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ABSTRACT

We present an integrated procedure for the synthesis of infinite-layer nickelates using molecular-beam epitaxy with gas-phase reduction
by atomic hydrogen. We first discuss challenges in the growth and characterization of perovskite NdNiO3/SrTiO3, arising from post growth
crack formation in stoichiometric films. We then detail a procedure for fully reducing NdNiOs3 films to the infinite-layer phase, NdNiO,, using
atomic hydrogen; the resulting films display excellent structural quality, smooth surfaces, and lower residual resistivities than films reduced
by other methods. We utilize the in situ nature of this technique to investigate the role that SrTiO3 capping layers play in the reduction
process, illustrating their importance in preventing the formation of secondary phases at the exposed nickelate surface. A comparative bulk-
and surface-sensitive study indicates that the formation of a polycrystalline crust on the film surface serves to limit the reduction process.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0197304

out their own challenges. Non-stoichiometry'”'* and strain'’

both substantially influence the growth and properties of the
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Over the past four years, there has been a renewed interest in
the synthesis of rare-earth perovskite and infinite-layer (IL) nick-
elates, spurred on by the discovery of superconductivity in the IL
nickelates." * Owing to challenging synthesis conditions for nick-
elate single crystals™® and their subsequent reduction to the IL
phase,” "' much of this work has focused on thin films; to date,
superconductivity has not yet been observed in bulk, reduced nick-
elates. Correspondingly, there has been a recent renaissance in the
study of perovskite nickelates, their metal-to-insulator transition
(MIT),"” and accompanying antiferromagnetism.' " Nonetheless,
the growth and reduction of NdNiO; thin films are not with-

precursor phase, as well as the quality of subsequently reduced
films.”” Furthermore, the typical calcium hydride reduction pro-
cess employed to form the IL phase typically reduces sample
crystallinity, with weaker diffraction peaks observed in reduced
films than in their precursors. This degradation is at least par-
tially attributable to the instability of Ni'* in the IL phase, which
decomposes into the thermodynamically preferred 2+ state at ele-
vated temperatures.””*' As a result, long reaction times (typically
hours for films and days in bulk) induce competition between
reduction and decomposition during the low-temperature second
step.
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FIG. 1. Schematic of the two-step in situ synthesis of NdNiO,. (I) First, the per-
ovskite NdNiOj3 film is grown using distilled ozone and molecular beams of Nd and
Ni. (I) Second, the temperature is lowered and atomic hydrogen is flowed across
the sample surface, scavenging oxygen from the film and topotactically reducing
it to NdNiO,. H,0 generated from this reaction is removed from the system with a
high-vacuum pump.

In this article, we discuss the in situ synthesis of NdNiO, thin
films using a combined molecular-beam epitaxy and atomic hydro-
gen reduction system. We begin with a description of some obstacles
to the growth of thin films of NdNiO; under high tensile strain
(¢ =2.6%) on (001) SrTiO; substrates, including the confounding
factors of non-stoichiometry and strain relaxation on the transport
properties of precursor films. We identify a strong aging effect in the
resistivity of stoichiometric films and, using a combination of x-ray
diffraction (XRD) and high-resolution scanning transmission elec-
tron microscopy (STEM), demonstrate it results from post-growth
strain relaxation via the formation of microscopic cracks. After
identifying suitable conditions for the growth of the perovskite, we
introduce a novel procedure for reduction to the IL phase using an
atomic-hydrogen-beam source (Fig. 1).””° We show that topotactic
reduction of NdNiO3 to NdNiO, utilizing atomic hydrogen can be
accomplished in short periods (<20 min) and without the need to
remove the films from the vacuum. Structural and electrical trans-
port measurements indicate a high degree of crystallinity and low
surface roughness, establishing this method as a viable alternative
to traditional direct contact reduction procedures. The amenabil-
ity of this technique to integration with surface sensitive probes
is demonstrated by studying the reduction process using reflection
high-energy electron diffraction (RHEED). The ability to perform
surface-sensitive diffraction allows us to investigate the importance
of SrTiO; capping layers on the reduction of nickelate films, illus-
trating that uncapped films suffer degradation of the film surface
during the reduction. Furthermore, comparisons between bulk and
surface sensitive measurements indicate that the formation of this
secondary-phase “crust” strongly impacts the reduction process; the
same reduction conditions that produce the IL phase in capped sam-
ples are insufficient to significantly reduce comparable uncapped
samples. The fact that the addition of a single SrTiOs cap layer
to a 20 u.c. thick film drastically changes the reduction rate of
the whole film suggests that the primary importance of the cap-
ping layer is, counterintuitively, to facilitate oxygen removal from
the system.
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FIG. 2. Aging effects on the electrical transport properties of 20 u.c. thick NdNiO3
films on SrTiO3. (a) Resistivity of a 20 u.c. film measured repeatedly after its initial
growth; traces have been offset for clarity. (b) Logarithmic derivative of the data
from panel (a). (c) Transition sharpness and temperature, the maximum value
and location of the logarithmic derivative of the resistivity, respectively, for two
nominally identical samples measured at different time intervals following growth.

Il. SYNTHESIS OF THE PEROVSKITE PRECURSOR

Historically, nickelate thin films have been synthesized using a
wide variety of techniques, including pulsed-laser deposition,”” off-
axis magnetron sputtering,'” and molecular-beam epitaxy (MBE);”*
in all cases, the perovskite exhibits a strong sensitivity to com-
position, both in terms of the cation ratio'”'” and oxygen non-
stoichiometry."”*’ We utilize reactive oxide MBE with distilled
ozone (~80%) as the oxidizing agent and a shuttered growth strat-
egy with initial shutter times calibrated using RHEED oscillation
measurements of NiO and Nd,03”’ and refined using the method
described by Li et al.'® The film composition is inferred from the
out-of-plane lattice constant, which has a measurable dependence
on the cation ratio to the percent level (c.f. the supplementary
material). Following this procedure, we obtain a minimal out-of-
plane lattice constant of 3.736 A from Nelson-Riley analysis*’ and
fully coherent films with sharp MITs. It has been shown previ-
ously that the strength and sharpness of the MIT are strongly
influenced by the film non—s‘[oichiometry;“"1"‘31 in our films, we
do observe a dependence of the MIT sharpness on the cation
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FIG. 3. Aging effects on the structure of 20 u.c. thick NdNiO5 films on SrTiOs. (a) Reciprocal space map about the 103 peaks of a stoichiometric film measured at a time
t < 8 hours after growth. (b) Measurement of the same sample ~120 h later; (*) polycrystalline ring from residual silver paint on sample edge. (c) Measurement of a non-
stoichiometric film (Nd/Ni ~1.12) 5 days following growth. (d) Line cuts from panels (a)-(c) at the peak maximum +2 x 10~ A=", traces offset for clarity. (e) Line cuts

from equivalent positions on maps about the (113)p peaks of the same films. () AFM image of an aged (>1 week) NdNiO; sample showing striations. (g) High-angle
annular dark-field image of a crack and resulting delamination in a 3-day-old sample; lines highlight columns of Nd atoms, which should be continuous. (h) Map of in-plane

compressive strain in (g), highlighting local changes in the lattice fringe spacing.

ratio but do not realize a complete suppression of the MIT in
the neodymium rich limit (as observed in films under compres-
sive strain'®’!). A comparison of the film resistivity and MIT
transition temperature shows monotonic dependence on the lat-
tice constant, further evidencing it as a good metric for the film
non-stoichiometry.

