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The rare-earth nickelates possess a diverse set of collective phenomena including metal-to-
insulator transitions, magnetic phase transitions, and, upon chemical reduction, superconductivity.
Here, we demonstrate epitaxial stabilization of layered nickelates in the Ruddlesden-Popper form,
Ndn+1NinO3n+1, using molecular beam epitaxy. By optimizing the stoichiometry of the parent per-
ovskite NdNiO3, we can reproducibly synthesize the n = 1−5 member compounds. X-ray absorption
spectroscopy at the O K and Ni L edges indicate systematic changes in both the nickel-oxygen hy-
bridization level and nominal nickel filling from 3d8 to 3d7 as we move across the series from n = 1
to n =∞. The n = 3− 5 compounds exhibit weakly hysteretic metal-to-insulator transitions with
transition temperatures that depress with increasing order toward NdNiO3 (n =∞).

I. INTRODUCTION

The perovskite rare earth nickelates RNiO3 (R = La,
Pr, Nd...) are strongly correlated materials with a rich,
tunable phase diagram that includes features such as
metal-to-insulator transitions and non-collinear antifer-
romagnetism [1, 2]. The Ruddlesden-Popper nickelates,
represented by the chemical formula Rn+1NinO3n+1, are
the layered analogues of the perovskite rare-earth nick-
elates. Also expressed as (RNiO3)n(RO), these com-
pounds comprise n layers of the traditional perovskite
motif RNiO3 separated by rock salt spacer layers R-O as
shown in Fig. 1(a). The R-O layer tunes the dimension-
ality of the system from the three-dimensional RNiO3

(n = ∞) to the quasi two-dimensional R2NiO4 (n = 1).
The phenomenology of the R2NiO4 family of compounds
is distinct from its perovskite counterparts: for exam-
ple, while the perovskite LaNiO3 is a strongly correlated
metal [1, 3, 4], single-layer La2NiO4 displays insulating
charge and spin stripes, with a spatial modulation tun-
able with doping [5, 6]. Accordingly, the evolution of the
charge and spin structure with perovskite layer thickness
(or ‘order’) n in the Ruddlesden-Popper nickelates has
been of sustained interest, especially as many of these or-
dered phases precede superconductivity in the cuprates
[7]. Indeed, the Ruddlesden-Popper nickelates have long
been viewed as close cousins of the cuprates [8–10] and
it was recently found that the n = 5,∞ compounds ex-

∗ These authors contributed equally to this work.
† mundy@fas.harvard.edu

hibit superconductivity when chemically reduced into the
square-planar form [11, 12].

Despite longstanding interest, synthesis of the
Ruddlesden-Popper nickelates remains a key challenge.
Early studies on the n = 2, 3 member compounds in
powder form identified analogies to the superconducting
cuprates including a putatively similar band structure
and possible charge density wave transitions [8, 13–15].
More recently, advances in the preparation of large single-
crystal specimens [10, 16] have enabled direct study of
these features which were originally proposed from pow-
der specimen behavior [17, 18]. Nevertheless, the higher-
order compounds (n ≥ 4), which are of particular inter-
est as the n = 5 becomes superconducting when reduced
[12], remain inaccessible using powder or single crystal
synthetic methods [16]. Instead, these compounds re-
quire atomic layering control. In addition to the synthesis
of the superconducting n = 5 square-planar compound
with molecular beam epitaxy (MBE), the stabilization of
the Lan+1NinO3n+1[19] and Ndn+1NinO3n+1[20] series
for n = 1−5 also using MBE has recently been reported.
Atomically-precise thin film deposition thus allows access
to the Rn+1NinO3n+1 series beyond n = 3.

In this paper, we describe a generalizable synthetic
strategy for thin film Ruddlesden-Popper nickelates
Ndn+1NinO3n+1 (n = 1 – 5), using MBE. By first opti-
mizing the crystalline growth of the perovskite NdNiO3

on LaAlO3 substrates, we can reproducibly stabilize
the higher-order layered Ruddlesden-Popper nickelates.
From x-ray absorption spectra (XAS), we observe that
tuning the layering n of the Ruddlesden-Popper nick-
elates changes the nickel electronic filling and relative
transition-metal-oxygen hybridization levels, as would
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FIG. 1. Structural description and characterization of the Ruddlesden-Popper Ndn+1NinO3n+1 compounds. (a) Crystal
structures of the Ndn+1NinO3n+1. Nd, Ni, and O in turquoise, red, and yellow, respectively. The n = 4 and n = 5 are
drawn without octahedral rotations as there is no existing crystallographic data. (b) X-ray diffraction (XRD) spectra and (c)
electrical resistivity characterization of two separate parent perovskite NdNiO3 calibrations that were used to synthesize the
two n = 5 compounds in (d). Although both NdNiO3 films are phase pure and show sub-nanometer surface roughness, using
the calibration from an off-stoichiometric calibration forms a higher-order Ruddlesden-Popper of reduced crystallinity. (e) XRD
spectra of all the Ndn+1NinO3n+1 (n = 1 − 5) synthesized with optimized NdNiO3 calibrations. Asterisks denote substrate
peaks.

be expected from electron counting rules. Furthermore,
there are systematic changes in the x-ray linear dichro-
ism (XLD) which we attribute to energy level splittings
in the eg orbitals. In the electronic transport, we ob-
serve in the n ≥ 2 compounds metal-to-insulator transi-
tions with features that interpolate between those of the
parent perovskite NdNiO3 and bulk crystal specimens of
Ndn+1NinO3n+1 (n = 3) [8].

