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GRAPHICAL ABSTRACT

Charge excitations

PUBLIC SUMMARY

= Dispersive charge excitations are observed in a stripe-ordered cuprate.
= Their velocity is comparable to that of spin excitations, linking charge and spin dynamics.

= Phonon modeling separates weak charge signals from overlapping lattice vibrations.
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Emergent symmetry breakings in condensed matter systems are often inti-
mately linked to collective excitations. For example, the intertwined spin-
charge stripe order in cuprate superconductors is associated with spin and
charge excitations. While the collective behavior of spin excitations is well
established, the nature of charge excitations remains to be understood.
Here we present a high-resolution resonant inelastic x-ray scattering (RIXS)
study of charge excitations in the stripe-ordered cuprate
La, 675EUq2Srg125CUO,. The RIXS spectra consist of both charge and phonon
excitations around the charge ordering wave vector. By modeling the
momentum-dependent phonon intensity, the charge-excitation spectral
weight is extracted over a wide energy range. As such, we reveal the highly
dispersive nature of the charge excitations, with an energy scale compara-
ble to the spin excitations. Since charge order and superconductivity in
cuprates are possibly driven by the same electronic correlations, determin-
ing the interaction strength underlying charge order is essential to estab-
lishing a comprehensive microscopic model of high-temperature super-
conductivity.

INTRODUCTION

Correlated electron systems often exhibit a variety of collective excitations
that encode the nature of their ground states. For example, in cuprate super-
conductors, observations of high-energy spin excitations reveal strong
magnetic correlations and large exchange couplings that persist across the
entire doping phase diagram.' These findings have led to the belief that spin
fluctuations are primarily responsible for the formation of Cooper pairs in
these materials.”” Besides magnetic correlations, experiments have estab-
lished the universal presence of charge correlations in hole-doped
cuprates,”™ with a possible link to superconductivity and the pseudogap
phase.” " While static charge order is found to compete with superconduc-
tivity, its bosonic excitations could potentially generate attractive interac-
tions between electrons and promote superconductivity.'*'® Recent studies
further suggest charge fluctuations to be responsible for the strange metal
behavior,'® and the pseudogap formation.”'"'” These findings have rendered
charge dynamics a crucial factor for understanding the low-energy physics of
cuprates. In particular, determining the interaction strength behind charge
order is crucial for establishing the effective model that describes the
complex phase diagram of cuprates.'’~ However, it has been a challenging
experimental task to directly resolve collective charge excitations. How the
charge excitations influence the electronic properties of cuprates, therefore,

remains an outstanding question.

With improvement in energy resolution, resonant inelastic x-ray scattering
(RIXS) has been established as an effective probe of low-energy excitations.”’
The enhanced sensitivity to charge correlations is especially useful for stud-
ies of strongly correlated systems. Recent RIXS studies on several cuprate
systems have revealed anomalies of phonon dispersions and intensities near
the charge ordering wave vector,”~*" implying a possible charge excitation
mode that intersects the phonon modes. Notably, a low-energy excitation
mode with a characteristic energy scale of ~10 meV has been observed near
the charge ordering wave vector.'******* This low-energy mode, identified as
charge density fluctuations, has been proposed to account for the strange
metal behavior.'® Yet, due to the interference between the weak charge exci-
tations and various phonon modes, it has been difficult to extract the charge
excitation spectral weight. As such, essential information including the
dispersion and energy scale of the charge excitation mode remains unknown.

Here, we employ oxygen K-edge RIXS to investigate the low-energy excita-
tions in La, s ,Eu,,Sr, CuO, with x = 0.125 (Eu-LSCO), which exhibits a strong
charge order.”” By modeling the RIXS phonon cross sections, we extract the
spectral weight of charge excitations as a function of momentum and energy
transfers S(q,w). At low temperature (T = 21 K) the charge excitation mode
emerges from the ordering wave vector and disperses outwards with a
velocity of v, ~ 800 meV A up to at least ~60 meV. Such an energy scale is
comparable to the paramagnon bandwidth, implying the connection to the
spin order as proposed within the framework of fluctuating stripes. The highly
dispersive character reveals the collective nature of charge excitations, which
may have a profound impact on the superconducting and normal state prop-
erties.

