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Superconductivity in an ultrathin multilayer nickelate

XiYan', Hong Zheng’, Yan Li', Hui Cao', Daniel Patrick Phelan’, Hao Zheng’, Zhan Zhangz,
Hawoong Hongz, Guanyi Wang"’, Yuzi Liu3, Anand Bhattacharya’, Hua Zhouz*, Dillon D. Fong’*

We report the appearance of superconductivity in single-unit-cell NdgNisO+,, exhibiting a transition temperature
similar to that of thicker films. In situ synchrotron x-ray scattering performed during growth of the parent phase,
NdgNisO016, shows that the necessary layer-by-layer deposition sequence does not follow the sequence of the for-
mula unit but an alternate order due to the relative stability of the perovskite unit cell. We exploit this insight to
grow ultrathin NdgNisO6 heterostructures and conduct in situ studies of topotactic reduction, finding that forma-
tion of the square-planar phase occurs rapidly and is highly sensitive to reduction temperature, with small devia-
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tions from the optimum condition leading to inhomogeneity and the loss of superconductivity. The fluorite layer
within the unit cell facilitates reduction by initially stabilizing the square-planar phase in the upper half of the unit
cell. Our findings provide insight into growth of the Ruddlesden-Popper nickelates, highlighting the need for

in situ studies of the metastable phases key to superconductivity.

INTRODUCTION

Researchers have long sought analogs to the superconducting cu-
prates in other complex oxide systems. The nickelates were clear
contenders, particularly if Ni could be stabilized in the 1+ state,
thereby sharing the same 3d° electronic configuration as Cu®* in the
cuprates (I, 2). The recent discovery of superconductivity in the
“infinite-layer” nickelate, Nd gSrp,NiO; (3), has led to considerable
discussion as well as exploration of the structure in this and related
systems (4-10). This has resulted in major debate on whether the
intrinsic properties of the nickelates are directly analogous to those
of other high-T, superconductors (cuprates or even iron-based su-
perconductors), and the increasing number of superconducting sys-
tems leads to important questions concerning the fundamental
nature of high-T. superconductivity (7, 11-13). Furthermore, al-
though superconductivity was observed in a NdggSry,NiO; thin
film, it was found that T, monotonically decreased with film thick-
ness (8), completely suppressing it below 4.6 nm [e.g., 13 unit cells
(UQ)]. This led many to question whether this stems from extrinsic
effects or whether T, intrinsically depends on thickness and vanish-
es in the film dimensional limit.

Undoped NdNiO, represents the n = co member of a family
of layered square-planar nickelates with the chemical formula
R, +1Ni,,0,,1> where R denotes a rare earth cation (14). Rather than
tuning the degree of electron filling through cation substitution, it is
possible to alter the electronic behavior by varying the dimensional-
ity, n. For instance, with #n = 5 and Nd¢NisO),, as demonstrated by
Pan et al. (15), the electronic configuration is d*%, placing it near the
center of the superconducting dome (15-17). The three-dimensional
(3D) structural disorder caused by chemical substitution can natu-
rally be avoided in such structures (18), making Nd¢NisO,, an ideal
candidate for studying the intrinsic properties of the superconduct-
ing nickelates. In addition, the 2D-like nature of NdgNisO,, allows
inherent investigations into how film dimensionality mediates the
superconducting transition.
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Here, we demonstrate the appearance of superconductivity in
single-unit-cell NdgNisO;, grown on NdGaO; by molecular beam
epitaxy (MBE), exhibiting a thickness invariant superconducting
transition as compared to thicker films. Conducting in situ synchro-
tron x-ray scattering during layer-by-layer growth by MBE, we find
that growth of the NdgNisO1, precursor phase (NdgNisO;6) cannot
be attained by a layer sequence corresponding to the (001)-oriented
crystal structure. Because of the occurrence of dynamic layer rear-
rangement, a phenomenon initially discovered for Sr,TiO, and
La3Ni,O7 (19), we find that ultrathin Nd¢NisO;6 must be grown by
an alternate sequence accounting for interdiffusion during growth.
Subsequent in situ studies of chemical reduction show that nucle-
ation and growth of the superconducting Nd¢NisO;, phase occurs
in a rapid mode and is extremely sensitive to reduction temperature,
with nonideal conditions leading to defective regions and the loss
of superconductivity.

