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We report evidence for superconductivity with onset temperatures up to 11 K in thin films of the infinite-
layer nickelate parent compound NdNiO,. A combination of oxide molecular beam epitaxy and atomic
hydrogen reduction yields samples with high crystallinity and low residual resistivities, a substantial
fraction of which exhibit superconducting transitions. We survey a large series of samples with a variety
of techniques, including electrical transport, scanning transmission electron microscopy, x-ray absorption
spectroscopy, and resonant inelastic x-ray scattering, to investigate the possible origins of super-
conductivity. We propose that superconductivity could be intrinsic to the undoped infinite-layer nickelates
but suppressed by disorder due to a possibly sign-changing order parameter, a finding which would
necessitate a reconsideration of the nickelate phase diagram. Another possible hypothesis is that the parent
materials can be hole doped from randomly dispersed apical oxygen atoms, which would suggest an
alternative pathway for achieving superconductivity.
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I. INTRODUCTION

A defining characteristic of many unconventional high-
temperature superconductors, including the cuprates,
Fe-based, and now the infinite-layer nickelates is the
dome-shaped dependence of their superconducting transi-
tion temperature (7.) on hole or electron doping [1-6].
Sharing the motif of a @’ transition metal in a square
plaquette of oxygen ions [7-10], the infinite-layer nickel-
ates mirror the cuprates in numerous ways, including a
strange metal near optimal doping and Fermi liquid
behavior in the overdoped regime [11]. On the other hand,
the nickelates and cuprates also display notable differences.
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While the undoped cuprates are antiferromagnetic
charge-transfer insulators with an approximately 2 eV
gap, undoped nickelates are metallic, presumably from
the self-doping of the NiO, planes by rare-earth 5d states
[12—-17], and possess short-ranged magnetic fluctuations
[18-21] in lieu of long-range Néel order. While the cuprates
are well described by a single-band model, the rare-earth
5d and 3d_. orbitals may also play a role in the low-
energy electronic structure of the nickelates [22,23].
Calculations also suggest important differences in the
p — d hybridization and relative strength of correlations
in the Ni'* system [24-26].

These deviations from canonical “cupratelike” behavior
motivate a detailed and systematic investigation of the
nature of the parent infinite-layer nickelates. While the
synthesis of (undoped) infinite-layer nickelate thin films
dates back to 2009, beginning with LaNiO, [27,28],
signatures of superconductivity were not observed in the
undoped compounds until 2021, in CaH, reduced
LaNiO,/StTiO; (T, <5 K) [29], following significant

Published by the American Physical Society


https://orcid.org/0000-0002-3835-7115
https://orcid.org/0000-0002-2999-1296
https://orcid.org/0000-0001-5183-2761
https://orcid.org/0000-0001-6991-0481
https://orcid.org/0000-0002-6784-6532
https://orcid.org/0000-0002-5138-1515
https://orcid.org/0000-0002-1969-3690
https://orcid.org/0000-0002-7857-0148
https://orcid.org/0000-0003-1508-7746
https://orcid.org/0000-0002-7399-9930
https://orcid.org/0000-0003-4633-4367
https://orcid.org/0000-0002-3161-1491
https://orcid.org/0000-0002-7002-0416
https://orcid.org/0000-0003-4129-0473
https://orcid.org/0000-0003-2493-6113
https://orcid.org/0000-0001-6976-3434
https://ror.org/05bnh6r87
https://ror.org/05bnh6r87
https://ror.org/05bnh6r87
https://ror.org/05bnh6r87
https://ror.org/001bvc968
https://ror.org/02ex6cf31
https://ror.org/03hasqf61
https://ror.org/03hasqf61
https://ror.org/01kg8sb98
https://ror.org/01aff2v68
https://ror.org/037p86664
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.15.021048&domain=pdf&date_stamp=2025-05-12
https://doi.org/10.1103/PhysRevX.15.021048
https://doi.org/10.1103/PhysRevX.15.021048
https://doi.org/10.1103/PhysRevX.15.021048
https://doi.org/10.1103/PhysRevX.15.021048
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

C.T. PARZYCK et al.