MATERIALS AND METHODS
RIXS experiments

High-quality Eu-LSCO single crystals were grown using the floating zone
method and studied at the 121 beamline of Diamond Light Source.”™ RIXS
experiments were carried out at the O K-edge resonance (~527.5 eV). Graz-
ing-incidence geometry with linear vertical (o) incident light polarization was
employed to enhance the cross sections of charge and phonon excitations.
The energy resolution, determined from the elastic scattering of amorphous
carbon, was measured to have a full-width-at-half-maximum (FWHM) of
225 meV. The wave vector q at (q,,q,,q,) was defined as
(H,K,L) = (q.a/2m,q,b/2m,q,c/2m) in reciprocal lattice units (r.l.u.) using
pseudo-tetragonal notation, with a ~ b~ 3.79 A and c ~ 13.1 A. The scatter-

2 The Innovation Physics 1(1): 100011, September 28, 2026

www.the-innovation.org/the-innovation-physics


mailto:johan.chang@physik.uzh.ch
mailto:qwang@cuhk.edu.hk
mailto:johan.chang@physik.uzh.ch
mailto:qwang@cuhk.edu.hk
https://doi.org/10.59717/j.tip.2026.100011
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.59717/j.tip.2026.100011&domain=pdf
https://www.the-innovation.org/the-innovation-physics
https://www.the-innovation.org/the-innovation-physics
https://www.the-innovation.org/the-innovation-physics
https://www.the-innovation.org/the-innovation-physics
https://www.the-innovation.org/the-innovation-physics
https://www.the-innovation.org/the-innovation-physics
https://www.the-innovation.org/the-innovation-physics

o Scattering plane

k

@® Oxygen out
@ Copper
- A
& Cu-0 plane F

Y
/A Charge order f

% qJ_

k

% Bond-buckling.

> @0
° Bond-stretc gjg

Condensed Matter Physics [LUGYJ[6RS

——0o (&//ab)
—m(&//c)

w
a1
T

yield) €
o
.

w
o

25

(total-electron-

XAS intensity (arb. unit)

|
545

1
540

Energy loss (meV)

I
N
(=)

005 0.15 0.25
H(r.l.u)

015 0.25
H(r.l.u)

0.05

005 0.5 025
H(r.l.u.)

Figure 1. Crystal structure, phonon modes, XAS, and RIXS intensity map (A) Schematic of the RIXS experiment. Momentum transfer q between the incident (k;,) and scattered
(ko) Photons is projected into components within (q,,) and perpendicular to (q.) the Cu-O planes. Green arrows illustrate the bond-stretching (in-plane) and bond-buckling (out-
of-plane) phonon modes. (B) XAS spectra (measured by total-electron-yield) collected with a grazing-incidence angle of 8=20° using o and r light polarizations. (C—E) RIXS
intensity map as a function of energy loss and momentum transfer at indicated temperatures. White dashed lines represent the zero energy loss.

ing angle was fixed at y = 154°. The magnitude and direction of the in-plane
momentum transfer q, = (H,Htang) are controlled by the x-ray incident
angle 8 and sample azimuthal angle ¢, respectively (Figure 1A). To avoid the
overwhelming elastic scattering at the charge ordering wave vector, the data
were taken with ¢ = 4°.”' RIXS intensities were normalized to counting time.
Additionally, we repeated all analyses using data normalized to the weight of
the dd excitations between 1.0 eV and 3.3 eV, as in Refs.*'***! Both normal-
ization methods vyield consistent conclusions (see Supplemental
Information). Additional copper L-edge RIXS data on La; ,_,Eu,,Sr,CuO, with
x=0.26 (Eu-LSCO, x=0.26), in the Supplemental Information, were
measured at the ID32 beamline of European Synchrotron Radiation Facility
(ESRF), with y = 149.5° and resolution of 55 meV.

