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The square-planar nickelates are a class of superconductors analogous to the cuprates and promise to provide
insight into the pairing mechanism in high-temperature superconducting oxides. The parent phase of doped
superconducting films is NdNiO2, which is prepared by reducing 3+ Ni in NdNiO3 films. In this paper, we
develop an ultrahigh vacuum reduction method using aluminum deposited on top of the 3+ nickelates and
monitor the reduction process in real time through in situ crystal truncation rod measurements and diffraction
x-ray absorption near edge spectroscopy measurements across the Ni K edge. We establish a relation between Ni
valence and the lattice constant of NdNiO3−x and show that the process can precisely control the oxygen content
in the films. Finally, we extend the reduction process to quintuple square-planar nickelates.
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I. INTRODUCTION

The square-planar nickelates are a class of superconductors
[1] analogous to the cuprates and promise to provide insight
into the pairing mechanism in high-temperature supercon-
ducting oxides [2–6]. The square-planar nickelate structure
consists of a NiO2 layer sandwiched by rare-earth metal lay-
ers, achieving a Ni1+ valence. Experimentally, superconduc-
tivity is intrinsic to the structure, as evidenced by its presence
in various square-planar nickelates fabricated with different
dopants, such as Sr : LaNiO2, Sr : PrNiO2, Ca : LaNiO2 [1,7–
10], and in a reduced quintuple Ruddlesden-Popper structure
Nd6Ni5O12 [11]. Interestingly, all superconducting films show
a nominal hole-doping level of 20% on the rare-earth site,
highlighting the importance of hole doping as the key to
superconducting nickelates [12].

To date, square-planar thin films are synthesized by first
growing a fully oxidized nickelate parent thin film with the
perovskite structure and reducing it using CaH2 [7,13,14]. Re-
duction is achieved by lowering the oxygen activity in a quartz
reaction ampule by scavenging residual oxygen in the tube
through a reaction to Ca(OH)2. Note that the decomposition
temperature of the hydride is too high for hydrogen to play
a role [15]. The temperature of the CaH2 reduction process
needs to be high enough for oxygen diffusion through and out
of the thin film. The oxygen activity in the reaction vessel is
on the order of 10−60 Torr, or far below what is readily achiev-
able in a vacuum system (see Supplemental Material [16] for
the estimation). Some success has been reported when thin
films are annealed in ultrahigh vacuum [17] or at relatively
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high temperature in an oxygen-deficient atmosphere [18,19],
but no vacuum-based process completely removes the apical
oxygen. An important challenge of a hydride topotactic re-
duction process is timing an anneal at a specified temperature
to control oxygen content [20] and achieve superconducting
behavior [7]. If the sample is annealed too long or at too
high a temperature, the reduction results in phase separation
to metallic constituents [21]. An advantage of implementing
an alternate reduction process is that the hydride reduction
process may introduce impurities, secondary phases [22,23],
and residual hydrogen, which may trigger another electron or
atomic configuration [24,25].

In this paper, we introduce a process to reduce NdNiO3

to NdNiO2 and Nd6Ni5O16 to Nd6Ni5O12 using metallic alu-
minum to control the oxygen content in the films by varying
the coverage of aluminum. In contrast to controlling the oxy-
gen activity to change the oxygen content, we demonstrate
control of the oxygen number through straightforward con-
trol of aluminum coverage. We follow the reduction process
using x-ray diffraction to measure changes in both electronic
and physical structure. Measurements of electronic structure
changes are done using an anomalous diffraction technique
to probe the near edge electronic structure [diffraction x-ray
absorption near edge spectroscopy (dXANES)] and correlate
the electronic structure with a lattice parameter by measuring
crystal truncation rods (CTRs), both of which are measured in
real time during the reduction process. These measurements
are made as a function of Al surface coverage and temper-
ature. The metal reduction method in this paper provides a
pathway to synthesize square-planar nickelate thin films with
reduced impurities that could be caused by the postannealing
process or by using CaH2 [21–26]. The oxygen reduction by
Al layer deposition also preserves an atomically flat surface
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FIG. 1. In situ characterization during reduction. (a) Experimental diffraction geometry and in situ reduction reaction. The reaction shown
is exothermic with a formation energy of 2.7 eV per oxygen atom removed from NdNiO3. (b) and (c) Crystal truncation rod (CTR) and
diffraction x-ray absorption near edge spectroscopy (dXANES) taken during a shutter-controlled reduction. (b) shows a two-dimensional plot
of 37 CTR (00L) scans on a log scale on the high-temperature, shutter-controlled (HTS) reduced sample. Each slice in the bright zone is a
CTR scan, with the yellow dots locating the nickelate Bragg peak. Aluminum deposition is started and stopped after 1 monolayer (ML) is
deposited seven times during the HTS process. The white number indicates the total Al thickness in MLs. The nickelate Bragg position shifts
from L = 1.07 (c = 3.64 Å) to L = 1.185 (c = 3.30 Å) after reduction. In each dark blue region of the plot, an energy scan of the scattered
intensity is done at the nickelate Bragg position determined from the previous CTR scan. A strong anomalous scattering signal is observed as
shown in (c). The labels in (c) correspond to those shown in (b) and indicate the total Al thickness in MLs.