RESULTS
Both the Sr-doped NdNiO, and the undoped Nd¢NisOy; films can-
not be grown directly but must be converted from precursor films
through topotactic reduction (20). For Nd¢NisO,, the as-grown
film is NdgNisOy6, the n =5 member of the Ruddlesden-Popper
(RP) family, R,4+1Ni,,03,,41. Reduction with CaH, (see Methods) re-
sults in the removal of the apical oxygen anions between two adja-
cent NiO, planes, with its electron filling changing from d’* to d**.
Achieving superconductivity in epitaxial NdgNisO;, films depends
on an array of factors but most critically on the quality of Nd¢NisO1¢
(21-23). Growth of the RP nickelates with nn > 3 is known to be highly
challenging and can only be grown by a shuttered growth technique.
To date, only a few independent groups have reported successful
growth of the high-n RP oxides (15, 24). We use a unique MBE system
at the Advanced Photon Source, using synchrotron x-ray techniques
to both monitor MBE growth (as a guide for atomically precise depo-
sition) and characterize the film during any stage in situ (see Meth-
ods) (25). Unlike the more common in situ growth characterization
tool, reflection high-energy electron diffraction (RHEED), synchro-
tron x-rays penetrate through the entirety of the film, and surface-
sensitive probing allows layer-by-layer reconstruction of the atomic
structure with sub-angstrom resolution. In situ x-ray characterization
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allows us to attain high sample quality in terms of thin film crystallin-
ity and lattice coherency during both MBE growth and chemical re-
duction processes.

Electrical transport measurements

As shown on the left in Fig. 1A, the formula unit of NdgNisO;¢ con-
sists of five successive perovskite layers of NdNiO; capped by an an-
other plane of NdO, which represents a half-complete structural
UC. The next five-layer perovskite group is displaced by half a lattice
constant along the in-plane direction such that 1 UC is composed of
10 perovskite layers with a Nd,O; rock salt layer at the center. After
topotactic reduction, the structure is converted to NdgNisO,; (the
right in Fig. 1A) with every five NiO, planes with square-planar co-
ordination separated by a NdO, fluorite slab: (NdO,) " [(NdNiO,)s] +

As shown in Fig. 1B, the temperature dependence of the resistiv-
ity was measured for a 3-UC-thick film before and after the reduc-
tion. (The x-ray specular Bragg rods for the 3-UC Nd¢NisO14 and
NdgNisO;; phases are shown in fig. S1.) The NdgNis Oy film exhibits
a typical metal-to-insulator transition (MIT) at ~135 K with little
hysteresis, reminiscent of the first-order transition observed in
NdNiOs;. After reduction, the 3-UC film becomes superconducting
although without reaching zero-ohm state, as shown at the bottom
in Fig. 1B. The onset of the superconductivity is at ~17 K with the
point of maximum curvature at ~10 K, consistent with the results
from ref. (15).

NdgNisO;, films with a thickness of only 1 UC (which consists of
multiple nickel oxide square-planar layers within it) also show an abrupt
drop in resistivity with the onset of transition at temperatures as high as
that of the 3-UC films (fig. S2) and the ~6-UC films previously reported
(15). This invariance of T, on film thickness is unlike that observed for
Nd, sSro,NiO; (8) and may have important physical implications for

our understanding of superconductivity and its mechanism in the nick-
elates. (The very different normal state resistivities and 2D sheet resis-
tances for the different thickness films are also interesting and the
subject of current investigation.) Figure 1C shows the suppression of
superconductivity by an out-of-plane magnetic field for the 1-UC-thick
film. Similar to ref. (15), we find an in-plane zero-temperature Ginsburg-
Landau coherence length of &,,(0) = 30.4 + 0.3 A, using the field
strength where the resistivity reaches 90% of the normal state as a proxy
for the upper critical field (Fig. 1D).

