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Magnetic interactions are thought to play a key role in the properties of many unconventional
superconductors, including cuprates, iron pnictides, and square-planar nickelates. Superconduc-
tivity was also recently observed in the bilayer and trilayer Ruddlesden-Popper nickelates, whose
electronic structure is expected to differ from that of cuprates and square-planar nickelates. Here
we study how electronic structure and magnetic interactions evolve with the number of layers, n,
in thin film Ruddlesden-Popper nickelates Nd,,+1Ni,O3s,4+1 with n = 1, 3, and 5 using resonant
inelastic x-ray scattering (RIXS). The RIXS spectra are consistent with a high-spin |3d®L) elec-
tronic configuration, resembling that of Las_,Sr;NiO4 and the parent perovskite, NdNiOs. The
magnetic excitations soften to lower energy in the structurally self-doped, higher-n films. Our ob-
servations confirm that structural tuning is an effective route for altering electronic properties, such
as magnetic superexchange, in this prominent family of materials.

I. INTRODUCTION

While much remains unknown about unconventional
superconductivity, strong magnetic superexchange and
reduced dimensionality likely play important roles in
achieving high superconducting transition tempera-
tures [1-3]. The square-planar family of nickelates,
including the infinite-layer RNiO2 (R = La, Pr, Nd)
and the quintuple-layer NdgNizOqo fit nicely into this
picture in many ways, featuring two-dimensional (2D)
transition-metal oxide planes and a d°~¢ electronic con-
figuration [4-6]. High energy magnetic excitations are
observed throughout the nickelate phase diagram [7-13],
although much lower critical temperatures are found in
the square-planar nickelates than in cuprates. Compar-
ing these two seemingly similar families of materials can
help uncover the origins of superconductivity and iden-
tify new strategies to optimize superconductivity.

Recently, superconductivity was also observed in bi-
layer and trilayer Ruddlesden-Popper nickelates R3NisO7
(n = 2) and R4NizO19 (n = 3) for R = La, Pr, un-
der pressure [14-19] or epitaxial strain [20-23]. This
discovery has expanded the variety of superconducting
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nickelates beyond the square-planar geometry [4-6], to
octahedrally-coordinated nickelates and to substantially
higher critical temperatures [14, 15]. More generally, the
layered Ruddlesden-Popper nickelates, R,+1Ni,Og,41,
provide a way to explore the nickelate phase diagram
through structural tuning. As shown in Fig. 1, the
Ruddlesden-Popper structure consists of n layers of per-
ovskite RNiO3 separated by (R-O)" charged rock-salt
layers. Increasing n tunes the effective electron count of
the NiOy planes by 1/n per nickel, from a d® configura-
tion in ReNiOy4 (n = 1) to a nominal d’ configuration in
RNiO3 (n = 00) compound, tuning the electronic behav-
ior from semiconducting to metallic (see Supplemental
Material Sec. 7?7 [24]) while in principle avoiding the dis-
order associated with chemical doping. This positions
the layered Ruddlesden-Popper nickelates as a promising
material family for exploring and tuning the supercon-
ducting ground state.

Although these materials share the layered perovskite
structure common to many cuprates, it is unclear
whether they fit into the same ‘cuprate-like’ picture
which may be relevant to the square-planar nicke-
lates [25-30]. The square-planar nickelates adopt a
d=1/" configuration, with dominant in-plane orbital po-
larization [31]. The key electronic interactions in the
octahedrally-coordinated Ruddlesden-Popper nickelates
may differ substantially from the square-planar nicke-
lates, as Ruddlesden-Popper nickelates have a nominal



d™1/" configuration, with holes occupying both the in-
plane 3d,2_,> and out-of-plane 3ds.2_,2 orbitals [32-34].
The character of the doped holes may also differ: while
undoped n = 1 cuprates and nickelates are both an-
tiferromagnetic insulators, lightly hole-doped cuprates
quickly become metallic and a superconducting dome
emerges [2]. Magnetic excitations are broadened due to
increased metallicity, but remain at high energy [35]. In
contrast, doped n = 1 nickelates do not exhibit super-
conductivity, but instead display a wide array of insulat-
ing stripe phases [36-40]. Holes and spins are bound via
electron-electron and electron-phonon couplings, forming
polarons [41]. This localizes spins in the lattice, resulting
in a dramatic softening of the magnetic excitations with
hole doping [42, 43].