of the film by avoiding surface roughening by thermal an-
nealing [27], which can enable surface-sensitive physical and
electronic structural analyses that could not be achieved in the
conventional CaH2 reduction method. With these advantages,
this method can be used to improve understanding of the
superconducting square-planar nickelates.

II. METHODS

A. NdNiO2 thin film synthesis

Thin films of NdNiO3 are grown to a thickness of 15 unit
cells (u.c.) epitaxially on single-crystal SrTiO3 (STO) (001)
substrates using oxide molecular beam epitaxy (MBE). The
samples are grown at 570 ◦C using an activated RF plasma
oxygen source at a chamber pressure of 5 × 10−6 Torr. The
films are subsequently taken to the in situ MBE-scattering
chamber at the Advanced Photon Source, sector 33-ID-E, to
perform both the reduction process and in situ measurements
of structure [28]. The process for the measurements starts by
annealing the films at 350 ◦C in 3 × 10−5 Torr of distilled
ozone or oxygen ambient to obtain clean surfaces. The thin
films are subsequently reduced by depositing Al at substrate
temperatures of 200 and 270 ◦C using either a continuous or a
shutter-controlled deposition process [Fig. 1(a)]. The Al flux
is calibrated by a quartz crystal microbalance and set to 0.5
layer/min where 1 monolayer (ML) corresponds to an atomic
density of 6.558 × 1014 cm−2. The film is reduced by Al de-
position in a vacuum of 1 × 10−9 Torr following the chemical
reaction:

3NdNiO3 + 2AI → 3NdNiO2 + AI2O3. (1)

According to this reaction, complete oxidation of 1 ML
Al reduces 1.5 u.c. of NdNiO3 to NdNiO2, which allows for
the control of oxygen content in the film through control of
Al coverage. The reaction is exothermic by 2.7 eV/oxygen or
260 kJ/mole O, as calculated using density functional theory,
ensuring complete reduction of the perovskite phase (or 113)
to the infinite layer nickelate (or 112) phase [29]. We also note
that the per oxygen formation energy of Al2O3 (−5.65 eV) is
larger than the enthalpy change of CaH2 to Ca(OH)2 (−4.40
eV), which has been shown to fully reduce nickelates [21,29].

B. Nd6Ni5O12 thin film synthesis

Thin films of Nd6Ni5O16 are synthesized on STO sub-
strates by shutter-controlled growth following a shutter pattern
of Nd-Ni-Nd-Ni-Nd-Ni-3 × Nd-2 × Ni [30] at 570 ◦C using
an activated RF plasma oxygen source at a chamber pressure
of 5 × 10−6 Torr [11,31,32]. A total of three superlattice unit
cells are synthesized, and 10 ML Al are deposited for reduc-
tion.

C. In situ characterization of NdNiO3−x (0 < x < 1)

To follow the reaction of Eq. (1), we use an experimental
sequence that consists of alternating measurements of one or
more CTRs [33] followed by dXANES measurements. A dX-
ANES measurement is performed by measuring the diffracted
intensity at the nickelate (001) Bragg peak by scanning the
incident x-ray energy over the Ni K edge. Because of strong
changes in the scattering strength across the absorption edge,
the diffracted intensity is strongly modulated in a way that
measures the x-ray absorption spectra on the Ni site of the
perovskite structure [34–37].
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Three 15-u.c.-thick NdNiO3 films are reduced and moni-
tored with CTR and dXANES using three different reduction
processes. The three processes are

(1) HTC, reduction proceeds at high temperature (270 ◦C)
under a continuous Al flux.