II. EXPERIMENTAL METHODS

A. Synthesis via MBE

We use ozone-assisted MBE to synthesize the
Ruddlesden-Popper nickelates in the thin film form. The
evolution of the nickel valence from Ni2+ in the Nd2NiO4

(n = 1) compound to Ni3+ in the NdNiO3 compound
necessitates varied synthetic conditions [16]—as hot as
1000°C for Nd2NiO4 and as cold as 550°C for NdNiO3.
We synthesize the Nd2NiO4 (n = 1) compound using
the simultaneous evaporation of both elements (here-
after, ‘codeposition’) at high (∼900-1000 °C) tempera-
tures with fluxes estimated using a quartz crystal mi-
crobalance with applied tooling factors. We also note
that it is possible to synthesize the n = 2, 3 and per-

ovskite layer compounds using the codeposition method
by tuning only the relative flux ratios, temperature and
oxidation pressure, similar to what has been done for
single crystals [16]. On the other hand, the n ≥ 4 com-
pounds, which have not been synthesized as bulk crys-
tals, also cannot be synthesized with codeposition. These
compounds therefore require the precise sequential depo-
sition of the neodymium and nickel sources, wherein a
single monolayer of each element is deposited at a time,
to achieve the Ruddlesden-Popper layering.

In principle, MBE enables one to precisely control
the monolayer deposition times and hence synthesize a
generic Ruddlesden-Popper compound of arbitrary or-
der n. There are key differences however between the
Ruddlesden-Popper nickelates and other Ruddlesden-
Popper systems such as the more commonly studied
Srn+1TinO3n+1 which make the direct translation of
other synthetic calibration techniques onto the nickelates
difficult. In Srn+1TinO3n+1 compounds, deviations from
perfect stoichiometry by as much as 5+% often result
in imperfect superlattices with rock salt intergrowths or
missing rock salt layers but without substantial phase
segregation [21, 22]. Errors in monolayer dosing times
can then be quantitatively estimated and adjusted for
purely based on x-ray diffraction spectra of the superlat-
tice phase [23]. The composition, or A:B cation ratio in
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an ABO3 compound, can also be perfected using quan-
titative analysis of the beat frequencies and oscillation
lineshapes in the reflection high energy electron diffrac-
tion (RHEED) intensities [22, 24].

In contrast, a principal challenge in nickelate thin film
synthesis is the stabilization of the high oxidation Ni3+

state. Insufficient oxidizing conditions can promote the
phase segregation of Ni2+ compounds such as polycrys-
talline NiO [9, 25]. The presence of NiO however, can
result not only from insufficient oxidation, but also from
errors in composition or monolayer dosing, and most fre-
quently from a combination of all three. This propensity
to phase segregate makes assessing quantitative changes
to monolayer dosing challenging. Moreover, it is diffi-
cult to use RHEED oscillations to precisely adjust for
composition errors: once a secondary phase such as NiO
forms, RHEED oscillation intensities fade and do not re-
cover, whereas oscillations can persist for much longer in
SrTiO3-based compounds [22, 24].

To address these challenges we have developed an al-
ternative calibration method that reliably facilitates the
synthesis of n ≥ 2 Ruddlesden-Popper Ndn+1NinO3n+1

compounds. This method optimizes the synthesis of the
parent perovskite NdNiO3: by iteratively improving both
its stoichiometric composition and monolayer dose esti-
mates, we can obtain precise shuttering times to syn-
thesize the higher order Ruddlesden-Popper compounds
with atomistic precision. We start by adjusting the tem-
perature of the neodymium and nickel effusion cells to
read ∼ 1 × 1013 atoms cm−1s−1 on a quartz crystal mi-
crobalance. We then synthesize the binary oxides Nd2O3

on Y:ZrO2 (111) and NiO on MgO (100) and use x-
ray reflectivity (XRR) to estimate the film thicknesses
and thus the actual effusion cell fluxes [26]. These esti-
mates give us approximate values of the neodymium and
nickel fluxes, which we then fine tune with the synthesis
of NdNiO3.

From the rough flux estimates provided by the binary
oxide compounds, we perform the shuttered growth of
NdNiO3. In our initial calibration scheme, we inten-
tionally deposit less than one full monolayer of both
neodymium and nickel. The accidental deposition of
more than one full monolayer can exacerbate the for-
mation of polycrystalline NiO phases, which would be
observed in the RHEED (Fig. S4 of the Supplemental
Material [27]), even if the elements are supplied in a one-
to-one composition ratio. Hence in this “underdosed”
regime, we can focus on tuning the composition ratio
of neodymium and nickel. Similar to other oxide per-
ovskites [22], the parent compound NdNiO3 is capable of
accommodating some A-site (neodymium) excess into the
lattice, while still forming a single-phase film, as ascer-
tained by RHEED and atomic force microscopy (AFM).
This A-site excess is manifest as an expansion of the
out-of-plane lattice constant as well as in a broadening
or even suppression of the metal-to-insulator transition
[28, 29]. By tracking the evolution of the lattice con-
stants for a range of Nd:Ni ratios, we have found that an

optimally stoichiometric NdNiO3 film on LaAlO3 pos-
sesses a lattice constant of ∼3.82 Å corresponding to a
(002) film peak that nearly coincides with that of the sub-
strate LaAlO3 [28, 29]. The metal-to-insulator transition
in these stoichiometric films spans as much as over five
orders of magnitude; films with excess neodymium have
a higher room temperature resistivity and may possess
a entirely suppressed metal-to-insulator transition. We
note that it is also possible to form a nickel-rich NdNiO3

phase [25], though we have found that nickel excess will
more frequently appear as a secondary NiO phase in situ
in the RHEED pattern (Fig. S4 in the Supplemental Ma-
terial [27]). After fine-tuning this shuttered stoichiomet-
ric calibration in the underdosed regime, we then correct
for the monolayer dosing using thickness estimates from
XRR fits to the NdNiO3 films. Finally, we apply the
monolayer deposition times from the calibrated NdNiO3

to synthesize the Ruddlesden-Popper compounds. We
synthesize the Ndn+1NinO3n+1 (n ≥ 2) compounds at a
substrate temperature of 630 – 690°C as verified by an
optical pyrometer and using distilled ozone in chamber
pressures of 1.2×10−6 – 2.0×10−6 Torr.

