PHYSICAL REVIEW B 114, 074513 (2026)

Evolution of spin excitations in superconducting La,_,Ca,CuQ4_; from the underdoped to the
heavily overdoped regime
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We investigate high-energy spin excitations in hole-doped La,_,Ca,CuQO,_s; (LCCO) films across a broad
Ca doping range (x = 0.05-0.50) using resonant inelastic x-ray scattering (RIXS). Polarization analysis and
incident-photon energy detuning measurements confirm the persistence of collective paramagnon excitations up
to x = 0.50. Consistent with previous studies on other cuprate families, we observe a pronounced crossover near
x = 0.15, where paramagnon spectral weight is transferred to incoherent spin-flip excitations associated with
the particle-hole continuum. The overall behavior of paramagnons in LCCO resembles that in other hole-doped
cuprates and appears insensitive to the persistence of superconductivity at high doping levels in LCCO—up to
at least x = 0.50, as demonstrated in prior work. These findings support the view that high-energy magnetic
excitations probed by RIXS are not a major contributor to superconducting pairing, in line with theories of

spin-fluctuation mediated superconductivity.

DOI: 10.1103/kvpz-x64t

I. INTRODUCTION

High-temperature superconducting cuprates remain one of
the most intriguing systems in condensed matter physics, with
the underlying mechanism of superconductivity still the sub-
ject of active debate [1]. These materials exhibit a rich phase
diagram as a function of hole doping, encompassing antifer-
romagnetism, superconductivity, a pseudogap phase, charge
order, and strange metal behavior. The interplay between these
phases and their connection to superconductivity remains the
focus of intense discussions and research efforts.

One of the striking features of cuprate superconduc-
tors is the dome-shaped dependence of the superconducting
transition temperature 7. on doping. As hole concentration
increases beyond optimal doping, 7. decreases and eventually
vanishes in the heavily overdoped regime, giving rise to a
Fermi-liquid phase. Transport and thermodynamic data point
to a quantum phase transition marking the end of the pseu-
dogap phase at a hole doping level p* = 0.19 [2], although
this has been challenged by a recent report [3]. This quantum
critical point (QCP) is believed to underpin the non-Fermi-
liquid behavior and the emergence of the “strange metal”
phase characterized by linear-in-temperature resistivity. The
critical fluctuations emanating from this point are believed to
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play a pivotal role in shaping the electronic properties of the
cuprates, possibly even contributing to the pairing mechanism
responsible for high-7;. superconductivity.

However, the precise nature of the QCP remains hotly
debated. A central question is whether the criticality arises
from the suppression of spin-related order, such as antifer-
romagnetism or spin-density waves, or from instabilities in
the charge sector, such as charge-density waves (CDW)—or
possibly both spin and charge. In the charge sector, recent
work on the clean underdoped cuprate YBa,CuysOg (Y124)
revealed that CDW order onsets in a second-order-like fashion
at the pseudogap transition temperature, suggesting a close
connection between the two phenomena [4]. Consistent with
this finding, recent work on YBa;Cu3O¢y, (YBCO) indi-
cates robust CDW correlations for doping levels up to p*
[5,6]. Furthermore, the intensity and characteristic energy of
charge density fluctuations have been reported to exhibit a
maximum and minimum respectively at p* [7]. On the other
hand, in the spin sector, recent nuclear magnetic resonance
studies on La,_,Sr,CuQO4 (LSCO) under high magnetic field
and La; g_,Eug,Sr,CuO4 (Eu-LSCO) in zero magnetic field
have shown that the static spin-stripe order is closely tied
to the pseudogap phase and ends at the pseudogap phase
boundary [8,9]. However, resonant inelastic x-ray scattering
(RIXS) studies on several cuprate families have shown that
short-range spin excitations or paramagnons persist well into
the overdoped regime [10—19], with a strong crossover occur-
ring near optimal doping where a loss of paramagnon spectral
weight to incoherent spin-flip excitations of the particle-hole
continuum is observed [14,17].