(2) LTC, reduction proceeds at low temperature (200 ◦C)
under a continuous Al flux.

(3) HTS, reduction proceeds at high temperature (270 ◦C)
using a shutter-controlled Al flux.

For HTC and LTC, Al is deposited continuously to a
final coverage of 15 ML, which is more than what is re-
quired to reduce 15-u.c.-thick films according to Eq. (1). For
shutter-controlled reduction, a shutter in front of the Al source
controls the deposited amount to 1 ML Al each time the
shutter is opened, and a total coverage of 7 ML is achieved
after reduction.

The measurement program to follow the reduction pro-
cesses depends on the process. During the HTC reduction,
continuous CTR scans are taken in a limited volume of recip-
rocal space. Each scan takes ∼150 s. During LTC reduction,
continuous CTR and dXANES scans are taken alternatively.
Note that, as the reduction process proceeds, the position of
the nickelate Bragg reflection changes so that each dXANES
measurement is measured at a different location in reciprocal
space, i.e., the location of diffracted maximum in the previous
CTR scan. Each CTR scan takes 150 s and dXANES takes
∼900 s. HTS reduction repeats the following processes: We
start depositing Al while performing CTR scans. The Al flux
is stopped after 1 ML Al is deposited in 120–140 s, while the
CTR scans continue until the diffraction pattern shows negli-
gible change for two consecutive scans. After that, dXANES
at the nickel K edge is measured at the main Bragg reflection,
followed by another CTR scan that confirms the diffraction
pattern has not changed during the dXANES scans. The op-
eration is repeated until the diffraction peak in CTR scans
indicates the film is fully converted to NdNiO2. Each repeat
takes ∼30 min in total, involving 4–5 CTR scans, 1 dXANES
scan, and 1 CTR scan for confirmation. Figure 1(b) shows a
two-dimensional plot of diffracted intensity as a function of
time and position in reciprocal space along the (00L) direction
for the HTS process. Figure 1(c) shows dXANES scans that
are measured during the time indicated by the dark strip in
Fig. 1(b), at the location in reciprocal space indicated by the
yellow dot right above each dark strip.

D. Data analysis for CTR and dXANES scans

CTR data are analyzed by fitting a thin film model that
assumes that, at all stages of the process, the thin film has
a homogeneous composition and an out-of-plane lattice pa-
rameter. The dXANES data analysis is performed using a
self-consistent Kramers-Kronig algorithm [37,38] to obtain
the imaginary part of the Ni scattering factor f ′′(E ) as a
function of incident x-ray energy E across the K edge. The
energy of the white line peak is calculated by fitting the region
around the peak maximum; the principal component analysis
(PCA) is conducted to achieve Ni valence (see Supplemental
Material Fig. S1 [16] for details).

ex-situ transfer

ozone annealing, 
2 hours

Tsample = 350°C,
Pozone = 3×10-5 Torr

ozone annealing, 
2 hours

Tsample = 350°C,
Pozone = 3×10-5 Torr

oxygen annealing, 
2 hours

Tsample = 350°C,
Poxygen = 3×10-5 Torr

dXANES

CTR scan

dXANES

CTR scan

dXANES

CTR scan

STO substrate treatment

15 uc NdNiO3 thin film growth.
Growth condition: Tsubstrate= 570°C,
Pambient= 5×10-6 Torr atomic oxygen

change Tsample to 200°C
turn off ozone

dXANES

CTR scan

turn off Al flux

dXANES

CTR scan

turn on Al flux

LTC reduction
condition:

Tsample = 200°C, 
Pambient = 1×10-9 Torr

Is 15ML Al 
deposited? 

(x4)
Yes

No

Reduction ends. 
Cool down sample.

Is
 CTR stable? 

(x20)

No

Yes

dXANES

CTR scan

turn off Al flux

CTR scan

turn on Al flux

HTC reduction
condition:

Tsample = 270°C, 
Pambient = 1×10-9 Torr

Is 15ML Al 
deposited? 

(x15)
Yes

No

Reduction ends. 
Cool down sample.

Is 
CTR stable? 

(x7)

No

Yes

Is 
CTR stable?