Structural tuning across the Ruddlesden-Popper nick-
elate series offers access to a distinct subspace of material
phases and may help identify properties that are inacces-
sible by doping alone. Here we study how electronic and
magnetic interactions evolve with layer number n, per-
forming high-resolution resonant inelastic x-ray scatter-
ing (RIXS) measurements on Nd,,1Ni,,O3,,41 thin films
for n = 1, 3, and 5. Orbital excitations reveal the ex-
pected |d®) orbital configuration in the n = 1 compound.
Upon increasing n, these features evolve towards a |d8L)
configuration, indicating holes are primarily added to the
ligand bands rather than inducing a |d) state. Mag-
netic excitations with an energy scale of order 50-70 meV
are prominent throughout the entire family of materials,
with softening at higher n due to increased doping. The
observed softening is smaller than that expected based
on effective doping alone, as dimensionality effects from
increasing n partially offset the doping-induced soften-
ing. Our observations demonstrate that the Ruddlesden-
Popper nickelates share many key features with other
perovskite nickelates, with structural tuning providing an
effective and unique approach to modify electronic and
magnetic properties.

II. EXPERIMENTAL METHODS

RIXS has proven effective in determining the proper-
ties of nickelates [28, 44]. We applied this technique to
thin films of the n = 1, 3, and 5 layer Ruddlesden-Popper
Nd,,+1Ni,,O3,4+1 compounds, taken at the Ni Ls-edge
and with m-polarized light in order to maximize the mag-
netic signal. RIXS measurements for then =1 andn = 3
compounds were performed at the National Synchrotron
Light Source IT (NSLS-IT) beamline 2-ID (SIX) [45] at a
temperature of 35 K, at a scattering angle of 260 = 150°
and with an experimental resolution of 31 meV. Mea-
surements for the n = 5 compound were performed at
Diamond Light Source beamline ID21 [46] at a tempera-
ture of 20 K, at a scattering angle of 260 = 154° and with
an experimental resolution of 36 meV. To probe the dis-
persion of magnetic excitations, the scattering angle 26
was kept fixed while the sample angle 6 was rotated to
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FIG. 1. Structures of Ruddlesden-Popper Nd;,+1Ni,Osp41

nickelates for n = 1, 3, and 5. The unit cell hosts n NdNiOgs
perovskite layers separated by NdO™ rock-salt spacer layers.
As n varies, the nominal Ni valence changes as d" /™.

control the in-plane momentum transfer to the sample,
along the [H, 0, L] direction of the pseudo-tetragonal unit
cell. In order to compare spectra collected from different
samples and at different beamlines, we present spectra
normalized to the integrated intensity of the orbital ex-
citations [47].

Nd,,+1Ni;, 03,41 films were synthesized using oxide
molecular beam epitaxy (MBE) as described in Refs. [48,
49].  All films are epitaxially strained to the sub-
strate. We focus on samples synthesized on (110)-
oriented NdGaQOgs, which has a pseudo-perovskite lattice
constant of 3.86 A and thus provides a small amount
of tensile strain, € &~ +1.0%, to the Ruddlesden-Popper
nickelate family [50]. Additional data for NdgNi5O14 on
(001)-oriented LaAlO3 (e &~ —0.9%) is shown in the Sup-
plemental Material Sec. 7?7 [24]. Structural and electrical
sample characterization is detailed in the Supplemental
Material Sec. ?? [24]. By studying compounds where the
rare-earth site is occupied by neodymium rather than the
more commonly studied lanthanum series, we avoid con-
tamination on Ni Lz-edge RIXS from the nearby La M,
absorption edge. We also emphasize that thin film tech-
niques provide unique access to higher-n Ruddlesden-
Popper phases, as only compounds up to n = 3 can be
synthesized in bulk [51].

III. ORBITAL EXCITATIONS AND HOLE
CONFIGURATION

To study the electronic structure of Nd,,+1Ni; Ogy41
we examine the orbital excitations observed in RIXS
spectra, shown in Fig. 2 for films with n = 1, 3, and
5. In Nd2NiOy (n = 1, 3d®) we observe two sharp or-
bital excitations at 1.04 eV and 1.6 €V, in good agree-
ment with published RIXS data on bulk LasNiOy [42]. In
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FIG. 2. RIXS spectra of Ruddlesden-Popper nickelates for
n = 1 (orange), 3 (dark pink) and 5 (purple). The major-
ity of the spectral weight observed around ~1 eV and above
corresponds to orbital excitations. Spectra are collected at
g = (—0.4,0) rlu. (# = 24°) with m-incident polarization,
probing primarily out-of-plane orbitals. Data for n = 1 and
n = 3 were collected at 35 K, while data for n = 5 were
collected at 20 K. The inset depicts the ground state orbital
configuration for n = 1.