Figures 1(b)-1(d) illustrates this approach using three
different calibrations from NdNiO3 films. The stoichio-
metric film possesses a lattice constant of 3.82(7) Å;
in contrast, the A-site-rich films have expanded lattice
constants of 3.84(5) and 3.87(3) Å, corresponding to
neodymium in excess of ∼3% and ∼10%, respectively,
estimated from our neodymium flux calibrations (Fig.
1(b)). Importantly, we note that this A-site excess is not
always manifest in surface-sensitive characterization such
as RHEED or AFM (Fig. S4 in the Supplemental Mate-
rial [27]) images, which show that the A-site excess films
are ostensibly high quality. Hence, we confirm the su-
perior quality of the stoichiometric film using resistivity
measurements which present a sharp metal-to-insulator
transition in Fig. 1(c). Finally, using the three different
shuttered calibrations from these three NdNiO3 films, we
synthesize the Nd6Ni5O16 (n = 5) compound. As shown
in the XRD spectra in Fig. 1(d), the Nd6Ni5O16 syn-
thesized from the two A-site excess films display pre-
dominant Ruddlesden-Popper layering but with weaker
superlattice ordering. The Nd6Ni5O16 film synthesized
from the least stoichiometric NdNiO3 calibration pos-
sesses superlattice peaks approaching those of an n = 4
compound, and neither film exhibits sharp lower order
peaks. In contrast, the Nd6Ni5O16 film synthesized from
the stoichiometric NdNiO3 calibration displays coherent
n = 5 ordering with the full emergence of the lower order
(0010) and (0012) superlattice peaks, which are sensitive
to the long-range order of the film. This indicates the
sensitivity of the Ruddlesden-Popper nickelates to com-
position, requiring a calibration procedure that enables
fine tuning.
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FIG. 2. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of Ruddlesden-
Popper Ndn+1NinO3n+1 compounds. (a) Large field of view of the Nd6Ni5O16 (n = 5) compound with an overlaid strain map
to highlight the Ruddlesden-Popper layers. Scale bar, 2 nm. (b) Bar graph showing the number of occurrences of each of the
Ruddlesden-Popper layers over the same field of view, plotted on a log scale. (c)-(e) High-resolution images of the (c) n = 3,
(d) n = 4, and (e) n = 5 compounds, illustrating the precise placement of the Nd-O rock salt double layers every n perovskite
layers. Neodymium and nickel atoms are represented by turquoise and red, respectively. Scale bars, 2 nm.

B. Structural characterization

Thin film XRD spectra were taken on Malvern Pan-
alytical Empyrean diffractometer using Cu Kα1 (λ =
1.5406 Å) radiation. Reciprocal space maps (RSMs) were
taken on the same instrument using a PIXcel3D 2D pixel
area detector. Cross-section scanning transmission elec-
tron microscopy (STEM) specimens were prepared us-
ing an FEI Helios focused-ion beam with a gallium ion
source. The final thinning step was performed using
2 keV gallium ions. Atomic-resolution STEM imaging
was performed using a Thermo Fisher Scientific Themis
Z G3 transmission electron microscope operated at 200
keV with probe convergence angle of ∼19.6 mrad and an
annular dark-field (ADF) collection angle range of ∼78–
200 mrad. Additional STEM imaging was performed on
an aberration-corrected JEOL ARM 200F transmission
electron microscope at 200 keV with a probe convergence
angle of ∼22 mrad and an ADF collection angle range of
∼68–220 mrad. The displayed images were obtained from
the average of 20 cross-correlated frames each acquired
with 500 nS dwell time.

To map the local distortions of specific lattice fringes,
we performed a phase lock-in analysis on the high-angle
ADF STEM (HAADF-STEM) images. By taking the

gradient of the local phase, we can generate a map of lo-
cal strain along the c direction [30–32]. The strain map
highlights Ruddlesden-Popper rock salt layers, which ap-
pear as regions of local tensile strain beacuse the spacing
between two adjacent Nd-O layers (∼2.7 Å) is greater
than the spacing between the adjacent Nd-O and Ni-O
layers (∼1.9 Å). Analyzing the strain profiles along the c-
direction can thus be used to quantify distances between
the rock salt space layers. This allows us to determine
the locations and occurrences of local n layerings within
a film, as demonstrated in Fig. 2. Further details on the
phase lock-in analysis may be found in the Supplemental
Material [27].

C. X-ray absorption spectroscopy

XAS were measured at the Advanced Light Source,
Lawrence Berkeley National Lab, at Beamlines 4.0.2 and
6.3.1 in the total electron yield mode at 300 K. At Beam-
line 4.0.2 the spectra were acquired at 20° grazing inci-
dence with linear horizontally (Iz) or vertically (Ix) po-
larized photons. At Beamline 6.3.1, the spectra were ac-
quired exclusively with linear horizontally polarized inci-
dent photons but with the sample either normal (Ix) or
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Order Hypothetical valence (filling) Measured valence c-axis lattice constant (Å) Unit-cell volume (Å3)
n = 1 2+ (d8) 2+ (nominal) 12.450 ± 0.002 361 ± 0.06
n = 2 2.5+ (d7.5) 2.5(7)+ 20.20 ± 0.05 580 ± 1.5
n = 3 2.67+ (d7.33) 2.6(7)+ 27.728 ± 0.015 797 ± 0.43
n = 4 2.75+ (d7.25) 2.7(9)+ 35.35 ± 0.07 1016 ± 2
n = 5 2.8+ (d7.2) 2.8(4)+ 43.12 ± 0.04 1239 ± 1.2

TABLE I. Nominal nickel valences (hypothetical) and structural parameters (experimental) for Ndn+1NinO3n+1 epitaxially
stabilized on LaAlO3. A 2+ valence state is assumed for the n = 1 compound.

at 30° grazing (Iz) to the beam. A geometric correction
factor was applied for the grazing incident signal [33]. As
energy calibrations can differ slightly between beamline
endstations, we use Nd M4,5 features to align all Ni L2,3-
and O K-edge spectra. All spectra are normalized to
the incident x-ray flux, as monitored via the absorption
by a semitransparent gold mesh upstream of the nick-
elate films. The spectra are further scaled so that the
intensity is unity at energies slightly below the absorp-
tion edge, and normalized across the entire edge. Each
spectrum presented is polarization-averaged [12 (Ix + Iz)]
and represents the mean of 8-16 polarization-averaged
scans. All x-ray linear dichroism (XLD) signals are given
by Iz−Ix (E||c−E||a,b), the difference between spectra
with photons polarized predominantly out-of-plane and
in-plane with respect to the sample surface. The XLD
spectra are normalized by the polarization-averaged in-
tegral A = 2(Ix + Iz)/3 [34].