 (x3-4)
Yes

No

CTR scan

turn off Al flux

dXANES

CTR scan

turn on Al flux

HTS reduction
condition:

Tsample = 270°C
Pambient = 1×10-9 Torr

CTR scan

  Did cNNO
change after

last Al depostion? 
(x7)

Yes

No

Is 1ML Al 
deposited? 

(x1)
Yes

No

Reduction ends. 
Cool down sample.

change Tsample to 270°C
turn off ozone

change Tsample to 270°C
turn off oxygen

FIG. 2. Scripts describing sample preparation and characteriza-
tion for the low-temperature continuous (LTC), high-temperature
continuous (HTC), and high-temperature, shutter-controlled (HTS)
processes. The number in each decision panel indicates the typical
number of iterations before the next step.

The thin film synthesis and in situ characterization exper-
imental scripts for the LTC, HTC, and HTS processes are
summarized in Fig. 2.

III. RESULTS AND DISCUSSION

In situ reduction starts with a 15-u.c.-thick NdNiO3 thin
film after annealing, and reflection high-energy electron
diffraction (RHEED) indicates a clean 2 × 2 RHEED pattern,
which is consistent with oxygen octahedral rotations in the
film [39] [Fig. 3(a)]. The number of diffracting nickelate
crystal planes is determined from a fit of the CTR profile
[Fig. 3(b)] to the period of finite thickness oscillations (see
Supplemental Material Fig. S2 [16] for fitting details). As
Al is deposited on the NdNiO3 phase, the RHEED patterns
disappear and the x-ray Bragg reflection from the nickelate
moves toward larger out-of-plane momentum L [Fig. 1(b)].
The disappearance of RHEED indicates the formation of an
amorphous Al2O3 layer, and the changes in crystal volume
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FIG. 3. Experimental characterization before and after reduction. (a) Reflection high-energy electron diffraction (RHEED) pattern of the
NdNiO3 thin film before reduction. (b)–(e) Characterization of NdNiO3−x thin films before, during, and after reduction. (b) The (00L) crystal
truncation rod (CTR) scans for NdNiO3 and NdNiO2 thin films. The x axis is in units of STO reciprocal lattice units (r.l.u.). (c) Resistivity of 15
u.c. NdNiO2 and NdNiO3 thin films. Note that, for NdNiO2, the resistivity measured overlaps while heating and cooling. (d) Off-specular (103)
reciprocal space map (RSM) of a NdNiO2 film. (e) Surface topography measured using atomic force microscopy (AFM) of an Al2O3-capped
NdNiO2 thin film.

follow the removal of oxygen in NdNiO3 to fully reduced
NdNiO2, as deduced from a comparison of the volume at
the end of the process (50.32–50.62 Å3/u.c.) and that mea-
sured for fully reduced polycrystal NdNiO2 using CaH2 (V =
50.86 Å3/u.c.) [7,21]. We note that this value is smaller
than what can be achieved by annealing in a Mg-trapped
furnace for SmNiO3−x/LAO thin films (V = 54.49 Å3/u.c.)
[18]. Both observations are consistent with the reaction of
aluminum and NdNiO3 in Eq. (1) [Fig. 1(a)]. We note that this
film is stable when removed to air, as evidenced by an ex situ
reciprocal space map (RSM) measurement taken 45 d after
the sample is grown [Fig. 3(d)] [40]. The RSM also shows
that the in-plane lattice constant of the thin film is equal to
that of the substrate, meaning that the film remains strained to
the substrate after reduction.

Atomic force microscopy (AFM) images after reduction
can be used to infer the homogeneity of the reduction pro-
cess. In Fig. 3(e), the surface topography is shown for an
Al-reduced NdNiO2 film. A step-terrace structure is observed
with terraces ∼500 nm wide and a step height equal to the
thickness of a STO unit cell (∼0.4 nm high). The roughness
(1.97 Å rms) from a 10 × 10 µm area (see Supplemental Ma-
terial Fig. S3 [16] for the AFM image) is only slightly larger
than half of the STO step height (1.95 Å), indicating a uniform
Al2O3 capping layer after reduction.

The resistivity as a function of temperature for NdNiO2

and NdNiO3 is measured using a van der Pauw configuration
and shown in Fig. 3(c). Both phases show a metal-to-insulator
transition (MIT) with a transition temperature of 100 K for the

112 phase and 120 K for the 113 phase, like previous reports
[14,41].

