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Observation of correlated plasmons in low-valence nickelates
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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 (RIXS) to detect plasmons in the metallic, low-valence nickelate
PryNizOg. 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 Pr4Ni3Og 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.

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: low-
valence nickelates with formula R,,+1Ni, Og,10 (where R
is a rare earth and n denotes the number of neighbor-
ing layers) [6-10], and Ruddlesden-Popper (RP) phase
nickelates with formula R,,1Ni,, 03,41 [11-15]. Whereas
the RP phases exhibit disparate band topology, the low-
valence nickelates have band structures that share no-
table similarities with those of the cuprates, such as com-
parable electron counts [5, 16-18]. However, low-valence
nickelates possess a larger charge-transfer energy com-
pared to cuprates, placing them further from the charge-
transfer regime [19] and correspondingly reducing their
magnetic exchange interactions [20—-26].
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Although much is now known about nickelate band
structures, it remains crucial to understand the dynam-
ical properties of their normal state. These depend sen-
sitively 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 stud-
ies indicate that attractive extended-Hubbard interac-
tions—Ilikely phonon-mediated—can promote supercon-
ductivity, but only if they are strong enough to overcome
the long-range Coulomb repulsion [30-33]. Quantifying
the magnitude of this Coulomb interaction is therefore es-
sential. These Coulomb interactions manifest in plasmon
excitations, which are the collective charge-density oscil-
lations of low-energy electrons [34-37]. Plasmons have
been studied extensively in cuprates [28, 29, 34, 38-46],
but they are yet to be observed in nickelates. Filling this
gap is imperative to directly compare screened interac-
tions 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) [38, 47], but resonant inelastic x-ray scattering
(RIXS) has emerged as an alternative [28, 29, 39-46]. It
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FIG. 1. Dispersive plasmons in PryNizOs. (a), Schematic of the crystal structures of PryNigOg (Pr438, red) and Lag—;Sr;CuO4
(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. t. denotes the intra-trilayer hopping, while inter-trilayer hopping is neglected, as
it is expected to be much smaller than the intra-trilayer term. ¢ and ¢’ are the nearest- and next-nearest-neighbor in-plane
hopping for both PryNigOg and Las—,Sr,CuO4. (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 20. The values
presented are in r.l.u. (reciprocal lattice units). (c),(d), RIXS intensity maps of PryNizOs and Laz_,Sr,CuOy4 (6§ = 0.35),
respectively, collected at 40 K, exhibiting dispersive plasmons with momenta primarily along the (H, 0) direction, following
the @ trajectories presented in (b). The markers indicate plasmon peak positions extracted from fitting (See Ref. [27] Sec. S2).
(e),(f) Summary of the in-plane plasmon dispersions, showing the peak positions and full-width at half-maximum (FWHM)
that we obtain from fitting. Data for Las—,Sr,CuO4 (§ = 0.16) and BizSraCazCu3zO10+, (Bi2223, § = 0.18) are reproduced
from Ref. [28] and Ref. [29], respectively. The shaded area in (f) represents the quasi-elastic regime, determined by the energy
resolution of ~ 30 meV. The full extent of the error bars in (c),(d) denote the full-width at half-maximum (FWHM) of plasmon
peaks, whereas all other error bars are 1-o confidence intervals evaluated from the fitting.

is especially useful for accessing the out-of-plane momen-  linewidth, suggestive of more strongly screened long-
tum dependence [28, 40], which is important because col- range Coulomb interactions. Our random phase approx-
lective charge excitations in layered materials often dis-  imation (RPA) calculations corroborate these observa-
perse strongly along this direction, and the lowest-energy tions, which also account for the lack of clear out-of-plane
modes typically occur at finite momentum. plasmon dispersion in PryNizOg. We further observe that

the plasmons in PryNizOg soften with increasing temper-
H O K-edge RIXS to study the plas-
ere, we use cage O Study the pas ature, contrasting sharply with Las_,Sr,CuQO,4, where

they maintain their excitation energy but experience in-
creased damping at elevated temperatures. Our findings
reveal fundamental differences in charge dynamics be-
tween nickelate and cuprate superconductors, providing
critical experimental constraints for identifying parame-
ters essential to unconventional superconductivity.

