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I. XAS ANALYSIS AND INTERMEDIATE PHASE STRUCTURES
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FIG. S1. Additional XAS measurements taken with the electric field, e, parallel to the sample a-axis. (a) Total electron
yield (TEY) Measurements at the oxygen K-edge for all samples presented in the main text. Total fluorescence yield (TFY)
spectrum of a bare SrTiOs substrate is provided for reference. (b) Extended range spectrum at the nickel Ly and L3 edges.
(¢) Zoom in on Ni Lg XAS for sample D, showing spectra obtained at two positions near the sample center. (d) TEY spectra
at the neodymium M4 and M5 edges. All spectra were collected at normal incidence at temperatures of either 20 K or 78 K;
traces have been rescaled and offset for clarity.

Here we present additional x-ray absorption spectroscopy (XAS) measurements on the samples from the main text.
Larger range XAS measurements at the oxygen K, nickel L, and neodymium M edges are shown in Fig. S1. All
spectra were collected at normal incidence with either a silicon drift detector or photodiode at either 20 or 78 K.
Measurements were performed at both beamline 8.0.1 of the Advanced Light Source and the REIXS beamline of the
Canadian Light Source and a common NdNiO3 samples (Sample A) was measured at both beamlines as an energy
reference. At the O K edge, samples A and B show a strong pre-peak associated with the O 2p - Ni 3d hybridization
[1, 2] typical of the the perovskite nickelates. Conversely, samples C-F show no evidence of a prepeak feature at
~ 528 eV, indicative of full conversion of the original perovskite to other phases [3]. At the Ni L edge, a split-peak
structure at the nickel L3 edge (851-855 eV) is observed in both samples A and B, as is expected for the perovskite
nickelate, and no additional peaks associated with the formation of NiO are observable, indicating complete oxidation
of the as-grown perovskite samples. The infinite-layer samples (D-F) show the typical single peak structure reported
in the literature [4, 5]. Two spectra from different positions near the sample center are reported for Sample D in Fig.
Slc. The two positions show slightly different XAS profiles at the L3 edge with a peaks at 852.4 eV and 852.7 eV
at positions 1 and 2, respectively. The resonant feature at q = (1/3,0) was observed at both positions on the sample
with similar correlation lengths (& ~ &;) but different amplitudes (As ~ 3A;). Finally, the neodymium M edges,
shown in Fig. S1d, show little variation across the sample series.

In addition to the TEY measurements presented in Fig. S1, which were performed on all samples, partial fluorescence
yield (PFY) measurements at the Ni L edge were also measured on samples B, C and F using a silicon drift detector
[6, 7]. Selecting fluorescence from Ni L edge emission, and eliminating emission from oxygen or titanium, enables
measurement of emission from the sample without contributions from the SrTiOs (STO) substrate or capping layer.
These measurements were performed with both o and 7 polarized light for a range of incident angles spanning grazing
incidence (6 = 10°) to normal incidence (6§ = 90°), such that 7 polarized light at grazing incidence probes with the



electric field approximately parallel to the c-axis of the sample.
For a thin film of thickness dyno, the intensity of the Ni L edge partial fluorescence yield is given by
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where firori(Htot, r) 1s the total linear x-ray absorption co-efficient of the NNO,, layer at the incident(emitted) photon
energy and jin;r,; is the contribution to the Ni L absorption coefficient of NdNiO, layer from excitation of 2p core
electrons into unoccupied states. In our samples, the thickness of the STO capping layer dspo ~ 7 — 12A is thin
relative to 1/pusro ~ 2800A. Accordingly, the STO layer provides negligible absorption of the incident and scattered
beam. As shown in equation 1, the intensity of the Ni L edge PFY will be proportional to pn;r, i, but will be subject
to a self-absorption correction depending on the values of jiio14, fitot, £, @, B and dyno-
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FIG. S2. Ni L edge partial fluorescence yield measurements of the x-ray absorption. (a) The Ni L edge partial fluorescence
of sample F as a function of incidence angle, o with o polarized light (with the electric field, £ parallel to a). Measurements
are shown normalized to the incident beam intensity, Ip and sina. (b) punir,; determined from the data in (a) by applying a
self-absorption correction. (c) and (d) pnir,; as a function of energy for sample C and F for both € || a and € || ¢. Data for
e || ¢ were deduced from measurements at grazing incidence (o = 10°) with 7 polarized light.