Phonon simulation

Inelastic neutron scattering (INS) and inelastic x-ray scattering (IXS)
phonon cross sections are proportional to the dynamical structure factor.* In
contrast, the RIXS phonon cross section depends on resonance effects,
reflecting the momentum-dependent electron-phonon coupling.”’ The RIXS
phonon intensities are calculated by a diagrammatic method:*

I.(q,Q) =) Glg] Pl4] E[&., D], M
kK

where [, is the RIXS intensity; q and Q are the momentum transfer and the
energy loss, respectively; the subscript v indicates the phonon mode; and k is
the momentum variable on the electron energy band &,. In the equation, G[g]
is a function of electron-phonon coupling g(k,q). P[¢] is a function of orbital
projection function ¢, (k), Elg,D,] is a function of energy band & and
phonon propagator D,(q) (see Supplemental Information for detailed
descriptions).

RESULTS

X-ray absorption spectroscopy (XAS) measurements were performed
across the oxygen K-edge resonance using o and 1 polarizations with graz-
ing-incidence geometry (Figure 1B). The pre-edge at ~527.5 eV is
commonly interpreted as a Zhang-Rice singlet (ZRS) state,”** where an
oxygen 1s electron is excited into the unoccupied oxygen 2p ligand hole
state (3d°L — 1s3d°). The peak at ~529 eV originates from the excitation of
a 1s core electron to the upper Hubbard band (UHB, 3d® — 153d'). Both the
ZRS and UHB peaks are enhanced with o light polarization, indicating a

dominant in-plane electronic nature.

RIXS measurements were performed at the ZRS peak energy (~527.5 eV)
which has enhanced sensitivity to the doped holes. RIXS intensity maps as a
function of in-plane momentum transfer q = (H,0) and energy loss at three
selected temperatures are shown in Figures 1C—E. Consistent with previous
resonant and non-resonant x-ray scattering studies,*>*****%~* the charge
order reflection at qe, = (qeo,0), With g, = 0.23, weakens with increasing
temperature. The broad feature in momentum at 155 K indicates a dynami-
cal and short-range nature of the charge correlations at high temperature.”
These RIXS spectra display multiple excitation modes below ~100 meV.
Exemplary spectra at q = (H,0) with H=0.15 and 0.23 are shown in Figures
2A-B. Inelastic signals near 50 meV and 70 meV have been identified as bond-
buckling and bond-stretching phonon modes, respectively (see Figure 1A),
and their assignments have been established through INS,*' = IXS,***** first-
principles calculations,” and photoemission experiments.”” Although muilti-
ple phonon modes are resolved by INS and IXS, RIXS primarily detects those
with strong electron-phonon coupling.™ Excitations near 20 meV have also
been observed in recent RIXS studies on La,..Sr,;,sCu0,” and
YBa,Cu,0,_,.” Thus, the entire low-energy line shape is fitted using five
components: (1) elastic scattering (resolution-limited Voigt), (2) charge exci-
tations (Gaussian), (3,4) two phonon modes (resolution-limited Voigt), and (5)
background (second-order polynomial). These five components are shown in
Figures 2A-B. More details of the fitting procedure are provided in Supple-
mental Note 2. In the following text, we refer to the three inelastic modes as
20-meV, 50-meV, and 70-meV modes, respectively.

The dispersion relations of the 70- and 50-meV modes are shown in
Figures 3B & D, respectively. Both modes display weak or moderate disper-
sion with no clear softening effect around the charge ordering wave vector, in
qualitative agreement with previous INS and IXS studies.”"'~** The peak
amplitudes of the 70- and 50-meV modes are shown in Figures 3A & C as a
function of momentum transfer.