Nd4NizO19 (n = 3, nominal d”-33) in NdgNizOy¢ (n = 5,
nominal d”-?), the orbital excitations broaden in energy
but remain centered at similar energies.

LayNiOy is known to adopt a Ni 3d® high-spin config-
uration in which the two holes reside in the Ni 3d e, or-
bitals and have parallel spin due to the Hund’s exchange
interaction (Fig. 2). The orbital excitations were previ-
ously shown to be well-captured by excitations from this
atomic configuration [42] and agree with the excitations
we observe in Nd3NiOy4 (n = 1). The lower energy or-
bital excitation at 1.04 eV is attributed to a transition
from the B4 symmetric ground state to an F/, symmetric
state with one of the holes moving into the ¢, orbitals.
The higher energy peak at 1.6 eV is composed of an A,
excitation from an S =1 to S = 0 configuration, a Ba,
excitation with one of the holes transferred to the %o,
manifold, and two Ay, excitations, one with a single hole
in the ty, manifold and one with both holes in the ta
manifold [42]. Thus the orbital excitations in Nd3NiOy
(n = 1) can be well-captured as excitations of the local
d multiple.

As n is increased, additional holes are doped into the
perovskite layers, modifying the ground state and the or-
bital excitations. In Nd4NizO19 (n = 3) the Ni sites have
a nominal d”3? valence and in NdgNizO16 (n = 5) the Ni
sites have a nominal d”-2 valence. Nonetheless, the orbital
excitations remain centered at approximately the same
energies, and the polarization dependence indicates that
holes remain roughly equally distributed between the in-

plane and out-of-plane Ni e, orbitals (Fig. 77 [24]). The
orbital excitations broaden such that the two features can
no longer be separately resolved, but remain centered at
similar energies.

The broadening of the orbital excitations in
Ndy4NizO19 (n = 3) and NdgNisO16 (n = 5) are
indicative of a d8L state rather than a d7 state, sharing
a strikingly similarity to the orbital excitations observed
in hole-doped Lag_,Sr,;NiOy (n = 1) [42] and metallic
NdNiO3 (n = o0) [52, 53], materials both known to
adopt a d®L configuration. In addition to hole-doping,
possible small variations in the crystal field environment
between inequivalent Ni layers in Nd4NizOi9 (n = 3)
and NdgNizO16 (n = 5) could additionally contribute
to the observed broadening of the d® orbital excitations,
with each inequivalent layer contributing excitations
at slightly different energies. In contrast, the observed
orbital excitations are inconsistent with a contribution
from a d” configuration-such a contribution has been
calculated in [42, 52] and was shown to yield additional
peaks in the RIXS spectrum outside the energy range
of these main d® excitations, above 2 eV and around
0.25 eV respectively.

We believe the spectral changes with increasing n are
driven primarily by changes in the effective doping rather
than changes in hybridization. To leading order, the in-
plane environment is expected to remain unchanged, as
the Ni-O bond lengths are fixed for all n by the sub-
strate epitaxy. Changes in the apical Ni-O bonding
with increasing n may play a small role in the observed
changes, but would manifest most strongly in changes
to the orbital dichroism, which are not observed. We
therefore consider doping to be the driving force behind
the observed changes, consistent with the strong similar-
ity of these data with prior measurements of hole-doped
Lag_,Sr,NiO4 (n = 1) [42].

In addition to hole-doping the perovskite layers, struc-
tural tuning introduces additional inter-layer couplings
between adjacent Ni planes within each perovskite block,
which might further modify the orbital excitations be-
yond a single-site picture. In bulk LagNizO7 (n = 2), an
additional, Raman-like orbital excitation was observed
at 0.4 eV, which is attributed to transitions between
dy2_,2 and ds,2_,2 orbitals [9]. The energy of this excita-
tion is primarily determined by the inter-layer hopping,
which results in the formation of molecular subbands [54].
If such features occurred in the higher n films studied
here, they would appear at substantially different ener-
gies, with differences of order ¢ [54], which would be
easily resolvable. We do not see evidence of any such ad-
ditional peaks in the orbital excitations for Nd4NizO1q
(n = 3) and NdgNi5O16 (n = 5), which may be because
for higher n the distinct orbital subbands are strongly
concentrated on distinct Ni layers within the perovskite
blocks [54], minimizing their cross-section for the highly
local RIXS process.