In situ X-ray studies of growth

In contrast to in situ RHEED, where the behavior of the intensity
oscillation depends strongly on the incident angle of the electron
beam (26), x-ray intensity oscillations at anti-Bragg positions (lying
midway between the Bragg peaks) are at a maximum when the
grown atomic layer is complete (27, 28). We therefore monitor the
intensity of the 00% rLu. (one of the anti-Bragg positions) to study
MBE growth behavior in situ; along the in-plane directions, the
film is epitaxially strained to the substrate. The unit of r.l.u. refers
to reciprocal lattice units, as defined by the lattice parameter of
NdGaOs at the growth temperature. Our deposition started with a
single layer of NdO on pseudocubic (001) NdGaO; (NGO) sub-
strates with mix-terminated surfaces as quantified by coherent
Bragg rod analysis or COBRA (fig. S3). The intensity oscillations of
the first 5 UC of NdNiOs, ending with a NdO adlayer (i.e., five
perovskite layers of NdNiO3; + NdO) indicate the layer-by-layer
growth mode (fig. S4), with the resulting specular Bragg rod shown
in fig. S3E (the green curve) and the corresponding extracted atom-
ic structure in fig. S3E. According to Fig. 1A, the subsequent layers
should be NdO — NiO,; = NdO to form the rock salt slab and an
additional NdNiO3 UC; the growth oscillations at the 00% rlu. are
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Fig. 1. Atomic structure and transport properties of 1- and 3-UC-thick NdgNisO16 and NdgNisO1> films. (A) UC structures of NdgNisO1¢ (left) and NdgNisO;, (right).
(B) Resistivity versus temperature [p(T)] profiles measured while cooling and subsequent heating for the NdgNisO1¢ RP compound with 3 UCin thickness (top) and cooling
after reduction to the NdgNisO1; phase (bottom). The point of maximum curvature of the transition is ~10 K, as shown in the inset. The resistivity was measured down to
1.8 K. (C) Field dependence of the p(T) profile for the 1-UC-thick NdgNisO; film. (D) Temperature dependence of the upper critical field H_ , with a linear scaling fit in the

vicinity of T, for the 1-UC-thick NdgNisO1; film.
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presented in Fig. 2C. The deposition of NdO tends to form islands
(roughening of the surface), thus leading to the intensity decrease,
and the increase in the intensity is primarily due to smoothing of
the surface by growing NiO,. The specular Bragg rod was immedi-
ately measured after the growth of 1 UC of NdgNisO,6, as shown in
Fig. 2E. As illustrated by the blue curve, the 00L Bragg rod displays
substantial structural complexity and nonperiodicity, particularly
from L = 0.5 to L = 2 r.l.u,, implying the presence of disorder or a
misstacked structure. This can be compared with the calculated 00L
Bragg rod for the ideal NdgNisO;6 on GaO-terminated NdGaOs3, as
shown in fig. S5. However, we find that if two successive layers of
NdO are grown on NdO-terminated NdNiOs, as demonstrated by
the growth oscillations shown in Fig. 2D, the resulting specular
Bragg rod shown in Fig. 2F is similar to the calculated 00L (fig. S5).
A comparison between the structures resolved by COBRA and
scanning transmission electron microscopy (STEM) deposited by
the different growth sequences are illustrated in fig. S6.