To demonstrate how the reduction process can be con-
trolled, we analyze the CTR data during reaction and compare
three different conditions used to reduce NdNiO3. The most
straightforward metrics to evaluate the reduction process are
the lattice parameter and thickness of the crystalline phase,
which can be calculated by the position and full width at half
maximum (FWHM) of the nickelate Bragg peak, respectively.
Results are shown in Fig. 4(a). Film reduction at low tem-
perature (LTC) slows down more than at higher temperature
(HTC) before reduction is complete: Both processes end at a
lattice constant of 3.32 Å, but the LTC process takes six times
longer than the HTC process. On the other hand, the HTC
process using excess Al results in a significantly thinner film
with lower uncertainty in film thickness. These observations
indicate a slow reduction at low temperature and film degra-
dation when excess Al is deposited. The reduction process is
more precise for the shutter-controlled process (HTS), and no
reduction in film thickness is observed. The limited diffraction
data presented here leave open some questions. For example,
how does the reduction take place? One possibility is that
there is a planar phase boundary between the 113 phase and
an intermediate Nd3Ni3O7 (337) phase, as shown by Wang
et al. [20]. Can disorder that arises from a solid solution of
oxygen vacancies be measured? Such a measurement would
help pin down disorder in the NiO2 and NdO planes and
its role in the superconducting behavior. The process we
present here enables CTR measurements in larger volumes of
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FIG. 4. Comparison of three reduction conditions. (a) follows the
change of the nickelate lattice constant and thickness as a function
of time and Al coverage. The light gray lines indicate when Al is
being deposited during high-temperature, shutter-controlled (HTS)
reduction. The film thickness is calculated by the full width at half
maximum (FWHM) of diffraction peaks using the Scherrer equation
(see Supplemental Material Fig. S4 [16] for details). (b) Average Ni
valence V̄ as a function of NdNiO2 lattice constant. The red curve
is from a linear fitting, and the patched region indicates the 95%
confidence interval. (c) plots the change in rate of the average Ni
valence during reduction for the three processes.

reciprocal space on ex situ prepared films in which the reduc-
tion process is arrested at intermediate stages by controlling
the Al deposition.

We can also correlate the lattice parameter with Ni valence
to characterize the electronic structure at intermediate stages
as a function of vacancy content. To do this, we first determine
valence using the measured dXANES at each step of the
reduction process. Valence is determined from the dXANES
measurements at intermediate stages using a PCA method. For
the PCA, we use dXANES measurements from the as-grown
NdNiO3 LTC film and the dXANES measurements from the
reduced HTS film for the NdNiO2 standard to obtain a self-
consistent picture of the valence for all films. We note that,
for the as-grown film used in the HTS process, the lattice
parameter measurements show that it starts out partially (30–
40%) reduced by annealing in molecular oxygen but becomes
fully (> 95%) reduced by the HTS process. Lattice parameter
measurements for the as-grown LTC film annealed in distilled
ozone show that it starts fully oxidized and is only partially
(80–90%) reduced after LTC reduction [Fig. 4(a)].

Once the calibration in Fig. 4(b) is done using the dXANES
measurements taken during the pauses of the HTS process,

we can plot the rate of change in Ni valence vs the lattice
parameter [Fig. 4(c)]. Both LTC and HTC reduction processes
show a parabolic rate dependence on vacancy content, which
is consistent with a vacancy diffusion model in the nickelate
and a temperature dependence of the diffusion constant [42].
Note that a more quantitative analysis is hindered by uncer-
tainty in the role of the oxidation rate of the top aluminum
[43]. We observe faster oxygen diffusion using the HTC
process, and excess Al leads to film decomposition, as seen
from the decrease of film thickness and diffracted intensity
for c < 3.4 Å. This likely results from further reduction of
NdNiO2 into Nd2O3 and Ni (see Supplemental Material Fig.
S5 [16] for evidence of film degradation). To optimize the
NdNiO2 film quality, we control the amount of Al and use a
higher temperature. We then employ this process to determine
additional details of how the reduction proceeds.