A. Resistivity of the perovskite

Having tuned the cation ratio to nearly 1-to-1, we investigate
the electrical properties of the resulting films. When the resistiv-
ity of a 20 pseudocubic (pc) unit cell (u.c.) film is measured within
2 h following growth; Fig. 2(a), the MIT is sharp, with an upturn
in the cooling curve at ~140 K followed by a hysteretic return in
the warming curve at ~159 K. When the measurement is repeated,
however, ~6 days later, the hysteresis loop is noticeably broadened,
and these two temperatures are nearly coincident at an elevated
value of ~170 K. Subsequent measurements show further widening
of the transition, an increase in the upturn temperature to >180 K,
and an increase in the room temperature resistivity. The maximum
value of the logarithmic derivative of the resistivity, (—dlog(p)/dT),
gives a measure of the MIT sharpness, and its position provides
an even-handed measurement of the transition temperature. Corre-
sponding curves of the logarithmic derivatives and extracted values

are shown in Figs. 2(b) and 2(c); the MIT sharpness (temperature)
monotonically decreases (increases) roughly logarithmically with
time. A second, nominally identical, sample was measured over the
same time period but at a greater frequency and showed identical
trends in the sharpness and transition temperatures, verifying that
the observed effect is time-dependent rather than a by-product of
thermal cycling (both samples were stored in a N, purged desiccator
between measurements). While the degradation of films under such
high tensile strain is not wholly unexpected, the substantial changes
in the electrical properties over the course of a single day could
confound (epitaxial) strain studies of the MIT in the perovskite
nickelates.

B. Post-growth structural relaxation

In Fig. 3, we show that the observed changes in resistivity are
attributable to post growth strain relaxation by way of crack for-
mation. A reciprocal space map (RSM) about the (103)p. reflection
of a stoichiometric film, measured immediately following growth,
shows a sharp peak aligned with the substrate; upon repetition of the
measurement 5 days later, a significant shoulder is apparent. When
a purposefully neodymium rich film (Nd:Ni ~1.12) is measured
5 days following growth, however, no shoulder is observed, indi-
cating the film remains coherent. This, and equivalent data about
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FIG. 4. Single temperature topotactic reduction of NdNiO3/SrTiO3 with atomic
hydrogen. (a) Schematic of the reduction procedure at a single temperature T4
for a duration 74. (b) Time, temperature, and flux conditions for the reduction of
samples shown in (c). (c) X-ray diffraction of a series of samples before (dark)
and after (light) reduction, offset for clarity. The ratio of the 002 peak height, Roo2,
before and after reduction signifies the retention of crystallinity through the pro-
cess, with smaller numbers indicating better quality of the reduced film. All samples
were capped with 1-3 layers of SrTiOs. (*) indicates reflections arising from the
SrTiO; substrate.

(113)pc summarized in Figs. 3(d) and 3(e), are consistent with fully
coherent as-grown films, regardless of the cation non-stoichiometry.
Nonetheless, films with Nd:Ni ~1 do not maintain coherence on
the hour timescale. Instead, they form regions with a smaller in-
plane lattice parameter: apc ~ 3.891(5)—intermediate to the sub-
strate (3.905 A), and bulk® (3.807 A) parameters. Partial relaxation
toward the bulk-like structure explains the time dependent increase
in the MIT temperature toward that of the bulk compound. The fact
that neodymium-rich films do not form relaxed regions suggests that
the presence of Ruddlesden-Popper (RP) faults, identified in Nd rich
films,”” contributes to the accommodation of both off-stoichiometry
as well as high tensile strain.

Real-space probes, including atomic force microscopy (AFM)
and STEM, reveal relaxation in the film is accomplished by crack
formation and subsequent partial delamination. AFM of an aged,

pubs.aip.org/aip/apm

stoichiometric film, Fig. 3(f), shows terraces decorated with raised
striations running along and across the step edges, indicative of
cracking and subsequent delamination, as observed prior in per-
ovskite oxides under biaxial tensile strain.”’ This partial delamina-
tion is directly visible by atomic-resolution HAADF-STEM imaging
in Fig. 3(g), where the top surface of the film is slightly raised on
one side of the crack’s vertical extension. In addition to the verti-
cal lifting of the atomic layers, in-plane relaxation above the crack
can be identified by Nd atomic columns, which are offset above
and below the horizontal extension (cyan and yellow lines) and by
a small effective compression of the in-plane lattice fringe spacing®
(light brown) in Fig. 3(h). In addition to the aforementioned time
dependence in electrical transport caused by partial relaxation, the
formation of extended defects may present a challenge to the repro-
ducibility of reduction experiments. If the time between growth and
reduction is not controlled, as the off-stoichiometry of the parent
phase is reduced and the frequency of RP faults diminishes, the
quality of the corresponding reduced films may become difficult
to predict.

lll. REDUCTION TO INFINITE-LAYER NdNiO,

Having established conditions for the synthesis of the per-
ovskite, we introduce a novel reduction procedure to transform
it into the infinite-layer phase. Traditionally, low-temperature
topotactic reduction of nickelates utilizes alkali or alkaline earth
hydride powders (CaH,, NaH) as reducing agents. This process was
introduced in studies of intermixed polycrystalline samples,”*****°
later applied to films,” ** and most recently refined for the pro-
duction of superconducting alkaline-earth (AE) doped rare-earth
(RE) nickelates, (RE,AE)NiO,."*****"*> Despite the success of this
method, there are a few drawbacks. Primarily, it is limited to ex
situ use—the film needs to be removed from the growth cham-
ber and placed in an environment with the powder, annealed, and
then the reaction products removed. Often, the sample is embedded
in the powder® (although there have been reports of non-contact
reduction”** 13), which is not amenable to surface sensitive measure-
ments, including scanning tunneling microscopy and photoemis-
sion spectroscopy. These techniques, fundamental to understanding
the cuprates, remain uncommon in the infinite-layer nickelates.’*™""
In addition, long reduction times (typically hours for thin films
and days for single crystals) may be detrimental to the preserva-
tion of crystallinity, as bulk studies indicate extended exposure to
temperatures exceeding 200 °C results in decomposition or dispro-
portionation of the metastable structure.”””** We note that there has
been a recent push to identify new reduction methods for nicke-
lates, and reduction by application of an aluminum getter layer to
the film surface has been recently demonstrated.”””’ Similar to the
recently identified solid-state aluminum reduction technique, the
method described here can be achieved in the same vacuum system
as the sample growth.

