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The extremely overdoped cuprates are generally considered to be Fermi liquid metals without exotic
orders, whereas the underdoped cuprates harbor intertwined states. Contrary to this conventional wisdom,
using Cu L3-edge and O K-edge resonant x-ray scattering, we reveal a charge order (CO) correlation in
overdoped La,_,Sr,CuO, (0.35 < x <0.6) beyond the superconducting dome. This CO has a periodicity
of ~6 lattice units with correlation lengths of ~20 lattice units. It shows similar in-plane momentum and
polarization dependence and dispersive excitations as the CO of underdoped cuprates, but its maximum
intensity differs along the ¢ direction and persists up to 300 K. This CO correlation cannot be explained by
the Fermi surface instability and its origin remains to be understood. Our results suggest that CO is
prevailing in the overdoped metallic regime and requires a reassessment of the picture of overdoped

cuprates as weakly correlated Fermi liquids.
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High-temperature superconductivity (SC) is a great
surprise in quantum materials and its mechanism remains
a puzzle. In the past 37 years, studies on cuprate super-
conductors primarily have been focused on the underdoped
and optimally doped regions—close to the Mott-insulating
state of the phase diagram [1,2]. It has been a long-standing
challenge to understand how the versatile phenomena
exhibited in these materials, such as the pseudogap (PG)
and strange metal states, together with a plethora of exotic
electronic orders, coexist and compete with superconduc-
tivity [2]. On the contrary, the overdoped region is gen-
erally considered to be a conventional Fermi liquid (FL)
and less affected by the doped-Mott-insulator scenario [1].
However, the doping and temperature dependencies of the
superfluid density are incompatible with the standard BCS
description, suggesting phase fluctuations in the overdoped
region [3]. These fluctuations are characterized by photo-
emission as preformed Cooper pairs well above T',. [4] and
magnetic fluctuations persistent in the extremely overdoped
regime [5]. Moreover, ferromagnetism has been discove-
red in overdoped (Bi,Pb),Sr,CuQg.s (Bi2201) [6] and
beyond the superconducting dome in La,_,Sr,CuQ, [7].
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These discoveries suggested that strong electronic corre-
lations remain present in the overdoped cuprates.

Charge orders are ubiquitous in underdoped cuprates
[2,8-16] and have enigmatic interactions with SC [10,11]
and PG [12]; however, there is still no consensus on the
underlying mechanism with ongoing debates including
the real-space electronic correlation scenario [14,16] versus
the momentum-space instability scenario [12]. The latter
has been challenged by one resonant x-ray scattering study
that observed charge order in heavily overdoped Bi2201
whose Fermi surface lacks the nesting features [17]. The
distribution and doping evolution of charge order (CO)
provides a route by which to test how close the overdoped
systems are to a FL, and also quantify the underlying
fluctuations. Therefore, it is of great importance to assess
the universality of charge ordering in overdoped cuprates,
which will not only have the potential to elucidate the
mechanism of CO instabilities but also provide a valuable
perspective to understand the complex phase diagram
coming from the overdoped regime.

In this Letter, we report the existence of charge order
correlation in heavily overdoped La; s5Srj45sCuQ, thin

© 2023 American Physical Society
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Observation of charge order correlation by RIXS in overdoped metallic La,_,Sr,CuQO, (x = 0.45). The UHB and LHB refer to

upper Hubbard band and lower Hubbard band, respectively. (a) Schematic plot of RIXS process at O K edge. (b) A typical RIXS
spectrum at q; = (0.12, 0), displaying the elastic peak, phonon, charge, and orbital excitations. Inset: resistance curve displaying the
metallic nature of the sample. (c) Integrated intensity of elastic peaks for positive and negative (H,0) and (H, H) directions, using ¢
polarization. Red and blue curves are Lorentzian peak fits to the data with a polynomial background (gray dashed lines). (d) Polarization
measurements with ¢- and z-polarized light, collected at 33 and 250 K. (e) Reciprocal-space image. The blue shaded region is the
accessible momentum-transfer range of O K edge. The green and blue lines indicate the momentum cuts, and red dots indicate the
observed CO peaks. (f) XAS spectra near the ZRS absorption peak with ¢ polarization at normal incidence. Incident energy dependence
of the integrated intensity of elastic peak and orbital excitation, normalized to the value at the ZRS peak.