We therefore find that, to avoid the dynamic rearrangement from
NdO —NdO — NiO, to NdO — NiO, = NdO in the high-temperature

environment (here, the growth of the first NdO layer in this sequence
indicates a completion of the 0.5-UC-thick Nd¢NisO1¢ film), an ad-
ditional layer of NdO is required atop the rock salt slab (Fig. 2, A and
B). In other words, three consecutive layers of NdO must be depos-
ited prior to the perovskite layers: NdO — NdO — NdO — NiO,
rather than NdO — NdO — NiO,. This dynamic layer rearrangement
was also observed during the growth of the Sr,TiO, and LazNi,O; RP
phases (19, 29) on SrTiO3 (001) and adopted in growing the multi-
layer nickelate (30). The complex specular Bragg rod shown in Fig.
2E indicates the dynamic rearrangement is not complete and that the
kinetics of rearrangement and the concurrent deposition may be
comparable, resulting in a misstacked structure.

The specular Bragg rods for NdgNisO,¢ thin films with thick-
nesses varying from 1 UC to 3 UC at the growth temperature
(560°C) are shown in Fig. 3A. All growths used the NdO — NdO —
NdO — NiO; sequence. The even-numbered superlattice peaks are
evident even just after the deposition of the thinnest 1-UC film. The
peaks become sharper for the 2-UC film, and no peak splitting is
observed, indicating single-phase Nd¢NisO¢ with high crystalline
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Fig. 2. Different growth sequences and in situ X-ray measurements. (A and B) The dynamic rearrangement occurs when depositing NdO— NiO; on top of the
0.5-UC-thick NdgNisO16 film in the high-temperature environment. To avoid this, an additional layer of NdO is required atop the rock salt slab. Intensity at the OO% rlu.
measured at 560°C during growth of the NdO— NiO,— NdO sequence (C) versus the NdO— NdO— NiO, sequence (D). a.u., arbitrary units. The resulting specular Bragg
rods after the growth of 1 UC using the [(C) and (D)] growth sequences are shown in (E) and (F), respectively.
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Fig. 3. In situ synchrotron X-ray results for the growth and topotactic reduction of NdgNisO016 thin films. (A) Measurements of the specular rod for 1-, 2-, and
3-UC-thick NdgNisO16 films grown on NdGaOj; substrates. (B) Map of specular rods measured for the 1-UC-thick film at different temperatures in the CaH, reducing envi-
ronment. The arrowed profile at the top shows the shift of the 0024 reflection. The time intervals between each scan are calculated from the start time for each scan, and
because the scans themselves require at least 7 to 8 min to process, the actual reduction time may be even shorter. The reduction time is nonlinear and represents the

total time starting with the room temperature scan (0 hours).

quality (31). A 3-UC sample grown with the NdO — NdO — NiO,
sequence was also made for comparison, with the specular Bragg
rod shown in fig. S5B. As observed, the film is poorly ordered, ex-
hibiting no RP-phase dedicated superlattice reflections.

In situ X-ray studies of reduction

We initially conducted ex situ CaH, reduction experiments to inves-
tigate the effects of the reduction time and temperature on phase
formation. (Note that, because the heaters used for ex situ reduction
and in situ reduction with x-ray monitoring are distinct, there may
be an offset in temperature.) Here, in situ reduction and ex situ re-
duction refer to reduction experiments performed with and without
X-ray monitoring, respectively. As shown in fig. S7, we find that the
occurrence of superconductivity is highly sensitive to the topotactic
reduction conditions and especially temperature. Differences as
small as 5°C compared with the optimal temperature (260°C for the
samples shown in fig. S7C) can result in an insulating (265°C) or
semiconducting state (255°C) (with an MIT at 76 K), due to incomplete/
inhomogeneous reduction. The specular Bragg rods for these 3-UC
films are provided in fig. S7 (B and D). For the sample that later
exhibited superconductivity, the specular Bragg rod shows the
sharpest peaks and the smallest out-of-plane lattice constant (or-
ange profile in fig. S7D), all of which suggests that any inhomogene-
ity within the NdgNis;O16 precursor film can lead to substantial
nonsuperconducting NdegNisOj,.., regions.

