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The discovery of nickelate superconductors has opened a new arena for studying the behavior of
correlated electron liquids that give rise to unconventional superconductivity. While critical information
about a material’s charge dynamics is encoded in its plasmons, collective modes of the electron gas, these
excitations have not yet been observed in nickelate materials. Here, we use resonant inelastic X-ray
scattering to detect plasmons in the metallic, low-valence nickelate PryNi;Og. Although qualitatively
similar to those in cuprates, the nickelate plasmons are more heavily damped and have a lower velocity than
those in a cuprate at comparable doping, which we attribute to reduced electronic hopping and enhanced
screening of the long-range Coulomb interactions. Furthermore, the plasmons in Pry,Ni3;Og soften with
increasing temperature, in contrast to the cuprate, where plasmons remain at nearly fixed energy but
become more strongly damped. Taken together, these results reveal a distinct charge-screening landscape in

nickelates and place quantitative constraints on analogies to cuprates.

DOI: 10.1103/3ycq-jclr

I. INTRODUCTION

The discovery of superconductivity in nickelates
crowns decades of efforts to realize cuprate-like physics
in materials that do not contain copper [1-5]. Two distinct
subclasses of nickelates have been identified thus far:
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low-valence nickelates with formula R, , |Ni, O,,,, (where
R is a rare earth and n denotes the number of neighboring
layers) [6—10], and Ruddlesden-Popper (RP) phase nickel-
ates with formula R, ;1Ni, 05,1 [11-15]. Whereas the RP
phases exhibit disparate band topology, the low-valence
nickelates have band structures that share notable similar-
ities with those of the cuprates, such as comparable electron
counts [5,16—18]. However, low-valence nickelates possess
a larger charge-transfer energy compared to cuprates,
placing them further from the charge-transfer regime [19]
and correspondingly reducing their magnetic exchange
interactions [20-26].

Although much is now known about nickelate band
structures, it remains crucial to understand the dynamical
properties of their normal state. These depend sensitively
on the strength of the electron interactions and in particular
screened Coulomb interactions, which are difficult to
quantify from band structure measurements. This gap
presents a compelling opportunity: recent studies indicate

Published by the American Physical Society
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that attractive extended-Hubbard interactions—Ilikely pho-
non-mediated—can promote superconductivity, but only if
they are strong enough to overcome the long-range
Coulomb repulsion [27-30]. Quantifying the magnitude
of this Coulomb interaction is therefore essential. These
Coulomb interactions manifest in plasmon excitations,
which are the collective charge-density oscillations of
low-energy electrons [31-34]. Plasmons have been studied
extensively in cuprates [31,35-45], but they are yet to be
observed in nickelates. Filling this gap is imperative to
directly compare screened interactions in nickelates and
cuprates, and to identify universal features that are key to
the formation of unconventional superconductivity.

Plasmons are traditionally measured using techniques
such as optics and electron energy loss spectroscopy
(EELS) [37,46-48], but resonant inelastic x-ray scattering
(RIXS) has emerged as an alternative [35,36,38—45]. It is
especially useful for accessing the out-of-plane momentum
dependence [35,39], which is important because collective
charge excitations in layered materials often disperse
strongly along this direction, and the lowest-energy modes
typically occur at finite momentum.

Here, we use O K-edge RIXS to study the plasmon
excitations in single-crystalline effectively overdoped low-
valence nickelate Pr,Ni;Og, which we compare with over-
doped cuprate La,_,Sr,CuO, with a similar effective hole-
doping level. The nickelate exhibits well-defined dispersive
plasmons at small in-plane momenta, which become over-
damped well before crossing the particle-hole continuum
inferred from the band structure. The plasmons in Pr,Ni;Og
exhibit a reduced velocity compared to cuprates, indicating
suppressed electronic hopping, and a broader linewidth,
suggestive of more strongly screened long-range Coulomb
interactions. Our random phase approximation (RPA)
calculations corroborate these observations, which also
account for the lack of clear out-of-plane plasmon
dispersion in PryNi;Og. We further observe that the
plasmons in PryNi;Og soften with increasing temperature,
contrasting sharply with La,_,Sr,CuQ,, where they main-
tain their excitation energy but experience increased damp-
ing at elevated temperatures. Our findings reveal
fundamental differences in charge dynamics between
nickelate and cuprate superconductors, providing critical
experimental constraints for identifying parameters essen-
tial to unconventional superconductivity.