The use of atomic hydrogen as a powerful reducing agent has
been recognized previously;”' however, to date, its use has primar-
ily been consigned to surface etching® and cleaning,””* with some
work on the reduction of binary oxides™ " or the generation of oxy-
gen vacancies in more complex oxides.”® We find that exposure to an
atomic hydrogen flux of ~2 x 10" at./cm?/s for <15 min at sample
temperatures between 250 and 300 °C is sufficient to transform ~7.5
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FIG. 5. Structural characterization of optimally reduced NdNiO,/SrTiOs. (a) Schematic of the three-step reduction procedure. (b) Parameters used in the reduction of samples
in (c); in all the pictured cases, an initial equilibration time of 7, = 8 min was used. (c) XRD of samples before (dark) and after (light) reduction. The ratio of the 002 peak height
before and after reduction (Rop = /(20 = 48.71°) /I’ (26 = 55.86°)) is provided as a measure of the preservation of crystallinity during the reduction; smaller numbers
indicate better preservation, with a theoretically ideal value of 1.58. (d) X-ray reflectivity of the same sample immediately after growth (black) and after capping with 2 u.c. of
SrTiO5 and reduction using the optimal conditions of C”. (¢) Reciprocal space map about the 103 peaks of SrTiO; and NdNiO, for a sample reduced under the optimized
conditions. (f) XRD, about the 002 reflections of representative, optimized NdNiO; and NdNiO, films with simulated diffraction patterns overlaid. (*) indicates reflections

arising from the SrTiO3 substrate.

nm thick perovskite films to the IL phase, a much shorter exposure
compared to traditional CaH, annealing.”” We further demonstrate
that this procedure produces IL films with high structural qual-
ity, smooth surfaces, and favorable electrical characteristics. Finally,
we leverage the compatibility of this technique with in situ probes,
namely, RHEED, to study the effects of atomic and molecular hydro-
gen exposure on the film surface and the resulting impact on the
reduction process.

A. Single temperature reduction

Following growth, 20 u.c. thick nickelate films are capped with
2-3 unit cells of SrTiO; and transferred, in an ultra-high vacuum,
to a connected chamber (Ppye < 1 x 1071 Torr) with a heated sam-
ple stage. There, atomic hydrogen is generated from a thermal
source”° by passing molecular H, through a heated tungsten cap-
illary (>1900 °C) located 9 cm from the sample. It dissociates (with
an efficiency, a, between 50% and 80%)®’ before interacting with
the sample surface, scavenging O, from the film, and forming H,O,

which is removed via a turbomolecular pump. A schematic of a
single-temperature reduction program, with typical parameters, is
shown in Figs. 4(a) and 4(b); lab-based XRD measurements before
and after reduction are detailed in Fig. 4(c). At low reaction times,
temperatures, and fluxes (samples A, B), the perovskite transforms
partially to the IL phase with a pair of additional intermediate
peaks visible at 20 = 51.8° (¢ ~ 3.53 A) and 26 = 54.0° (¢ ~ 3.39 A),
attributable to oxygen-deficient perovskite phases with partially col-
lapsed structures. As the reaction temperature is increased from
250 to ~300°C and the flux from <1 to 2.5 x 10"* at./cm?/s (by
varying the capillary temperature and H, flow rate), the interme-
diate phase peaks are suppressed in favor of a single peak above
20 = 55°, indicative of the IL phase (sample E). Eliminating these
oxygen-rich phases from NdNiO, samples is of paramount impor-
tance to studies targeted at understanding the parent state from
which superconductivity emerges. Excess interstitial oxygen tends to
form ordered structures in all members of the RENiO,, RE = La, Pr,
Nd, family."**""*" Inclusions of these phases may serve to confound
resonant scattering studies, which are highly sensitive to periodic
valence modulations of nickel.*®
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FIG. 6. Electrical transport measurements of reduced nickelate films. (a) Resistivity
of representative reduced films with different SrTiO5 cap thicknesses, N, reduced
using the optimized three-step procedure. (b) Hall measurements of NdNiO, films
capped with 2 or 3 u.c. SrTiO;3.

B. Three-step reduction

While the single temperature reduction procedure is shown to
effectively produce the IL phase, the resulting films have reduced
crystallinity compared to the perovskite, as evidenced by the reduc-
tion in the 002 Bragg peak intensity. We quantify the preservation
of crystallinity during the transformation from the perovskite to
the IL phase by the ratio of the 002 peak height before (I) and
after (I") reduction: Roo = 1(20 = 48.71°) /I’ (20 = 55.86°). Owing
to changes in the structure factor, some decrease in intensity is
expected: the optimal (i.e., minimal) value of R, is calculated to
be 1.58 using a dynamical diffraction model.”” For reference, the
value of Rgp, for sample E in Fig. 4(b) is 13.1. This discrepancy
highlights that although the reduction proceeds across the entire
thickness of the film (evidenced by the Scherrer thickness from
the 002 peak), the process generates substantial densities of point
and/or extended defects in the film and shrinks the domain sizes of
coherent, crystalline material.

To further improve the crystallinity, we perform a three-step
reduction procedure utilizing the independent control of the sample
temperature and reducing atmosphere afforded in this setup. Out-
lined in Figs. 5(a) and 5(b), the procedure consists of (1) heating
close to the reduction temperature (~250 °C) in vacuum for 8 min to
achieve thermal equilibrium; (2) the hydrogen flow is turned on
and the sample exposed to the atomic H beam for 6-8 min as
the flow rate stabilizes; and (3) the sample is quickly heated to the

pubs.aip.org/aip/apm

final temperature for a short period, typically 3-5 min, before ter-
minating the hydrogen flow and cooling the sample. As illustrated
in the corresponding XRD measurements in Fig. 5(c), using sim-
ilar parameters to those in Fig. 4 results in similar values of Rogz
(sample A"). Lowering the reduction time while increasing the tem-
perature and flux appears to improve the retention of crystallinity,
with full reduction achievable in only 10-12 min of total exposure
time (samples C’'-E’), with an optimized value of Rgpz ~ 6 in sam-
ple C'. The precise value of the high-temperature step does not
appear to strongly influence Roo; this is possibly attributable to the
short duration of the final step, during which the sample surface
may not fully equilibrate with the heater. Although the conditions
of sample C' appear optimal, Fig. 5(b) illustrates that the IL phase
can be isolated over a reasonable window of times, temperatures,
and fluxes.