An enhancement of intensity is observed around the charge ordering wave
vector for the 50-meV excitation, which decreases with increasing tempera-
ture. This behavior significantly deviates from the temperature evolution of a
phonon mode. To further understand this observation, we calculate the
momentum-dependent RIXS intensity of the bond-stretching and bond-
buckling phonon modes, respectively, and plot the results as dashed lines
(details of the phonon simulation are described in the Supplemental Informa-
tion). The calculation shows good agreement with the experimental data for
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Figure 2. Spectral fits of the low-energy RIXS excitations (A, B) Representative RIXS
spectra recorded away from and near the charge ordering wave vector at base
temperature (21 K). The brown solid line is a fit including elastic scattering (grey), a
charge mode (yellow), and two phonon modes (light green and dark green) on top of a
background (grey dashed line). The arrows indicate the energies used for the simula-
tions of the corresponding phonons (see main text).

the 70-meV mode, which corresponds to the energy scale of the bond-
stretching phonon mode. By contrast, the simulation substantially underesti-
mates the excitation spectral weight around the charge ordering wave vector
for the 50-meV excitation. Note that our calculated RIXS intensities for the
bond-stretching and bond-buckling phonons are in qualitative agreement
with previous results.™ Quantitative differences may arise from the different
electronic band structures associated with the different cuprate systems and
doping levels considered in the two calculations.

In Figure 4, we summarize the temperature dependence. The elastic scat-
tering intensity as a function of momentum transfer (H,0) is shown in Figure
4A for the temperatures indicated. Similarly, in Figure 4B we plot the ampli-
tude of the 20-meV excitation as a function of momentum transfer for the
same temperatures. We stress that the elastic and the inelastic components
display distinct temperature dependencies. As mentioned before, the simu-
lated bond-buckling phonon intensity does not fully account for the observed
spectral weight of the 50-meV mode. To understand this observation, we
extract the additional excitation intensity by subtracting the simulation from
the observed amplitude — see Figure 4C. In the following paragraphs, we refer
to this as the subtracted amplitude of the 50-meV mode. Note that the labels
20-meV' and "50-meV' denote the dominant energy windows used to extract
the charge-excitation spectral weight, and should not be interpreted as two
independent flat charge-excitation branches.

The elastic and inelastic components are integrated around the peak
center over a momentum window as indicated by the shaded area in Figure
4A—C. The resulting integrated intensities as a function of temperature are
shown in Figure 4D. The elastic signal decreases more rapidly with increas-
ing temperature compared to the 20-meV excitation. We also stress that the
subtracted 50-meV mode displays a temperature dependence similar to that
of the 20-meV mode. This could suggest a common origin for these two
components. Note that the intensity of the 70-meV excitation also exhibits a
slight increase upon cooling at H 2> q,, which may be further enhanced at a
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Figure 3. Momentum dependence of the 50- and 70-meV modes (A, B) Intensity and
dispersion of the 70-meV mode. (C, D) Intensity and dispersion of the 50-meV mode.
The blue shaded area indicates the additional excitation intensity relative to the
phonon simulation. The dashed lines in (A, C) are obtained from the phonon simula-
tion (see main text); the grey shaded areas in (B, D) are guides to the eye, and the
dashed lines are scaled density functional theory (DFT) results from Ref.® CO, charge
order.

larger momentum transfer, as indicated by a previous Cu L-edge RIXS
study.”

An alternative approach to analyze the data is to subtract the elastic line
profile and the background signal. In Figure 5A, we present the experimental
RIXS intensity map at 21 K after subtracting these two contributions. The
corresponding momentum-dependent intensities at constant energy loss are
shown in Figure 5B. For comparison, the amplitudes of the 20-meV mode
(black circles) and the phonon-signal-subtracted amplitude of the 50-meV
mode (red diamonds) are overlaid, demonstrating consistent results from the
two analysis approaches. The signal weakens and broadens in momentum
as the energy increases. At higher energies (> 40 meV), a two-peak feature
can be discerned. Therefore, we applied a double-Gaussian fit model to
capture the broadening and splitting, as illustrated by the orange shaded area
in Figure 5B.

We further justify the non-phonon origin of the dispersive feature without
relying on the calculated phonon intensity. After removing the elastic signal
and background, we subtract the inelastic intensity measured at 155 K from
that measured at 21 K. The difference map, [geeste — freistc, and its constant-
energy cuts are shown in Figures 6A-B, respectively. The 50- and 70-meV
phonons are expected to change only marginally between these tempera-
tures. The dispersive feature that remains in the difference therefore provides
direct, model-independent evidence for a non-phonon excitation. Above 40
meV, the cuts develop a dip near H ~ 0.24, consistent with two dispersing
branches.