In Fig. S2, the raw PFY data for sample F are shown as a function of angle of incidence, «, for ¢ incident light. Here
the data are normalized only to sin a and the incident beam intensity, Iy. The good agreement between measurements
at different o values above the Lz edge indicates that self absorption corrections are not too large (> 10%). At the
peak of the L3 edge at grazing incidence, self absorption can reduce the peak intensity by ~ 25%, for our 20 u.c.
thick samples. This self absorption effect can be partially corrected by scaling the PFY data to tabulated values of
the absorption co-efficient above the Ni L edge [8] and inverting equation 1. This procedure gives unir dnvnyo shown



in Fig. S2b, showing good agreement between measurements at different values of a. Applying this procedure to
sample B, C and F using ¢ and 7 polarized light at grazing incidence provides a good comparison of the energy and
polarization dependence of the XAS between samples, notably without any free parameters or the need to otherwise
scale or offset measurements taken on different samples. As shown in Fig. S2c,d, the NdNiOs sample (Sample F)
shows dichroism consistent with literature, with a large peak for F || a at 851.2 eV that is diminished with F || ¢,
consistent with Ni'* and holes in d,2_,2 orbitals.

In contrast, sample C exhibits a peak at slightly higher energy (852.8 V) than sample F for F || a. Moreover, with
E || ¢, sample C exhibits a peak at lower energy (852.2 eV) than the peaks in both samples C and F with E || a.
Moreover, the energy dependence and dichroism, contrasts with that of perovskite Ni3* (sample B). This is suggestive
of at least some concentration of Ni?* sites in sample C,[9] with holes in both dy2_y2 and ds,2_,2 orbitals. Unlike
Ni?* in NiO, dichroism indicates a crystal field with symmetry lower than Oy, such as Ni residing in pyramidal sites,
with ds,2_,» orbitals having a lower energy than the dg2_,2 states.
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FIG. S3. Proposed structures for they oxygen ordering in NdNiOz4,. (a-b) The proposed structure of Nd3NizO7, from Moriga
et al. based on x-ray powder refinement, with octahedral coordination of the nickel ions. (c-d) A proposed structure for
Nd3NizO~ consisting of alternating square-planar and pyrimidal coordination of the nickel ions. (e-f) A proposed structure for
NdsNizOs consisting of alternating pyrimidal and octahedral coordination of the nickel ions.

In Fig. S3 we display three proposed structures for the oxygen ordering in intermediate phase nickelates. Fig.
S3a,b, reproduces the structure for (Nd,Pr)3NizO; proposed based on bulk powder x-ray refinement in Ref. [10] with
the remaining oxygen atoms forming octahedral chains along one axis. XAS measurements, detailed in Fig. S2, on
sample C suggest a lower symmetry configuration of the nickel ions than the Oy configuration proposed by Moriga
et al. [10]. As such we propose an alternate structure for Nd3NizO / SrTiO3 with alternating pyramidal and planar
coordination of the nickel ions, and chains of missing apical oxygen ions running in the basal plane. This structure,
depicted in panel (c-d), can be naturally extended via the addition of one additional oxygen ion per formula unit to a
structure of Nd3Ni3Og which is consistent with the STEM results on Sample J presented in the main text, as shown in
Fig. S3e,f. Prior studies of oxygen deficient brownmillerite-like structures, (La,Sr)2Co20s5, indicate that the ordering
of oxygen vacancies is sensitive to sample orientation and strain [11]. Furthermore, bulk electron diffraction studies
of the reduction products of LaNiOj indicate the presence of several orderings, even in the same sample, including
LasNizO5, LagNigOq1, and LagNizOg [12, 13]. As such, it is plausible that any or all of these structures may occur
in a given thin film sample, with their presence dictated by details of the sample (e.g. the presence or absence of
defects in the perovskite precursor) or the reduction process itself (reducing agent, time, temperature). Detailed
macro- and micro-structural analysis of the factors contributing to oxygen ordering in the infinite-layer nickelates,
and topotactically reduced oxides generally, will likely play an important role in both stabilizing and understanding
novel reduced oxides.