Further  structural characterization is outlined in
Figs. 5(d)-5(f). X-ray reflectivity (XRR) of a film is measured
immediately after growth and then again following capping with
2 u.c. of SrTiO; and reduction. The thickness and roughness of
the NdNiOy slab obtained from a dynamical fit of the XRR®
are fpgr =7.31 nm, opgr = 0.5 nm before the reduction, and
fip =620 nm, op =19 nm after. The thickness ratio of
£11/€per = 0.85 matches the ratio of the c-axis lattice constants,
0.88—consistent with a full collapse of the structure without a
substantial increase in the sample roughness. An RSM about the 103
peaks of SrTiO3 and NdNiO, shows that the coherence of the film
is maintained through the reduction process. In a 00L scan of a 3
u.c. SrTiO3 capped film (the supplementary material), all of the 001
through 004 reflections are visible in the IL film, and an out-of-plane
lattice parameter of ¢ = 3.286 A is calculated from Nelson-Riley
analysis,”” in good agreement with previous measurements of chem-
ically reduced films.”>”" A simulation of unreduced NdNiO3/SrTiO;
is fit to the XRD data in Fig. 5(f) to extract the setup parameters,
which are then used to simulate the XRD for an NdNiO, film
(changing only the structure from NdNiO3 to NdNiO,). Compared
to a capped/reduced film, the observed pattern of Pendellosung
fringes (and the Scherrer thickness) are correctly reproduced in
the simulation, including the fringe spacing and the asymmetric
intensity pattern.

C. Electrical transport measurements

The resistivity of a representative set of films reduced using
the three-step procedure is shown in Fig. 6. Transport measure-
ments of films with varying cap thickness show residual resistivities
between 300 and 600 yQ-cm; this is lower than comparable undoped
nickelate films on (001) SrTiO;'**** and comparable to under-
doped films reported on (001) LSAT """ prepared by other methods.
All samples show some degree of an upturn at low temperatures,
between 20 and 35 K. Hall measurements, detailed in Fig. 6(b),
show a flat temperature dependence of Ry between 75 and 300 K,
consistent with prior measurements on undoped and underdoped
NdNiO,,”***" accompanied by a downturn at low temperatures.
The Hall coefficient, Ry, in the high temperature limit is around
—0.01 cm?/C, which is intermediate to prior measurements of films
on SrTiOs, between —0.005 reported by Li et al*’ and —0.035 as
reported by Zeng et al.*! In contrast to prior measurements, a slight
upturn in Ry is visible below 25 K. However, we note that the precise
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FIG. 7. Surface- and bulk-sensitive structural measurements of NdNiO3_, films reduced using molecular and atomic hydrogen. (a) XRD of capped and uncapped nickelate
samples exposed to molecular or atomic hydrogen. Dashed lines indicate the position of peaks likely derived from intermediately reduced phases, and (*) indicates reflections
arising from the SrTiO; substrate; traces have been vertically offset for clarity. (b) RHEED images, taken with the electron beam along the [110],c azimuth, of an uncapped
perovskite film before and after a short exposure to molecular hydrogen. (c) RHEED images, taken with the electron beam along the [100],; azimuth, of an uncapped film
progressively exposed for longer periods, up to a total time of 1.5 h. (d) RHEED images, taken with the electron beam along the [110], azimuth, of an uncaped film exposed
for a short duration to atomic hydrogen. () RHEED images, taken with the electron beam along the [110],c azimuth, of a film capped with 2 u.c. of SrTiO3 exposed to atomic
hydrogen. All RHEED images use a logarithmic intensity scale. Samples were reduced under similar conditions with chamber pressures of ~9 x 10~ Torr and sample
temperatures range between 300 and 400 °C. Precise values of the times, temperatures, and fluxes used for each sample are tabulated in the supplementary material.

shape of Ry (T) reported in the literature appears to vary consid-
erably between different samples,"”"" A-site cations,”” and strain
states.”’

D. Effects of the capping layer

We conclude with a study of the effects of molecular and atomic
hydrogen on film surfaces during reduction. Earlier reports have
speculated on the role of the capping layer during reduction; our
experiments reveal that exposure of the nickelate surface to a reduc-
ing atmosphere results in the formation of a polycrystalline scale
layer on the sample surface. Furthermore, uncapped samples with
this scale layer are not reduced under the same conditions, which
are sufficient for the reduction of films capped with caps as thin as

1 u.c. of SrTiOs. In previous sections, we have described samples
capped with 1-3 u.c. of SrTiO3; and reduced with atomic hydro-
gen. Here, we describe what happens to films without a capping
layer when they are exposed to H and H,. Figure 7(a) displays the
XRD of a series of 20 u.c. thick films (capped and uncapped) fol-
lowing exposure to molecular or atomic hydrogen under similar
conditions (chamber pressure and substrate temperature). Corre-
sponding RHEED measurements for selected samples are included
in Figs. 7(b)-7(e), and the specific details of each program are
provided in the supplementary material. Exposure of an uncapped
sample to molecular hydrogen for a short duration (<15 min) at
a flux of 1.5 x 10"> Hy/cm?*/s produces no apparent change in the
XRD. However, the half-order streaks (associated with the rota-
tion of the NiO¢ octahedra) are diminished, indicating a change
in the surface oxygen stoichiometry. 15 min of additional exposure
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produce 1/3rd order peaks, and with further reduction, the disap-
pearance of film peaks and the formation of a secondary phase are
observed. This degradation of the surface occurs at short timescales
compared to the reduction of the entire film, as evidenced by the
modest shift in the XRD. In addition, the total exposure of the
film surface to H, gas in this experiment is low, limited to <10°
Langmuir (L) over 90 min, compared to hydride annealing experi-
ments where the sample environment may contain up to 100 mTorr
of hydrogen*! [liberated from CaH, or Ca(OH),"""?] for several
hours (~10° L).

This surface degradation also affects oxygen removal during
the atomic hydrogen reduction. When an uncapped film is reduced
using the three-step process with nominally optimized conditions
(12 min of total exposure), we observe a clear degradation of the
RHEED pattern: the film peak intensity is reduced, background
intensity increases, and faint polycrystalline rings appear. Surpris-
ingly, this exposure does not produce an IL film; instead, a pair
of intermediate phase peaks are observed at 26 values of 50.1°
and 52.3°. The addition of a capping layer greatly changes the
process: using nearly identical time, temperature, and flux condi-
tions, films with 1-3 layers of SrTiO3 are reduced to the IL phase.
In the 1 u.c. thick SrTiO; capped film, additional peaks are visi-
ble at positions not associated with Pendellosung fringes for this
thickness film. These peaks, matching the positions of those in the
uncapped film, suggest trace intermediate phases may remain, which
are absent in the films capped with 2 or 3 u.c. of SrTiO;. RHEED
measurements show the capped films maintain an ordered sur-
face, and AFM (the supplementary material) indicates a smooth,
terraced surface is maintained, with a terrace-averaged rough-
ness of only 1.2 A. The substantial difference in oxygen removal
between capped and uncapped films under the same reduction con-
ditions highlights the cap’s importance in facilitating the reduction
process.