II. OBSERVATION OF DISPERSING PLASMONS
IN NICKELATES

We choose PryNi;Og as our reference low-valence
nickelate [Fig. 1(a)] for this study and prepared samples
via floating-zone growth, followed by topotactic reduction
(see Appendix A). This material possesses a Ni 3d°~!/3
valence state, corresponding to § = 1/3 hole doping with
respect to the 3d° parent state, placing it within the
overdoped nonsuperconducting regime [49]. Distinct from

its counterpart LayNi3Og, which undergoes a semiconduc-
tor-insulator transition accompanied by intertwined charge
and spin order [50,51], Pr;Ni;Og remains metallic down to
2 K with no identifiable phase transitions [49]. The family
of low-valence multilayer nickelates has been shown to
superconduct with a maximum 7. of 129 K [7,52].
We compare PryNi;Og with the overdoped single-layer
cuprate La,_,Sr,CuQ, since high-quality overdoped tri-
layer cuprate single crystals are currently unavailable.
While doping-induced plasmon renormalization in these
strongly correlated materials is not yet fully understood,
layer-structure effects can be directly probed via out-of-
plane plasmon dispersion measurements and incorporated
into the modeling, enabling insightful comparisons.
Studying these materials provides insight into the normal
state from which superconductivity emerges and thus can
provide crucial information about the mechanisms under-
lying superconductivity.

We begin by identifying the plasmon and mapping out its
momentum dependence at 40 K. O K-edge RIXS data were
collected as detailed in Appendix B. Figures 1(c) and 1(d)
display the RIXS energy-momentum maps for PryNi;Og
and La,_ Sr,CuQO, (6= 0.35), respectively, along the
(H, 0) direction. The resonant condition for these mea-
surements was determined by scanning the incident
x-ray energy through the O K-edge pre-peak and identify-
ing the energy that maximizes the intensity of the low-
energy electronic excitations (see Supplemental Material
[53] Sec. S1). Both materials exhibit well-defined disper-
sive modes below 1 eV energy loss, which are widely
recognized as plasmons in cuprate superconductors
[35,36,39-45], as will be further verified by calculations
presented later in this work. In electron-doped cuprates, as
the doped electrons primarily populate the upper Hubbard
band of Cu 3d orbitals, the charge near the Fermi level
exhibits dominant Cu 3d character. Consequently, plas-
mons are prominently observed at the Cu L edge in
RIXS [39,45]. In contrast, the doped carriers in hole-doped
cuprates tend to occupy the ligand oxygen orbitals, making
plasmons barely detectable at the Cu L edge but substantial
at the O K edge [35,45]. The clear observation of plasmon
excitations in PryNi;Og therefore implies an appreciable
hole density on oxygen sites, supporting the observed
mixed charge-transfer-Mott-Hubbard character of low-
valence nickelates [23,24].

Compared to the cuprate, PryNiz;Og exhibits plasmons
with a lower energy scale and reduced dispersion slope
[Fig. 1(e)], indicating a lower velocity (1.2 £ 0.1 eV A in
PryNi;Og versus 2.4 + 0.2 eVA in La,_,Sr,CuQ,). This
distinction persists for lower dopings (for example,
La,_,Sr,CuO, 6 = 0.16) and in trilayer cuprates, as seen
in Fig. 1(e). Here, we define the plasmon velocity using the
dispersion gradient of the observed low energy modes. For
PryNizOg and trilayer cuprates, only one collective mode
can be observed, which does not show strong dependence
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FIG. 1. Dispersive plasmons in PryNi;Og. (a) Schematic of the crystal structures of PryNi;Og (Pr438, red) and La,_,Sr,CuO, (LSCO,