II. ADDITIONAL DATA AND MEASUREMENTS ON SAMPLES A-F

A. Temperature Dependence
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FIG. S4. Additional temperature dependent measurements of the resonant feature for samples B, C, and D of the main text.
(a) Measurements of the lightly reduced perovskite sample, B, at the Ni Lz edge. (b) Measurements of the intermediate oxygen
ordered phase sample, C, at the Ni L3 edge. (c-d) Measurements of the predominately infinite-layer sample, D, at the Nd Ms
and Ni L3 edges, respectively. Data are presented without any background subtraction but traces have been vertically offset
for clarity.

A selected set of the raw data from the temperature-dependent measurements depicted Fig. 3 of the main text
are presented in Fig. S4. As can be seen in the raw data, there is little to no observable variation in the peak
characteristics in any of samples B, C, or D as a function of temperature, which is consistent with the fitting results
presented in the main text — only a weak dependence in the intensity and no observable trend in the correlation
length. We note that the fitted correlation correlation lengths, & = 27w /Ag, observed here are somewhat larger then
those reported previously by a factor of 3-5 [14-17]. Finally, we observe that in each temperature series that there is
a slight shift in the peak position to higher ¢ as the samples are warmed from 20 to 370 K. In sample C the shift is
measured to be 0.0012 r.l.u. (0.3%) relative to SrTiOg in-plane lattice parameter. This shift is consistent with thermal
expansion of the SrTiO3 substrate as measured in Ref. [18]. The increase in the pseudocubic lattice parameter from
~3.899 A at 20 K to 3.905 A at 300 K shifts reciprocal lattice to higher ¢ by ~ 0.2%, in good agreeance with our
observations.

B. Out-of-plane Momentum Transfer

Dependence on the out-of-plane momentum transfer, L, for samples B, C, and D is reported in Fig. S5; in all cases
L is reported relative to the infinite-layer out-of-plane lattice parameter, ¢ = 3.286 A. In sample B, little change is
observed as a function of of L over the range measured, indicating short correlation lengths out of the plane of the
ordering. In contrast, in the film composed predominately of the ordered oxygen vacancy phase shows a relatively
sharp L dependence, though with a larger correlation length (£(,0,z) =4-6 nm) than in-plane (&(,0,0) = 37 nm). This
is expected given the out-of-plane coherence is limited by the film thickness of ~ 7 nm. At 852.1 eV, the curve is
peaked around L = 0.30 r.l.u., which gives a plane spacing of d/3 = 3.65 A which is in agreement with the film c-axis
lattice constant, ¢ = 3.659 A, measured by XRD (Fig. 1 of the main text). Note, the data shown in Fig. S5b are
corrected for angle-dependent absorption of the incident and scattered beam by dividing the scattered intensity by

1— e—u(l/sin a+1/sinB)dnNo
sin o ’
K (1 + sinB)

where o and [ are the angles of incidence and emission, p is the linear absorption coefficient and dyyo is the
thickness of the NdNiO, layer. This is done because the absorption can vary strongly with L for L scans, impacting
the peak position in L. The L dependence of Sample D is, similar to sample B, not pronounced and changes in the
peak intensity are comparable to that of the background shape; however, the intensity appears to be at a maximum
between 0.280 and 0.333 r.l.u., at roughly ~ 3.1(2) r.L.u which is qualitatively similar to prior measurements, showing
a weak peak around L ~ 1/3.
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FIG. S5. L dependence of the resonant feature. (a) Rocking curves through (-0.333, 0, L) for different values of L on sample
B from the main text. L scans at constant H for sample C at the Nd/Ni resonances, after application of an angle dependent
absorption correction. (c¢) Rocking curves through (—0.333,0, L) at different L from sample D. Data are presented without any
background subtraction but traces have been vertically offset for clarity.