As shown in the Supplemental Material Fig. 77 [24],
NdﬁNi5016 (Tl = 5) and Nd4Ni3010 (’fl = 3) exhibit



strong x-ray fluorescence features in which RIXS inten-
sity appears at increasing energy loss as the incident en-
ergy increases. This is distinct from regular dd excita-
tions that appear at fixed energy loss independent of
incident energy. These fluorescence features arise from
and indicate the presence of hybridization between tran-
sition metal states and itinerant ligand states [32, 33, 55].
Similar hybridization features are commonly observed in
cuprates [56] and nickelates [28, 30, 32, 33, 42, 52, 55,
57, 58], including NdNiO3 (n = o0) [52] and hole-doped
Las_,Sr;NiOy (n = 1) [42], underscoring the role of
hybridized itinerant ligand states as a unifying feature
across these materials.

We also observe featureless, non-dispersing spectral
weight in the mid-infrared (MIR) region, 0.3 - 0.7 eV,
in the n = 3, 5 compounds, which is nearly absent in
the n = 1 compound (Fig. 2). This energy scale is above
that of magnons and multi-magnons. This feature ap-
pears only at the x-ray absorption spectroscopy (XAS)
resonance (Fig. ?7), phenomenologically different from
the clear Raman peak at 0.4 eV in LagNi;O7 (n = 2)
which is attributed to transitions between d,>_,» and
ds3,2_,2 orbitals. Instead, the flat filling-in of the MIR
spectral weight appears phenomenologically very similar
to the behavior observed in NdNiO3 (n = 0o) upon heat-
ing through a metal-insulator transition [52], attributed
to charge excitations within the |d®L) states and asso-
ciated with partial metallicity. This is consistent with
the electronic transport properties of these films: the
n = 1 material is semiconducting with an exponentially
increasing resistivity in the low-temperature limit, while
the n = 3 and 5, on the other hand, are metallic at room
temperature with modest resistivity upturns at low tem-
perature (see Supplemental Material Sec. 77 [24], see also
references [58—61] therein).

Thus the high-energy RIXS features support a |d®L)
configuration for Ruddlesden-Popper nickelates, with
mobile holes doped into hybridized ligand states as n is
increased.

IV. MAGNETIC EXCITATIONS MODIFIED BY
STRUCTURE AND DOPING

To study the magnetic excitations in Nd,,+1Ni; Ogy41,
we examine the momentum-dependence of the low
energy-loss region of the RIXS spectra along the [H, 0]
direction for films with n =1, 3, and 5, shown in Fig. 3.
RIXS spectra show an elastic line and a broad inelas-
tic feature extending out to 0.2 eV. In all three com-
pounds these features are most prominent around the
zone boundary, near (0.4,0), and disperse to lower inten-
sity and lower energy scales towards (0,0). This behavior
is typical for magnetic branches, so, consistent with prior
work [42, 62], we assign these features to damped mag-
netic excitations. With increasing n, additional inelas-
tic spectral weight appears approaching the zone center,
g = (0,0), and extends out to higher energy losses in

n = 3 and 5 than in the n = 1 sample.

As shown in Fig. 1, the unit cells of Nd4NizO19 (n = 3)
and NdgNizO16 (n = 5) include sets of coupled nickel-
oxide trilayers and quintuplelayers, so spin wave theory
predicts a large number of distinct spin wave modes (Sec.
?7?). These modes are split by the interlayer magnetic
exchange coupling, J,, as has been observed in the bi-
layer systems LagNiaO7 [9] and SrslraO7 [63, 64]. Due
to the large number of modes and mode-broadening ef-
fects arising from finite effective doping, resolving all the
predicted modes individually is unlikely to be feasible. In
fact, previous measurements of the trilayer square-planar
nickelate LayNigOg observed only the average of the three
modes expected based on spin wave theory [8].

We attribute the enhanced spectral weight around
0.1 eV near ¢ = (0,0) in the higher n compounds to
a magnetic branch with partially optical character. The
optical spectral weight in Nd4NizO19 (n = 3) appears
weaker than in NdgNisOq6 (n = 5), which may be due
to a reduced importance of interplane interactions in
Nd4NizOq9. Neutron scattering measurements on bulk
LayNizOq¢ indeed reveal a concentration of spin density
in the outer layers of the trilayer block [65], reducing the
magnetic coupling between planes.