blue), along with the corresponding structural and electronic hopping parameters. For the single layer model, d is the interlayer distance,
and ¢, denotes the interlayer electronic hopping integral. For the trilayer model, d and d’ are the interlayer and intra-trilayer distances,
respectively. 7, denotes the intra-trilayer hopping, while inter-trilayer hopping is neglected, as it is expected to be much smaller than the
intra-trilayer term. 7 and ¢ are the nearest- and next-nearest-neighbor in-plane hopping for both PryNi;Og and La,_,Sr,CuOQy,.
(b) Reciprocal space trajectories of the resonant inelastic x-ray scattering (RIXS) measurements of the in-plane plasmon dispersions,
which were performed at a fixed scattering angle 2@. The values presented are in r.l.u. (reciprocal lattice units). (c),(d) RIXS intensity
maps of PryNiz;Og and La,_,Sr,.CuO, (6 = 0.35), respectively, collected at 40 K, exhibiting dispersive plasmons with momenta
primarily along the (H, 0) direction, following the Q trajectories presented in (b). The markers indicate plasmon peak positions extracted
from the fitting procedure (see Supplemental Material [53] Sec. S2). (e),(f) Summary of the in-plane plasmon dispersions, showing the
peak positions and full-width at half-maximum (FWHM) extracted from the fits. Data for La,_,Sr,CuO, (6 =0.16) and
Bi;Sr,Ca,Cus Oy, (Bi2223, § = 0.18) are reproduced from Ref. [35] and Ref. [36], respectively. The shaded area in (f) represents
the quasielastic regime, determined by the energy resolution of ~30 meV. The full extent of the error bars in (c),(d) denotes the FWHM
of plasmon peaks, whereas all other error bars are 1o confidence intervals evaluated from the fitting.

on the out-of-plane momentum, as will be discussed
subsequently, making the plasmon velocity an empirical
parameter independent of specific modeling. Meanwhile,
plasmons in both PryNi;Og and La,_,Sr,CuQ, are heavily
damped across reciprocal space, evidenced by peak widths
exceeding the energy resolution of 30 meV [Fig. 1(f)], with
the damping of the nickelate plasmon systematically
exceeding that of the cuprate. In both cases, the damping
increases strongly with momentum until the modes dis-
appear, with the nickelate plasmon disappearing more
quickly than in the cuprate.

The plasmon velocity is determined primarily by
electronic hopping, with only a modest enhancement from
long-range Coulomb interactions. More specifically,
with the long-range Coulomb interactions removed,
the plasmon velocity for La,_,Sr,CuO, is estimated

to be approximately 1.8 eV A (Fig. S4 Supplemental
Material [53]), which remains significantly larger than that
observed in PryNi;Og. Thus, the lower plasmon velocity in
Pr,Ni;Og reflects weakened electronic hopping. Regarding
damping, it is driven primarily by suppressed long-range
Coulomb interactions [34], which facilitate the decay of
plasmons into the particle-hole continuum.

A key characteristic of cuprate plasmons is their out-of-
plane periodic dispersion highlighting the importance of
interlayer coupling beyond the typically assumed two-
dimensional (2D) framework for cuprates [35,39].
Figure 2 summarizes the out-of-plane dispersion. As
expected, our La,_,Sr,CuO, (6 = 0.35) RIXS data reveal
clear dispersive plasmons along the out-of-plane direction
[Figs. 2(b) and 2(d)], matching earlier reports. In contrast,
PryNi;Og exhibits no resolvable out-of-plane plasmon
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FIG. 2. Out-of-plane plasmon dispersions. (a),(b) RIXS spectra of various Q along the out-of-plane L direction for PryNi;Og and
La,_,Sr,CuQOy4 (6 = 0.35), respectively. The shaded peak profiles represent the fitted plasmon contributions, and the solid black lines
indicate the fitting results with all components accounted for, including the quasielastic line, low-energy phonons, and high-energy
bimagnons combined with a continuous charge background. (c) Fitted plasmon peak positions of Pry;Ni;Og. (d) Fitted plasmon peak
positions of La,_,Sr,CuQ,. The solid lines are guides to the eye.

dispersion over a Q range spanning the full anticipated
period [Figs. 2(a) and 2(c)]. Similar behavior was observed
in a trilayer cuprate, which was attributed to out-of-phase
plasmon oscillations that become undetectable by
RIXS [36]. Therefore, the lack of out-of-plane plasmon
dispersion likely reflects the presence of three coupled
planes in Pry;Ni;Og, rather than indicating a fundamental
difference in the interactions.

III. THEORETICAL DESCRIPTION OF THE
DISPERSING PLASMONS

To better understand the implications of our observa-
tions, and quantify changes in hopping and screening
in these materials, we simulated the plasmons using
RPA calculations of the charge dynamical susceptibility,
which incorporates dynamically screened interactions aris-
ing from collective, mean-field-like density fluctuations.
Further correlation effects beyond this approximation can
be partly captured through parameter renormalization [45].

TABLE L.