These extremely thin capping layers, approaching a single
unit cell, likely do not substantially contribute to maintaining the
structural stability across the entirety of the 20 u.c. film, yet they
substantially influence the conditions required to reduce the film.
This suggests that the cap plays a role beyond that of simple struc-
tural support and has a substantial impact on how easily oxygen is
removed from the film. This distinction can be further explored by
comparing the reduction of a sample capped with 3 u.c. of crystalline
SrTiO; with one capped with 1.2 nm of amorphous SrTiO;. We
observe [cf. Fig. 7(a)] that samples capped with amorphous SrTiO;
are well reduced using the three-step atomic hydrogen reduction
procedure, even though the cap does not provide additional epi-
taxial support to the film. While films with either crystalline or
amorphous SrTiOj; caps are both reduced under similar conditions,
there are some slight differences in the quality of the resulting IL
films—discussed in the supplementary material—with amorphous
SrTiO3 capped films suffering from reduced crystallinity. The sim-
ilarity between samples capped with crystalline and amorphous
material, contrasted with the distinct behavior of uncapped sam-
ples, strongly suggests that during the atomic hydrogen reduction,
the primary function of the cap is to prevent the formation of a nick-
elate scale layer at the sample surface rather than providing epitaxial
stabilization of the IL phase. The contrast illustrated here may help
to explain observed discrepancies between capped and uncapped

pubs.aip.org/aip/apm

IL nickelate films in recent transport*’ and scattering’” studies. We
note that a recent study’* has reported the successful synthesis of
uncapped, Sr-doped (La,Sr)NiO, using atomic hydrogen reduction.
This suggests that increasing the targeted valence of the Ni above 1+
by hole doping may sufficiently facilitate the reduction process, as
observed in the reduction of bulk (Nd,Sr)NiO,, such that a cap-
ping layer may no longer be necessary to fully reduce the doped
materials.

IV. CONCLUSIONS

Here, we have described a novel, flexible synthesis method for
IL nickelate films—one that requires only gas phase reactants and
is easily integrable with thin film growth techniques and surface
sensitive probes. Characterization of the resulting films shows this
method reproducibly yields IL films with high crystallinity, low resis-
tivity, and flat surfaces. Utilizing the in situ nature of this procedure,
we have investigated the effects of the reduction on the film surface
to elucidate the impact of capping layers on the reaction. We find
that the addition of an ultrathin cap, down to 0.4-1.2 nm, drasti-
cally improves the reduction process and inhibits the formation of
a polycrystalline scale layer on the sample surface. In addition, we
have demonstrated the growth of high quality films of NdNiO3 by
MBE and illustrated that the structural and electrical characteris-
tics of the highly strained perovskite are unstable over a timescale
of hours to days. Diffraction and real-space probes indicate that the
sample strain is partially relieved by the rapid formation of cracks
soon after growth. These measurements indicate that care must be
taken when investigating the details of the MIT in highly strained
nickelates, as well as unveiling a potentially uncontrolled variable
in nickelate reduction experiments. Topotactically reduced oxides
have proven to be a rich, expanding field for the investigation of
novel ground states in quantum materials;"***"*"*"%* we put forth
atomic hydrogen reduction as a highly tunable process for synthesiz-
ing reduced oxides of high quality. The vacuum compatibility of this
technique both expands the range of experiments that may be per-
formed on reduced films and enables in situ and operando studies of
the reduction process itself.

V. METHODS
A. Sample growth, reduction, and characterization

Thin films of NdNiO3 were grown on (001)-oriented SrTiO;
substrates using reactive-oxide molecular-beam epitaxy (MBE) in a
Veeco GEN10 system from elemental beams of Nd (Alfa/AESAR,
99.9%) and Ni (Alfa/AESAR, 99.995%) with typical fluxes of 0.8-1.2
x10" at./cm?/s. Substrates were etched to prepare a TiO, termi-
nated surface® and annealed prior to growth at 650 °C until a clear
RHEED pattern was observed. Growths were performed at substrate
temperatures between 480 and 500 °C, measured by optical pyrom-
etry at a wavelength of 1550 nm, in background pressures between 2
and 7 x 107° Torr of ~80% distilled ozone. Followin growth, sam-
ples were cooled to <100 °C at a pressure of >1 x 10™° Torr of ozone
to discourage the formation of oxygen vacancies.

Reduction experiments were performed in an ultra-high vac-
uum chamber with a base pressure better than 1 x 107 Torr,
connected to the MBE system by a vacuum manifold with a pres-
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sure better than 1 x 10~ Torr. For the reductions discussed in this
work, the same hydrogen flow rate through the cracker, 0.72 sccm,
was used for all samples, and the atomic hydrogen flux was tuned
by changing the temperature of the tungsten capillary (monitored
using an integrated thermocouple). This procedure results in a back-
ground chamber pressure of 9-10 x 107° Torr during the reaction.
As a control, an SrTiO; substrate was ozone annealed to prepare
a clean surface and then subjected to the same reduction condi-
tions as the nickelate samples. No changes were observable in the
RHEED pattern of the substrate, and no conductivity was detectable
following its removal from vacuum.

Structural quality and phase purity were determined using Cu
Ka; x-ray diffraction measurements performed on a PANalytical
Empyrean x-ray diffractometer. Morphology was assessed using an
Asylum Research Cypher environmental atomic force microscope.
Electrical transport measurements were performed using both a cus-
tom built LHe-cooled four-point probe measurement station and
a Quantum Design physical property measurement system utiliz-
ing either built-in electronics or a Keithley 6221 current source and
2182A voltmeter in a delta mode configuration. Geometric factors in
the resistivity were accounted for using the methods in Ref. 84. Hall
measurements were performed either over the entire 10 x 10 mm?®
sample in a square four-point Van der Pauw configuration or using
a six-wire Hall bar geometry on a diced 5 x 10 mm piece.