mon excitations in single crystalline low-valence nickelate
PryNizOg, which we compare with overdoped cuprate
Las_,Sr, CuO,4 with a similar effective hole-doping level.
The nickelate exhibits well-defined dispersive plasmons
at small in-plane momenta, which become overdamped
well before crossing the particle-hole continuum inferred
from the band structure. The plasmons in PrsNizOg
exhibit a reduced velocity compared to cuprates, in-
dicating suppressed electronic hopping, and a broader



(a) — 77—
T T T T T T T T T T
_ 045 - (€) Pra3s
Pra3s LSCO, 6=0.35 _ ® H=0015
(-0.021, 0, 0.42) > =
(-0.015, 0, 0.98) . o H=-0.037
N 2 03| .
g,
>
16 \ (-0.021,0,0.52) e
(-0.015, 0, 1.55) o & 015 ] oo e _
0 N\
5 12 (-0.021, 0, 0.68)
_E' y N 0 " | ' | ' | ' | '
< (-0.015,0,1.75) | 12 — T T T
@ (-0.021, 0, 0.83) 0.45 .
g s ' N =
= S
1\ (-0.015,0,1.95) | 8 o .
12} [ —
0 \.,.-'-x (-0.021., 0,1.02) 8 o3 U
4 F N 3> “
4 5] S 00
2 -0.015, 0, 2.12 c L = _
( ) (-0.021, 0, 1.13) w 0.15 LSCO, 6=0.35
- @ H=-0021
0 0 * ©® H=-0041
1 " 1 " 1 " 1 1 " 1 1 " 1 0 " 1 " 1 " 1 " 1
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.5 1 15 2 25
Energy loss (eV) Energy loss (eV) L(rlu.)

FIG. 2. Out-of-plane plasmon dispersions. (a),(b), RIXS spectra of various @ along the out-of-plane L direction for PryNizOs
and Las_;Sr;CuOy4 (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 quasi-elastic line, low-energy phonons,
and high-energy bimagnons combined with a continuous charge background. (c), Fitted plasmon peak positions of PrsNizOs.
(d), Fitted plasmon peak positions of Laz—Sr;CuQ4. The solid lines are guides to the eye.

II. OBSERVATION OF DISPERSING

PLASMONS IN NICKELATES

We choose PryNizOg as our reference low-valence nick-
elate [Fig. 1(a)] for this study and prepared samples via
floating-zone growth, followed by topotactic reduction
(see Sec. A). This material possesses a Ni 3d°~1/3 valence
state, corresponding to § = 1/3 hole doping with respect
to the 3d° parent state, placing it within the overdoped
regime [48]. Distinct from its counterpart LasNigOg,
which undergoes a semiconductor-insulator transition ac-
companied by intertwined charge and spin order [49, 50],
PryNizOg remains metallic down to 2 K with no identi-
fiable phase transitions [48].

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 Sec. B. Figure 1(c),(d) dis-
play the RIXS energy-momentum maps for PryNigOg
and Las_,Sr,CuO4 (§ = 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 identifying
the energy that maximizes the intensity of the low-energy
electronic excitations (see Ref. [27] Sec. S1). Both ma-
terials exhibit well-defined dispersive modes below 1 eV
energy loss, which are widely recognized as plasmons in
cuprate superconductors [28, 29, 40-46], as will be further
verified by calculations presented later in this work. In
electron-doped cuprates, as the doped electrons primar-