Such RPA simulations can therefore associate the
differences in plasmon behavior between nickelates and
cuprates with specific variations in the underlying inter-
actions in the materials. During the simulations, most
parameters were fixed based on established theoretical
and experimental literature, leaving only three primary
free parameters for each material, which were determined
exclusively from fits to the plasmon dispersions observed in
our RIXS measurements (see Appendices C and D for more
details).

For La,_,Sr,CuQ,, we employ a single-layer model
and consider anisotropic long-range Coulomb interactions
and intralayer and interlayer electronic hopping
(Appendix C). Satisfactory agreement occurs using the
parameters presented in Table I, which reproduce plasmon
dispersions in both in-plane and out-of-plane directions
[Figs. 3(d)-3()].

For Pry;Ni;Og, we construct a corresponding trilayer
model, incorporating intra-trilayer hopping while
neglecting inter-trilayer terms, as the former dominates

Parameters describing plasmons in the two materials. Here, 7, 7', and ¢, are electronic hopping integrals, as defined in Fig. 1(a),

and V. is the long-range Coulomb interaction with its spatial anisotropy controlled by a. Note that 4 is the chemical potential while Ay is the
potential difference between the outer and inner layers of the trilayer model. Full details are provided in Appendices C and D.

Material t@evV) £/t f@eV) t)t  t@eV) a Vi V.@eV) u@V) A/t Au@EV)
LSCO (6=035) 039 -03 -0.117 0017 000663 3.5 15 5.85 -0.51 o
Pr438 021  -03 —0063 004 00084  --- 6 1.26 028 -04  —0.084
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FIG. 3. Theoretical description of the dispersing plasmons. (a)—(c) Simulations of plasmons in Pr,Ni;Og based on RPA calculations of
p p gp p 4N13Ug

the dynamical susceptibility applied to a trilayer model, as described in the main text. (d)—(f) RPA simulations of plasmons in
La,_,Sr,CuO, (6 = 0.35) applied to a single-layer model. The crosses represent plasmon peak positions derived from fitting the
experimental data. In (a) and (d), the simulations followed the experimental Q trajectory as shown in Fig. 1(b), while in other panels, the

in-plane momentum transfer A was fixed at the indicated values.

(Appendix D). The simulations achieve reasonable agree-
ment with experiment, as depicted in Figs. 3(a)-3(c), using
the parameters presented in Table I. Notably, Pr;NizOg
exhibits substantially reduced in-plane hopping and long-
range Coulomb interaction V. compared to La,_,Sr,CuQO,
(6 = 0.35), consistent with the reduced plasmon velocity of
1240.1 compared to 2.4-+0.2eVA in the cuprate
[Figs. 1(c) and 1(d)], linking the observed changes in
plasmon velocity to changes in the underlying Hamiltonian.
Meanwhile, the intra-trilayer hopping in PryNi; Oy is larger
than the interlayer hopping in La,_,Sr,.CuO, due to its
reduced interlayer distance, despite the absence of apical
oxygens [Fig. 1(a)].

Although simulations of the charge dynamical suscep-
tibility predict multiple plasmon modes [Figs. 3(a)-3(c)],
only one mode is experimentally resolved. For most Q
vectors, the upper branches are predicted either to have
intensities below the RIXS detection threshold (L < 0.4) or
to merge into the high-energy charge continuum (L ~ 2),
making them hard to distinguish from the background
[36,44,54,55]. However, at specific Q vectors like those in
Fig. 3(c) with L ~ 1.5, RPA predicts that plasmon branches
stay well-separated at low energies, with sufficient intensity
for detection; yet they remain unobserved in the experi-
ment. Thus, alternative mechanisms need to be considered.
One possibility is that matrix element effects suppress

these modes in the RIXS process. More sophisticated
multi-orbital calculations, taking into account the full
Kramers-Heisenberg cross section, would be needed to
address this possibility. Another more likely possibility is
that these modes are obscured by correlations beyond those
captured in standard RPA calculations. For example, self-
energy broadening, which becomes increasingly pro-
nounced as the quasiparticle energy shifts away from
the Fermi level [56], can broaden the higher-energy
plasmon branches significantly, exceeding observability,
while the lower-energy modes remain coherent. This
scenario is supported by RPA simulations incorporating
phenomenological energy-dependent self-energy broaden-
ing (Supplemental Material [53] Fig. S7).