We first determine how much oxygen is removed after
each layer of Al is deposited using the PCA analysis of
the dXANES measurements described earlier. The results are
shown in Fig. 5(a) and show that each layer of Al extracts
a stoichiometric amount of oxygen from NdNiO3−x until the
sixth layer of Al deposition. An independent characterization
of oxygen content using, for example, x-ray photoemission
spectroscopy, is complicated by the fact that the oxygen re-
moved from the heterostructure ends up in amorphous Al2O3,
thus preserving the total amount of oxygen in the composite
film. By fitting the amount of deposited Al and change of Ni
valence from dXANES [Fig. 5(a)], we confirm that 1 ML of
Al leads to an average change of 0.211 ± 0.017 Ni valence in a
15 u.c. NdNiO3−x film. This implies that each Al layer deposi-
tion removes 1.5 oxygen atoms per unit cell from the NdNiO2

layer, in line with the stoichiometric reaction in Eq. (1). This
systematic change of oxygen content with Al coverage can be
further confirmed by changes in lattice structure. Figure 5(c)
shows the shift of the diffraction peak during the reduction
process. A constant change in atomic structure is observed, as
shown by the linear fitting of lattice constant with Al coverage
[Fig. 5(a)], implying a continuous and roughly linear change
of lattice constant with oxygen vacancy concentration [44].

Apart from the shift of the Ni absorption edge roughly
corresponding to a change of Ni valence, we observe in the
dXANES spectra a decrease in white line bandwidth and
the emergence of a pre-edge peak after reduction [Fig. 5(b)]
between a nickel valence of 1.4 and 1. The white line is due
to a resonant transition from Ni 1s → 4p [45,46], and the nar-
rowing of the white line is attributed to a more localized 4pπ

Ni orbital in NdNiO2 after losing the apical oxygen atoms.
The Ni K pre-edge peak lies 9 eV below the Ni white line and
may be due to hybridization of the Ni 3dx2−y2 and O 2p bands
and increased band localization in the direction of the incident
x-ray polarization [4].

We now discuss how oxygen is removed from NdNiO3−x

during Al reduction. There are three possibilities. The first
is homogenous reduction: The oxygen occupancy in the
NdNiO3−x film uniformly changes within the film to form ran-
domly distributed oxygen vacancies so that the concentration
of vacancies x continuously changes. The second is that the
reduction process proceeds in a top-down fashion with the top
layers reducing first and the layers at the NdNiO3/STO inter-
face reducing last. The third possibility is the film transforms
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The fitting excludes the n = 7 point because the film is completely reduced when n = 6, judging from Ni valence and measured lattice
parameter. (b) and (c) show diffraction x-ray absorption near edge spectroscopy (dXANES) and crystal truncation rod (CTR) data from the
15 u.c. NdNiO3−x thin films before and during reduction. All data are taken at T = 270 ◦C. The data for a NdNiO3 standard is taken prior
to high-temperature continuous (HTC) reduction, and the rest are measured during the high-temperature, shutter-controlled (HTS) process.
The labels indicate Ni valence determined by principal component analysis (PCA) of dXANES measurements. (b) Imaginary part of the Ni
anomalous scattering factor f ′′

Ni across the K edge, taken at the corresponding diffraction peak marked in (c). The white line energy is marked
in each curve, and the dashed lines are guides for the eye marking the energy of a pre-edge feature that grows in intensity during reduction. (c)
shows CTR scans along the (00L) direction for 15 u.c. NdNiO3−x thin films before and during reduction. Note that the initial lattice parameter
in HTS reduction is 3.64 Å, deviating from strained NdNiO3, c = 3.76 Å.

heterogeneously in the plane with patches of NdNiO2 forming
in between unreduced NdNiO3, and these patches grow as
the reduction process proceeds. To address this question, we
perform cross-sectional scanning transmission electron mi-
croscopy (STEM) on a HTS-reduced NdNiO2+δ sample at an
intermediate reduction stage.

Figure 6(a) shows a high-angle annular dark-field
(HAADF) image of the HTS-reduced NdNiO2 sample. The
square-planar nickelate film has high crystallinity and grows
epitaxially on the TiO2-terminated STO substrate with a film
thickness of ∼5.5 nm. Based on the intensity of HAADF,
which is approximately proportional to the squared atomic

number (∼ Z2) [47], we can locate the Sr and Ni cations at
the atomic scale, providing a depth profile of atomic structure
across the NdNiO2/STO interface, as shown in Fig. 6(b). The
average lattice parameter along the [010] direction is strained
to that of the STO substrate throughout the thickness of the
NdNiO2 film, as shown in Fig. 6(c). On the other hand, the
average lattice constant for NdNiO2 along the [001] direction
is larger at the interface and starts to contract away from
the interface, eventually relaxing to the value of 3.31 Å,
which agrees well with the expected value of 3.30 Å (see
Supplemental Material Fig. S6 [16] for comparison of lat-
tice constants by XRD characterization). The NdNiO2 film