D. Electrical transport

Electrical resistivities were determined using devices
in van der Pauw or Hall bar geometries. Contacts com-
prising Cr (5 nm)/Au (100 nm) were deposited using
an electron-beam evaporator and patterned with shadow
masks. Hall bar channels were defined with a diamond
scribe. Transport measurements down to 1.8 K were
conducted in a Quantum Design Physical Property Mea-
surement System equipped with a 9 T magnet using AC
lock-in techniques at ∼ 15 Hz. Temperature-dependent
Hall coefficients were calculated from linear fits of anti-
symmetrized field sweeps up to 9 T, all taken upon warm-
ing.

III. RESULTS AND DISCUSSION

A. Thin film growth

Using the growth calibration techniques described
above, we present the XRD spectra of the fully epitaxi-
ally stabilized nickelate Ruddlesden-Poppers (n = 1 – 5)
on LaAlO3 in Fig. 1(e). The XRD spectra display all the
allowed even-numbered (00l) superlattice peaks. We ex-
tract the out-of-plane lattice constants from Nelson-Riley
fits to the 2θ-θ spectra [35], tabulated in table I.

To determine the in-plane lattice constants, we per-
form RSMs on each of the films (see Fig. S2 in the Sup-
plemental Material [27]). RSM scans indicate that the
n = 2−5,∞ films are epitaxially strained to the LaAlO3

substrate (a = 3.79 Å), which provides ε ≈ −0.4% strain
to the bulk NdNiO3 (n =∞) and as much as ε ≈ −0.9%
strain to the bulk Nd4Ni3O10 (n = 3). However, our
single-layer Nd2NiO4 (n = 1) film, which experiences a
similar strain level of ε ≈ −0.9%, appears to have par-
tially relaxed to an average a ≈ 3.81 Å. This is still un-
der the bulk lattice constant of apc = 3.825 Å. This re-
laxation is likely order-dependent; for example, in the
single-layer Ruddlesden-Popper ruthenate Sr2RuO4, im-
mediate relaxation has been reported on substrates pro-
viding ε & −0.9% strain [36]. Indeed, while our Nd2NiO4

(n = 1) film exhibits partial relaxation as early as 17 nm,
we could stabilize the Nd4Ni3O10 (n = 3) to around ∼55
nm before we observed partial relaxation (see Fig. S3
of the Supplemental Material [27]). The films presented
in Fig. 1(e) were all synthesized to have 60–75 nickel
layers, resulting in thicknesses of 29.5, 27.7, 26.5, 32.4,
and 22.9 nm for the n = 2 − 5,∞ compounds, respec-
tively; meanwhile, the n = 1 compound presented is 17
nm thick. With these in-plane lattice constants, we re-
port the unit cell volumes in Table I. Compared with the
bulk lattice constants of Nd4Ni3O10 [13, 16, 37–39] we
observe a slight decrease in the overall unit cell volume
by ∼0.7% with the compressive epitaxial strain imposed
by the LaAlO3 substrate, as has also been observed in
NdNiO3 [40]. A more detailed discussion on the deter-
mination of lattice parameters and errors can be found
in the Supplemental Material [27].

HAADF-STEM images taken across the series confirms
the coherent layering at the microscopic level, as shown
in Fig. 2. In Fig. 2(a), we observe a long-range coherent
ordering of the horizontal Ruddlesden-Popper structure
up to the total thickness of a 32-nm-thick n = 5 film,
with no obvious vertical intergrowths observed within
the largest fields-of-view of our imaging. In addition,
atomic contrast provided by HAADF-STEM highlights
the placement of the Nd-O rock salt layers every n unit
cells of the perovskite motif, as exemplified in the close
up images in Figs. 2(c)-2(e) for the n ≥ 3 compounds.
We do however observe defect regions of reduced atomic
contrast between the neodymium and nickel sites (Fig.
S7 in the Supplemental Material [27]). We ascribe these
to half-unit-cell offsets between regions of the film, likely
caused by the occasional stacking fault, as opposed to
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FIG. 3. X-ray absorption spectra (XAS) of the Ruddlesden-Popper Ndn+1NinO3n+1 compounds. (a) Oxygen K-edge prepeak
features. Dashed lines represent the spectral weights of transitions to the nominal 3d7 (left) and 3d8 (right) states. (b) Spectra
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on the side. (c) X-ray linear dichroic (XLD) signals (bottom) at the Ni L2-edge, represented as E||c−E||a,b. An example of
the polarization-dependent XAS signals used to determine the XLD from the n = 1 compound is shown at the top.

the possibility of cation intermixing. Since STEM is a
measurement in projection, these offsets would create re-
gions where scattering intensities are averaged over both
neodymium and nickel sites in the atomic columns.

In other Ruddlesden-Popper systems, areas of locally
varying n are frequently observed [23, 41–44]. To quan-
tify the distribution of the Ruddlesden-Popper layerings,
we employ phase lock-in analysis using the (001)pc and
(101)pc peaks of the NdNiO3 perovskite structure [30–
32]. Figure 2(e) displays the strain map produced from
the phase lock-in analysis, we which we have superim-
posed on the bare STEM image. The map highlights
Ruddlesden-Popper rock salt layers, which appear as re-
gions of local tensile strain. We find that n = 5 is indeed
the dominant Ruddlesden-Popper layering for the nom-
inal Nd6Ni5O12 film presented in Figs. 1(e) and 2(b),
though there are occasional occurrences of n = 4 and 6
Ruddlesden-Popper layerings. A phase lock-in analysis
is also sensitive to defect structures or anywhere there
is a deviation from the periodicity corresponding to the
Fourier peak, as illustrated in Fig. S7 in the Supplemen-
tal Material [27]. Additional details on the quantification
of Ruddlesden-Popper layerings may be found in the Sup-
plemental Material [27].