films beyond the superconducting dome (sample growth
and characterizations are described in the Supplemental
Material, Sec. 1 [18]. The energy resolution of oxygen
K-edge resonant inelastic x-ray scattering (RIXS) is
~30 meV at 41 A Taiwan photon source. Figure 1(a)
displays the schematic electronic structure of hole-doped
cuprates and illustrates the resonant absorption as well as
the scattering processes at oxygen K edge (ls — 2p).
The Zhang-Rice singlet (ZRS), originating from the
hybridization between oxygen ligands and Cu 3d,._,
orbitals, manifests as a preedge peak in the x-ray absorption
spectra (XAS) [30]. Figure 1(b) exemplifies the observed
excitations in a metallic La,_,Sr,CuQO, (LSCO) with x =
0.45 [resistivity shown in the inset of Fig. 1(b)], including
the elastic peak, phonons (~0.05 eV), charge excitations
(~0.6 eV) [19], and oxygen orbital excitations (>1.5 eV).
Given the relevance to CO [10,31,32], we focus on the
elastic peak and low-energy phonons below.

The elastic scattering displays a prominent peak at the
planar wave vector g, = (0.165, 0). The FWHM of the
peak is ~0.017 £ 0.002 reciprocal lattice units (r.l.u.) with

a correlation length of ~70.8 A. This feature is symmetric
along both (H,0) and (—H,0) directions but absent along

diagonal (H, H) directions [Fig. 1(c)] (see RIXS map in
Supplemental Material, Fig. S5) [18]. Its intensity is more
pronounced for ¢ polarization than for z polarization at
positive q| [Fig. 1(d)], consistent with a charge scattering

rather than spin scattering in the 3d°, , ground state
-y

symmetry of cuprates [10]; the peak is nearly unchanged
at temperatures as high as 250 K [Fig. 1(d)], as demon-
strated by the temperature-dependent width and integrated
intensity of the CO peak (see Supplemental Material,
Fig. S5) [18]. This behavior closely resembles that of
the CO observed in overdoped Bi2201 [17]. Figure 1(f)
shows the intensity of the integrated elastic peak and orbital
excitation as a function of incident photon energy com-
pared with XAS. The orbital excitation follows the XAS
spectrum, while the integrated elastic peak exhibits a clear
resonance slightly below the absorption maximum, in
analogy to the behavior of COs in underdoped cuprates
[9,32,33]. The spectral weight of the ZRS peak is widely
regarded as a measure of the hole density [9], so the
resonance profile demonstrates a significant modulation of
the doped-hole density. We have further revealed that lattice
is weakly involved with this peak from nonresonant x-ray
scattering measurements, which bears similarities to the
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FIG. 2. Cu L; edge and O K edge REIXS studies of charge
order correlation in Laj 55Srg45CuQOy. (a) Observation of CO
correlation along (0, —K) direction at both Cu L3 edge and O K
edge, offset is applied for clarity. (b) Polarization dependence of
the CO peak, collected at 930 eV and L = 1.1 r.L.u. (c) Detuning
measurements near the Cu L3 edge after self-absorption correc-
tion (see Supplemental Material) [18]. (d) L dependence of CO
correlation within the accessible range of [1.1, 1.8] r.lL.u. at
930 eV, collected with ¢ polarization.