To ensure our conclusions remain robust despite the
limitations of RPA, we applied the same methodology to
both materials and derived parameters exclusively from
RIXS data. This approach ensures a consistent comparative
framework, where any correlation effects unaccounted for
by the RPA influence the analysis of both systems in a
similar way. Consequently, even if absolute parameter
values might shift slightly with more sophisticated models,
the qualitative differences between the two materials
should persist. Furthermore, the reduction in effective
electronic hopping and long-range Coulomb interactions
in low-valence nickelates is evident from a direct
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comparison between the trilayer Pr;Ni;Og and single-layer
La,_,Sr,CuQy,, alongside literature data for underdoped
trilayer cuprates [Figs. 1(e) and 1(f)], without reliance on
any specific modeling.

IV. TEMPERATURE DEPENDENCE

Having established a qualitative picture of low-
temperature plasmons, we now explore their response
to thermal fluctuations. Figure 4 presents temperature-
dependent RIXS measurements and the corresponding
fitting results. For La,_ Sr.CuO, (6 = 0.35), both the
plasmon excitation energy and amplitude remain nearly
constant while the profile broadens with increasing temper-
ature, consistent with prior reports [43]. In contrast,
plasmons in PryNi;Og soften at higher temperatures with
decreased intensity while maintaining similar peak widths
(Fig. 4).

The opposite trends of plasmon behavior in the cuprate
and nickelate point to rich physics beyond what can be
interpreted by simple self-energy effects. The lower plas-
mon velocity in PryNi;Og reflects greater electronic com-
pressibility and thus an increased susceptibility to charge
order in conditions where this instability is energetically
favored. These novel plasmon effects are intriguing in
light of prior evidence of incipient stripe order in
PryNi;Og [18,22,57]. Since studies of the related material
LayNizOg show that stripe order modifies the material’s
electrical conductivity and consequently the plasmon
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screening [49,50], stripe fluctuations are a possible candi-
date for the temperature dependence of the plasmon. In
such a scenario, an anomaly might be expected near the
stripe ordering vector, @ = (1/3,1/3). However, since
collective plasmon modes decay into the particle-hole
continuum at large momenta, they are not observable at
this Q vector, precluding a definitive test of this hypothesis.
Other factors, such as the multi-orbital nature of the
low-energy electronic state, may also contribute to the
temperature dependence. We note that typical temperature-
induced renormalization would entail concurrent changes
in both energy and linewidth.

V. IMPLICATIONS OF NICKELATE
CHARGE DYNAMICS

Our results provide the first measurements of dispersive
plasmons in low-valence nickelate PryNi;Og and compare
them with those in La,_,Sr,CuO, with a similar doping
level. The plasmon velocity, indicated by the dispersion
slope in Fig. 1(e), is found to be smaller in Pry;Ni;Og than
La,_,Sr,CuQy,, implying reduced electronic hopping in the
former. Prior experimental and theoretical work has shown
that Pry;Ni;Og shares similar electronic properties with
other low-valence nickelates, provided that they are com-
pared at the same effective doping [22-24,58,59], so this
trend of suppressed electronic hopping and enhanced
screening is likely to be a general property of low-valence
nickelates compared to the cuprates.
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(6 = 0.35), respectively, collected at the indicated Q vectors and temperatures. The shaded areas indicate the fitted plasmon profiles, and
the black lines denote the summation of different contributions. (c),(d) Temperature dependence of the plasmon peak positions and
FWHM, respectively, obtained from the fitting. (e),(f) Fitted plasmon amplitudes for Pr,;Ni;Og and La,_,Sr,CuQ,, respectively. The
dashed lines in (a),(b) and the bold lines in (c)—(f) are guides to the eye.
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At first glance, the trend in the plasmon velocities is
perhaps surprising as the nominally Ni'* site in nickelates
hosts a smaller nuclear charge than the Cu?* site in cuprates
and so it would be expected to have more extended transition-
metal (TM) d orbitals and larger hopping. Indeed, prior
works have found that the TM-O hopping values in the low-
valence nickelates are larger, or at least similar to the values
found in cuprates [23,58]. Instead, the difference in the
plasmon dispersion can be explained by the fact that the
transfer energy is also larger in low-valence nickelates, so the
effective TM-TM hopping bridged by oxygen is weaker.
The more extended Ni orbitals are also likely to increase
screening and have a role in the smaller long-range Coulomb
interaction, which is almost a factor of 5 smaller in the
nickelate compared to the cuprate. It is important to note
that the hopping parameters extracted here are not bare
quantities—such as those obtained from density functional
theory (DFT) calculations—but already incorporate (to some
degree) renormalization effects arising from short-range
Coulomb interactions. For instance, the bare nearest-
neighbor hopping r = 0.43 eV derived from tight-binding
modeling of underdoped La,_, Sr,CuO, [60] is comparable
to our RPA-extracted value (0.39 eV). In contrast, for
PryNiz;Og, the bare t = 0.39 eV [58] is 86% larger than
the value extracted here (0.21 eV). This indicates that short-
range correlation effects are stronger in low-valence nickel-
ates than in cuprates, consistent with the conclusions of a
recent angle-resolved photoemission spectroscopy (ARPES)
study [56]. These short-range correlation effects are distinct
from the long-range ones, which are conversely weaker in
low-valence nickelates.

