(d), we
check how the FSC . (@) evolves when changing the A and 0. At

a fixed o value, e.g., 0 = 0.457, the I'3C (@) shows a linear
dependence on A (at both the nodal and antinodal points),
with the absolute value of the scattering rate being larger at
the antinodal point; see Fig. 7(c). At a given A, i.e., A = 6,
FSC (w) behaves instead differently at different positions in

k space. At the antinodal point, '} k(a)) quickly increases
and then gradually decreases when enlarglng o. At the nodal
point, the value of FS (@) is overall much smaller than at the
antinodal point, remamlng almost invariant up to o ~ 0.257,
while it increases afterward; see Fig. 7(d).

To obtain appropriate values for A and o, we firstly com-
pare TG (w) to the values extracted from previous ARPES
data on Bi,Sry;CaCu;,0g.45 [15,16]; see the gray shaded bands
reported in Fig. 7(e) for the nodal and antinodal points. When
considering a small o value, i.e., 0 = 0.27, the corresponding
FZ?k(w) evaluated at the nodal point (dark-blue dashed line)
is always smaller than the scattering rate reported by the
ARPES at different A’s, while at the antinodal point (green

dashed line), it overlaps with the ARPES data within the A
window that goes from 1 to 3, roughly. Since at this o value
the calculated '3 () does not fully satisfy the experimen-
tal observations, We examine a larger 0. At 0 = 0.457w, the
FZC (w) at the nodal point agrees with the ARPES values for
A > 4.5 (dark-blue solid line), as the larger o value causes an
increase of scattering rate as discussed in Fig. 7(d). Rather,
at the antinodal point, the larger o value suppresses FSC (@),
shifting the A window that satisfies the ARPES data towards
larger values, starting from A = 2. Based on this comparison,
we fix the o value to 0.45m for our calculations, as it satis-
fies both the nodal and antinodal experimental observations
from ARPES.

With such a o value, we refine next the A parameter by
referring to our RIXS data. We calculate the Imx.(Q, ®) us-
ing FSC . (w) from different A’s, and then simulate the RIXS
spectra f0110w1ng the procedure described in Appendix B. As
shown in Fig. 8, the hump structure in the SC state keeps de-
creasing when increasing the A value. For a small A value, i.e.,
A =2 (green solid line), the hump structure below 50 meV
is stronger than the spectral weight calculated for the normal
state (red solid line), thus introducing a dip-peak feature in
the spectral difference (green dashed line in Fig. 8). When
increasing the A value to 4 or higher, the hump structure in the
SC spectrum gets suppressed, yielding a simple dip feature
in the SC-N spectral difference, similar to the RIXS experi-
mental data reproduced in the top panel of Fig. 8. Therefore,
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FIG. 8. Comparison of RIXS data (top panel) and simulations
(bottom panel) done for different A values at a fixed o = 0.457, for
0 = (0.02, 0.02).

for A > 4, we achieve a qualitative good agreement between
the calculated and measured RIXS spectral differences [refer
to the yellow area reproduced in Fig. 7(e)]. Combining both
the ARPES and RIXS analysis, our study converges on the
following selection of parameters: 0 = 0.457 and4 < A < 6.
For an optimal match with the RIXS spectra, we fix A =6
in the main text. In conclusion, given the sensitivity of the
RIXS spectra to the scattering rate, we corroborate the use of

(a) ,........,.§.4.0|.<|...(b)
9 250K
B Q § 40K—250K 0.06
(0.06, 0.06)
= s
n
1 " 5
g =
s L £ (0.04, 0.04) | S 004
Z o
n o ——— - ~
C oy
_8 - -
S
4 Q
- JoRa (0.02, 0.02)
E. - 002
--." ..f--:‘-.m 3
. \l'nr‘ T T T T

e W @ @ 2 o
B Lok — L
OKADKZSDK X 100

Energy loss (meV)

FIG. 9. Quasielastic peak intensity at different Q positions, in
the SC and normal state, in Bi,Sr,CaCu,0s,5 (7. = 91 K). (a) Cu
L; RIXS data at 40K (blue dots) and at 250 K (red dots), together
with their spectral difference (black dots). The solid lines are the
corresponding smoothed results. (b) Percentage of intensity change
of the quasielastic line in the SC and normal state, as a function of
momentum. The histogram is obtained by integrating the quasielastic
line within an energy window of [—30 meV, 430 meV].
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FIG. 10. Quasielastic peak intensity at different Q positions, in
the SC and normal state, in La,_,Sr,CuQ4 with x ~ 0.16 (7. =
38 K). (a) O K-RIXS data at 20 K (blue dots) and at 40 K (red dots),
together with their spectral difference (black dots). The solid lines
are the corresponding smoothed results. (b) Percentage of intensity
change of the quasi elastic line in the SC and normal state, as a
function of momentum. The histogram is obtained by integrating the
quasielastic line within an energy window of [—20 meV, 420 meV].
Note that the energy resolution of the RIXS instrument at the O K
edge is AE ~ 17 meV.

RIXS as a complementary probe to ARPES for the study of
the electron dynamics in momentum space.

APPENDIX D: ELASTIC PEAK INTENSITY
AND CLOSURE OF THE ENERGY GAP

To understand the momentum evolution of the low-energy
RIXS spectral weight as approaching the BZ center, we
examine in this section the changes observed in the elastic
peak intensity at several Q positions, both in the SC and
normal states. Figure 9(a) reports the raw RIXS spectra
measured on Bi;Sr,CaCu;0gs. 5, zoomed in on the low-energy
sector. From this plot, it clearly emerges that the elastic peak
intensity measured in the SC state (blue dotted line) is heavily
suppressed with respect to the normal state (red dotted line)
at 0 = (0.02, 0.02), while their difference gets quickly
reduced at larger Q’s. Fig. 9(b) summarizes this observation
by presenting the Q evolution of the elastic spectral difference
(expressed in percentage), evaluated by integrating the SC-N
quantity in the 30 meV energy range. When moving away
from the BZ center, the elastic peak difference between
superconducting and normal states quickly evolves from
~—T70% at Q=1(0.02, 0.02) to ~—40% at Q=
(0.04, 0.04) or (0.06, 0.06). Such a sudden change is
consistent with the gap closure in the normal state and
the strong dispersion of x.(Q, ) as Q is increased; see
Figs. 1(c)-1(e) in the main text. This result further supports
the sensitivity of the RIXS spectral weight to the opening and
closure of the electronic energy gap.

To prove the generality of this statement across the cuprates
family, we report similar observations for La,_,Sr,CuQO4
(T, = 38 K [67,68]); see Fig. 10. In this case, the RIXS data
displayed in Fig. 10(a) were measured at the O K edge, while
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exciting on the maximum of the first XAS prepeak [69]. Due
to the intrinsically better energy resolution (AE ~ 17 meV)
achieved at this edge, the histogram in Fig. 10(b) is realized
by integrating within the energy range of 20 meV. Similarly
to the results of Bi;Sr,CaCu,0g. s, also in the La;_,Sr,CuQOy4
case we observe a strong change in the elastic spectral
difference between the SC and N states, as Q approaches the

BZ center, due to the closure of the electronic energy gap.
Note that owing to multiple phonons appearing in the low-
energy region of O K-edge RIXS spectra from La,_,Sr,CuQO4
[47,70], it is still challenging to achieve a direct comparison
with our RIXS simulations. A better energy resolution at the
O K edge than the 17 meV used for our study would be bene-
ficial for analyzing the electronic effect discussed in our work.
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