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S1. SAMPLE CHARACTERIZATION

Thin film Nd,,+1Ni,,Os,,+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 x10~% 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 (a,. = 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,4+1Ni,Osn41 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;,Osp41 thin film samples. White asterisks indicate the 3 3 -2 peaks of
NdGaOgs and -1 0 3 peak of LaAlOs. 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,,O3,41 (n = 1,3,5) thin films synthesized on NdGaOgs. 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 NdgNi5O16 compound is not
synthesizable through bulk methods alone. Additional details of the microstructural characterization of these and
related Nd,,41Ni,,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 NdsNiOy film exhibits semiconduct-
ing behavior, consistent with bulk NdyNiOy4 behavior [4]. The Nd4NizOq¢ film displays a resistivity kink at ~ 150
K. Resitivity kinks have been attributed to density wave ordering in n = 2,3 La,+1Ni,Osp,4+1 [5-8], so the same be-
havior might be present in these Nd3NizO1¢ films. The two NdgNi5O1¢ films both exhibit hysteretic metal-insulator
transitions. Under the application of compressive strain, NdgNi5O14 synthesized on LaAlO3 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 Ndp4+1NipOspq1 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 Nd4NizO10 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 NdgNi5O16 (n = 5) and Ndy4NizO19 (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 () polarized light primarily
probes the out-of-plane ds.>_,> 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 (§ = 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 Nds4NizO1o (n = 3). A) Incident-energy dependence of
orbital RIXS excitations in Nd¢NisO16. 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 Nd4NizO1o
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), Nd4NizO1o (n = 3) on NdGaOs (pink),
and NdgNisO16 (n = 5) on LaAlO3 (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 Nd2NiOy4 the in-plane orbitals are probed with
m-polarized light near normal incidence (f = 72°) and out-of-plane orbitals are probed with 7m-polarized light near grazing
incidence (0 = 16°). For Nd4NizO1¢ and NdgNi5O1¢, 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 NdaNiOy4 (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 Nd2NiO4 (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 NdsNi;Oi6 (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 NdgNi5O1¢ (n = 5) synthesized on two different substrates.
Films synthesized on LaAlO3 experience a small amount of compressive strain (¢ &~ —0.9%), while those on NdGaOs
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 Nd4NizO1 (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 NdgNi5O14 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 NdNiOjz [16] and infinite-layer square-planar nickelates [17].
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FIG. S9. Impact of strain on RIXS spectra. A) RIXS spectra for NdgNi5sO16 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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