ily populate the upper Hubbard band of Cu 3d orbitals,
the charge near the Fermi level exhibits dominant Cu 3d
character. Consequently, plasmons are prominently ob-
served at the Cu L edge in RIXS [40, 46]. In contrast,
the doped carriers in hole-doped cuprates tend to occupy
the ligand oxygen orbitals, making plasmons barely de-
tectable at the Cu L edge but substantial at the O K
edge [28, 46]. The clear observation of plasmon excita-
tions in PryNizOg 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, PryNizOg exhibits plasmons
with a lower energy scale and reduced dispersion slope
[Fig. 1(e)], indicating a lower velocity and thus weakened
electronic hopping. This distinction persists for lower
dopings (for example Lag_,Sr,CuO4 6 = 0.16) and in
trilayer cuprates, as seen in Fig. 1(e). Plasmons in both
PryNizOg and Las_,Sr,CuQ,4 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 and with the nickelate disap-
pearing more quickly with momentum than the cuprate.

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 [28, 40]. Fig-
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FIG. 3. Theoretical description of the dispersing plasmons. (a)—(c), Simulations of plasmons in PryNizOs based on RPA
calculations of the dynamical susceptibility applied to a trilayer model, as described in the main text. (d)—(f), RPA simulations
of plasmons in Lag_,Sr,CuOy4 (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 H was fixed at the indicated values.

TABLE 1. Parameters describing plasmons in the two materials. Here, ¢, ¢, 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 «. Note that p 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 Sec.C&D.

Material t(eV) t/t t(eV) t./t t. (eV) a Vet Ve(eV) p(eV) Aup/t  Aup(eV)
LSCO (6 = 0.35) 0.39 -0.3 -0.117 0.017 0.00663 3.5 15 5.85 -0.51 - -
Pr438 0.21 -0.3 -0.063 0.04 0.0084 - 6 1.26 -0.28 -0.4 -0.084

THEORETICAL DESCRIPTION OF THE
DISPERSING PLASMONS

ure 2 summarizes the out-of-plane dispersion. As ex- II1.
pected, our Lag_,Sr,CuO4 (§ = 0.35) RIXS data reveal
clear dispersive plasmons along the out-of-plane direc-

tion [Fig. 2(b),(d)], matching earlier reports. In con- To better understand the implications of our obser-

trast, Pr4sNizOg exhibits no resolvable out-of-plane plas-
mon dispersion over a ) range spanning the full antic-
ipated period [Fig. 2(a),(c)]. Similar behavior was ob-
served in a trilayer cuprate, which was attributed to out-
of-phase plasmon oscillations that become undetectable
by RIXS [29]. Therefore, the lack of out-of-plane plas-
mon dispersion likely reflects the presence of three cou-
pled planes in PryNi3Og, rather than indicating a funda-
mental difference in the interactions.

vations, and quantify changes in hopping and screen-
ing in these materials, we simulated the plasmons us-
ing RPA calculations of the charge dynamical suscepti-
bility, which incorporates dynamically screened interac-
tions arising from collective, mean-field-like density fluc-
tuations. Further correlation effects beyond this approxi-
mation can be partly captured through parameter renor-
malization [46]. Such RPA simulations can therefore as-
sociate the differences in plasmon behavior between nick-
elates and cuprates with specific variations in the under-
lying interactions in the materials.

For Las_,Sr,CuO4, we employ a single-layer model
and consider anisotropic long-range Coulomb interac-



tions and intralayer/interlayer electronic hopping (Meth-
ods). Satisfactory agreement occurs using the param-
eters presented in Table I, which reproduce plasmon
dispersions in both in-plane and out-of-plane directions
[Fig. 3(d)—(f)].