Given the sensitivity of the film properties to the reducing condi-
tions, an in situ reduction experiment was designed to monitor the
out-of-plane structure as NdgNis;Oj6 transforms into the square-
planar NdgNisO;, phase. Figure 3B shows the specular Bragg rod for
the 1-UC film as it evolves with time and changes to the reduction
temperature, focusing on the region near the 0024 reflection. Both
the intervals between scans at the same reduction temperature and
the number of the scans at each temperature depended on the prog-
ress of scattering, i.e., 00L scans were collected until the intensity
and position of the 0024 reflection no longer changed, at which

Yanetal., Sci. Adv. 11, eado4572 (2025) 1 January 2025

point the reduction temperature was increased. At 205°C, the 0024
peak moved from 2.20 to 2.35 r.l.u. in the space of a few minutes, as
indicated by the arrow on the projection of the peak intensities
shown at the top of the figure. Note that the time intervals are calcu-
lated from the start time for each scan, and because the scans them-
selves require at least 7 to 8 min to process, the time for the actual
reduction may be even shorter. Therefore, in contrast to the conven-
tional understanding of a slow topotactic transition, our observa-
tion reveals that it primarily occurs in a rapid mode. This final state
was confirmed to exhibit superconductivity as discussed above.

COBRA (32) was performed on scans with relatively large L
range for the 1-UC film detailed in fig. S8. The out-of-plane lattice
constant (equivalent to thickness for the 1-UC film) is 42.6 A for
NdgNisOy6 and ~39.7 A for NdgNisOq;, (fig. S9). COBRA allows ex-
traction of the precise positions of each atomic plane in the out-of-
plane direction, and we summarize the lattice spacings for all the
layers at the different reduction temperatures in Fig. 4A. Here, the
vertical axis refers to the number of the perovskite layer from one
NdO plane to the next NdO. The position of Z = 0 refers to the top-
most NdO plane of the NGO substrate, which is the bottommost
plane in Fig. 4B. As seen by the 200°C profile (pink diamonds), the
overall layer spacing for each perovskite layer starts to decrease, in-
dicating that some oxygen anions start to be extracted at this tem-
perature (Fig. 4B). After the phase change at 205°C, the green
diamond profile shows that the layer spacing contracts notably near
the interface region (at the Z = 2 perovskite layer) and at the surface
(at Z =7 to 10 perovskite layers), whereas the lattice spacings near
the fluorite slab (Z = 3 to 6 perovskite layers) do not exhibit nota-
ble changes. With higher reducing temperatures (210° to 220°C),
more oxygen is lost, even in the fluorite slab, and the lattice spacings
in the interface region, the central region, and the surface region
(Z = 8 to 10 perovskite layers) stabilize near ~3.5 A. The reduction
process converts the rock salt NdO layers to the fluorite structure,
and its layer spacing at different reduction temperatures is shown in
fig. S10.
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during reduction.

The results suggest that the surface atomic layers of NdgNisO is
the first part of the film to lose oxygen with Nd,O, serving as a small
barrier to loss, as may be expected based on the nature of the reduc-
tion process. The fluorite slab could assist to stabilize the square-
planar phase under a high compressive strain and help to promote
the topotactic reduction process (33). It is also worth noting that fine
tuning of the reduction temperature could greatly promote the
superconducting properties by expanding the superconducting
dome with a higher onset of the superconducting transition temper-
ature and a wider doping region (34).

DISCUSSION

As shown in Fig. 4A, we observed that before reaching the supercon-
ducting Nd¢NisO;, phase, the out-of-plane lattice constant does not
contract uniformly in the intermediate state: There is a larger con-
traction in certain inner NiO, perovskite layers. This nontrivial be-
havior during reduction could be crucial for understanding the
superconducting mechanism of nickelates and further promoting
their performance. For the optimal Sr-doped infinite-layer nickelate
superconductor, T, would increase monotonically with applied phys-
ical pressure, which may result from enhanced electron hybridization