B. Electronic structure

To measure electronic structure changes across the
Ruddlesden-Popper series, we use XAS. We start with
the O-K edges, which can provide a probe of the nickel
valence. In particular, we focus on the prepeak, or first
peak along the oxygen edge, which arises from the cova-

lent mixing of the oxygen 2p with the nickel 3d states [45].
Due to varying contributions from the LaAlO3 substrate
& 530 eV, we do not address the higher-energy fine struc-
ture features, whereas the lower-energy pre-peak region is
free from background features. The full O K-edge spec-
tra can be found in Fig. S8 in the Supplemental Material
[27]. The intensity of this prepeak across members of a
homologous transition metal series should scale with the
number of unoccupied 3d states (increasing valence state)
as per a 1s to hybridized 2p-3d (or 3dLn type transition)
[45, 46]. Here then, Nd2NiO4 with a nominal valence of
Ni2+ should have the weakest intensity O K prepeak with
a minor shift to higher energies representing transitions
into states of the type α |3d8〉+ β |3d9L〉 [47–49]. Mean-
while NdNiO3, with a valence of Ni3+ and a ground state
dominated by highly covalent 3d8Ln states [50, 51] (nom-
inally 3d7) should have the strongest intensity prepeak,
with all intermediate Ruddlesden-Poppers interpolating
in-between. Indeed we observe this general trend in pre-
peak intensity across our Ndn+1NinO3n+1 samples, as
shown in Fig. 3(a). We quantify both the integrated
pre-peak intensities, which scale with the nickel-oxygen
hybridization levels, and the maximum of the prepeak
signal, which reflects the relative number of unoccupied
states, as shown in Fig. S8 in the Supplemental Mate-
rial [27]. In both quantities, and particularly in the es-
timates of the integrated pre-peak intensities, the differ-
ences between the higher order (n = 3−5) compounds are
within error. This indicates that relative nickel-oxygen
hybridization levels do not appreciably change between
Ruddlesden-Popper compounds of increasing high order,
unlike in their reduced square-planar counterparts [12].
Nevertheless, the general trend of increased pre-peak in-
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tensity from n = 1 to ∞ points to an overall depletion
of the nominal nickel 3d states and increasing covalency
as we move down the Ruddlesden-Popper series from
NdNiO3 (n =∞) to Nd2NiO4 (n = 1).

To further assess the filling of the nickel 3d states,
we can decompose this pre-peak region into the two
distinct features demarcated by the dotted grey lines
in Fig. 3(a). We assign these features to represent
transitions associated with the hybridized (nominal) 3d7

and 3d8 states [48, 52]. Accordingly, the mixed-valence
Ruddlesden-Poppers (n = 2− 5) possess spectral weight
from both these features with more of the lower energy
(higher valence) feature as we increase the dimensionality
of the system. This effect has been previously observed
in single-layer R2−xSrxNiO4 compounds [47, 48], where
hole-doping away from Ni2+ toward Ni3+ shifts the total
spectral weight of the O K prepeak toward lower incident
energy in XAS. With the recent observation of supercon-
ductivity in a layered nickelate [12] and the identifica-
tion of inequivalent transition-metal planes in a five-layer
cuprate [53], the layer-resolved distribution of the nickel
valence is of increasing interest though conflicting reports
exist in bulk crystal studies [16, 38]. This observation
that the mixed-valence Ruddlesden-Popper compounds
possess both Ni2+ and Ni3+ features in the O-K edge pre-
peak region, in contrast to previous work [54], provides
a future means to use spatially resolved spectroscopic
techniques such as electron-energy loss spectroscopy to
identify any electronic modulation.

The Ni L2,3-edges, which we present in Fig. 3(b), are
comparatively more difficult to interpret due to core-hole
effects [55], and are exquisitely sensitive to variations in
the strain state, cation composition, and oxygen content
[40, 49, 56, 57]. The strong covalency effects in the ox-
idized nickelates complicate the quantitative extraction
of valence as can be performed in other perovskite ox-
ides such as the titanates or manganites [45, 58, 59].
Nevertheless, we can employ a self-consistent method to
characterize the systematic evolution of the nickel va-
lence across the series, as has been similarly performed
using x-ray photoemission spectroscopy [20]. We define
our spectra from the Nd2NiO4 (n = 1) and NdNiO3

(n =∞) end-member compounds, which have been well-
characterized in the bulk [52, 60], as proxies for the Ni2+

and Ni3+ reference spectra, respectively, within the lay-
ered nickelate series. We then use these reference spec-
tra in a non-negative linear least squares fitting to ex-
tract the nominal nickel valences as tabulated in Table I.
As the octahedral coordination environments and tran-
sition metal–oxygen hybridization should be reasonably
similar across the Ruddlesden-Popper nickelates, we ex-
pect this approach to be more reflective of relative va-
lence changes than using reference spectra from generic
Ni2+ compounds such as NiO. The valences interpolate
nearly monotonically between 2+ and 3+ as we move
from n = 1 to ∞ and are close to the expected val-
ues from simple electron counting rules. (Note that we
employ this method on just the higher energy Ni L2-

edges, which are free of the La M4 background from the
LaAlO3 substrate that runs into the Ni L3-edge as seen in
Fig. S8 in the Supplemental Material [27].) We attribute
deviations from the ideal fractional valences to minor
variations in cation stoichiometry and oxygen content
which are challenging to quantify precisely in nickelate
thin films. Nonetheless, this general procedure reveals
the gradation of the nickel filling from formal 3d8 to 3d7

across the order of the Ruddlesden-Popper compounds,
further indicating that the layering may be harnessed to
control the electronic filling of the rare-earth nickelates.