Since the individual spin-wave modes in the n = 3
and 5 materials cannot be resolved individually, we
use a phenomenological model to separate the inelas-
tic features from the elastic line and compare results for
Nd;,+1Ni,;, 03,41 compounds with n = 1, 3, and 5. The
phenomenological model includes a pseudovoigt peak for
the quasi-elastic scattering, and an error function for the
flat mid-infrared background in the n = 3, 5 compounds.
For n = 1 and 3 compounds we use a single damped
harmonic oscillator function to capture the remaining in-
elastic spectral weight. For n = 5 we were better able
to capture the inelastic features by instead using four
pseudovoigt peaks, though our results are insensitive to
the exact fitting model used. An example of the total
fit is shown for ¢ = (0.4,0) in Fig. 3 D. The quasielastic
scattering is indicated in light gray, while the sum of the
inelastic components is indicated by the shaded colored
region. The position of maximum intensity of the inelas-
tic components is taken as the magnon bandwidth and
is indicated by the arrows. At ¢ = (0.4,0) the magnetic
excitations are peaked at 65 meV in NdaNiO4 (n = 1)
and soften to 51 meV and 50 meV in Nd4NizOqg (n = 3)
and NdgNizO16 (n = 5), respectively.

The RIXS spectra for the NdoNiO4 (n = 1) sample
qualitatively agree with published magnetic dispersions
for LagNiO4 (n = 1) [42, 62], but the magnon band-
width is reduced to about 75% of that observed in the
La-based material, consistent with reported differences
between bulk NdyNiO4 and LagNiOy [66]. Larger per-
ovskite distortions and rotations in Nd-based compounds
can play a key role in driving this reduction in mag-
netic energy scales by bending the Ni-O-Ni bond an-
gles [61, 67, 68], weakening antiferromagnetic superex-
change interactions. These rotations can also increase
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FIG. 3. RIXS spectra along [H, 0] for m-incident polarization for (A) n =1, (B) n = 3, and (C) n = 5. The inelastic component
of the RIXS spectra are dominated by magnetic excitations. (D) Linecuts at ¢ = (0.4, 0) for n = 1 (orange), n = 3 (dark pink),
and n = 5 (purple) with the quasielastic scattering shown in gray and the inelastic (magnetic) scattering shown in color. Data
for n =1 and n = 3 were collected at 35 K, while data for n = 5 were collected at 20 K.

spin canting, introducing a ferromagnetic out-of-plane
magnetization component which can cause an effective
reduction in the magnon energy [66, 69-71]. Lastly, the
large magnetic moment on the neodymium atoms can
further interact with magnetic moments on Ni sites, com-
peting with in-plane magnetic exchange interactions and
introducing a large magnetic anisotropy [66].

Magnetic energy scales are reduced by about 25% in
Ndy4NizOq9 (n = 3) and NdgNizO14 (n = 5) relative to
NdaNiO4 (n = 1) (Fig. 3). We are unable to resolve
a notable difference between Nd4NizO19 (n = 3) and
NdgNizO16 (n = 5). In fact, the magnon bandwidth in
both Nd4NizOq9 (n = 3) and NdgNizO16 (n = 5) agrees
well with that observed in NdNiO3 (n = o0) [53, 72], sug-
gesting that as n increases, magnetic interactions quickly
approach the behavior seen in the end member of the se-
ries. For all n studied, the magnetic bandwidth is similar
to that of the Ruddlesden-Popper bilayer LagNisO7 [9]
and the square-planar trilayer LasyNizOg [8], indicating
common magnetic interaction strengths across these di-
verse layered nickelate materials.

We interpret the softening of magnetic interactions
with increasing n to be dominantly driven by the increase
in effective doping, which can disrupt the antiferromag-
netic exchange by introducing states that act as spinless
impurities. This suggests analogies between Ruddlesden-
Popper nickelates and other materials such as square-
planar nickelates [7] and Lag_,Sr,NiO4 (n = 1), where
magnon energies are reduced by a factor of two or more
upon the addition of 0.5 holes/site [42, 43, 73, 74].
Compared to these chemically-doped nickelates, however,
the 25% magnon softening in Nd4NizO19 (n = 3) and
NdgNizO16 (n = 5) (Fig. 3) is less than that predicted
solely on the basis of the effective doping of an additional
0.67 and 0.8 holes/site, respectively. The effective dop-
ing might be overestimated by simple electron counting

arguments, as structurally-driven doping is predicted to
introduce additional correlations that renormalize the ef-
fective doping amount in the layered square-planar nick-
elates [75-77]. Holes may also be unevenly distributed
between planes within n-layer blocks, leading to contribu-
tions from inequivalent NiOs layers, further complicating
the magnon mode structure probed by RIXS. However,
both these effects would likely impart only small changes
to the effective doping.