C. Energy Dependence of the Resonant Feature
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FIG. S6. Resonance profile comparison at the Ni L3 edge. (a) Difference between the intensity at the scattering wavevector
of ¢ = (0.333,0,0.290), Ion, and off the peak at ¢ = (0.310,0,0.300), Io,g. (b) Data extracted and reproduced from Fig. le of
Tam et al. (2022) [15]. Fitted peak positions are marked.

Additional data and a analysis of the resonant profiles of samples C and B are provided in Figs. S6 and S7. The
resonance profile of the scattering peak (difference between the signal measured on the peak, and off — to remove
contributions from the background fluorescence) for (intermediate phase) Sample C is depicted in Fig. S6a. The two
peak structure, with a splitting of 730 meV, matches well with prior measurements of the resonance profile by resonant
inelastic x-ray scattering in Tam et al. [15]. The data from this reference are reproduced in Fig. S6b, where the
similar peak splitting of 740 meV is apparent. The similarity of these resonant profiles, including both the bifurcation
and the overall energy width of the feature, suggests a common origin. The resonance profile, at fixed q, of Sample
C at the neodymium M edge is pictured in Fig. S7 and shows strong enhancement of the scattering intensity at both
the M, and M5 peaks. For reference, the fixed q resonance profile for the lightly reduced Sample B is shown in Fig.



S7b,c, where a small, but measurable, enhancement above the fluorescence is observable. Finally, rocking curves at
a variety of photon energies well off of the Ni and Nd resonances for Sample B are provided in Fig. S7d. Just like
samples C and D from the main text, the q = (1/3,0) feature is weak, but observable well off resonance indicating a
structural origin of this peak as well.
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FIG. S7. Resonance profile comparison at the Nd M5 edge. (a) Scattered intensity at fixed g = (0.333,0.000,0.340) as a
function of photon energy, for sample C. Grazing incidence (0 = 10°, o polarization) neodymium PFY measurement is included
as an intensity reference. (b) Resonant energy profile of sample B at the Nd M edge on the peak scattering wavevector, Ion,
and off, I, (as a measure of the fluorescence background). (c) Difference between the intensity on and off the scattering wave
vector, normalized to the maximum value. (d) Rocking curves on sample B, through q = (0.333,0.000, 0.340), performed at
different off-resonant energies — presented without any background subtraction but traces have been vertically offset for clarity..

D. Additional Null Results

a Sample E b Sample F (o] Sample F
0.7 L(rlu) hv(eV) — 0.315 85255 (1.6~ L (rlu) hv(eV) o pol o pol
— 0277 85200 — 0.315 853.00 —0.355 981.2 0.6
0315 85190 — 0315 852.28 —0.340 9507 6 W
_0.6F 0.315 85220 — 0.340 979.95 (1.4~ —0.330 8525 ;ﬁ”:‘f’,f'—jﬁ»—"’
S — 0315 85228 — 0.340 979.95 —0.330 8524 0.5 -

0.340 852.3

[~ —0.310 852.3
T
0.4 L(rlu) hv(eV) —0.333 852.4

= - onarn, » X
© AR “
- —0.355 981.2 — 0.350 852.3
i ’ 0.3} —0.340 9812 — 0.340 852.3
e 0340 9812 —0.340 852.3
0.3 0.8 02lL 0.310 9812 —0.310 852.3

—0.340 979.9 —0.340 846.2
opol M T~ | el L R TR M

040 -036 032 -0.28 0.28 0.32 0.36 036  -032  -0.28
H(rlu.) H(rlu.)