Yanetal., Sci. Adv. 11, eado4572 (2025) 1 January 2025

between the 5d rare-earth layer and the 3d nickel layer due to the
contraction of the out-of-plane lattice constant (35, 36). In another
aspect, Krieger et al. (37) suggested that an increase in the NiO; inter-
planar distance could reduce the role of the rare-earth electronic
states on the NiO, planes, thereby extending the stability of the su-
perconducting state in nickelates. In these regards, controlling the
out-of-plane NiO, interplanar distance via fine-tuning reduction
conditions and epitaxial strains could facilitate achieving the optimal
point in balancing superconducting properties and phase stability.
The average valence state of Ni in the reduced films with an ideal
structure is deduced to be 1.2+, but the actual Ni valence in our ul-
trathin film may qualitatively differ from that in the bulk form. The
nonuniform out-of-plane NiO, interplanar distance could induce
spatially inhomogeneous electronic states. Although the quintuple-
layer nickelate film has three different symmetry-inequivalent Ni
sites (Fig. 1A), it was theoretically predicted that the inner Ni site is
favored by a d,. character with a slightly higher 3d count (38), which
may support the Ni-d ,—driven flat-band physics for the stabilization
of the superconducting phase. An experimental study on a high-T,
five-layer cuprate reported that Fermi pockets are observed only in
the inner CuO, planes, where superconductivity is suggested to oc-
cur (39). Therefore, techniques such as electron energy-loss
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spectroscopy are required to resolve the layer distribution of the
electronic state of Ni.

We also noticed that the resistivity of the 1-UC sample in its in-
termediate state exhibits roughly logarithmic temperature depen-
dence, as shown in fig. S11. Similar logarithmic behaviors at low
temperatures were also seen in undoped LaNiO; films (40) and un-
derdoped R;_,Sr,NiO; systems (4, 16, 17, 41). The details regarding
the origin of the observed transport behavior are discussed in the
Supplementary Materials.

The broad superconducting transition profile may be affected by
properties of the substrate-nickelate interface in the single-unit-cell
limit, unlike the freestanding cuprate monolayer (42). Another notable
example of superconductivity being affected by interfacial coupling
with the substrate is MBE-grown monolayer FeSe/SrTiO3 (43-45). Re-
cently, a single atomic layer of Nd(Ti,Ni)O3 was discovered by Goodge
et al. (46) to form at the interface between the square-planar nickelate
and the SrTiOj; substrate. The existence of this layer is presumed to al-
most entirely quench the potential two-dimensional electron gas due
to the polar discontinuity at the interface. Furthermore, some lattice
strain may be needed to stabilize superconductivity in the thin-film
geometry for both Sr-doped NdNiO; and NdgNisO1,. The role of epi-
taxial strain on synthesis was studied for the Nd4;Ni;Oj system, and
the authors found that the tensile strain (here grown on a SrTiOj; sub-
strate) tends to induce extended defects (33). As was shown in fig. S3,
the mixed termination of the NGO substrates is likely to lead to an in-
termixed interface; therefore, the topotactic reaction is not confined to
the nickelate film as lattice shrinkage appears from the nickelate-NGO
interface down to two perovskite UC into the substrate (Fig. 4A). Nev-
ertheless, we achieved superconductivity in the 1-UC limit with an
onset temperature as high as that in thicker films, in sharp contrast to
the decrease in T, or the loss of superconductivity in the ultrathin
infinite-layer films (8). The proposed thickness-driven multiband
structure modification due to the enhanced Ni-O hybridization with
reducing thickness (8) may be unimportant in the context of the RP
multilayered superconducting nickelates. The quasi-2D quintuple-
layer may provide a unique framework for electronic phase robustness,
insusceptible to structural perturbations. Our results experimentally
push nickelate superconductors to the 2D limit, thus offering an un-
precedented platform for investigating quantum phenomena and in-
novative devices.