For PryNisOg, we construct a corresponding trilayer
model using tight-binding parameters appropriate for
the known band structure as determined by angle-
resolved photoemission spectroscopy (ARPES) measure-
ments [51], incorporating intra-trilayer hopping while ne-
glecting inter-trilayer terms, as the former dominates
(Methods). The simulations achieve reasonable agree-
ment with experiment, as depicted in Fig. 3(a)—(c),
using the parameters presented in Table I. Notably,
PryNizOg exhibits substantially reduced in-plane hop-
ping and long-range Coulomb interaction V., compared
to Lag_,Sr,CuO4 (§ = 0.35), consistent with the re-
duced plasmon velocity of 1.2 + 0.1 eVA compared to
2.4+ 0.2 eVA in the cuprate [Figs. 1(c),(d)], linking the
observed changes in plasmon velocity to changes in the
underlying Hamiltonian. Meanwhile, the intra-trilayer
hopping in PryNi3Og is larger than the interlayer hopping
in Lag_,Sr, CuQy4 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 [Fig. 3(a)—(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 back-
ground [29, 45, 52, 53]. However, at specific Q vectors like
those in Fig. 3(c) with L ~ 1.5, RPA predicts that plas-
mon branches stay well-separated at low energies, with
sufficient intensity for detection; yet they remain unob-
served in the experiment. Thus, alternative mechanisms
need to be considered. One possibility is that matrix el-
ement 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 correla-
tions beyond those captured in standard RPA calcula-
tions. For example, self-energy broadening, which be-
comes increasingly pronounced as the quasiparticle en-
ergy shifts away from the Fermi level [51], can broaden
the higher-energy plasmon branches significantly, exceed-
ing observability, while the lower-energy modes remain
coherent. This scenario is supported by RPA simula-
tions incorporating phenomenological energy-dependent
self-energy broadening (Ref. [27] Fig. S7).

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 Lag_,Sr,CuO4 (6 = 0.35), plas-
mon excitation energy remains nearly constant while
the profile broadens with increasing temperature, con-
sistent with prior reports [44]. In contrast, plasmons in
PryNizOg soften at higher temperatures while maintain-
ing similar peak widths (Fig. 4).

The lower plasmon velocity in PryNizOg reflects
greater electronic compressibility and thus an increased
susceptibility to charge order in conditions where this in-
stability is energetically favored. These novel plasmon
effects are intriguing in light of prior evidence of incipi-
ent stripe order in PryNizOg [18, 22, 54]. Since studies
of the related material LayNi3Og show that stripe order
modifies the material’s electrical conductivity and conse-
quently the plasmon screening [48, 49], stripe fluctuations
are a possible candidate for the temperature dependence
of the plasmon.

V. IMPLICATIONS OF NICKELATE CHARGE
DYNAMICS

Our results provide the first measurements of disper-
sive plasmons in low-valence nickelate PryNizOg and
compare them with those in Las_,Sr,CuO4 with a sim-
ilar doping level. The plasmon velocity, indicated by the
dispersion slope in Fig. 1(e), is found to be smaller in
PryNizOg than Las_,Sr,CuQO4 implying reduced elec-
tronic hopping in the former. Prior experimental and
theoretical work has shown that PryNi3Og shares simi-
lar electronic properties to other low valence nickelates,
provided that they are compared at the same effective
doping [22-24, 55, 56|, so this trend of suppressed elec-
tronic hopping and enhanced screening is likely to be a
general property of low valence nickelates compared to
the cuprates.

At first glance, the trend in the plasmon velocities is
perhaps surprising as the nominally Ni'* site in nicke-
lates hosts a smaller nuclear charge than the Cu?* site
in cuprates and so it would be expected to have more ex-
tended transition-metal (TM) d-orbitals and larger hop-
ping. Indeed, prior works have found that the TM-O
hopping values in the low-valence nickelates exhibit are
larger, or at least similar to the values found in cuprates
[23, 55]. 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 in-
teraction, which is almost a factor of five smaller in the
nickelate compared to the cuprate.

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 be-
come heavily damped only once their momentum crosses
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the particle-hole continuum. Indeed, the implications of
the anomalous damping of cuprate plasmons has been
discussed extensively [28, 57, 58] and the microscopic ori-
gin of this damping remains controversial. Possible expla-
nations range from strange metal physics in which plas-
mons decay into a quantum critical continuum [59], or by
interband transitions, which effectively extend the Lan-
dau damping regime [60]. We find that this anomalous
plasmon damping is even stronger in nickelates, which
can shed further light on this problem. The tempera-
ture dependence of the nickelate plasmon also appears
to be anomalous, exhibiting a strong softening with in-
creased temperature that may be connected to stripe cor-
relations.