CO peaks identified in YBa,Cu;O,_, [11,20], albeit with a
weaker intensity (see Supplemental Material) [18]. Thus,
we will refer to this feature as the CO correlation below.
Notably, here the CO wave vector gco = (0.165,0) is
much smaller than that at underdoped LSCO samples—
typically gco ~ (0.23,0) [16,34,35]. It nevertheless is close
to the value in overdoped Bi2201 with gcg ~ (0.13,0) [17],
suggesting that charge instability with relatively long
wavelength may prevail in heavily overdoped cuprates.
To investigate whether this CO correlation originates
from CuO, planes, we also perform Cu L-edge resonant
energy-integrated x-ray scattering (REIXS) measurements
at UE46 PGM-1, Helmholtz-Zentrum Berlin. As shown in
Fig. 2(a), we have measured the CO peak along (0, —K)
direction [blue cut in Fig. 1(e)] at both Cu L edge and O K
edge and found it identical at the two edges, suggesting the
strong hybridization between the Cu 3d and the O 2p
orbitals. We revealed the presence of CO correlation along
both H and K directions, which could arise either from a
one-dimensional charge stripe along a* or b* direction with
two domains or from a two-dimensional checkerboard

pattern. Our results do not distinguish between these two
scenarios and forthcoming measurements will be necessary
to address this issue. We again observe that the CO peak is
stronger at ¢ polarization than z polarization at Cu L edge
[Fig. 2(b)] in favor of a charge origin [10]. Moreover, the
peak measured by REIXS overlaps very well with the
energy-integrated RIXS result (see Supplemental Material,
Fig. S7) [18], proving the consistency of the two exper-
imental techniques. Figure 2(c) shows the incident energy
dependence of CO peak across Cu L3 edge, which does not
display a clear resonant behavior due to a relatively poor
energy resolution of ~1.3 eV of REIXS measurement. By
selecting the incident x-ray energy at 930 eV with a
prominent CO peak, we further investigate the L depend-
ence of CO [Fig. 2(d)]. We observe that the CO peak
maximizes at L = 1.1 r.l.u. with smaller L value inacces-
sible, which is close to an integer L value. This is in sharp
contrast to the behavior of CO in underdoped LSCO [35],
which has a maximum at half-integer L due to the
modulation of stripes along the c¢ direction [36]. The
different L behaviors may relate to the disappearance of
spin glass phase beyond the critical doping of the pseu-
dogap phase (x. ~0.19) in LSCO [37], which is favored
by charge-stripe ordering. It is worth noting that, in
underdoped YBa,Cu30¢,,, CO can be enhanced by
suppressing superconductivity under a magnetic field
[38,39], applying uniaxial strain [40], or through optical
pump excitation [41]. Interestingly, these studies also reveal
a peak at integer L values. Additionally, it is noteworthy
that epitaxially grown YBa,Cu;Og,, thin films exhibit
integer L CO up to room temperature, which may be
favored by enhanced Fermi surface nesting conditions [42].
The similar L-dependent behaviors of CO induced by
external controls and observed in the metallic region
suggest common interlayer correlations and suggest that
CO is a prevalent feature in the normal state.

To unveil the origin of CO, it is crucial to investigate its
collective excitations and the interplay between CO and
phonons. In underdoped cuprates, it is widely observed that
CO coexists with phonon intensity anomaly near the
characteristic wave vector, accompanied by different mag-
nitudes of phonon energy softening [16,21,31,32,34,43].
These have been explained either by enhanced electron-
phonon coupling [34] or interference between collective
charge fluctuations and phonons [31,32,43]. Exploiting the
high-energy resolution of O K edge RIXS, we can probe
CO correlation and low-energy excitations at the same
time. The RIXS map with better resolution (~25 meV)
are visualized in Fig. 3(a) and Fig. 3(b). Notably, two
phonon branches display pronounced enhancements of
intensity near ¢gcq, while the phonon energy softening
is negligible here. To quantify the g dependence of
the phonons, we fit the inelastic part of RIXS spectra
and reveal three features at ~14, ~45, and ~75 meV (see
Supplemental Material, Fig. S6) [18]. They can be assigned
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FIG. 3. Anisotropic momentum dependence of phonon inten-
sity and dispersive CO excitations in La,_,Sr,CuQ, (x = 0.45).
(a),(c) The elastic intensity map and (b),(d) the inelastic RIXS
intensity map for visualizing the CO correlation and phonon
branches along (H,0) direction and (H,H) direction, respec-
tively. (e)—(g) Integrated intensity for buckling phonon, acoustic
phonon, and CO correlation, respectively, along both directions.
Details of the fitting are presented in the Supplemental
Material [18].