PHYS. REV. X 15, 021048 (2025)

improvements in the sample quality in the intervening years.
The quality of reduced films is sensitive to several factors,
including the quality of the perovskite precursor [30],
substrate imposed strain [11], film thickness and capping
[31,32], and reduction method [33], as evidenced by the
significant variation in residual resistivities of literature films
[1,10,27-29,32-38]. One of the particular challenges in
producing high-quality undoped samples is removing suffi-
cient oxygen to reach the low valence state Ni' *, compared to
hole-doped compounds Ni'*?, where the relaxed target
valence can ease the reduction process [39,40].

Here, we report superconductivity in the infinite-layer
parent compound NdNiO, with onset 7.’s up to 11 K in
thin films prepared using a combination of molecular beam
epitaxy and atomic hydrogen reduction. A series of 20-unit-
cell (u.c.)-thick samples, capped with 2-3 u.c. of SrTiOs,
were synthesized under nearly identical conditions, ena-
bling a highly systematic study employing a combination
of electrical transport, high resolution scanning transmis-
sion electron microscopy (STEM), x-ray absorption spec-
troscopy (XAS), and resonant inelastic x-ray scattering
(RIXS). Among these nominally identically prepared
samples, roughly one in three exhibit partial superconduct-
ing transitions while the rest display metallic behavior—
without systematic differences between the two sets in lab-
based x-ray diffraction measurements [41]. We conclude
that the most likely scenario is that superconductivity is
intrinsic to the clean limit of the undoped parent nickelates
but is readily suppressed by disorder. We also speculate on
the possibility of hole doping of the NiO, planes from
randomly dispersed apical oxygen atoms. Either of the two
scenarios would have important implications: If super-
conductivity is intrinsic to the parent compounds, this
would suggest that the current phase diagram should be
revisited. If excess oxygen is responsible, this would
indicate a powerful alternative route for hole doping and
achieving superconductivity.

II. RESULTS

We show resistivity measurements on a series of NdNiO,
samples, where a significant fraction show partial super-
conducting transitions [Fig. 1(a)], while others exhibit
metallic behavior [Fig. 1(b)]. Residual resistivities ppe
were extrapolated from the normal state resistance as
T — 0; in superconducting samples, the normal state
resistance was obtained by suppressing the downturn with
an applied magnetic field, as depicted in Fig. 1(d). Values
of p.s typically lie in the 300 — 700 pQQ—cm range,
significantly lower than other undoped NdNiO, films in
the literature (p,., ~ 2500-6000 pQQ—cm) [37,50,51].

For superconducting samples, the transition region is
shown in greater detail in Fig. 1(c), where the onset is
apparent between 5 and 11 K. Although none of the
samples exhibit a zero-resistance state down to 1.8 K,
the most complete transitions are those of films grown on

(LaAlO3)5(Sr,AlTa0g),; (LSAT), which also have the
highest onset 7T.’s. The superconducting nature of the
transition is confirmed by application of a magnetic field
in Fig. 1(d), which fully suppresses the transition by
approximately 7 T for films on SrTiO5 and approximately
9 T for films on LSAT.

We define the onset transition temperature 79" as the
temperature at which the resistance decreases by 2% from
its normal state value, as determined from high-field
measurements; in Fig. 1(e), we plot T9" versus p,. for
all samples, illustrating that p ., of nearly all superconduct-
ing samples are clustered below the quantum of resistance
per NiO, plane (p,.s < pPo = hd/ e ~ 850 pQ—cm, where
d = 3.285 A), similar to previous reports where a down-
turn was reported in doped and undoped (La, Sr)NiO, [29].
This suggests that disorder could play a key role in
suppressing superconductivity in the undoped nickelates
and would be consistent with evidence from terahertz [52]
and penetration depth measurements [53] that the infinite-
layer nickelates possess a nodal, possibly d-wave, super-
conducting order parameter, since all impurities in nodal
superconductors should be pair breaking [54,55]. This is
supported by the fact that samples grown on LSAT exhibit
higher T9", lower p,.s, and more complete superconducting
transitions, likely attributable to the improved crystalline
quality and reduced propensity for defects due to the better
lattice match between NdNiO; and LSAT [11,38]. It
remains a possibility, however, that enhancement of the
T. in films on LSAT may also result from the compressive
strain imposed on the resulting reduced films, as suggested
by recent transport [56] and spectroscopy studies [57].