Recently, some of us succeeded in growing high-quality
thin films of La,_,Ca,CuO4_s (LCCO) with Ca doping
levels extending up to x = 0.50 [20] [Fig. 1(a)]. Previous
structural and spectroscopic characterization of these films
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FIG. 1. (a) Scanning transmission electron microscopy (STEM)
image of an LCCO film with x = 0.45, demonstrating high crys-
tallinity. (b) Superconducting 7. as a function of doping in
10-unit-cell-thick LCCO films, compared to bulk and thin-film
LSCO [11,24-26]. Figures adapted from Ref. [20].

demonstrated that Ca is incorporated homogeneously well
beyond the bulk solubility limit, with a smooth evolution
of the c-lattice parameter and a Ca/La ratio consistent with
the nominal composition (see Ref. [20] and Supplemental
Material therein). Likely due to the reduced A-site cation
disorder arising from the nearly identical ionic radii of La
and Ca, superconductivity in this system persists up to at
least x = 0.50, with T, ~ 15 K—well beyond what is typi-
cally observed in systems with higher disorder, such as LSCO
[Fig. 1(b)] [21]. This extended superconducting phase dia-
gram in LCCO provides an opportunity to test the sensitivity
of spin and charge-related phase boundaries to the robust-
ness of the superconducting state. In the charge sector, our
recent resonant x-ray scattering and x-ray diffraction studies
revealed that electronic CDW order exists in LCCO only up
to a Ca doping of x ~ 0.20, although a superstructure as-
sociated with oxygen-vacancy ordering persists beyond this
doping level [22]. In this paper, we systematically investi-
gate the evolution of spin excitations in LCCO as a function
of Ca doping using RIXS. Through polarization-resolved
and incoming-photon-energy-dependent measurements, we
demonstrate that dispersive spin excitations persist deep into
the overdoped regime, up to at least x = 0.50. They start as
Raman-like collective paramagnon excitations at low doping
and progressively become more incoherent and fluorescent
in nature at higher doping levels. In particular, a pronounced
crossover near x = (.15 is observed, characterized by a trans-
fer of paramagnon spectral weight to incoherent spin-flip
excitations associated with the particle-hole continuum, in
agreement with observations in other cuprate families. No-
tably, the doping evolution closely mirrors that seen in other
hole-doped cuprates and appears largely unaffected by the
extended superconducting dome in LCCO [Fig. 1(b)]. These
results support the view that high-energy magnetic excitations
probed by RIXS are marginal to the superconducting pairing
mechanism in cuprates, consistent with predictions of spin-
fluctuation mediated pairing models [10,23].

II. EXPERIMENTAL METHODS

LCCO films with a thickness of 10 unit cells (~13.2 nm)
and various doping levels were grown on LaSrAlO4 (LSAO)
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FIG. 2. (a) Schematic of the scattering geometry used in the
RIXS experiments. (b) RIXS spectra obtained at an in-plane momen-
tum transfer Q) = (0.46, 0), for various Ca-doping levels. (c), (d)
Polarization-resolved RIXS spectra obtained for (c¢) x = 0.05, and
(d) x = 0.50. The solid lines represent five-point averaging of the
spectra.

(001) substrates using molecular beam epitaxy and thoroughly
characterized, as previously reported [20]. Cu L3 RIXS mea-
surements were carried out using the ERIXS spectrometer at
the ID32 beamline of the European Synchrotron Radiation
Facility in Grenoble. The scattering angle was fixed at 149.5°,
and the measurements were performed with an energy res-
olution of ~65 meV, using m-polarized incident light (i.e.,
polarization parallel to the scattering plane) to enhance the
magnetic scattering signal [see Fig. 2(a)] [14]. All data were
collected at a temperature of 25 K.