to the acoustic, bond-buckling, and bond-stretching phonon
modes, respectively, in accord with a recent RIXS study
on the optimally doped LSCO [21]. Our intensity distri-
bution curves show that acoustic [Fig. 3(e)] and buckling
[Fig. 3(f)] branches are reinforced near gcq [Fig. 3(g2)],
in concert with a proposed picture that dynamical CO
excitations interfere with multiple phonon branches
[31,32,43]. In stark contrast, no phonon intensity anomalies
have been observed along (H, H) direction in the absence
of CO peak [Figs. 3(c) and 3(d)], which suggests an
intimate correlation between phonon and CO correlation.
We can further estimate the characteristic velocity of the
dispersive CO excitations by connecting the maximal
intensity anomaly of buckling mode at ¢4 = 0.14 r.l.u.
with gco = 0.16 1.l.u., giving a velocity of ~1.4 +£ 0.4 eV A.
This matches very well with the CO velocity of 1.3 +
0.3 eVA in underdoped Bi2201 [32]. Our results indicate
that dispersive CO excitations also exist in extremely
overdoped regions, in analogy to those in underdoped
regions.

To investigate the generality of this CO correlation, we
study the doping dependence on another batch of over-
doped LSCO thin films (x = 0.35, 0.45, 0.6) (Fig. 4). These
films have a smaller thickness of 30 unit cells than the
above-studied LSCO (x = 0.45) with 50 unit cells. We
observe that the CO appears at x = 0.35 and gets more
pronounced at x = 0.45 and 0.6, which all persist from 10
up to 300 K, as shown in Figs. 4(a)—4(c). We fit the REIXS
spectrum with a Lorentz function for the peak and a Lorentz
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FIG. 4. Doping dependence of charge order correlation in
overdoped La,_,Sr,CuO, (LSCO) and the extended phase
diagram. (a)—(c) CO peak profiles measured by Cu L edge
REIXS in LSCO with x = 0.35, 0.45, 0.6, respectively. The offset
is applied for clarity. L is fixed at 1.1 r.L.u. The peak is nearly
temperature independent up to 300 K. (d) The extended CO phase
diagram of cuprates. It shows superconducting dome defined by
T., antiferromagnetism (AFM) defined by Ty [44], pseudogap
determined from the Nernst coefficient [45], underdoped charge
order and charge fluctuation [16,35,46], and overdoped charge
order. (e) The doping dependence of the CO wave vector in
LSCO and nesting vector obtained from Lindhard function.

background from the specular tail, and the extracted peaks
are shown in shaded areas. With smaller thickness, we
observe that the CO peak displays a similar wave vector at
~0.166 r.l.u., but its correlation length becomes much
shorter (~3 lattice units). The underlying cause of this
thickness dependence remains to be fully understood. Our
XRD measurements reveal similar lattice parameters of
LSCO thin films as single crystals, ruling out the possibility
of strain-induced CO (see Supplemental Material, Table I)
[18]. Additionally, angle-resolved photoemission spectros-
copy studies on LSCO thin films [47] demonstrate similar
electronic structures as single crystals [22]. This suggests
that the reentrant CO is a universal feature of LSCO, not
limited to thin films.