FIG. S8. Additional RSXS measurements performed on samples E and F. Rocking curves centered at (+1/3,0, L) at multiple
values of L and hv show no indication of a peak at the nominal ordering wave-vector, q = (1/3,0), in either sample. Traces are
presented without any background subtraction or rescaling have been vertically offset for clarity.

Finally, in Fig. S8 we show additional null results on samples E and F from the main text. Following careful align-
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FIG. S9. Characterization of samples G, H, and I. (a) Lab based XRD measurements of all three samples showing the (001)
and (002) diffraction peaks; SrTiOs substrate peaks are marked with a star (*). b) Nickel L edge XAS-TEY measurements
showing the single peak structure of NdNiOs. (¢) Oxygen K edge XAS-TEY measurements showing no pre-peak at ~ 528 eV,
a TFY measurement of a SrTiOs substrate is included for reference. All plotted spectra were taken with the electric field e,
parallel to the film a-axis. Traces have been vertically offset for clarity.
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FIG. S10. Additional RSXS measurements performed on samples H and I at beamline 8.0.1 of the Advanced Light Source
using a silicon photodiode detector. (a) Rocking curves through q = (0.333,0,0.315) at different photon energies. (b-c) H
scans at constant L at different values of L ranging from 0.275 to 0.340 r.l.u about H = +1/3 and H = —1/3, respectively. (d-f)
Same scans performed on sample I. Data are presented without any background subtraction but traces have been vertically
offset for clarity.

ment to the substrate Bragg peaks a series of rocking curves was performed on either sample including measurements
at and around both the Ni Ls and Nd M5 edges. No peaks were observed at any energy or at any of the L values
tested in the vicinity of previous reports near q = (1/3,0, 1/3).

ITT. CHARACTERIZATION AND MEASUREMENT OF SAMPLES G-J
A. Null Results on Additional Samples

In this section we describe measurements on additional samples not featured in the main text, Samples G-I, as well
as characterization details for the sample whose TEM profile is included in Fig. 4 of the main text, Sample J. Cu K-«
XRD measurements of samples G, H, and I are shown in Fig. S9a. Samples G, H, and I were all prepared in nominally
the same way as samples D-F in the main text with exception that sample G was exposed to the atomic hydrogen



beam for a slightly lower time: 10 minutes, in contrast to the typical 12-15. As a result, while the sample appears
predominately infinite-layer in composition, there are some weak shoulders visible decorating the (002) Bragg peak at
20 = 50.5° and 53.5°, this is in contrast to samples H and I which show only the Pendellosung fringe pattern of the
main text samples. XAS measurements at the Ni L and O K edges for the three samples are shown in Fig. S9b,c,
and have the expected single Ni L3 peak at ~ 852 eV associated with NdNiO5 and no visible O K edge pre-peak
associated with unreduced NdNiOg. Resonant scattering measurements on samples H and I are presented in Fig. S10,
and spatially resolved soft and hard x-ray measurements on sample G are detailed in Fig. S11. Sample H, shows weak
signatures of a resonant feature at H = *1/3 which is only barely visible in the rocking curve at hr = 852.1 eV and
not visible at most values of L except between 0.275 and 0.314 r.l.u., as can be seen in panels (b-c) — this peak has
amplitude only 4% above the background and FWHM of > 0.04 r.l.u (£ < 10 nm). Sample I, shown in Fig. S10d,e,f,
shows no evidence of any resonant features at any values of hv or L.

B. Position Dependent RSXS and HXRD Measurements
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FIG. S11. Spatially resolved hard and soft x-ray measurements of Sample G. (a) Lab-based Cu K-a x-ray diffraction
measurement with a beam width > 10 mm, covering the entire sample. The SrTiOs substrate peak is marked with a star (*),
and positions of intermediate-phase peaks are indicated by arrows. (b) Sequence of hard x-ray diffraction (00L) scans taken
at positions ranging from near the sample edge to near the sample center. (c) Position-dependent soft x-ray rocking curves
through q = (0.333,0,0.315) at the Ni L resonance. Traces are presented with a fit cubic background and have been offset for
clarity. (d) Diagram of a 10 x 10 mm sample with the measurement positions from (b) and (c) marked. Estimated hydrogen
fluxes at different positions on the sample are marked. (e) Resonant scattering peak amplitude and NdNiO2 peak amplitude
as a function of distance from the sample center.