III. RESULTS

Figure 2(a) illustrates the scattering geometry used in the
RIXS experiments. As established in previous work [14],
a grazing-emission configuration with m-polarized incident
light is optimal for detecting spin-flip excitations via the
cross-polarized wo’ channel. Accordingly, the incident beam
was aligned at an angle of approximately 43° relative to
the surface normal, resulting in near-grazing emission of
the scattered beam and an in-plane momentum transfer of
QO = (0.46, 0) r.L.u. With this geometry, a pronounced midin-
frared peak centered around 0.35-0.40 eV is observed across
the full doping range from x = 0.05 to 0.50 [Fig. 2(b)]. Con-
sistent with Ref. [14], polarization analysis of the scattered
beam confirms that the spectral weight in this energy range
arises predominantly from the cross-polarized scattering
channel, and is therefore dominated by spin-flip excitations
[Figs. 2(c) and 2(d)].
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FIG. 3. RIXS spectra at Q) = (0.46, 0) r.L.u. obtained with se-
lected incident energies detuned from the peak of the Cu L;-edge
XAS profile (a), for various Ca doping levels: (b) x = 0.05, (c)
x =0.10, (d) x =0.15, (e) x = 0.30, and (f) x = 0.50. For each
doping level, spectra are shown at seven incident energies: one at
the maximum of the XAS intensity, and six others shifted upward by
0.1 to 0.6 eV in 0.1 eV steps. Solid black lines in (b)—(f) represent
fits to the data, as described in the text. Green shaded regions indicate
the midinfrared spin-flip component of the fits. Arrows indicate the
energy at which the midinfrared peak reaches maximum intensity.
Spectra obtained at energies L3 + 0.3 eV, L; +0.4eV,L; +0.5¢eV,
and L3 + 0.6 eV are scaled up by factors of 1.25, 1.5, 1.75, and 2,
respectively.

In order to distinguish incoherent spin-flip excitations from
collective paramagnons, we examine the evolution of the
spin-flip excitation peak at Q; = (0.46, 0) r.L.u. as the inci-
dent photon energy is detuned from the Cu L3 resonance
[Fig. 3(a)]. Figures 3(b)-3(f) show the RIXS spectra for
x = 0.05,0.10, 0.15, 0.30, and 0.50 at various detuning levels.
Each spectrum is fitted using a combination of components:
resolution-limited Gaussians for the elastic line at zero en-
ergy loss and the phonon mode near ~70 meV, a Lorentzian
background to model the tail of the dd excitations, and a
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FIG. 4. Incident photon energy detuning dependence of the en-
ergy corresponding to the maximum intensity of the midinfrared
peak for various Ca doping levels. The dashed line indicates the
expected detuning dependence for a fluorescent feature.

resolution-convoluted damped harmonic oscillator (DHO) to
describe the spin-flip excitation, given by

ol

I(a)) =A )
(a)2 — a)%)2 + 4?2

ey

where A, o, g, and I are the amplitude, frequency, undamped
frequency, and damping factor, respectively. The resulting fits
are shown as solid black lines in Figs. 3(b)-3(f), with the
green shaded regions representing the spin-flip excitation. For
the detuned spectra at x = 0.05, noticeable deviations from
the fit are observed, likely arising from multimagnon contri-
butions. However, since our primary focus is on the evolution
of the peak position with detuning, these deviations do not
significantly affect the analysis.

The extracted energy at which the spin-flip excitation in-
tensity reaches a maximum is shown in Fig. 4. For x = 0.05
and 0.10, a nearly constant peak energy across all detuning
levels fits the data well—indicative of Raman-like behavior—
which clearly suggests a collective spin-excitation origin. In
contrast, for dopings in the range x = 0.15-0.50, the peak
position shifts noticeably with increasing detuning. However,
the detuning dependence of wp,x remains clearly distinct from
that expected for purely fluorescent behavior, as indicated
by the dashed line in Fig. 4. Prior numerical calculations
based on the two-dimensional single-band Hubbard model
have shown that for the specific grazing-emission geome-
try used in our experiment, RIXS spectra in the hole-doped
system comprise two components with distinct detuning de-
pendencies: a paramagnon feature with a peak energy that
remains independent of detuning (Raman-like behavior), and
a particle-hole continuum feature that shifts to higher energy
with increasing detuning (fluorescencelike behavior) [17]. Ex-
perimentally, this picture has been validated across several
families of cuprates, where the midinfrared spin-flip exci-
tation feature exhibits partial fluorescence behavior around
optimal doping (p ~ 0.16), due to increased contributions
from particle-hole continuum excitations [17]. Here, we inves-
tigate whether this framework applies to the present system.
Following previous work [17], we employ the ratio R of the
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FIG. 5. Ratio of averaged RIXS intensities within a 25 meV
window centered at energy transfers of 0.7 and 0.4 eV, shown in
(a) as a function of detuning for various Ca doping levels, and in
(b) as a function of Ca doping for various detuning levels. The
superconducting dome is included in (b) for comparison.

intensity at the spin-excitation peak (~0.4 eV) to that on the
high-energy tail (0.7 eV) as a proxy for the integrity of
the collective spin excitation. This ratio remains small when
the spectral weight is concentrated in a well-defined collective
mode, but increases as the excitation loses spectral weight to
the incoherent continuum.