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 supercon-
ducting energy scale [61], providing a possible explana-
tion for the lower T, in low-valence nickelates compared
to cuprates. These results offer essential experimental
benchmarks for contrasting low-valence nickelates and
cuprates, guiding efforts toward realizing unconventional
superconductivity with higher transition temperatures.
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DATA AVAILABILITY

The RIXS data generated in this study have been de-
posited in the Zenodo database under accession code [to
be assigned)].

Appendix A: Sample synthesis

The parent RP phase PryNizO19 material was synthe-
sized via the high-pressure optical floating zone method.
To reduce the samples, small c-axis-surface-normal crys-
tals were cleaved from the boules and heated in a flowing
Hs/Ar gas mixture following previously reported proce-
dures [48]. We use tetragonal notation with space group
I4/mmm and lattice constants of a = b = 3.935 A,
¢ = 25.485 A to describe reciprocal space. The intra-
trilayer spacing d’ = 3.185A and the inter-trilayer dis-
tance is d = ¢/2 = 12.74A. The excellent quality of the
samples was confirmed by previous studies [22-25].

The Lag_,Sr,CuQO4 film used in the current study
was synthesized using the atomic-layer-by-layer molecu-
lar beam epitaxy (ALL-MBE) technique [62]. Prior stud-
ies of samples prepared via ALL-MBE have confirmed the
high sample quality [23, 63-65]. The lattice constants of
Las_,Sr,CuOy4 are a = b ~ 3.76 A and ¢ = 13.17 A.
Layers are spaced by d = ¢/26.8A.

For both materials, momentum transfer is denoted us-
ing reciprocal lattice units (r.l.u.) notation as Q =
Ha* + Kb* 4 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-IT). All the RIXS data presented
here were collected with incident o polarization at the
pre-peak of the O K edge, where the plasmon inten-
sities are maximized (Supplementary Note 1). 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 multi-peak fitting proce-
dure was employed to extract the plasmon parameters,
including the excitation energies and peak widths (Sup-
plementary Note 2).

Appendix C: RPA calculations: Single layer model

In the single layer RPA calculations, we treat the elec-

tronic dispersion as €x = €, + ek, where

e‘,'c = — 2t [cos(kga) + cos(kya)]

(C1)
— 4t cos(kya) cos(kya) — p

and

L = —2t, [cos(kya) — cos(kya)]2 cos(k.d) (C2)
are the dispersions parallel and perpendicular to the ab
plane, respectively [44]. k, and k, denote the in-plane
momenta, expressed in units of 27/a, while k., repre-
sents the out-of-plane momentum in units of 27/d. Here,
a is the in-plane lattice constant and d is defined in
Fig. 1(a). The chemical potential y is set by imposing
1-6= %Zk nr(eg), where 6 is doping and np(eg) =
1/ [e(e’“_“)ﬁ + 1] is the Fermi function, 8 = 1/kgT is the
inverse temperature, and NN is the total number of sites
[28]. Note that all the calculations were performed at
T =40 K.

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

XO(qa iwm)
1= V(q)xo(g,iwm)’

X(g,iwm) = (C3)

where w,,, = 2mm/f is a bosonic Matsubara frequency,
2 . . .
XO(qawm) = Niﬂ Z GO(k + q,1Wn + IUJm)GO(k7 1w’n)
k.n

is the Lindhard susceptibility, Go(k,iw,) = 1/(iw, — €g)
is the noninteracting Green’s function, w, = (2n+1)7w/g
is a fermionic Matsubara frequency, and

Ve
— cos (gya)] + 1 — cos (¢.d)
()
is the long-range Coulomb interaction for a layered elec-
tron gas [28]. Here, a describes the anisotropy.