The observation of CO correlation in extremely over-
doped cuprates provides fresh insight for understanding the
phase diagram [Fig. 4(d)]. The presence of CO and AFM
phases on the two sides of the superconducting dome is
enlightening, suggesting that the unconventional super-
conductivity of cuprates can be regarded as an emergent
phase out of either AFM or CO. This is consistent with the
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coexistence of short-ranged spin and charge fluctuations
in the superconducting regime. Previous x-ray scattering
studies on LSCO have revealed the CO peak at half-
integer L values that disappears at x ~0.25 [16,35].
Recent research has shown that LSCO exhibits long-range
temperature-dependent CO for x < 0.15 and short-range
temperature-independent correlation for 0.15 < x <0.2
[48]. The reentrant CO in heavily overdoped LSCO behaves
like the short-range correlation in LSCO [48] and the charge
density fluctuation (CDF) in (Y,Nd)Ba,Cu;0,_, [46], indi-
cating dynamic CO behavior. However, the CO correlation
length in LSCO (x = 0.45) can be approximately 5 times
longer than that of CDF (~4a) [46]. Thus, it remains
uncertain whether the observed CO correlation is fluctuating
or not. Intriguingly, a similar behavior has been observed in
infinite-layer NdNiO, nickelates, where the CO undergoes a
transition to temperature-independent dynamical CO fluc-
tuations above 100 K, exhibiting a correlation length of up to
60 A [49]. The unique L dependence and in-plane wave
vectors of the reentrant CO imply that different interactions
are involved compared to CO in the underdoped region.

We then discuss the possible origins of this reentrant
overdoped CO correlation. First, its emergence at the
extremely overdoped region implies that it does not correlate
with the pseudogap phase thatends at x,. ~ 0.19 [45]. We can
also exclude the impact of the Van Hove singularity, which
was argued to cause the charge density wave phase in Bi2201
[17], since the Lifshitz transition occurs at much lower
doping for LSCO (x ~0.2) [35]. Figure 4(e) shows the
doping dependence of gcg in LSCO [15,16]. In the under-
doped region, the CO wave vector increases with doping but
close to 0.25 r.l.u. due to the proximity of spin and charge
instabilities [50], while at the overdoped region it is likely to
pin to a commensurate vector of gcg ~ 0.166 r.l.u. The
Fermi-surface (FS) instabilities induced by the Coulomb
interactions may lead to charge fluctuations in the sense of
perturbation theory [51]. Accordingly, we have calculated
the Lindhard function for LSCO and tracked the doping
dependence of the FS nesting vector along the (H,0)
direction. The nesting vector shows a nonmonotonic behav-
ior with a dip at p ~ 0.3 due to the Lifshitz transition from
holelike FS to electronlike FS (see Supplemental Material,
Fig. S8) [18]. This cannot account for the nearly doping-
independent wave vector at (0.166, 0), suggesting that the FS
instability is an unlikely route to explain the CO correlation in
the overdoped regime.

Our discovery of charge order correlation in heavily
overdoped cuprates highlights the prevalence of electronic
phase segregation in correlated electron systems and
suggests that the highly overdoped regime harbors unex-
plored and interesting physics that requires a novel theo-
retical perspective. Recent research has shown that
superconductivity can even occur in highly overdoped
La,_,Ca,CuO, thin films with doping levels up to x =
0.5 [52], which raises the possibility of future experiments
that explore the relationship between superconductivity and

charge order in the extremely overdoped regime. A better
understanding of this regime could shed light on other
important properties of the cuprate phase diagram and
inspire further experimental studies. Our findings that
superconductivity emerges in the vicinity of the charge
order phase share similarities with those of layered dichal-
cogenides Cu, TiSe, [53] and infinite-layer nickelates [54],
suggesting CO correlations may play a similar role to
superconductivity in broad classes of superconductors.
This presents new avenues for exploring the competition
between charge order states and superconductivity in a
wide range of correlated electron systems.
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