Another notable feature of the plasmons observed here is
that they are more heavily damped and disappear at smaller
values of in-plane momentum compared to the cuprate. In a
simple uncorrelated metal, plasmons become heavily
damped only once their momentum crosses the particle-
hole continuum. Indeed, the implications of the anomalous
damping of cuprate plasmons have been discussed
extensively [35,61,62] and the microscopic origin of this
damping remains controversial. Particular controversy has
arisen from inconsistencies among different EELS mea-
surements. Early results suggested that plasmons in cuprates
could be understood within a conventional uncorrelated
framework [46,47], whereas later studies emphasized the
crucial role of electronic correlations [61,62]. Review
articles have concluded that further investigation is
required before a definitive comparison with EELS can
be established [37]. Consequently, we focus on comparisons
with RIXS, which consistently shows that plasmons damp
rapidly with increasing momentum [35,36,38—45]. Possible
explanations for the strong damping range from strange
metal physics in which plasmons decay into a quantum
critical continuum [63], to interband transitions, which
effectively extend the Landau damping regime [64]. We

find that this anomalous plasmon damping is even stronger
in nickelates, which can shed further light on this problem.
The temperature dependence of the nickelate plasmon
also appears to be anomalous, exhibiting a strong softening
with increased temperature that may be connected to
stripe correlations. While the present data are not suffi-
cient to confirm or refute these interpretations, as the first
report of plasmons in low-valence nickelates, this work
should stimulate further theoretical efforts. These include
approaches extending beyond the conventional Hubbard
framework—such as those incorporating long-range
Coulomb interactions or modern holographic methods—
to better understand the electronic structure and mechanisms
underlying unconventional superconductivity in nickelates.

Overall, our findings establish reduced electronic hop-
ping and smaller, more strongly screened, long-range
Coulomb interactions as defining features differentiating
low-valence nickelates from cuprates. These differences
could ultimately lead to a suppression of the superconduct-
ing energy scale [65], providing a possible explanation for
the lower 7. in low-valence nickelates compared to
cuprates. These results offer essential experimental bench-
marks for contrasting low-valence nickelates and cuprates,
guiding efforts toward realizing unconventional supercon-
ductivity with higher transition temperatures.
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APPENDIX A: SAMPLE SYNTHESIS

The parent RP phase PryNi;O;y, material was syn-
thesized via the high-pressure optical floating zone method.
To reduce the samples, small c-axis-surface-normal crystals
were cleaved from the boules and heated in a flowing
H,/Ar gas mixture following previously reported
procedures [49]. We use tetragonal notation with space
group I4/mmm and lattice constants of a = b = 3.935,
¢ =25.485 A to describe reciprocal space. The intra-
trilayer spacing &’ = 3.185 A and the inter-trilayer distance
d=c/2=12.74 A. The excellent quality of the samples
was confirmed by previous studies [22-25].

The La,_,Sr,CuQ, film used in the current study was
synthesized using the atomic-layer-by-layer molecular
beam epitaxy (ALL-MBE) technique [67]. Prior studies
of samples prepared via ALL-MBE have confirmed the
high sample quality [23,68—70]. The lattice constants of
La,_,Sr,Cu0, are a = b~ 3.76 and ¢ = 13.17 A. Layers
are spaced by d = ¢/2 = 6.8 A

For both materials, momentum transfer is denoted
using reciprocal lattice units (r.l.u.) notation as Q =
Ha* + Kb* + Lc*.