DISCUSSION

Our key observation is the existence of low-energy excitations that exhibit
a temperature dependence distinct from what is expected for phonons, and
also different from the charge order. As shown in Figure 3C, the intensity of
the 50-meV mode decreases with temperature, contrary to phonons' behav-
ior. This intensity also decreases more slowly than that of the charge order,
as illustrated in Figure 4D. Therefore, we propose that a significant portion of
the inelastic signals does not originate from phonons. This claim is further
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Figure 5. RIXS intensity and constant-energy cuts at 21 K (A) RIXS intensity map,
with elastic and background signal subtracted, as a function of energy loss and
momentum transfer. Horizontal white dashed lines indicate the energies of the cuts
shown in (B). (B) Momentum dependence of RIXS intensity at the indicated energy
losses. The energy integration window is 5 meV. For comparison, intensities shown in
Figure 4 are overlaid: Black circles are amplitude of the 20-meV mode, while red
diamonds are the phonon-signal-subtracted amplitude of the 50-meV mode. Orange
curves are double-Gaussian fits, with the two components indicated by the shaded
areas. Blue dashed lines trace the fitted peak positions as the energy increases.

supported by the discrepancy between the phonon simulation and the 50-
meV mode. A prevalent interpretation is that these low-energy excitations are
the manifestation of charge fluctuations. In fact, phonon anomalies near the
charge ordering wave vectors have been interpreted as evidence of charge
fluctuations.”**** Furthermore, their quantum critical nature in cuprates has
previously been discussed.'*” In this work, we focused on the excitations
well within the ordered state. An outstanding question is the propagating
nature of these charge fluctuations. Extracting the dispersion of charge fluc-
tuations has proven challenging due to the overlap with elastic signal and
phonon contributions. A direct observation of dispersive charge excitations
has thus far not been realized, hindering the understanding of the micro-
scopic charge ordering mechanism.

The high energy resolution of O K-edge RIXS enabled us to filter out the
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Figure 6. Temperature-difference analysis of the inelastic RIXS intensity (A) Differ-
ence between the inelastic RIXS intensities measured at 21 K and 155 K after subtrac-
tion of the elastic and background signals, fpeste _ jneiastc Horizontal dashed lines indi-
cate the energies of the cuts shown in (B). (B) Momentum dependence of the intensity
difference at the indicated energy losses. Orange curves are double-Gaussian fits, and
the shaded areas denote the two Gaussian components. The dip near H~ 0.24 above
40 meV reveals two dispersing branches.

elastic scattering from, for example, charge fluctuations. By modeling the
phonon modes with strong electron-phonon coupling, it is also possible to
separate the spectral weight contributions from phonons and charge fluctua-
tions. This step in our analysis relies on the calculation of the momentum-
dependent cross section of the phonon modes, a method that has not been
employed in this context before. Although higher momentum transfer is not
accessible due to the kinematic constraints of x-rays at O K-edge, the
enhanced energy resolution compared to Cu L-edge RIXS is crucial for the
extraction of charge excitations.

By eliminating the elastic scattering and the phonon contributions from the
RIXS spectra, we are able to isolate the signal stemming from charge fluctu-
ations. If we presume it to be a long-range dispersive collective mode, we can

assume the following dispersion relation: w, = /A’ +v?|q—qel?>- The

energy gap A =18 meV is estimated from the spectral fit shown in Figure 2B.
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intensity after subtraction of the elastic signal, background, and simulated phonon
intensity. The yellow curve is the modeled charge-excitation dispersion at 21 K. (B)
Simulated charge dynamical structure factor s(q,w) using the dispersion parameters
obtained from the fits in Figure 5B.

The excitation velocity (stiffness) v, around the charge ordering wave vector
qeo ~ (0.23,0) is determined by a global double-Gaussian fit to the momen-
tum-dependent cuts of the 21-K data in Figure 5B, with the two peak centers
constrained by this dispersion relation. The fitted dispersion is overlaid on the
phonon-subtracted charge-excitation intensity in Figure 7A.