Magnetic energy scales may be further modified by the
increase of dimensionality with increasing n, in addition
to changes due to the effective doping of 1/n holes per
Ni?* ion. Increasing n introduces an additional out-of-
plane exchange pathway between neighboring NiOs lay-
ers which is absent in Nd3NiOy4 (n = 1). In Nd3NiOy
(n = 1), the magnetic Ni sites can interact with four
neighboring Ni sites. In higher n compounds, Ni atoms
in the inner layers can interact with six neighboring Ni
sites, while Ni atoms in the two outer layers can inter-
act with five neighboring Ni sites. Because each Ni atom
now has more magnetic exchange pathways, we expect
an overall increase in the magnetic bandwidth with in-
creasing n (Sec. ??), competing with the overall decrease
due to increased doping. The out-of-plane exchange in-
teraction J, can be quite strong due to the coupling of
partially filled ds,2_,2 orbitals by apical oxygen atoms.
In fact, we see already for Nd4yNizOqg (n = 3) that the
magnetic bandwidth closely approaches the ~ 50 meV
bandwidth seen in NdNiO3z (n = o0) [63, 72]. Thus the
introduction of these out-of-plane exchange interactions
may play a key role in setting the magnetic energy scales
in higher order n Ruddlesden-Popper nickelates, partially
offsetting the magnetic softening due to increased doping.



V. CONCLUSION

We used Ni Lz-edge RIXS to determine the evolu-
tion of the electronic and magnetic structure of lay-
ered Ruddlesden-Popper nickelates Nd,, 1 Ni, O3,,11 with
layer number n. We show that as n is increased, holes
are doped into itinerant ligand bands, moving the sys-
tem from a |d®) configuration for n = 1 to a |d®L) con-
figuration. This finding agrees well with the behavior of
the end members of the series, NdNiO3 (n = o0) and
Sr-doped Lag_,Sr;NiO4 (n = 1), confirming systematic
changes across this family of materials with doping and
structural tuning. These doped holes cause a softening
of the magnetic excitations in the higher n compounds;
however, the softening is partially mitigated due to the
introduction of additional out-of-plane magnetic interac-
tions with increasing n, which increase the energy scale of
magnetic interactions. Thus, structural and dimensional
control can tune both electronic and magnetic properties
of materials in a complex and interdependent fashion,
allowing access to a richer material space than that ac-
cessible by chemical doping alone.

DATA AVAILABILITY

All data is available from authors upon reasonable re-
quest.
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S1. SAMPLE CHARACTERIZATION

Thin film Nd,,+1Ni,,O3,+1 samples on (001)-oriented LaAlOs and (110)-oriented NdGaOs were synthesized using
reactive-oxide molecular-beam epitaxy according to the procedures described in Refs. [1, 2]. The synthesis process
uses distilled ozone to reach a total chamber pressure of ~1-3 x107% and source materials of elemental neodymium
and nickel evaporating with flux rates of ~1 x10® atoms/cm?- s. The n = 3,5 compounds were synthesized with a
substrate temperature of 660 - 690 °C and the n = 1 compound at 1000 °C.

A. X-ray diffraction

Thin film x-ray diffraction was performed on a Malvern Panalytical Empyrean diffractometer using Cu Ka; radiation.
Figure S1 displays the x-ray diffraction patterns for the four films considered in this study. All films exhibit sharp
superlattice peaks, demonstrating the long-ranged structural order of the Ruddlesden-Popper motif. Reciprocal space
maps (RSMs) of the compounds on LaAlO3 (a,. = 3.79 A, € & —0.9%) and NdGaO3 (ap. = 3.86 A, ¢ =~ +1.0%),
shown in Fig. S2, indicate that the samples in this study are largely strained to their substrates. The n = 1 compound
has partially relaxed to an intermediate strain state with a,. =~ 3.835 A. This could arise from the increased presence
of rock salt layers, which may relieve the strain generated by external epitaxy [3].

B. Electron microscopy

Specimens for cross-sectional scanning transmission electron microscopy (STEM) analysis were prepared using either
a Thermo Fisher Scientific Helios G4 UX or an FEI Helios 660 focused ion beam (FIB), with a final thinning process

performed at an energy of 2 keV. Aberration-corrected STEM imaging was conducted on a Thermo Fisher Scientific
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FIG. S1. X-ray diffraction patterns of the four Nd,,+1Ni,Osp,41 thin film samples: n = 1 on NdGaOs (orange), n = 3 on
NdGaOs (dark pink), n = 5 on NdGaOs (dark purple), and n = 5 on LaAlOs (light purple). Grey asterisks indicate substrate
peaks. The n = 3 on NdGaOs and n = 5 on NdGaOgs patterns are reproduced from Ref. [1].
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FIG. S2. Reciprocal space mapping of the four Nd,+1Ni,,O3p41 thin film samples. White asterisks indicate the 3 3 -2 peaks of
NdGaOs3 and -1 0 3 peak of LaAlO3. Film peaks are labeled directly on the maps. Grey dashed lines intersect the substrate
peaks and are guides to the eye.
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Spectra 300 X-FEG or Titan Themis CryoS/TEM microscope operating at 300 kV, using a probe convergence semi-
angle of 30 mrad. High-angle annular dark-field (HAADF) STEM images were captured using collection angles ranging
from 54 to 200 mrad.