B. Scanning transmission electron microscopy

Cross-sectional specimens were prepared using the standard
focused ion beam (FIB) lift-out process on a Thermo Fisher Sci-
entific G4 UX FIB. HAADF-STEM images were acquired on an
aberration-corrected FEI Titan Themis operating at 300 kV with a
probe-forming semi-angle of 21.4 mrad and inner (outer) collection
angles of 68 (340) mrad. To avoid possible image distortions from
sample drift or other mechanical instabilities, all images presented
here are produced by summing a stack of 50 high-frame-rate images
aligned by rigid registration.®> A small-angle shear transformation
was applied to all images to correct for subtle non-orthogonality in
the STEM scan. Lattice relaxation in the film was mapped with strain
analysis based on a phase lock-in approach.™

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details about the
stoichiometric calibration process, further data on the effects of non-
stoichiometry and strain relaxation on transport measurements,
and additional details about the effects of the reduction process on
capped and uncapped films.
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FIG. S1. RHEED Oscillations of the binary oxides NiO/MgO (100) and Nd,O3/YSZ (111) used for calibration. (a) RHEED
specular intensity of a NiO film during growth. (B) Fourier transform of the specular intensity showing a sharp peak at the
monolayer frequency. (c-d) Post-growth RHEED images of the NiO film. (e-h) Same for a representative Nd,O3 film.

I. PEROVSKITE NICKELATES

The stoichiometric calibration of nickelate films is of paramount importance to the growth of high-quality NdNiOs.
As the binary oxide constituents, Nd,O3 and NiO have negligible volatility, an absorption-controlled approach in
molecular beam epitaxy (MBE) is not possible — excess deposited material either incorporates or forms precipitates—
both of which negatively impact the film quality. Studies of the pulsed laser deposition (PLD) and MBE growth
of nickelates indicate that deviation from a cation ratio of 1:1 has strong effects on the electrical properties of
NdNiOs films[1-4] and a strong influence on the quality of subsequently reduced films — particularly the presence
of Ruddlesden-Popper (RP) intergrowths [5—7]. In PLD growth, careful control of the film stoichiometry can be
achieved through control of the laser fluence and source material (by repolishing the target surface to combat laser-
induced changes [2], for instance). In MBE, on the other hand, the key is to establish the elemental source fluxes
with a high degree of accuracy. We find that the typical accuracy of a quartz crystal microbalance (QCM), 10-15%,
is not sufficient to reproducibly grow high-quality nickelate films; we follow instead a two-step calibration procedure
detailed here.

A. RHEED Oscillation Calibration

Initial flux measurements are obtained by monitoring RHEED oscillations during the growths of Nd>O3 on
(Zr02)0.905(Y203)0.095 (111) and NiO on MgO (100) using the parameters outlined in Sun et al. [8]. In Fig. SI
we detail the RHEED oscillation measurements of NiO and Nd,Os in (a-d) and (e-h), respectively. While both com-
pounds grow over a very wide range of conditions (ozone flux, substrate temperature) we find the optimal conditions
for RHEED oscillations of NiO are around 450 °C (following an 800 °C vacuum anneal to clean the MgO surface).
Conversely, it is preferable to grow Nd,O3 at higher temperatures, ~ 970 °C to stabilize the hexagonal structure;
though often the first few layers will take on a bixbyite structure, evidenced by a noticeably different oscillation fre-
quency as seen in (e). By monitoring the RHEED specular intensity in (a) and (e) and performing a Fourier transform,
(b) and (f), the monolayer formation time can be easily extracted and converted into an elemental flux.
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FIG. S2. Shutter timing diagram illustrating the sequential deposition of NdNiOj3 thin films. The shutters for the neodymium and
nickel sources are opened in sequence for time periods Tng and Tyj, respectively. Between each cycle the sample is ozone annealed
with the shutters closed for a short period of Ta,, = 5 seconds to promote full oxidation of the nickel layer, as in Ref. [9].
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FIG. S3. X-ray diffraction calibration data for 20 u.c. thick films of NdNiO3 on (001) SrTiOs3. c-axis lattice constant, determined
from the 002 peak position, as a function of the nominal cation ratio Nd:Ni. Slopes of typical correction factors employed in the
optimization procedure are labeled.

B. XRD and XRR Calibration

While the aforementioned calibration method greatly improves upon the basic calibration using a QCM, we find that
its accuracy is typically limited to the the few percent scale for each source and as such requires further refinement.
This is accomplished using the method described by Li et al. in Ref. 6: the c-axis lattice constant (in our case the 002
peak position) is used as a proxy for non-stoichiometery with the minimal value of the lattice constant corresponding
to a stoichiometric cation ratio of Nd:Ni = 1:1. Our repetition of this procedure produces much the same qualitative
characteristics as in Ref. [6], although with a slightly lower minimal lattice constant of ¢ = 3.736 A, and is detailed
in Fig. S3. To construct this diagram we start by growing a sequence of films with differing shutter times, g,
and record the ratio ™a/7y;. The shutter times Tng; and Ty; correspond to our best estimate of the time to deposit a
single monolayer of NdO and NiO,, respectively. A timing diagram showing the sequential opening of the Nd and Ni
shutters in a constant background partial pressure of O3 with a short, 5 second, anneal between cycles is provided in
Fig. S2. While the flux ratio ®na/®y; is not known a priori, once the growth sequence converges to near the minimal
value this ratio can be calculated from
_ ®ng NS

X

1= .
Dni NS




and applied to the whole sequence to determine the Nd:Ni ratio for all films. Figure S3 is an aggregation of many such
growth runs. The scatter increases as we depart from Nd:Ni = 1:1, which is a consequence of source drift on the above
procedure. Though modern effusion cells provide excellent flux stability, often reducing flux drift to less then 1% per
hour, the difference between ™a/1y; at the start of the run and the end (when 1:1 is reached) means that estimation of
Nd:Ni for the first samples in the sequence (Nd:Ni > 1) is less accurate than at the end (Nd:Ni ~ 1). This estimated
cone of uncertainty is illustrated by the shaded regions. Despite this uncertainty in the non-stoichiometry of films well
away from 1:1, in the region near the minimum lattice constant discernible changes are still observed down to single
percent changes in the shutter times, evidencing that this method can be used to hone the non-stoichiometry down to
the percent level or less.

A typical optimization routine at the start of a growth campaign consists of starting with the RHEED oscillation
calibration of one or both of Nd and Ni. Then the starting shutter times are calculated to begin with a few percent of
excess Neodymium to bias the initial growth towards Nd:Ni > 1; this is to ensure that the direction of the first step
is known a priori (i.e., reducing the Nd shutter time) and to avoid venturing into the Ni-rich side of the diagram. We
find that on the Ni-rich side the relationship between dyoy and the shutter times is less repeatable. We attribute this
to the propensity of excess Ni to precipitate out of the film in the form of NiO, rather then readily incorporating like
neodymium does. The flux ratio can then be ‘walked-in’ to 1:1 by progressive adjustment of the shutter times, growth,
and XRD measurement. If the starting Nd excess is greater then 10% or so an ‘aggressive’ adjustment factor of 0.2
to 0.3 A/% can be used in tuning the shutter times between subsequent films; as Nd excess is further reduced more
conservative values of 0.3 to 0.47 A/% are used to avoid accidentally jumping over onto the Ni-rich side. Once the
Nd:Ni ratio is within 5-7% of the 1:1 stoichiometric ratio, the total film thickness can also be fine-tuned (by changing
Tng and Ty by the same fraction) to match the desired number of unit cells, typically 20, based on x-ray reflectivity
(XRR) measurements of the NdNiO3 film thickness.