The broad nature of the transitions and lack of a zero
resistance state both suggest that the superconductivity is
inhomogeneous on the millimeter scale on which mea-
surements were performed. Throughout this manuscript,
we refer to nanometer-scale defects and imperfections in
the crystalline lattice as disorder, including point or line
defects generated during growth and reduction. On the
other hand, we refer to nonuniformity in the level of the
aforementioned disorder on more macroscopic (i.e.,
10 pm—1 mm) length scales as inhomogeneity. Such mac-
roscale inhomogeneity may include a nonuniform distri-
bution of defects or chemical gradients (i.e., oxygen
nonstoichiometry) arising during the reduction process
due to a spread in the atomic hydrogen beam or thermal
gradients. This raises the question: Does the observed
superconductivity originate from tiny (i.e., < 1%) amounts
of a filamentary secondary phase? To rule this out, we have
performed pulsed /-V measurements [Fig. 1(f)], which
show that the sample accommodates currents as high as
5-10 mA, resulting in an estimated critical current density
(J.) in the 10* A/cm? range, before fully returning to
the normal state. This measurement was performed in
an unconstrained geometry, with J,. estimated using a
simple analytic model [58]. Though this model likely
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FIG. 1.

Current (mA)

Electrical transport measurements of 20-u.c.-thick NdNiO, films grown on (001) SrTiO3 and (001) (LaAlO3), ;(Sr,AlTaOg), 5

(LSAT) capped with 2-3 u.c. of SrTiOs. (a) Resistivity of a series of films which display partial superconducting transitions. (b) Resistivity
of a representative series of films which do not exhibit signs of superconductivity. The onset of a small hysteretic transition in a high-
resistance sample at approximately 90 K is marked with a star. (c) Enlarged transition region for traces in (a). The dashed line represents the
resistivity corresponding to the quantum sheet resistance per NiO, plane, p,. (d) Superconducting transition of an NdNiO, film on LSAT
under an applied magnetic field parallel to the ¢ axis, in 1 T steps. Arrows mark where the zero-field resistance drops to 90% and 98% of the
normal state resistance. The residual resistivity p,. is extracted from the normal state resistance extrapolated to 0 K (dashed line).
(e) Extracted onset 79" (defined by a 2% drop below the normal state resistance) plotted versus the film residual resistivity p,., (defined as
the extrapolated normal state resistance to 0 K using high field data for superconducting samples). (f) Pulsed /-V measurements of the same
film as in (d) measured between equally spaced (500 um) leads in the pictured geometry. The estimated average current density between

the voltage leads, (J), assuming a uniform and isotropic resistivity, is provided on the top axis.

overestimates J ., the extracted value is comparable to prior
measurements of optimally doped samples (J,. =~ 1.0-3.5 x
10° A/cm?) [35,59] when adjusted for the reduced values
of both T, (11 K) and H,, (£8T) in the undoped
samples. This suggests that superconductivity likely exists
throughout a substantial fraction of the sample (20%—-40%),
since, if only a small volume fraction of the sample were
superconducting (< 10%), J. should be far lower than
observed. Nevertheless, a significant number of samples
with p.s < po do not superconduct, raising questions about
whether disorder is the only relevant variable. Some
alternative scenarios include the hole doping from residual
apical oxygens left behind during the reduction process, or
from Sr diffusion, resulting in Nd;_,Sr,NiO, inclusions.
We first rule out the possibility of Sr interdiffusion from
either the substrate or capping layer through a combination
of electrical transport and STEM measurements.

Sr diffusion would be most likely during film synthesis
(T ~500-550°C) rather than the reduction stage, which
is brief and occurs at lower temperatures (7' ~ 300 °C).
In perovskite NdNiO;, it is well established that small
amounts of hole doping (x < 0.06) completely suppress
the low-temperature insulating state [60-63]. In contrast,
all of our unreduced NdNiO; samples, whether capped
or uncapped, exhibit sharp metal-to-insulator transitions
[Figs. 2(a) and 2(b)] with a nearly 10* increase in
resistivity, excluding the possibility of Sr doping.
Furthermore, annular dark field (ADF) STEM measure-
ments on a reduced, superconducting NdNiO, /LSAT film
show well-defined film-substrate and film-cap interfaces
[Figs. 2(c) and 2(d)] without noticeable mosaicity or planar
fault formation in the SrTiO5 capping layer, which occurs
when the St nonstoichiometry exceeds 10% [64,65]. Given
how thin the SrTiO; cap is (3 u.c.) relative to the NdNiO,
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FIG. 2. Investigation of Sr interdiffusion into NdNiO,. (a),(b)
Electrical resistivity of 20-u.c.-thick, undoped, unreduced
perovskite NdNiO; films grown on SrTiO; and LSAT, with
and without SrTiO; capping layers. (c) ADF-STEM measure-
ments of a superconducting NdNiO,/LSAT film showing a
region without 3a, oxygen ordering. (d) Image of a different
region of the same film showing 3a, order. Fourier transforms
of the ADF images are inset with the fractional 1/3 order peak
highlighted by an arrow.