Figures 5(a) and 5(b) shows the dependence of the ratio
R on detuning and Ca doping, respectively. For x = 0.05 and
0.10, the dominant spectral weight originates from a collective
spin excitation, as indicated by the consistently small values
of R across all detuning levels. In contrast, a pronounced
crossover occurs around x = 0.15, where R increases signif-
icantly with detuning. This behavior implies a suppression
of collective mode spectral weight in favor of incoherent
spin-flip excitations within the particle-hole continuum. For
x > 0.15, the spectra evolve only weakly with further dop-
ing. Thus, while a clear crossover is observed near x = 0.15,
where RIXS intensities increasingly reflect incoherent spin-
flip excitations, a collective spin-excitation component with
a Raman-like detuning dependence appears to persist up to
Ca doping levels as high as x = 0.50. This behavior con-
trasts with previous theoretical predictions that attribute the
entire midinfrared spectral weight to incoherent particle-hole
excitations [27,28]. The persistence of a residual paramagnon
component prevents the RIXS intensities from exhibiting fully
fluorescent behavior (i.e., R = 1) with detuning.

It is important to note that the collective mode and in-
coherent spin-flip excitations cannot be cleanly separated in

the RIXS spectra for x = 0.15-0.50, as for these dopings,
the midinfrared spin-flip excitation peak can be modeled
using a single resolution-convoluted DHO function. Never-
theless, we have measured the dispersion of this feature for
x = 0.15-0.50, as presented in Figs. 6(a)-6(d). The spectra
are fit using the same model as for the detuning data in
Fig. 3, i.e,, a combination of resolution-limited Gaussians
for the elastic line at zero energy loss and the phonon mode
near ~70 meV, a Lorentzian background to account for the
tail of the dd excitations, and a resolution-convoluted DHO
to describe the spin-flip excitation. The integrated intensity,
damping factor (I"), undamped frequency (wp), and the fre-
quency corresponding to the peak intensity of the spin-flip
component (wn.x) obtained from the fits are displayed in
Figs. 6(e)-6(h). The fitted parameters for x = 0.05 and 0.10,
obtained at Q; = (0.46,0) from the Cu L3-edge resonance
data in Figs. 3(b) and 3(c), are also included in Figs. 6(e)-6(h)
for comparison. The results are broadly consistent with prior
reports of paramagnons in overdoped cuprates—namely, an
overall broadening of the spin-flip excitation peak is observed
with increasing doping, accompanied by no significant change
in either the integrated spectral weight or the characteristic
energy across the doping range [10-12,18,19]. However, the
presence of overlapping incoherent excitations precludes fully
unambiguous conclusions regarding the doping dependence
of the paramagnon spectral weight or energy. Note that we
have not applied a geometrical correction factor for the Q
dependence of the integrated intensity in Fig. 6(e). However,
the measurements at each Q across different dopings were
performed under the same experimental geometry, so any
remaining geometrical prefactors are expected to cancel out
when comparing doping dependence.

IV. DISCUSSION AND CONCLUSIONS

Our RIXS measurements on LCCO reveal that collective
paramagnon excitations persist up to the highly overdoped
regime (x = 0.50), with a crossover occurring at x = 0.15,
where a loss of paramagnon spectral weight to incoherent
spin-flip excitations is observed. Despite the extended su-
perconducting dome in LCCO, the paramagnon behavior
is strikingly similar to that observed in other hole-doped
cuprate families such as (Bi, Pb),(Sr, La),CuOg,s (Bi2201),
TI,Ba;CuOg¢ys (T12201), and YBCO, which exhibit more
conventional superconducting domes [14,17].