The Ni L2 spectra presented above are polarization
averaged; we now decompose them to compare the x-
ray linear dichroic (XLD) signals across the series. At
the Ni L-edge, we expect from dipole selection rules that
only 2p → 3d3z2−r2 transitions are allowed for E||c (Iz)
and primarily 2p → 3dx2−y2 transitions are allowed for
E||a,b (Ix) [48]. Hence, assuming Nd2NiO4 (n = 1) to
be in a high-spin state with two half-filled eg orbitals
we expect a large XLD signal arising from a splitting of
the 3d3z2−r2 and 3dx2−y2 orbitals generated by a strong
tetragonal distortion [48, 49]. In contrast, the dichro-
ism in the NdNiO3 (n = ∞) film is negligible: with
a single half-filled eg orbital, no dichroism is expected
without substantial strain or heterostructure engineer-
ing that breaks the double degeneracy of the eg orbitals
[34, 61–63]. Thus the XLD of the mixed-valent n = 2−5
compounds should decrease going from the single-layer
Nd2NiO4 to the perovskite NdNiO3. This is indeed the
trend observed experimentally in Fig. 3(c). Compres-
sive strain may also contribute to a slight enhancement
of this dichroic response. It has been previously shown in
nickelate compounds that in straightening out the NiO6

octahedra in the c axis and promoting a tetragonal dis-
tortion, compressive strain acts to lower the energy of
the 3d3z2−r2 orbital and shifts the E||c spectra to lower
energy [63–65]. As we move from the bulk lattice con-
stants of c = 3.807 Å in NdNiO3 (n =∞) [9] to c = 3.827
Å in Nd2NiO4 (n = 1), the compressive strain increases
from ε ∼ −0.45% to −1%. Hence, our observed trend of
an increased XLD signal, with the 3d3z2−r2 (E||c) peak
sitting at lower energy than the 3dx2−y2 (E||a,b), as we
decrease the order n of the Ndn+1NinO3n+1 compounds
may also reflect the additional effect of compressive epi-
taxial strain.

C. Electrical transport

Having demonstrated the structural and electronic
modulations of the Ruddlesden-Popper nickelates as a
function of layering order n, we now present electri-
cal resistivity measurements for the Ndn+1NinO3n+1 for
n = 2–5, ∞ in Fig. 4. The n = 1 compound is in-
sulating as in the bulk, likely due to the presence of a
charge-stripe-ordered state [6]. The n = 2 compound
exhibits a near metal-to-insulating transition with minor
hysteresis, though we have also observed fully insulating
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behavior in samples of slightly diminished quality, sim-
ilar to observations in bulk La3Ni2O7 [66]. The n ≥ 3
compounds exhibit a metal-to-insulator transition with
a hysteresis reminiscent of the perovskite NdNiO3 albeit
with a far weaker transition to the insulating state. The
transition temperatures span between ∼87 and 150 K
and are generally suppressed with the increasing order of
the system although there is slight variation sample to
sample. Intriguingly, both the metal-to-insulator transi-
tion temperature and magnitude of the resistivity jump
through the transition decrease with the increasing order
of the system. This is contrary to an expectation that the
resistivities of the Ndn+1NinO3n+1, in moving to higher
order n, would begin to approximate those of the parent
NdNiO3 n =∞.

The bulk R4Ni3O10 compounds possess a second-order
metal-to-metal transition at ∼ 150 K emblematic of the
formation of a charge density wave (CDW) instability
[8, 37–39]. Interestingly, we do not observe this behavior
in our Nd4Ni3O10 films stabilized with compressive epi-
taxial strain, though we have previously found this metal-
to-metal transition in thin film Nd4Ni3O10 on NdGaO3

substrates which provide tensile strain [12]. Neverthe-
less, our compressively strained Nd4Ni3O10 films may
still possess a CDW transition that is now manifest as
a metal-to-insulator not metal-to-metal transition. The
temperature-dependent Hall coefficients exhibit a sharp
jump at the transition temperature as shown in Fig. 4(b).
This is consistent with bulk measurements reflecting a
loss of carriers due a Fermi surface reconstruction and
CDW instability in Nd4Ni3O10 [37]. In contrast, the
opening of a bond disproportionated gap in the NdNiO3

compounds is reflected in a change in the sign of Hall
carriers [67]. Thus it is likely that the epitaxially stabi-
lized Ruddlesden-Popper compounds still possess a CDW
transition as in single crystal Nd4Ni3O10 but that com-
pressive epitaxial strain modifies this transition. The
precise role of strain on modulating these charge states
in these Ruddlesden-Popper compounds would require
further investigation. We note that the weak hysteresis
and metal-to-insulator transitions – characteristics which
qualitatively resemble the resistivity behavior of NdNiO3

– appear intrinsic to thin film Ndn+1NinO3n+1 (n > 3)
stabilized on LaAlO3, as they are reproducible across all
high-quality films (see Fig. S5 in the Supplemental Ma-
terial [27]). These features are likely not due to the pres-
ence of trace NdNiO3, as we do not observe large areas
with missing rock salt layers in STEM images, as shown
in Fig. 2. Finally, the evolution of the temperature-
dependent Hall coefficients in Fig. 4(b) suggest that as
we increase the order of the system, the low-temperature
Hall coefficients decrease and thus, the bands crossing
the Fermi level begin to approximate those in the par-
ent NdNiO3 [67]. This points to a potential crossover
from the incommensurate CDW in the n = 3 to the fully
charge disproportionated state in the n = ∞ within the
3 < n <∞ range.
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FIG. 4. Electrical characterization of the Ndn+1NinO3n+1

thin films. (a) Temperature-dependent resistivity of the
Ndn+1NinO3n+1 for n = 2 − 5,∞. Arrows indicate the di-
rection of temperature sweeps. The n = 1 compound is in-
sulating as in the bulk. Inset is a zoom-in on the n = 3 − 5
compounds. (b) Hall coefficients (RH) for the n = 2 − 5,∞
compounds. All the Ruddlesden-Popper compounds possess
a sudden increase in RH when cooled through the metal-
to-insulator transitions. The RH behavior for the NdNiO3

(n = ∞) exhibits a sign change from positive to negative
when cooled into the insulating state. Inset is a zoom-in on
the n = 3− 5 compounds.