In summary, by using in situ synchrotron x-ray scattering dur-
ing oxide MBE, we find that growth of ultrathin NdgNisO,¢ films
does not follow the RP formula unit layer sequence but requires an
additional NdO layer in between, due to the occurrence of layer
rearrangement during MBE. Subsequent in situ studies of the to-
potactic reduction of the 1-UC-thick film show that the loss of
oxygen occurs quickly at temperatures near 205°C, with little to no
loss in crystal quality or interfacial roughness. We demonstrate
that the resulting 1-UC and 3-UC Nd¢NisO;; films exhibit super-
conductivity with an onset temperature of ~17 K (and the point of
maximum curvature ~10 K), as high as that of thicker films. The
appearance of superconductivity is highly sensitive to the precise
reduction conditions, with changes of even 5°C leading to insulat-
ing behavior. Cross-sectional structural snapshots of the 1-UC
NdgNisOy film during the reduction, performed with x-ray phase
retrieval techniques, indicate that the reduction occurs in two
stages, with the upper half of the Nd¢NisO, UC forming square-
planar layers prior to the bottom half, suggesting that the reduction

Yanetal., Sci. Adv. 11, eado4572 (2025) 1 January 2025

of thicker films may result in a complete reduction only in layers
closer to the surface.

The in situ x-ray results and structural details discussed here pro-
vide much needed information for quantitative calculations of the
electronic structure as well as a method for the synthesis of other
possible layered superconductors, e.g., those with other cations and/
or higher-order RP sequences. Although superconductivity is diffi-
cult to achieve in bulk nickelates (47, 48), compelling progress has
been recently made with the application of pressure (49), indicating
that strain is yet another variable of interest. We lastly note that the
2D-like properties of NdgNisO;; suggest a platform for the explora-
tion of other emergent or coupled properties when layered with
other functional materials, possibly with the aid of freestanding
techniques (50).

METHODS

Oxide MBE with in situ SXRD

Thin film growth and in situ surface x-ray diffraction (SXRD) mea-
surements were conducted at 33-ID-E of the Advanced Photon
Source, using the oxide MBE chamber (25). The fluxes of the Nd and
Ni sources were calibrated with a quartz crystal microbalance. The
substrates were heated to 560°C at a rate of 15°C/min. After the tem-
perature was stabilized at 560°C, as determined by an infrared opti-
cal pyrometer, NdO and NiO, were grown under an oxygen partial
pressure of 2.0 X 107 mbar. The specular and diffuse intensities
were simultaneously measured with a Pilatus 100K area detector.

In situ CaH, reduction

The as-grown nickelate films (~2.5 by 2.5 mm?) were attached to a
flat metal block and sealed within a quartz tube with 0.2 g of CaH,
powder maintained at ~1 mtorr. The quartz tube was mounted on a
six-circle x-ray diffractometer at sector 33-ID-D and heated for the
in situ synchrotron x-ray experiment. The heating and cooling rates
were fixed at 6°C/min.

Physical properties measurement

Transport measurements from 1.8 to 300 K were conducted with the
four-probe method in the commercial Physical Property Measure-
ment System allowing magnetic fields up to 9 T.

X-ray analysis

The x-ray scattering data were analyzed using the COBRA method
(32). COBRA is a phase retrieval algorithm applicable to systems
that are periodic in 2D and aperiodic in the out-of-plane direction,
making it suitable for the analysis of SXRD data. The 3D electron
density has sub-angstrom resolution. For the cases studied here, the
known bulk structure of NdNiO; was used as a reference.

STEM characterization

The samples were prepared by a regular focused ion beam (FIB) lift-
out process. A 100-nm-thick Au layer was deposited on sample sur-
faces before the samples were loaded to FIB to have the surfaces
protected. At the final stage of FIB thinning, a 5-kV Ga ion beam
was used to reduce material damage. The cross-sectional TEM
samples were imaged by the Thermo Fisher Scientific Spectra 200
operated at 200 kV. The high-angle annular dark-field images were
acquired in the angle range of 72 to 200 mrad.
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