The imaginary part of the charge susceptibility on the
real axis x”'(q,w), which is the quantity we wish to com-
pare to our measurements, can be obtained by analytical
continuation x(q,iw, — w + ivy). In this case, the Lind-
hard function on the real frequency axis is given by

V(g) =

al2 — cos (gga)

(C5)

ng k+q —np(k)
Xo(q,w +iv) = NZ

Wn — €k4q T €k + 1’y

In our numerical calculations, we take v = 5 meV to
account for resolution broadening of the charge suscep-
tibility. We further fix o = 3.5 [28] and ¢/t = —0.3
and tuned t,/t and V. /t to search for the best combina-
tion of parameters that can reproduce the Las_,Sr, CuQOy4
(0 = 0.35) plasmon dispersions (Ref. [27] Fig. S4). For
a given combination of t,/t and V./t, t can be uniquely
determined as it controls the overall energy scale. The
best fit parameters are given in Table I. Note that the
change in plasmon dispersion resulting from reducing V,
can be partly compensated by increasing ¢, so we fur-
ther use ARPES data to constrain the latter, obtaining
a unique solution.



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 27/d.

We model the noninteracting electronic structure of
the multilayer crystal using the Hamiltonian H =
Zk,a \I/l'rc,ahkqjkﬁa’ where \I]L,a = [02,1,0’62,2,07611;:,2,0] is
a row vector of operators CL a0 B¢ creation operators
for a spin ¢ electron in layer o and

d+s 4 o
A 1x I 2Ap 1
hk = €1 €k — T3 | €L (D]')
1 Ap
0 Ek Ek + 3

Here, Ay is the potential difference between layers, which
is introduced to account for inequivalent doping levels in

The electronic dispersions in the band basis is obtained
by diagonalizing € = UlzhkUk, where ¢y is a diagonal
matrix representing the eigenvalues of hyg.

The RPA susceptibility, written in the orbitals basis,
is a 3 X 3 matrix given by

X(q,iwm) = [I - V(@)x0(q, iwm)] ' x0(q,iwm).  (D3)

Here, T is an identity matrix, V(q) is the long-range
Coulomb interaction for coupled sets of layered gases,
and xo(q,iw.,) is the Lindhard function, written in the
layer basis. The Coulomb interaction is defined as [29]

the inner (n = 2) and outer (n = 1, 3) layers, as observed Vig) — Vl*l iz Vis D4
in ARPES measurements on PryNizOg [51]. The in-plane (q) = Vlf Vl*l Viz | (D4)
component of the dispersion el,‘c is defined as in Eq. (C1) Vis Vio Vi
while the out-of-plane component is
ex = —2t.[cos (kpa) — cos (kya)]zeikzd'. (D2)  where
J
V., sinh(|q|d
Vn(q)( (lgyld) )
q) \ cosh(|g|d) — cos(q.d)
V. [ sinh(|qq|(d — d')) + e~ sinh(|qy|d’ Ciod!
Vislg) = 22 (lqyl(d - d')) (Uald) | —ig.a (D5)
q) cosh(|g|d) — cos(g.d))
Via(g) = Ve [ Snbllayl(d —2d9) + e Isinh(q)|2d) \ g
q cosh(|qH |d) — cos(g.d))
The RIXS response is obtained from the imaginary part of the analytically continued RPA susceptibility [45]
Imy.(q,w) = — Zlmxa,g(q, iwy, = w+17). (D6)

a,p

The Lindhard function in this case is given by

2 o0 o0 . .
Csla) == Y [ e [ A+ 4. A () RV 500U+ QU (k)

kp,v ™

ne(y) — nr(z)
w—y+x+iy’

where o and f are orbital indices and p and v are band indices and A(k,w) = —LImG(k,w) is the spectral function

in the band basis.

In the noninteracting limit, the spectral function is di-
agonal with elements A, ,(k,w) = §(w — €,(k)), where
€, (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 (ko + kw?)
such that A,,(k,w) = —iIm[w —€, (k) — (@)t
Here, k¢ and x control the strength of the impurity scat-

(

tering and electron-electron scattering, respectively.