IV. CONCLUSIONS

In summary, we have synthesized epitaxial thin films
of the neodymium-based Ruddlesden-Popper nickelates,
Ndn+1NinO3n+1 with MBE. Our synthetic strategy
carefully optimizes the deposition of the perovskite
NdNiO3 to enable the precise layer-by-layer growth of the
Ruddlesden-Popper films, and can potentially be gener-
alized to any Ruddlesden-Popper system. XAS at the
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O-K and Ni-L edges demonstrate a consistent depletion
of the formal nickel 3d8 states as we move across the
series from n = 1 to ∞. There is also a concomitant in-
crease in the oxygen character as would be expected from
increasing valence [68]. XLD suggests that the splitting
between the in-plane and out-of-plane orbitals in the eg
manifold increases, consistent with an increased tetrago-
nal distortion toward n = 1. In the electronic transport
the n ≥ 3 compounds exhibit a weakly hysteretic metal-
to-insulator transition though with resistivity changes
small compared with the parent NdNiO3. This resistiv-
ity behavior differs from the non-hysteretic, second-order
metal-to-metal transitions in bulk Rn+1NinO3n+1 which
are reflective of a CDW instability. The temperature-
dependent Hall coefficients however suggest that such a
CDW-like transition does occur, but that this transition
begins to cross over to the charge-ordered transition in
NdNiO3 (n = ∞) as n increases. This underscores the
apparent sensitivity of these layered nickelates to both
epitaxial strain and dimensionality.

Our work invites further exploration of the electronic
and magnetic phases in thin film Ruddlesden-Popper sys-
tems, and proximate to the superconductivity observed
in our reduced Nd6Ni5O12 compound [12]. For example,
bulk single-crystal specimens of Nd4Ni3O10 exhibit in-
tertwined charge and spin density waves [18]. Investigat-
ing the coupling of charge and spin order in the layered
nickelates would thus be an exciting future pursuit, facili-
tated by the successful synthesis of thin-film Ruddlesden-
Popper nickelates. Finally, synthesis of Ndn+1NinO3n+1

thin films provides a platform to search for additional
superconductivity in the square-planar Ndn+1NinO2n+2

compounds.
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DETERMINATION OF STRUCTURAL PARAMETERS

To accurately report on the bulk structural properties of the Ruddlesden-Popper thin

films, we apply Nelson-Riley fitting to the x-ray diffraction spectra.1 The Nelson-Riley pro-

cedure is an empirical method of deriving unit cell lattice parameters by using all the

superlattice reflections of a crystal and weighting each one by the Nelson-Riley function,
cos2θ
sinθ

+ cos2θ
θ

. The nominal lattice parameters associated with the individual superlattice

reflections are plotted against the Nelson-Riley function; the intercept of a linear regression

then yields an estimate of the out-of-plane lattice constant. An example of a Nelson-Riley

fit performed on an n = 5 film is shown in Fig. S1, with a 95% confidence interval around

the estimation of the intercept, or out-of-plane lattice constant.

This procedure yields a more precise estimation of the lattice constant than taking an

arithmetic mean of the lattice constants derived from individual superlattice reflections

alone. The Nelson-Riley function more strongly weights lower-angle superlattice reflections,

which are sensitive to longer-range order and therefore more sensitive to structural quality.

Thus in our lattice parameter estimates, we include only films that possess a fully formed

(002n+2) reflection and clear indications of the (002n) peak, such as those shown in Fig. 1

and further exemplified in Fig. S5 in the next section. However, we exclude peaks with index

lower than (002n) because the NR function effectively diverges at low angle (2θ . 15◦) such

that the error in estimating low angle peak positions dominates over the fitting error. Fig.

S1(b)-(e) show the spread in lattice constants for films of order n = 1 − 5. Error bars per

film σi are given as the 95% confidence interval of the intercept taken from the Nelson-Riley

linear regression procedure. The final lattice constants per order n we report in the table 1

of main text are determined by a weighted average
∑
xiwi/

∑
wi. This quantity represents

a weighting of each lattice constant xi per film by a weight wi = 1
σi

. The total uncertainty

per order n is then given by 1/
√∑

wi, represented by the blue-shaded box in Fig. S1(b)-(e).
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FIG. S1. (a) Sample Nelson-Riley fit of an n = 5 film used in the determination of the out-of-plane

lattice parameter. The points plotted represent even-numbered superlattice reflections (0010) to

(0032), from right to left. The dashed lines represent the linear regression shifted to the bounds of

a 95% confidence interval estimating the y-intercept, i.e. the out-of-plane lattice constant. (b)-(e)

Out-of-plane lattice constants estimated from individual higher-quality films for n = 1− 5. Error

bars for each film are taken from the confidence interval bounds of the y-intercept in (a). The solid

grey lines represent the best estimate of the lattice parameter as determined by a weighted mean;

the dashed grey lines bound the uncertainties. The film numbers are a counting index; films are

plotted randomly.
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FIG. S2. Reciprocal space maps of the Ndn+1NinO3n+1, n = 1− 5 (a)-(e) and NdNiO3 (f) demon-

strating that all films are epitaxially strained to the substrate LaAlO3 (c = 3.79 Å, ε ≈ −(0.4-1)%).

All peaks are labelled in the pseudocubic notation. The split peaks, most prominent in the n = 1

(a) and n = 3 (c) films, arise from the rhombohedral twinning of the LaAlO3 substrate. This

twinning can vary dramatically substrate to substrate.
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FIG. S3. Reciprocal space maps of the Nd2NiO4 (n = 1) (a,c) and Nd4Ni3O10 (n = 3) (b,d) for

thinner and thicker films. Dashed lines are centered around the substrate LaAlO3 (103) peaks

and serve as guides to the eye. For clarity, the color scales have been scaled independently for the

substrate and film peaks.
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VARIATION IN FILM PROPERTIES

It is well-known that NdNiO3 thin films can accommodate a wide range of non-stoichiometric

compositions with dramatic effects on the electrical transport properties, as thoroughly doc-

umented by Breckenfield et. al. 2 and which we have described in the main text. In Fig.

S4, we provide characterization of the surface of examples of our own non-stoichiometric

NdNiO3 thin films, which we use to calibrate the Ruddlesden-Popper compounds. While

excess nickel is manifest in the form of phase impurities in the reflection high-energy elec-

tron diffraction (RHEED) pattern and cubic NiO impurities in the atomic force microscope

(AFM) image, excess neodymium is less distinct.

We note that Ndn+1NinO3n+1 Ruddlesden-Popper compounds can also accommodate mi-

nor stoichiometric deviations, generally in the form of extra Ruddlesden-Popper layerings.