APPENDIX B: RIXS MEASUREMENTS

High-energy-resolution RIXS measurements were per-
formed at the SIX beamline at the National Synchrotron
Light Source IT (NSLS-II). All the RIXS data presented
here were collected with incident ¢ polarization at the pre-
peak of the O K edge, where the plasmon intensities are
maximized (Supplemental Material [53] Sec. S1). During
the experiments, we put the crystalline (H, 0, 0) and (0, 0,
L) directions in the horizontal scattering plane [Fig. 1(a)].
The spectra were collected with an energy resolution of
around 30 meV. A multipeak fitting procedure was
employed to extract the plasmon parameters, including
the excitation energies and peak widths (Supplemental
Material [53] Sec. S2).

APPENDIX C: RPA CALCULATIONS: SINGLE
LAYER MODEL

In the single layer RPA calculations, we treat the

electronic dispersion as €, = e,! + €, where

e} = —2t[cos(k,a) + cos(k,a)]
— 41 cos(k.a) cos(kya) — (C1)
and

e = —2t,[cos(k,a) — cos(k,a)]* cos(k.d) (C2)

are the dispersions parallel and perpendicular to the ab
plane, respectively [43]. k, and k, denote the in-plane

momenta, expressed in units of 2z/a, while k, represents
the out-of-plane momentum in units of 2z/d. Here, a is
the in-plane lattice constant and d is defined in Fig. 1(a).
The chemical potential x is set by imposing 1 —6 =
(2/N)> ynr(ex), where & is doping and ngp(e) =
1/[ePé + 1] is the Fermi function, # = 1/kgT is the inverse
temperature, and N is the total number of sites [35]. Note
that all the calculations were performed at 7 = 40 K.

In the single-layer case, the RPA charge susceptibility on
the Matsubara frequency axis is given by

. Xo(q, 1o,
)((qvlwm) = 0( )

“TVanagie) &

where w,, = 2mn/f is a bosonic Matsubara frequency,

2
10(q. @) = @ZGo(k +q.i0, +i,)Go(k. io,)
k.n

is the Lindhard susceptibility, Gy (k, iw,) = 1/(iw, — €) is
the noninteracting Green’s function, w, = (2n + 1)z/fisa
fermionic Matsubara frequency, and

v,
2 —cos(qa)—cos(g,a)]+1—cos(q.d)

V)= (c4)

is the long-range Coulomb interaction for a layered electron
gas [35]. Here, a describes the anisotropy.

The imaginary part of the charge susceptibility on the
real axis y”(q, w), which is the quantity we wish to compare
to our measurements, can be obtained by analytical
continuation y(q,iw, > @ +1iy). In this case, the
Lindhard function on the real frequency axis is given by

oy 2 ng(k +q) — np(k)
)(o(q,w+17)— N;a)n—ekﬂ—f—ek—i—iy'

(Cs)

In our numerical calculations, we take y =5 meV to
account for resolution broadening of the charge susceptibil-
ity. We further fix o = 3.5 [35] and ¢/t = —0.3 based on
established theoretical and experimental literature, which
makes ¢, t,/t and V./t the only free parameters.
Furthermore, since ¢ dictates the overall energy scale and is
accurately constrained by the experimental plasmon energy,
we tuned 7, /¢ and V ./t to search for the best combination of
parameters that can reproduce the La,_,Sr,CuQO, (6 = 0.35)
plasmon dispersions (Supplemental Material [53], Fig. S4).
The best fit parameters are given in Table 1. Note that the
change in plasmon dispersion resulting from reducing V.
can be partly compensated by increasing ¢, so we further use
ARPES data to constrain the latter, obtaining a unique
solution.
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APPENDIX D: RPA CALCULATIONS:
TRILAYER MODEL

In the trilayer model, we use d =3.286a and d’' =
0.8215a to denote the out-of-plane inter- and intra-trilayer
distances, respectively [see Fig. 1(a)]. As such the out-of-
plane momentum is reported in units of 2z/d.