film (20 u.c.), this rules out significant Sr doping, since
doping even 25% of the nickelate film into the super-
conducting dome (x ~ 13%) would require more than 20%
Sr loss from the capping layer. The presence, however, of
3a, ordered regions associated with the oxygen-rich phase,
Nd;Ni;Og, in Fig. 2(d) highlight the potentiality of oxygen
nonstoichiometry in our films. Though the ordered excess-
oxygen phase, Nd3NizOg, is itself insulating [66], the
possibility of residual, unordered oxygen existing at a
lower concentration motivates further investigation for
signatures of inadvertent doping.

Comparing the concentration of holes in the NiO, plane
across samples should be a direct way of distinguishing
whether superconductivity is intrinsic to undoped NdNiO,
or if it arises from inadvertent additional hole doping from
residual apical oxygens, or other sources. Prior studies have
demonstrated that XAS and RIXS spectra at the Ni L3 edge
are sensitive to hole doping [21,67]. In XAS, the undoped

parent compound displays a single peak corresponding to a
2p%3d° — 2p°3d'0 transition, and upon hole doping, a
clear shoulder emerges approximately 1 eV above the main
peak (attributed to singlet holes doped into the Ni d,2_
orbital). In Fig. 3(a), we compare representative Ni L-edge
XAS spectra from superconducting and nonsuperconduct-
ing NdNiO,. The spectra are nearly identical, both exhib-
iting a sharp, single Ni L absorption peak at 852.4 eV and
a strong dichroic response, consistent with previous mea-
surements of undoped NdNiO, [67]. In Figs. 3(b) and 3(c),
we show a comparison of the Ni L; edge from a large
number of samples, with the superconducting samples
exhibiting primarily a singly peaked line shape with only
a weak higher-energy shoulder, whereas the nonsupercon-
ducting samples [Fig. 3(b)] display far more variability,
with stronger shoulders or even secondary peaks.

To compare the line shapes quantitatively, we fit each of
the spectra with a canonical undoped NdNiO, line shape
[extracted from Ref. [67] and shown in the inset in Fig. 3(d)
in green] and extract the area above the undoped NdNiO,
line shape (A,, in shaded yellow). We define the normalized
excess spectral weight y to be the ratio of A, to the total
XAS intensity integrated between 852.4 and 857 eV (i.e.,
A} +Ay); y=A,/(A; + A,). By this definition, undoped
NdNiO, would have y = 0, while hole doping will increase
y through the increasing shoulder at approximately
853.2 eV. We note that partially reduced insulating phases
such as Nd3;NizOg also exhibit peaks in the same energy
range [66,68], so this definition of y does not distinguish
between hole doping versus the presence of other impurity
phases. Detailed spectroscopic studies of the lightly doped
nickelates are still forthcoming, so uncertainty remains
about the precise line shape in this regime and at what
doping it is readily distinguishable from undoped NdNiO,.
Most generally, we can bound the doping from above by
x = 12.5%, at the boundary of the superconducting dome
for (Nd, Sr)NiO,/SrTiO;. If x and y were proportionally
related, then extrapolation from the 12.5% data would
assign dopings of x < 3% to those superconducting sam-
ples with the lowest values of y on SrTiO; and LSAT.

In Fig. 3(d), we plot T2" versus y. It is notable that the
majority of superconducting samples lie close to y = 0,
resembling undoped NdNiO, and suggesting that they have
minimal hole doping or impurity phases, whereas the
nonsuperconducting samples exhibit a much wider degree
of variability. To address whether the excess spectral weight
y corresponds to doped holes or impurity phases, we note
that prior studies show that p., decreases markedly with
increasing hole doping [11,50,69], so if y corresponds to
doped mobile holes, then p,., should decrease monotoni-
cally with increasing y, as it does for underdoped
Nd,_,Sr,NiO, (shown in dashed gray). In contrast, we
find, in Fig. 3(e), that samples with the lowest p . also have
the lowest values of y, indicating that increasing y does not
correspond to the doping of mobile holes into the NiO,
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FIG. 3. XAS measurements of NdNiQ,. (a) Self-absorption corrected Ni L-edge partial fluorescence yield (PFY) measurements of
p gep y