Fig. S3 shows regions of the Nd,+1Ni,,O3,+1 (n = 1,3,5) thin films synthesized on NdGaOs. The films have
well-ordered, horizontally-stacked rock salt layers characteristic of the layered Ruddlesden-Popper phase. There are
some regions of reduced contrast in the n = 3,5 films: rock salt regions which are offset by a/2[110],. will show up
as areas of reduced atomic contrast due to the projection through mixed elemental species (neodymium, nickel) into
the page. There are also some regions of locally varying n in the n = 5 film, as the NdgNizO1¢ compound is not
synthesizable through bulk methods alone. Additional details of the microstructural characterization of these and
related Nd,,;1Ni,,O3,,41 thin films may be found in Refs. [2, 3].

C. Electronic transport

Electronic transport measurements as a function of temperature (Fig. S4) were taken down to 1.8 K using a Quantum
Design Physical Property Measurement System (PPMS) using standard lock-in techniques at 15 Hz. Electrical
resistivities were determined using devices in van der Pauw or Hall bar geometries. Contacts were patterned with
shadow masks and deposited using an electron-beam evaporator (5 nm Cr/100 nm Au). Hall bar channels were
defined with a diamond scribe.

The four films considered in this study have distinct transport properties. The NdyNiOy film exhibits semiconduct-
ing behavior, consistent with bulk Nd3NiOy4 behavior [4]. The Nd4NisOqg film displays a resistivity kink at ~ 150
K. Resitivity kinks have been attributed to density wave ordering in n = 2,3 Lay,4+1Ni,Ogp,41 [5-8], so the same be-
havior might be present in these Nd3NizOq¢ films. The two NdgNi5O1¢ films both exhibit hysteretic metal-insulator
transitions. Under the application of compressive strain, NdgNizO16 synthesized on LaAlOg has a largely depressed
metal-insulator transition temperature Tyir and a lower resistivity scale. This may be potentially attributed to the
straightening of Ni-O bonds by compressive strain and improved orbital overlap, which may have implications for
superconductivity [9, 10], although the precise mechanism is unknown at this stage.
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FIG. S3. Representative HAADF-STEM images of the (A) n = 1, (B) n = 3, and (C) n = 5 Ndn+1NinOsy,41 thin films
synthesized on NdGaOgs substrates. a-C, amorphous carbon.
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FIG. S4. Electrical transport behavior of the n = 1 (a) and n = 3,5 (b) films. Grey arrows indicate the direction of the
temperature sweep for samples showing hysteretic behavior. The Nd4NizOi10 and NdgNisOi6 traces are reproduced from
Ref. [1].

S2. ORBITAL EXCITATIONS
A. Fluorescence and delocalized ligand states

Figure S5 shows the incident x-ray energy dependence of the resonant inelastic x-ray scattering (RIXS) across the
Ni Ls-edge for NdgNi5Oq4 (n = 5) and NdyNisOq19 (n = 3). The spectra include both Raman-like features that
occur at constant energy loss for different incident energies and fluorescent-like features which increase in energy with
increasing incident x-ray energy. The fluorescence occurs when electrons from delocalized, itinerant states decay to
fill the core-hole and implies the presence of ligand states that are hybridized with the resonant element [11]. As
discussed in the main text, this indicates that the Ruddlesden-Popper nickelates adopt a |d®L) configuration, where
L denotes the hybridized oxygen ligand band [12, 13].