Our findings are broadly consistent with determinant quan-
tum Monte Carlo calculations on the single-band Hubbard
model, which predict that both the energy and spectral weight
of high-energy spin excitations near the antiferromagnetic
zone boundary remain largely unchanged with hole doping
[23,29]. Moreover, phenomenological models [10] and nu-
merical calculations [23] indicate that the suppression of
superconductivity in the overdoped regime is more closely as-
sociated with a depletion of low-energy spin excitations near
the antiferromagnetic zone center. This loss of low-energy
spectral weight has clearly been observed in neutron scatter-
ing experiments [30-32], providing experimental support for
the theoretical picture. Our RIXS measurements align well
with this scenario: while high-energy magnetic excitations
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FIG. 6. Momentum dependence of the RIXS spectra along Q) =

(H, 0) for various Ca doping levels: (a) x = 0.15, (b) x = 0.20, (c)

x = 0.30, and (d) x = 0.50. The solid black lines represent fits to the spectra as detailed in the text. The green shaded regions correspond
to the spin-flip excitation component of the fits. Black triangles indicate the energies where the spin-flip excitation intensity is maximal. All
measurements were performed with the incident photon energy tuned to the Cu L;-edge resonance. (e)—(h) show parameters extracted from
these fits [including data from Figs. 3(b) and 3(c)]: (e) integrated intensity, (f) damping I', (g) undamped frequency wy, and (h) frequency at

which the spin-flip excitation intensity is maximal @pay.

persist across the doping range, they show no clear correlation
with the extended superconducting dome in LCCO, reinforc-
ing the idea that these high-energy excitations probed by
RIXS play only a limited role in the pairing mechanism. Note
that RIXS measurements are limited in accessible momentum
transfer to approximately twice the photon momentum, which
is about 0.943 A~! at the Cu L3 edge (~931eV). This is
well below the momentum transfer corresponding to the an-
tiferromagnetic zone center (~1.18 A~1), and therefore RIXS
cannot access the low-energy excitations observed by neutron
scattering.

Our results underscore the challenges involved in interpret-
ing the doping dependence of paramagnons, particularly in
the intermediate and overdoped regime (x = 0.15 and above),
with RIXS. Due to the strong contribution from incoher-
ent spin-flip excitations for x > 0.15, any straightforward
comparison of peak energies across the full doping range
risks oversimplifying the underlying physics. Future method-
ological advances—particularly follow-up calculations and
theoretical modeling informed by the present and prior ex-
perimental datasets [14,17]—may enable a clearer separation
between the incoherent and collective paramagnon compo-
nents of the spin-flip excitation peak.

Prior studies [14,17] and our current results suggest that the
transfer of spectral weight from collective spin excitations—
characteristic of the undoped Mott insulator—to particle-hole
continuum excitations, typical of an uncorrelated Fermi liq-
uid, occurs near x =~ 0.15. As noted in previous work [17],
this doping level closely coincides with the hole-doping where
transport and angle-resolved photoemission spectroscopy
(ARPES) measurements indicate a major reconstruction of
the Fermi surface, with the hole-carrier density gradually
increasing from p to 1+ p [3,33-35]. The continuum exci-
tations observed in the present study, as well as in earlier
investigations of other cuprates [14,17], may be associated
with the emergence of these additional carriers. Recent the-
oretical work has proposed that the spin-flip excitation peak
observed in RIXS in underdoped cuprates could be related to
a spinon continuum, potentially explaining the missing Fermi-
surface volume in the pseudogap phase [36,37]. However, the
predicted continuum is significantly broader than the exper-
imentally observed spin-flip peak in the underdoped regime
[Figs. 3(b) and 3(c)]. This discrepancy argues against a spinon
continuum as the origin of the spin-flip peak.

We note that a prior publication by some of the authors re-
ported ordered oxygen vacancies present in LCCO films [22].
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The existence of oxygen vacancies would necessarily reduce
the hole concentration implied by the Ca doping level x, since
each oxygen vacancy donates two electrons. Nevertheless,
previous Hall effect and optical conductivity measurements
indicate that the hole concentration increases monotonically
with increasing x [20]. This implies that the density of oxygen
vacancies is insufficient to compensate for the holes intro-
duced by Ca substitution. Although a direct determination
of oxygen off-stoichiometry—and hence the true hole-doping
level—would be highly desirable, accurately quantifying oxy-
gen vacancy densities in oxide materials, particularly in thin
films grown on oxide substrates, remains experimentally chal-
lenging and is an active area of ongoing research [38].

In conclusion, our work demonstrates that the doping
dependence of the integrity of high-energy spin excita-
tions in LCCO is similar to that in other cuprate families
and interestingly is largely unaffected by the extension of
the superconducting dome in LCCO into the extremely

overdoped regime. These findings lend support to the view
that high-energy paramagnons probed by RIXS are not the
primary driving mechanism of superconducting pairing in the
cuprates.
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