superconducting and nonsuperconducting films on SrTiOj, collected at an incidence angle of & = 20° in ¢ and 7 polarization such that
¢|la in & polarization. ¢||c signal is determined by decomposing the z-polarized data, I = [I,, — I, sin?>(20°)]/ cos?(20°). (b) Ni L; PFY
measurements of NdNiO,/SrTiO; films not exhibiting superconducting transitions. (c) The same, for films exhibiting signatures of
superconductivity. Traces in (b) and (c) have been normalized to their maximum value and offset for clarity. (d) 72" versus excess
spectral weight above the undoped NdNiO, line shape, as defined in the inset, for samples on SrTiO; (squares) and LSAT (circles)
substrates. (¢) Comparison of p, versus excess spectral weight. In (d) and (e), literature data for three underdoped Nd;_,Sr,NiO,
samples extracted from Refs. [50,67] are provided for reference (triangles); dashed lines are a guide to the eye.

plane but more likely the presence of inclusions of
insulating, partially reduced phases such as Nd;Ni;Og.
This conclusion is supported by a careful analysis of the
STEM images which show that, while the majority of the
sample is in the infinite-layer phase, there still exist small
clusters where excess apical oxygens remain and form
oxygen ordered structures, as evidenced by 1/3 order peaks
in the Fourier transform of the ADF images, shown in
Fig. 2(d) and Supplemental Material [41]. Prior work has
identified these intermediate, oxygen ordered structures to
be electrically insulating [66] and should not be the origin
of the superconductivity. Taken as a whole, the XAS and
STEM data clearly indicate the presence of excess oxygen
atoms in the samples but suggest they form insulating,
ordered structures rather than doping mobile holes.

In addition, prior RIXS measurements on underdoped
Nd,_,Sr,NiO, have shown that the dd excitations and
magnons soften considerably with hole doping [18,21,67].
In Figs. 4(a) and 4(c), we compare RIXS spectra from

superconducting and nonsuperconducting NdNiO, /LSAT
samples measured in the scattering geometry outlined in
Fig. 4(b). The measured energies of the dd excitations
(1.36 eV, d,, and 1.82 €V, d,_/,.), as well as the magnon
energy (approximately 160 meV) and its dispersion from
H = 0.41 to 0.17 not only match well with prior reports on
undoped NdNiO,, but are also clearly distinct from under-
doped Nd, 7551 125NiO, (shown in dashed gray, from
Ref. [67]). Moreover, the spectra from the two samples are
identical to within experimental uncertainty, indicating no
observable difference in hole doping. In summary, a
comparison of XAS and RIXS measurements on super-
conducting and nonsuperconducting NdNiO, shows no
evidence for hole doping, with superconducting samples
exhibiting absorption and inelastic excitations consistent
with undoped NdNiO,.

In Fig. 5, we present measurements of the Hall coef-
ficient Ry, since Nd;_,Sr,NiO, and the other infinite-layer
nickelates exhibit a marked dependence of Ry on hole
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FIG. 4. Resonant inelastic scattering measurements of NdNiO,
collected in 7 polarization at 40 K and at an incident energy
100 meV below the Ni L; peak (approximately 852.3 eV).
(a) Comparison of energy loss spectra for superconducting and
nonsuperconducting samples measured at a fixed scattering angle
of Q = 150° and incidence angles of 8 = 94°, 127°. Data for
underdoped Nd g7551( 125sNiO, from Ref. [67] are provided for
reference (dashed line). (b) Experimental geometry of x-ray
absorption and inelastic scattering measurements. (c) Enlarged
region around the elastic peak showing dispersive spin excitations.