Due to the expanding nature of the atomic hydrogen source, the flux at the sample surface is not perfectly uniform,
and a drop of 15-20% across the sample is expected based on characterization data of the source [19, 20]. Additionally,
as the sample is suspended at the corners, and heated radiatively from behind, there is typically a thermal gradient
across the sample with the corners remaining slightly cooler then the center. Both of these factors (reduced flux and
sample temperature) are expected to cause the edges of the sample to reduce more slowly then the sample center.
To test this hypothesis, Sample G was reduced in a similar manner to the other NdNiOgy samples reported in this
study, but for a slightly shorter duration. As a result some impurity peaks remain visible in area averaged XRD
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measurements of the (002) peak, indicated in Fig. S11a. In Fig. S11b micro-spot diffraction measurements about the
(002) Bragg peak are reported where the x-ray beam (100 pm x 100 pm) is rastered from the sample edge towards the
center. These spatially resolved measurements confirm that the sample edge has a clustering of intermediate-phase
peaks with lattice constants greater than NdNiOs, even though the sample center appears well reduced to the infinite-
layer phase. Later, this same sample was remeasured at low photon energies corresponding to the Ni L3 resonance.
These spatially resolved RSXS measurements (spot size: vertical x horizontal = 30 gm x 200 pm), taken at positions
coincident with the hard x-ray measurements, are detailed in panel C and the positions on the sample surface are
indicated in D. As expected, the q = (1/3,0) peak is strongest near the sample edge and tapers off approaching the
center. These results are summarized in Fig. S1le where the fitted amplitude of the (1/3,0) peak is compared to the
intensity of the (002) Bragg peak (normalized by the off-peak intensity). The anticorrelation between the presence
of the NdNiOs phase and the resonant feature strongly indicates that this feature is not intrinsic to the infinite-layer
phase.

C. Characterization of Sample J
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FIG. S12.  Characterization of Sample J. (a) Lab-based Cu K-a X-ray diffraction measurements of the (001) and (002)
reflections. SrTiOs substrate peaks are marked with a star (*), and the arrow indicates the peak position of the incompletely
reduced phase. (b) Temperature dependent resistivity.
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FIG. S13. 1D profiles of the ABF-TEM image of Sample J presented in Fig. 4(d) of the main text. (a) Reproduction fo the
ABF image from the main text with diagonal paths marked (arrows). (b) Extracted line profiles along the marked paths with
the expected positions of apical and planar oxygen ions marked.

Basic characterization of Sample J is provided in Fig. S12. Lab-based XRD measurements indicate that the sample
is partially reduced, with a strong sharp peak occurring at the expected position of NdNiOo, 20 = 55.86°. An
additional phase is clearly present in the film, as evidenced by the side peak at 26 = 53.67° (NB: This is nearly the
same peak position of the shoulder observed in Sample G in Fig. Slla. The sample resistivity, shown in panel B
is qualitatively similar to NdNiOs films presented here and in the literature, however the minimum resistivity, 860
uQ-cm, and low temperature resistivity, p(2 K) = 1200u2-cm, are higher then observed in samples D, E, and F —
which is consistent with inclusions of insulating intermediate phases in the film. The film was grown and reduced using
the same conditions as D; however, it possesses a thicker, 4 u.c. SrTiOgs, capping layer — the presence of additional
reduction products in the film is not unexpected, given that the conditions were not adjusted to account for the
thicker capping layer. Fig. S13(b) shows a series of 1-D profiles along diagonals of the ABF-TEM image presented in
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Fig. 4(d) of the main text. The alternating pattern of reduced intensity along the path marked in green indicates the
missing apical oxygen ions in every third diagonal, consistent with the period three distortions in the Nd sublattice
visible in the HAADF-TEM image and its fourier transform.
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