(c)(b)(a)
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Sr Nd
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FIG. 6. Microstructure of reduction process. (a) Atomic-resolution high-angle annular dark-field (HAADF) image showing the cross-
section of the NdNiO2 film. The crystallographic orientations marked on the image correspond to the cubic SrTiO3 structure. (b) Atomic-
resolution HAADF image [same as shown in (a)] with labeled Nd and Sr atomic columns. (c) The corresponding average bond distances along
[001] and [010]. The dotted red line marks the interface. The error bars correspond to the standard deviation across each atomic plane.
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FIG. 7. (a) X-ray diffraction (XRD) of Nd6Ni5O16 (top) and
Nd6Ni5O12 (bottom) thin films. The superlattice diffraction peaks
are labeled. (b) Resistivity of 3 s.l.u.c. Nd6Ni5O16 and 3 s.l.u.c.
Nd6Ni5O12 thin films.

approaches reduction to the square-planar phase ∼6 u.c. away
from the interface. This smooth change in oxygen content at
this intermediate reduction stage shows that the reduction pro-
cess proceeds in a top-down fashion driven by the deposition
of Al (see Supplemental Material Fig. S7 [16] for additional
detailed analysis of STEM results).

We now show that the reduction process can be applied
to other nickelates, such as the recently discovered quintu-
ple layer square-planar nickelate Nd6Ni5O12. This nickelate
has been shown to be superconducting where the additional
NdO planes in a Ruddlesden-Popper structure hole dope the
square-planar NiO2 planes [11]. Here, we measure the diffrac-
tion and electrical transport characterization of Al-reduced
Nd6Ni5O12.

As shown in Fig. 7(a), XRD using a laboratory source
shows that the starting Nd6Ni5O16 phase is highly crystalline
with superlattice peaks located in the expected positions for
the as-grown superlattice structure. The Nd6Ni5O16 is reduced
by depositing 10 ML Al one monolayer at a time over 5
h at a substrate temperature of 240 ◦C. A highly crystalline
Nd6Ni5O12 phase is achieved with no change in the number
of diffracting NiO2 planes [Fig. 7(a)]. A film reduced in
this way remains coherently strained and has an out-of-plane
lattice parameter (39.02 Å) that can be compared with the
lattice parameter of the superconducting phase (38.87 Å) [11].
The reduced Nd6Ni5O12 is not superconducting [Fig. 7(b)];
instead, a MIT is observed at 28 K. This difference could be
attributed to the different lattice strains, which may affect the
structural and chemical defect formation or accommodation
[48]. Note that the Nd6Ni5O12 is under tensile stain in this

paper, while in the previously reported work, Nd6Ni5O12 is
under compressive strain. Dimensional confinement is another
possible reason for the difference in electronic properties,
where the thickness of the Nd6Ni5O12 film in this paper is
about the same as the previously reported superconducting
coherence length [11]. Additional work on Nd6Ni5O12 thin
films using the reduction method presented here promises to
provide insights into the exotic electronic properties of this
system.

IV. CONCLUSIONS

We show an alternate method for the reduction of nick-
elates that operates by controlling the oxygen number in
the film using a straightforward tuning of Al coverage. We
also show how the gradual removal of apical oxygen atoms
results in a gradual structural transition from NdNiO3 to
NdNiO2. With this process, we synthesize the Nd6Ni5O12

system on STO substrates. The metal reduction method of
nickelates promises additional directions. The metal reduc-
tion process is free from the use of CaH2 and postannealing,
reducing the possible impurities inside the films, such as
thermally activated structural defects or residual hydrogen.
The whole reduction procedure can be achieved in vacuo and
preserves atomically flat surfaces, enabling surface-sensitive
electronic structure characterization, such as angle-resolved
photoelectron spectroscopy and scanning tunneling electron
microscopy, of the square-planar nickelates, which has not
been achieved with the conventional CaH2 annealing method.
In addition, by controlling the Al coverage, this method may
lead to systematic studies of superconducting properties as a
function of oxygen doping, which has been relatively less ex-
plored. In summary, the metal reduction of nickelate thin films
introduced in this paper will provide a pathway to improve the
understanding of superconducting square-planar nickelates.
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