doping [29,32,36,50,69,70]. In underdoped, nonsupercon-
ducting samples, Ry remains negative at all temperatures,
but, upon traversing the superconducting dome, Ry
changes sign from negative to positive below 100 K.
Temperature-dependent Hall measurements are shown in
Figs. 5(a) and 5(b), which indicate that, for nearly all
samples, Ry remains strictly negative at all temperatures,
with the exception of superconducting samples grown on
LSAT. The magnitude of Ry as T — 0 for samples grown
on LSAT are also smaller (—4.7 <Ry <0.4x 1073 cm?/C)
than those grown on SrTiOj;, consistent with prior mea-
surements [11]. While the values of Ry (300 K) are
generally consistent, the low-temperature values of Ry
vary widely, similar to reports in the literature (e.g., from
—40 to —6.5 x 1073 cm?/C [32,50,69]). These large sam-
ple-to-sample variations make drawing clear conclusions
from the Hall coefficient difficult, but we note that |Ry| is
generally smaller for superconducting samples than for
nonsuperconducting ones. Furthermore, Ry appears to be
uncorrelated with p,., suggesting that the low resistivities
observed in these films are due to reduced disorder rather
than hole doping consistent with the XAS measurements
in Fig. 3(e).

If superconductivity arises from hole doping from
residual apical oxygens, then further reduction of a super-
conducting sample should suppress superconductivity.
In Fig. 6, we show the resistivity of a superconducting

(@) (b)
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230 me gmo, e simog
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FIG.5. Temperature dependence of the Hall coefficient, Ry, for

selected 20-u.c.-thick NdNiO, films synthesized on (001) SrTiO5
(squares) and (001) LSAT (diamonds) substrates. (a) Hall co-
efficient measurements for films exhibiting partial superconduct-
ing transitions. (b) The same, for films which do not exhibit any
signs of superconductivity.

NdNiO, /SrTiO; sample, following a sequence of short
additional reduction steps. The originally reduced sample
(reduction time Ty = 14 min) shows a small downturn in
the resistivity around 5 K. Subsequent reductions up to
Ty + 3.5 min increase T2", but, as the sample is further
reduced, superconductivity is eventually suppressed at
T > Ty+ 7.5 min. During this sequence, no change in
the x-ray diffraction pattern is observed. The erasure of the
superconducting downturn and slight increase in p,, may
be prescribed to some decomposition of the film from
overreduction; however, the film still maintains p.s < po
as T, is suppressed, which would be more in line with the
further reduction depleting the hole doping of excess
oxygens. Without a method to disentangle the effects of
disorder and doping from reduction, it is difficult to draw
clear conclusions from this measurement. Nevertheless,
the observed sensitivity of samples to the reduction
process may explain why nominally identically reduced
samples with p., < py do not all show signs of super-
conductivity—the optimal reduction conditions for differ-
ent films likely vary, depending on subtle extrinsic factors
like the density of defects in the NdNiO; precursor. Further
refinement of the reduction procedure and exploration
of the parameter space, using either atomic hydrogen or
another reducing agent, may provide a route to further
improve the uniformity and reproducibility of supercon-
ducting samples. Specifically, optimization of the capping
layer material and thickness, as well as the reduction
procedure, may provide additional avenues to enhance
the superconducting 7. and volume fraction, as in the
substitutionally doped infinite-layer nickelates. Finally,
while this experiment shows that superconductivity can
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FIG. 6. Progressive reduction of an NdNiO,/SrTiO; film.
(a) Temperature-dependent resistivity of a reduced film which
is subsequently exposed to additional atomic hydrogen in short
intervals; reduction conditions are detailed in Supplemental
Material [41]. (b) Enlarged superconducting transition region
of the same data.

be suppressed by further reduction, the superconducting
transitions are robust over long times (approximately 1 yr)
when films are stored under ambient conditions.

III. DISCUSSION AND CONCLUSIONS

In the hole-doped cuprates, superconductivity emerges
when a number of conditions are achieved: (i) holes are
doped into the CuO, plane, (ii) the doped holes suppress
long-range antiferromagnetic order, leaving short-ranged
antiferromagnetic fluctuations, and (iii) the residual
resistivity drops below approximately the quantum of
resistance per CuO, plane [71,72]. It is noteworthy that
the undoped parent nickelates fulfill all of the above
conditions without the need for additional hole doping,
lending credence to the possibility that superconductivity
could be intrinsic to the parent compounds. Intrinsic
superconductivity in the parent nickelate NdNiO, is also
supported by our XAS and RIXS measurements, which
show that the electronic structure and excitation spectra
of superconducting samples closely match those from
undoped NdNiO,.