C. Effects of Non-Stoichiometry on Transport

Here we describe the effects of non-stoichiometry on the transport properties of NdNiO3 films grown on (001)
SrTiO3;. The temperature dependent resistivity of a sequence of samples of varying lattice constants (and estimated
non-stoichiometry based on Fig. S3) are presented in Fig. S4. The film with the lowest lattice constant has a low
room-temperature resistivity of ~ 2001 Q-cm, and a sharp metal-to-insulator transition (MIT) with a jump of nearly
two decades. The structural quality is also evident in the accompanying RHEED image, where sharp diffraction peaks
are visible on the primary and half-order streaks. As the Nd:Ni ratio is increased a clear increase in the resistivity is
visible (up to an order of magnitude), along with a broadening of the MIT and widening of the hysteresis loop. At the
same time the sharp diffraction peaks fade and the RHEED streaks become ‘peanut shaped’ — likely due to an increase
in the film roughness. We note a marked difference between Nd-rich films under tensile strain when compared to
prior measurements under compressive strain [, 2] where excess Nd drives the films metallic. As previously noted in
studies of non-stoichiometry on SrTiO3 [3] the MIT temperature increases with increasing Nd content, and the MIT is
not suppressed even up to very high levels (Nd:Ni ~ 1.25). Finally, on the nickel-rich side of the diagram broadening
of the MIT and an overall increase of the resistivity are observed. These results indicate that a stoichiometric film
on SrTiO3 is the one with a minimum lattice constant, maximum transition sharpness, and minimum resistivity of the
metallic state.

D. Additional Aging Effect Data

In Fig. S5 (unshifted) raw data corresponding to the sample aging study presented in Fig. 2 of the main text. Figs.
S5(a) and S5(b) are reproduced from the main text for reference and Figs. S5(c) and S5(d) show data for the sample
that was measured at much shorter intervals following growth. It is evident that in both cases a gradual increase of the
film resistivity is present over time, with the room temperature values increasing by a factor of 4-5 over the course of
~ 3.5 weeks while stored in a dry, N, purged desiccator.



c(A) Nd/Ni-1
— 3740 <1%
10° — 3.749  3-5%
— 3752  4-7%

3.782 10-16%
3.810 16-25%
3.761 -(5-9)%

10

Resistivity (uQ-cm)

10

10

EEEE RN NN N RN NN
100 200
Temperature (K)

o

FIG. S4. Effects of cation nhon-stoichiometry on 20 u.c. thick NdNiOj thin films grown on (001)-oriented SrTiO3. Resistivity
measurements of films of varying non-stoichiometry from slightly nickel rich to highly neodymium rich. Post-growth RHEED
images, viewed along the [110],c azimuth, of each of the films are pictured on the right. All images use a linear intensity scale.
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FIG. S5. Aging effects on the transport properties of stoichiometric NdNiO3 films grown on SrTiO3. (a) Resistivity of a single
NdNiO3 film measured periodically following growth, reproduced from the main text. (b) Logarithmic derivative of the transport
curves in panel (a). (c) Resistivity of another film measured at a higher frequency over the same period of time as the one pictured
in panel (a). (d) Logarithmic derivative of the resistivity curves in (c).

FIG. S6. Larger field of view AFM images of the aged, stoichiometric NdNiO3 sample shown in Fig. 3(f) of the main next. (a)
An AFM image covering a 10 x 10 um field of view. (b) A 5 x5 um field of view where striations running across and through the
stepped terraces are visible. A smooth polynomial background has been subtracted from both height profiles to level the images
over the wide scan area.



II. INFINITE-LAYER NICKELATES

A. AFM and XRD of Optimized Films
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FIG. S7. Measurements of the surface quality of NdNiO, films reduced using atomic hydrogen. (a) RHEED images taken along
the [110] ¢ azimuth of an as grown 20 u.c. thick NdNiO3 film, the same film after capping with 2 u.c. of SrTiO3, and after atomic
hydrogen reduction. (b) The same as in (a) but with a 3 u.c. thick SrTiO3 cap. (c) AFM image of a 20 u.c. thick NdNiO, film
capped with 2 u.c. of SrTiO3 and reduced with atomic hydrogen; the extracted terrace-averaged RMS roughness is 124 410 pm. (d)
Zoom in on the stepped terraces. (e) Line profiles along (black) and across (red) the terraces showing preservation of the substrate’s
atomic steps. RHEED images in (a) and (b) use a linear intensity scale.
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FIG. S8. Diffraction intensity along the specular direction for an uncapped 20 u.c. thick NdNiO3 film and a 3 u.c. SrTiO3 capped
NdNiO; film grown on SrTiO3; showing the O0OL reflections. Nelson-Riley analysis of the infinite-layer film peaks gives a lattice
constant of ¢ = 3.286 A. (*) indicates reflections from the (001) SrTiO3 substrate.

In this section we present additional measurements of optimized, reduced NdNiO; films on SrTiO3. In Fig. S7 we
show RHEED images and AFM topography of a reduced infinite-layer films. Figs. S7(a) and S7(b) present RHEED
images of additional 20 u.c. thick NdNiOs films after growth, after capping, and after atomic hydrogen reduction. In
both reduced films, reduced using the optimized three-step procedure, the preservation of the RHEED streaks indicates
the film surface remains ordered. The RHEED images of both films are qualitatively similar, though the 3 u.c. capped
film appears to have a slightly lower incoherent background then that of the film with the thinner cap. Figures S7(c)-
(e) show AFM measurements of a 20 u.c. thick NdNiO, film capped with 2 u.c. of SrTiO3 and reduced with atomic
hydrogen. The reduced film shows a stepped terrace structure analogous to the atomically flat substrate on which it
was grown, with a low surface roughness of ~ 124 pm. This is similar to films reduced using the solid-state aluminum
reduction process introduced in Ref. 10. In Fig. S8 we show larger area 0 — 20 scans of a perovskite, NdNiO3,
film and an optimized, reduced infinite-layer, NdNiO;, film which cover all of the O0L peaks observable with Cu



Ka x-rays. In the infinite-layer film, all four reflections are visible, with the 004 peak sitting at the end of the range
accessible with our goniometer.
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FIG. S9. Conditions used for H and H; reduction of films during experiments exploring the effect of the SrTiO3 cap on reduction.
(a) Replica of Fig. 7(a) from the main text with samples labeled. (b) Cartoon of a generic three-step (7, # 0) or two-step (7o = 0)
reduction. (c) Table of reduction conditions used in the preparation of samples in (a) as well as in Figs. S10, S11, and S12.