We model the noninteracting electronic structure of
the multilayer crystal using the Hamiltonian H =
Y oko ‘P,tﬁhk‘llk_g, where ‘I",L.U = [C,L,]ﬁ, c,L.Z’G, CIL&U] is a
row vector of operators C;a,o' are creation operators for a
spin ¢ electron in layer a and

Il Au 1L
€r + 3 €r 0
A 1% I _2Ap 1
hk = € €L 3 €r (Dl)
1% I Ap
0 € € +3

Here, Ay is the potential difference between layers, which
is introduced to account for inequivalent doping levels in
the inner (n = 2) and outer (n = 1, 3) layers, as observed in
ARPES measurements on PryNiz;Og [56]. The in-plane

component of the dispersion e,‘l is defined as in Eq. (C1)
while the out-of-plane component is

e = —21,[cos (k,a) — cos (kya)|?e**.  (D2)

The electronic dispersions in the band basis are obtained by
diagonalizing ¢, = Uﬁzk Uy, where € is a diagonal matrix
representing the eigenvalues of izk.

The RPA susceptibility, written in the orbital basis, is a
3 x 3 matrix given by

)((qvla)m) = [H_ V<q))(0(q’lwm)]_IXO(wam) (D3)

Here, I is an identity matrix, V(q) is the long-range
Coulomb interaction for coupled sets of layered gases,
and y((q, iw,, ) is the Lindhard function, written in the layer
basis. The Coulomb interaction is defined as [36]

Vit Vio Vis
Vig)=| V. Vi Vi |, (D4)
Vis Vi Vi

where

V11(‘I) = & ( sinh(|qH|d) )
q) \cosh(|g|d) — cos(q.d)
Violg) = Ve (sinh(|q |(d —d')) + e74: sinh(|q d’)>
q cosh(|q” |d) — cos(g.d)
x e—id:d |
Vislg) = Ve <sinh(|q |(d —2d')) + e71%:4 sinh(g, |2d’)>
q) cosh(|g)|d) — cos(g.d)
X e~i24:d (D5)

The RIXS response is obtained from the imaginary part of
the analytically continued RPA susceptibility [44]

Imy.(q.0) = => Imy,s(q.iv, - o +iy). (D6)
ap

The Lindhard function in this case is given by

2 o0 00
)(g,ﬁ(q’a)) - _NZ/ dx/ dyA,/.,,(k—i—q,y)

kv
X Aﬂ,[l (k7 X) Uﬂ,a (k) U;:ﬂ<k) Uu./i (k + q)

* ne(y) — np(x)

x U"’a(k+q)a)—y+x+iy’

where a and f are orbital indices and y and v are band
indices and A(k,w) = —(1/7) ImG(k, ) is the spectral
function in the band basis.

In the noninteracting limit, the spectral function is
diagonal with elements A, ,(k,») = 6(w — ¢€,(k)), where
e, (k) are the eigenvalues of Eq. (D1). In the interacting
case, we assume that the self-energy is diagonal and has a
Fermi-liquid-like dependence %, ,(w)=—i(ky+kw?) such
that A, ,(k,w) = —(1/z) Im [w — €, (k) — £, (w)]~". Here,
ko and k control the strength of the impurity scattering and
electron-electron scattering, respectively. Note that plas-
mon energy involves minimal sensitivity to this choice,
since the lowest energy excitations arise from electrons
close to the Fermi level.

For our PryNiz;Og plasmon simulations, we fixed
t'/t = —=0.3, as in the single layer model, and Au/t =
—0.4 to ensure consistency with the ARPES Fermi surface
topology (Supplemental Material [53] Fig. S6) [56]. Thus,
similar to the single-layer model, we adjusted 7,/ and V. /¢
to identify the optimal combination that reproduces the
experimental observations (see Supplemental Material [53]
Fig. S5 in which we also varied Au/t for completeness). It
is also worth noting that the reduced ¢ and V. in Pry;Ni;Og
compared to La,_,Sr,CuQ, can be concluded directly from
a qualitative consideration of the RIXS data, thus the
simulations act to confirm and quantify a trend already
evident in the raw data.

While the trilayer model appears distinct from the single-
layer one, it is not fundamentally more complex; rather,
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it represents a straightforward extension designed to
incorporate the trilayer structure. Both models employ
identical theoretical procedures and methods for incorpo-
rating long-range Coulomb interactions. Furthermore, the
exclusion of inter-trilayer hopping is justified by the
minimal magnitude of intra-trilayer hopping (0.0084 eV).
Given the larger spacing between blocks, inter-trilayer
hopping is expected to be even weaker, resulting in effects
on the plasmon dispersion that fall below the experimental
resolution.
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