For our PryNi3Og plasmon simulations, we fixed t Jt=
—0.3, as in the single layer model, and adjusted ¢, /¢,
V./t, and Au/t (see Ref. [27] Fig. S5). Similar to
Lag_,Sr,CuQy, the change in plasmon dispersion by re-
ducing V. can be compensated by increasing ¢. Thus,
we can use ARPES data to further constrain the latter



[51]. Meanwhile, the simulated Fermi surface also needs
to match the experimental observations, which can help
constrain ¢ /t and Ap/t (Ref. [27] Fig. S6). It is also
worth noting that the reduced ¢t and V. in Pr4Ni3Og com-

pared to Las_,Sr,CuQy4 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.
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S1. RESONANT BEHAVIORS OF PLASMONS

The overdoped low-valence nickelates R4NizOg exhibit a pre-peak feature in the O K-edge XAS [1], indicative of an
appreciable amount of ligand holes and nonzero Ni-O hybridization. Figure S1 depicts the RIXS energy map measured
on PryNizOg single crystals, which shows multiple Raman-like features resonant at the pre-peak regime, indicating
various excitations. As revealed in our prior studies, the high-energy strong features correspond to charge-transfer
excitations, and the lower-energy weak features originate from dd excitations through Ni-O hybridization. Plasmons
are observed with lower energy loss (~0.2 eV), which is absent in the insulating phase of LayNizOg [2]. Its resonant
behavior highlights the localized characters.
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FIG. S1. Energy dependent resonant inelastic x-ray scattering (RIXS) spectra. (a), RIXS energy maps across the pre-edge
regime of the O K edge collected with §=22.6 ° and o polarization. Various excitations are identified, including the charge-
transfer (CT) excitations, orbital dd excitations, and plasmons. Additionally, weak phonons are observed overlapping with the
quasi-elastic peak. The XAS data were collected in partial fluorescence yield (PFY) mode. (b), Incident energy dependence of
the RIXS spectral weights integrated in the indicated energy ranges, representing different excitations.
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FIG. S2. Background subtracted O K-edge RIXS spectra for the in-plane plasmon dispersions. All the data for PryNizOs
(Pr438) and Las—»Sr;CuO4 (LSCO) were measured at 40 K. The dots present the data collected at the indicated Q positions,
and the solid lines are fitting results. The shaded areas highlight the plasmon contributions.

S2. FITTING OF THE RIXS SPECTRA

Figure S2 and Fig. S3 present the RIXS spectra for plasmon dispersions along the in-plane and out-of-plane
directions, respectively. A constant background has been subtracted for all the spectra using the energy-gain side. For
PryNisOg, each spectrum was fit with five components, including a pseudo-Voigt profile, representing the quasi-elastic
peak, and four damped harmonic oscillators convoluted with resolution functions determined by the quasi-elastic peak
to account for the phonons at ~0.08 eV, dispersive plasmons indicated by the shaded areas, and two high-energy dd
excitation modes. For Las_,Sr,CuQOy4, we consider two phonon modes, one dispersionless bimagnon branch, and a
tail from higher-energy charge excitations.
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FIG. S3. RIXS spectra along the the out-of-plane direction.
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FIG. S4. random phase approximation (RPA) calculations of Las_,Sr,CuOy4 (§=0.35) plasmons with tuning parameters. The
diamonds are data points, and the solid lines are calculation results.
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FIG. S5. RPA calculations of PrsNizOgs plasmons with tuning parameters. The crossings are data points.
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FIG. S6. Calculated PrsNizOg Fermi surface using the parameters in the main text.

T T T T T T T T T
—— k=0.000
—— k=0.001
3r ; —— k=0.002 ]
Kk=0.005
k=0.010 |
K=0.020
n —— k=0.050
< —— k=0.100
g
o .
2
wn
o
3 _
=
" 1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0

Energy loss (eV)

FIG. S7. RPA calculations of PrsNi3Og plasmons with various self-energy broadening.
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