In Fig. S5, we present x-ray diffraction spectra for many high quality specimens of n = 3

and n = 5 films. These films are plotted in order of increasing lattice constant, deter-

mined following the procedure in the preceding section, from bottom to top. Despite slight

structural variations, we consistently observe a metal-to-insulator transition in all of our

Ruddlesden-Popper thin films synthesized on the substrate LaAlO3, which provides the best

lattice match to the bulk n = 1, 3,∞ compounds (< 1%). While metal-to-insulator transi-

tions could be expected in the higher-order n = 5 films, since n = 5 begins to approximate

the perovskite NdNiO3, metal-to-insulator transitions are surprisingly also observed in the

lower-order n = 3 films, which typically exhibit metal-to-metal transitions when synthesized

as bulk single crystals or powders. The exact transition temperature TMIT varies within a ∼
30 K range film-to-film but is consistently higher for the n = 3 films (TMIT ∼ 130 K − 150 K)

than for the n = 5 films (TMIT ∼ 80 K − 110 K). Ultimately, at the macroscopic level there

does not appear to be any obvious correlation between lattice constant (or Nelson-Riley

fitting error) and TMIT or the width of the hysteresis.
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FIG. S4. Reflection high-energy electron diffraction (RHEED) and atomic force microscope (AFM)

images of NdNiO3 films with excess nickel (a,d), stoichiometric compositions (b,e), and excess

neodymium (c,f). Note that excess neodymium is not obviously manifest in surface sensitive

characterization like RHEED and AFM.
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FIG. S5. X-ray diffraction spectra (a,c) for various n = 3 and n = 5 thin films with the corre-

sponding electrical resistivities (b,d). The diffraction spectra are plotted in order of increasing

out-of-plane lattice constant going from bottom to top, as determined by the method described in

the previous section.
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MICROSTRUCTURAL CHARACTERIZATION WITH SCANNING TRANS-

MISSION ELECTRON MICROSCOPY

Here we present additional characterization of film microstructure and defects using scan-

ning transmission electron microscopy (STEM) and a phase lock-in analysis on the high-angle

annular dark-field (HAADF) images.

A phase lock-in analysis of HAADF-STEM images enables a quantitative assessment of

the distribution of the local n layerings in a film. We perform our analysis on the (001)

and (101) pseudocubic peaks, which both highlight the strong phase shifts that occur at

Ruddlesden-Popper boundaries due to changes in the interplanar (fringe) spacing between

consecutive Nd-O layers and between Nd-O and Ni-O layers. By taking the gradient of the

local phase within the HAADF-STEM image, we can produce a map of local lattice strain

along the c-axis of the pseudocubic crystal, which highlights the horizontal Ruddlesden-

Popper rock salt layers. These rock salt layers are highlighted in analysis of the (001)

pseudocubic peak due to the change in the interplanar spacing between consecutive Nd-O

rocksalt layers (∼ 2.7 Å) compared to the pseudocubic c-axis lattice constant (∼ 3.79 Å),

which is interpreted as an effective contraction of the lattice constant. In analysis of the

(101) pseudocubic peak, this boundary is also highlighted due to the similarly decreased

spacing between local atoms in the [101] direction of the lattice.

We chose these two different peaks to optimize the clean identification of these boundaries,

which helps overcome the effects of mixed projection in the images caused by the electron

beam encountering stacking faults as it passes through the sample. This mixed projection

through both neodymium- and nickel-site columns produces HAADF-STEM images with

reduced contrast and an obscured view of the Ruddlesden-Popper boundaries.

Taking profiles of the vertical atomic planes, we extracted the distance between two

Ruddlesden-Popper boundaries from the fringe strain map, from which the local n phase

can be measured. This analysis can be repeated across HAADF-STEM images to yield

statistical counts of local n, as shown in Fig. 2.

We note that the SrTiO3-based Ruddlesden-Popper compounds may possess more mobile

or missing rock-salt layers that lead to large regions of high n3–5. Applying the phase lock-in

analysis to the NdNiO3 Ruddlesden-Popper compounds however, we do not frequently ob-

serve these missing rock salt layers in the largest field-of-view scanning transmission electron

microscopy images. The primary defects we observe in our films include discontinuous Nd-O

rock salt layers that lead to locally varying n for small n (≤ 6) and half-unit-cell offsets in

the [100]pc direction, as we document in Fig. S7. Hence there do not seem to be large regions

of NdNiO3 that would substantially contribute to the metal-to-insulator transitions we see.
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FIG. S6. The raw HAADF-STEM image of the n = 5 compound used to generate the strain map

in Fig. 2a of the main text.
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FIG. S7. Examples of observed local defect structures in an n = 3 thin film via STEM imaging,

with (a) and without (b) an overlaid strain map. Discontinuous rock salt layers are clearly visible in

the strain map produced by phase lock-in analysis. Regions of reduced atomic contrast, indicated

by the blue brackets in (b), can frequently be found near the rock salt discontinuities. These regions

are indicative of half-unit-cell offsets, i.e by a/2 in the [100]pc direction, potentially due to stacking

faults. Any defect may lead to regions of locally varying n. Orange brackets in (b) indicate regions

that are better indexed as n = 2 than n = 3. Scale bars, 2 nm.
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FIG. S8. X-ray absorption spectra of the entire (a) O-K edges. We do not discuss the extended

fine structure of the O-K edges in the main text due to potential contributions from the substrate

background or trace surface NiO impurities. However, the pre-peak region of the Ndn+1NinO3n+1

does not overlap with pre-peak features from substrate or NiO contributions and represents pure

Ndn+1NinO3n+1. The grey lines represent the linear backgrounds subtracted to quantify the inte-

grated pre-peak intensities (b) and the maximum of pre-peak heights (c) following a process similar

to that described in ref. 6. Errors in (b) are determined from errors in estimating the integration

window. (d) XAS of the entire Ni-L2,3 edges. The Ni-L3 edges were excluded from the non-negative

linear least squares fitting employed in the main text to avoid contributions from the La-M4 edge

of the LaAlO3 substrate. This signal is present in the Nd2NiO4 and NdNiO3 films due to exposed

substrate from film patterning.
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