To model the charge excitation, we use an ansatz that captures its bosonic
character:

1
T wi— (wHiry?’

x(q,w) 2
where x denotes the charge susceptibility, and " is the dissipation parame-
ter. The dynamical charge structure factor S(q, w) is given by

Sta.w) = (1-e ) Imx(a.w). @

where k, is the Boltzmann constant and T is the temperature. As shown in
Figure 7, the calculated structure factor is in qualitative agreement with the
experimental result.

Our data suggest a charge fluctuation velocity (stiffness) of
v, = (800 4200) meV A (~ 1.3 x 10°m/s), which is comparable to that of the
paramagnons (v, ~800 meV A).* In fact, a RIXS study on Hg-based
cuprates suggested that charge excitations may extend to around 200 meV,
reaching the bandwidth of the paramagnon.'” The comparable energy scales

likely originate from the intimate coupling between the spin and charge
orders.

Previous RIXS studies have estimated the charge excitation velocity based
on indirect observations, e.g., anomalies in the phonon intensity away from
qeo,” %" or by modeling the charge excitation intensity below the bond-buck-
ling phonon energy.”” The velocity values derived from these estimations
exhibit large discrepancies, ranging from 450 to 1300 meV A. This large
uncertainty has hindered our fundamental understanding of the related
quasiparticle and its impact on the normal state and superconducting prop-
erties. Here, by carefully modeling the RIXS phonon responses, we isolate the
charge excitation contributions and directly establish a dispersive charge
excitation mode extending to at least 60 meV (Figure 7A). Similar attempts
but with different strategies have been made, for example, by subtracting the
scattering intensity along the diagonal (H,H) direction,'® or by assuming the
momentum-dependent phonon contribution as a simple polynomial back-
ground.'” Although these works revealed the existence of charge fluctuations,
the dispersion has never been determined.

In contrast to cuprate systems with weaker charge order or closer to the
quantum critical point (QCP), where charge excitations appear as a contin-
uum,'***¢ Eu-LSCO with x = 0.125 exhibits well-developed charge correla-
tions (see Supplemental Note 1). This makes it possible to extract the char-
acteristic energy-momentum dependence of the charge-excitation spectra.
The observed dispersion therefore provides an estimate of the interaction
scale governing charge ordering. Nevertheless, the charge excitations in Eu-
LSCO are still damped, likely because of the presence of low-energy particle-
hole excitations that provide a decay channel.

The quantitative determination of charge excitation dispersion is crucial for
establishing the underlying interactions that involve both the spin and charge
degrees of freedom. The comparable energy scales of collective charge and
spin excitations suggest a strong coupling realized in the form of fluctuating
stripes.”’ As pairing does not coexist with local antiferromagnetic order,
charge fluctuations may enhance Josephson coupling between neighbour-
ing stripes and promote superconductivity.”® In this context, collective charge
excitations may contribute constructively to superconductivity. In fact,
numerical calculations have shown that electron-electron (exchange) inter-
actions that mediate pairing could also be responsible for charge
ordering.'"'"** This theoretical insight aligns with our observation of a
common energy scale for charge and spin excitations, as well as the super-
conducting gap. Besides superconductivity, charge fluctuations may also
profoundly influence the normal state properties. It has recently been
suggested that electron dissipation due to scattering from charge fluctua-
tions leads to the strange metal behavior.'® Such a scenario can be further
verified by establishing the evolution of the charge excitation dispersion and
normal state electronic properties throughout the phase diagram.

CONCLUSION

By integrating phonon cross-section calculation and high-resolution RIXS
experiments, our study successfully isolated weak charge excitations and
established their dispersion and energy scale in cuprates. This approach can
be extended to other strongly correlated materials, including nickelate and
iron-based superconductors, where charge-spin coupling is significant.””~*
As such, our study lays the groundwork for uncovering universal behaviors
that link charge dynamics to emergent phases in complex quantum materi-
als.
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