B. Reduction Effects on the Film Surface

In this section we present additional data concerning the effects of molecular and atomic hydrogen on the film
surface. In Fig. SO we present the details of the reduction program used for samples in Fig. 7 (samples A’-G”) of
the main text as well as those presented later in this section (samples I”,J””). Of these, several samples were subjected
to several sequential single-step reduction cycles (7, = 0) with variable times, performing RHEED measurements
between cycles. These include sample C”, which was reduced in four increments of 15, 15, 15, and 45 minutes (90
min total), sample I”” in four increments of 15, 30, 30, and 15 minutes (90 min total), and J” in three increments of 15,
15, and 30 minutes (60 min total). Fluxes are quoted in atoms/cm?/sec for samples reduced with atomic hydrogen and
in molecules/cm?/sec for those reduced with molecular hydrogen only. In all cases a consistent hydrogen flow rate of
0.72 sccm was used (giving a chamber pressure of ~ 9.5 x 107 torr) and the atomic hydrogen flux was adjusted by
tuning the cracker temperature.

In Figs. S10 and S11 we detail two additional progressive annealing experiments. Figure S10 shows a sample with
a 2 u.c. thick SrTiOs cap annealed in molecular hydrogen. As can be seen in the RHEED images, the molecular
hydrogen has little-to-no impact on the SrTiO3 surface, even for long exposure times. Similar to the uncapped sample
shown in the main text, molecular hydrogen is insufficient to produce the infinite-layer phase (under these conditions)
and instead an oxygen-deficient perovskite phase is visible in the XRD, with out-of-plane lattice paramter ¢ ~ 3.69 A,
following 90 minutes of exposure. Figure SI11 shows a sample that was exposed to atomic hydrogen in progressive
steps. Similar to the sample presented in the main text, the RHEED images indicate a rapid degradation of the film
surface and the presence of other phases (faint rings and additional spots). Even after a relatively long exposure,
60 minutes, the majority of the film remains an oxygen-deficient perovskite (c ~ 3.69 A) without any indication of
formation of the infinite-layer phase, evidenced by the XRD patterns in Fig. S11(b).
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FIG. S10. Molecular hydrogen reduction of a 20 u.c. thick NdNiO3 / SrTiO3 film capped with 2 u.c. of SrTiO3. (a) RHEED
images along the [10] azimuth of a film exposed to Hj, at a temperature of 300 °C, for repeated intervals accumulating to 90 minutes
total. (b) XRD measurements of the same film before and after the 90 minutes of total reduction time. (*) indicates reflections from
the (001) oriented SrTiO3 substrate.
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FIG. S11. Effects of atomic hydrogen reduction on an uncapped, 20 u.c. thick NdNiO3 / SrTiOs3 film. (a) RHEED images along
the [100]pc and [110]pe azimuths of a uncapped film; images are taken of the as grown film surface as well as after 15, 30, and 60
minutes of atomic hydrogen exposure time at a sample temperature of 300 °C. (b) XRD measurements of the same film before and
after the 60 minute exposure. (*) indicates reflections from the (001) oriented SrTiO3 substrate.

Finally, we discuss the effects of amorphous capping layers on the reduction of 20 u.c. NdNiO3/SrTiO3 films
using atomic hydrogen. X-ray diffraction measurements showing the 001 and 002 peak regions for two films with
amorphous caps are provided in Fig. S12(a). For both films, the capping layer was deposited in a background pressure
of 2x 107° torr of distilled O3 with the sample at room temperature. For sample H” the capping layer was deposited
with Sr and Ti shutters opened simultaneously (codeposition) and for sample K” the shutters were opened sequentially
(shuttered deposition); in both cases no streaks, spots, or rings were visible in RHEED after deposition of the SrTiO3
layers. The thickness of both capping layers was 1.2 nm — equivalent to 3 u.c. of SrTiO3 - and the subsequent
reductions, using the same conditions, appear to progress similarly based on the XRD measurements in Fig. S12(a).
The obvious difference in XRD patterns between those samples reduced (using atomic hydrogen) with an amorphous
cap (H” and K”) versus those reduced with no cap (D” and J”) illustrate the importance of the overlayer in facilitating
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FIG. S12. Atomic hydrogen reduction of 20 u.c. thick NdNiO3 / SrTiO3 films capped with 1.2 nm of amorphous SrTiO3. (a) XRD
of nickelate films as grown (light) and after capping and reduction (dark); capping layers were grown using either simultaneous
codeposition of Sr and Ti (blue) or sequential shuttered deposition (purple) at room temperature. 002 peaks of the reduced films
are fit with an N-slit interference pattern (teal, pink) to extract the coherent thickness. (b) Low-angle XRR of one of the samples
before and after capping/reduction (dots) and corresponding best fits (lines) using a three slab model.

the reduction even in the absence of epitaxial stabilization.
We do note, however, that the quality of the amorphous SrTiO3; capped samples are somewhat reduced compared to
those with a crystalline cap. Fitting of the XRD patterns of both the reduced films with an N-slit interference pattern,

1 sin(Nag/2)
N sin*(ag/2) ’

gives a Scherrer thickness of only 4.43 nm, i.e. N ~ 13.5, indicating that the coherent crystalline region does not
extend across the entirety of the film thickness. Additionally, the x-ray reflectivity, Fig. S12(b), of the reduced film
cannot be accurately fit using a three-slab model (SrTiO3/NdNiO3/SrTiO3) as was done for the crystalline film in Fig.
5(d) of the main text. The best-fit (green) for this reflectivity curve gives a roughness for the NdNiO, layer, 3.2 nm
(compared to that of the as grown film, 0.48 nm), and a thickness of 5.6 nm (intermediate to the Scherrer thickness
of 4.4 nm and the expected thickness of 6.5 nm). These results are consistent with the capping layer providing some
measure of epitaxial support during the reduction process, which is absent in those films with an amorphous cap, and
a fraction of the film either forms a defect phase or decomposes — as reported previously in CaH, reduced films [5].
We cannot rule out, however, that the observed differences between the crystalline and amorphous SrTiO3 capped
films result from differences in transport of the reactants (e.g. H or O,) through the different matrices. We emphasize,
however, that the role of the capping layer, at least in atomic hydrogen reduction experiments, clearly goes beyond
that of epitaxial stabilization. In the XRD patterns of uncapped films, D and J”, the effect of the reduction is not to
cause decomposition of the entire thickness of the film, but rather to form a polycrystalline scale on the surface and to
hamper further reduction — as evidenced by the minor 002 peak shifts observed in XRD. This is in contrast with the
more modest observed differences between crystalline capped (Samples F’, G”) and amorphous capped (Samples H”,
K”) films which all exhibit similar 002 peak positions.
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