B. Minimal orbital polarization

One key difference between Ruddlesden-Popper nickelates compared with the cuprates and square-planar nickelates
is that Ruddlesden-Popper nickelates are expected to have much weaker orbital polarization. We tested for orbital
polarization in the higher n Ruddlesden-Popper films by measuring the incident polarization dependence of orbital
excitations near grazing incidence (6 = 16°) as shown in Fig. S6. At this angle, horizontal (7) polarized light primarily
probes the out-of-plane dz,2_,2 orbital while vertical (o) polarized light primarily probes the in-plane d,2_,2 orbital.
The orbital excitations show minimal incident polarization dependence, indicating that holes are distributed roughly
equally between both the in-plane and out-of-plane e, orbitals. For comparison, we also show the orbital dichroism
in Nd3NiOy4 (n = 1), which is measured by comparing pi-polarized RIXS taken near grazing incidence (6 = 16°) and
near normal incidence (6 = 72°), normalized to the integrated orbital intensities.
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FIG. S5. Fluorescent orbital excitations in NdsNisO16 (n = 5) and Nd4Ni3zO1g (n = 3). A) Incident-energy dependence of
orbital RIXS excitations in NdgNisO16. Fluorescent features appear at increasing energy loss as incident energy is increased,
while Raman-like features appear at fixed energy loss. B) Comparison of orbital RIXS features in NdgNisO16 and Nd4NizO1g
at selected incident energies, highlighting the similar behavior between the two materials. The inset shows the fluorescent
RIXS process, in which states from delocalized, hybridized orbitals dominate the decay channel. E; denotes the incident x-ray
photon while E, denotes the emitted x-ray photon.
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FIG. S6. Orbital dichroism of RIXS for Nd2NiO4 (n = 1) on NdGaOs (orange), Nd4NizO19 (n = 3) on NdGaOs (pink),
and NdgNi5sO16 (n = 5) on LaAlOs (purple). RIXS dominantly probing in-plane orbitals is shown with a dashed line and
RIXS probing dominantly out-of-plane orbitals is shown with a solid line. For Nd2NiO4 the in-plane orbitals are probed with
m-polarized light near normal incidence (f = 72°) and out-of-plane orbitals are probed with m-polarized light near grazing
incidence (0 = 16°). For Nd4NizO1¢ and NdgNi5O16, in-plane orbitals are probed with o-polarized light near grazing incidence
(6 = 16°) and out-of-plane orbitals are probed with m-polarized light near grazing incidence (6 = 16°).
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S3. MODIFICATION TO MAGNETIC DISPERSION FROM LINEAR SPIN-WAVE THEORY

We use the package Sunny [14] to model the expected magnetic dispersions with increasing n within linear spin-
wave theory (LSWT). For all samples we fix the in-plane magnetic exchange to J = 16 meV, matching the magnon
bandwidth for our measurements on Nd2NiO4 (n = 1). We show the calculated magnon dispersion overlaid with
the data in Fig. S7. For higher n we include an out-of-plane magnetic exchange between n adjacent Ni layers, with
J, = J, assuming a symmetric octahedral environment. As shown in Fig. S8, as n is increased, an additional magnon
branch emerges for each additional Ni layer. Furthermore, the energies of the magnetic excitations are shifted to
higher energies due to the introduction of the additional magnetic exchange pathway.
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FIG. S7. RIXS data for Nd2NiOy4 (n = 1) overlaid with the calculated dispersion from LSWT calculated with J = 16 meV.
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FIG. S8. LSWT calculations for magnetic branches for a material with a) a single layer, b) 3 layers, and c) 5 layers in a unit
cell, with in-plane exchange J = 16 meV. For the 3- and 5-layer cases, the out-of-plane exchange J, is set equal to the in-plane
exchange.

S4. STRAIN DEPENDENCE OF NdgNisOi16 (n =5)

Here we show the strain imparted by the substrate has minimal impact on the orbital and magnetic features
reported in the main text by comparing RIXS spectra for NdgNi5;O14 (n = 5) synthesized on two different substrates.
Films synthesized on LaAlOs experience a small amount of compressive strain (e &~ —0.9%), while those on NdGaOs3
discussed in the main text experience tensile strain (¢ & +1.0%). As NdgNi5sO16 (n = 5) can only be synthesized
in thin-film form, strain values are approximated using bulk lattice constants for Nd4NizO19 (n = 3) [15]. Based on
the resistivity in Sec. S1 C, compressive strain suppresses the metal-insulator transition to lower temperatures and
increases the conductivity of the samples overall but does not otherwise substantially affect the key findings reported
in the main text.

Strain appears to have a limited impact on the magnetic features in NdgNi5O¢ along [H, 0]. This suggests that the
Ni-O exchange probed by this reciprocal space cut is minimally sensitive to strain, similar to what has been observed
in thin films of perovskite NdNiOj3 [16] and infinite-layer square-planar nickelates [17].
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FIG. S9. Impact of strain on RIXS spectra. A) RIXS spectra for NdgNisO16 on NdGaOs (tensile) and on LaAlO3 (compressive).
The inset shows a zoom-in on the magnetic portion of the RIXS spectra, showing similar magnetic peak positions in both
samples. B) Momentum dependence of magnetic excitations in NdgNisO16 on NdGaOs (tensile) along [H, 0] (reproduced from
main). C) Momentum dependence of magnetic excitations in NdgNisO16 on LaAlO3 (compressive) along [H, 0].
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