Furthermore, nearly all samples maintain a strictly
negative Hall coefficient, consistent with the behavior of
undoped infinite-layer nickelates. Together with observa-
tions of superconductivity in undoped LaNiO, [29] and,
recently, PrNiO, [73], these pieces of evidence suggest that
superconductivity could be intrinsic to the clean limit of the
parent infinite-layer nickelates. This raises the possibility
that the superconducting dome could extend all the way
to x = 0. Such a scenario would be reminiscent of FeSe,
where the undoped stoichiometric compound exhibits
superconductivity without long-range antiferromagnetic

order, and T, is gradually increased with doping. To date,
however, superconductivity has not been observed in
lightly doped RE;_,Sr,NiO,, x = 0.05-0.12, so it also
remains a possibility that the x = 0 case is isolated from the
neighboring dome. This motivates further study and opti-
mization of lightly doped nickelates to better understand
the potentially confounding effects of Sr doping: introduc-
ing disorder on the A site, influencing the residual oxygen
(non)stoichiometry during reduction, and tuning the chemi-
cal potential.

XAS and STEM measurements provide strong evidence
for the presence of residual apical oxygens but also indicate
that they tend to self-organize into ordered vacancy
structures such as Nd;Ni;Og which do not donate mobile
holes [66]. Indeed, none of the measurements reported here
are obviously consistent with the presence of mobile, doped
holes in NdNiO,. Instead, both 72" and p,. appear to be
anticorrelated with the amount of excess oxygen, sug-
gesting that the presence of excess oxygens is actually
deleterious for superconductivity, as clusters of impurity
phases should act as scattering centers. In the related 7" and
infinite-layer cuprates, excess apical oxygens do not donate
mobile holes to the CuO, plane and rather act as strong
scattering centers for low-energy quasiparticles [74,75],
and their removal by postgrowth reduction is essential to
achieve superconductivity.

Nevertheless, it remains difficult to unequivocally rule out
the possibility of hole doping from randomly dispersed apical
oxygen atoms. Indeed, the possibility that excess apical
oxygens could donate mobile holes to the NiO, plane in
the infinite-layer nickelates would be a novel finding.
Controlling doping through oxygen nonstoichiometry has
played a crucial role in the cuprate superconductors, enabling
traversal of the phase diagrams of numerous materials such
as Bi2SI'2C3C11208+5, T12Ba2CuO6+5, and HgBaZCuO4+5,
as well as facilitating the observation of quantum oscillations
in ortho-ordered phases of YBa,Cu30-_s [76]. The possibil-
ity to employ a similar tuning knob could likewise enable
new approaches for realizing or enhancing superconductivity
in the infinite-layer nickelates.

In conclusion, we report the observation of supercon-
ductivity with T, onsets up to 11 K in undoped NdNiO,
thin films with high crystallinity and low residual resis-
tivities. Superconductivity appears to emerge when p
falls below the quantum of resistance per NiO, sheet. We
propose that superconductivity could be intrinsic to the
clean limit of undoped NdNiO,, as it already possesses key
ingredients necessary for cuprate superconductivity, includ-
ing holes in the NiO, plane (self-doped from rare-earth 5d
orbitals) and short-ranged magnetic fluctuations. On the
other hand, we cannot entirely rule out the possibility that
residual apical oxygens could provide doped mobile holes
to the NiO, plane, which would present a new pathway to
superconductivity in the infinite-layer nickelates.
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IV. METHODS

A. Sample synthesis and characterization

Thin films of NdNiO; were grown on (001)-oriented
SrTiO5 and LSAT substrates using reactive-oxide molecu-
lar beam epitaxy in a Veeco GEN10 system and reduced
using an atomic hydrogen beam produced by flowing
hydrogen gas through a thermal cracker. Details of the
film growth and atomic hydrogen reduction are provided in
Ref. [38]. Structural quality and phase purity of the thin
film samples were determined by Cu Ka; x-ray diffraction
measurements performed on a PANalytical Empyrean x-ray
diffractometer.

Preliminary electrical transport measurements were per-
formed using a custom built LHe-cooled four-point probe
measurement station (with a base temperature of 4.2 K)
using gold and indium press contacts placed near the
sample corners in a square Van der Pauw geometry.
Followup measurements were performed in a Quantum
Design physical property measurement system (with a base
temperature of 1.8 K) using a linear contact geometry,
prepared by ultrasonic aluminum wire bonding, with a
nominal contact spacing around 500 pm. Geometric factors
in the resistivity were accounted for using the methods
in Ref. [77]. Hall effect measurements were performed
over the entirety of the 10 x 10 mm sample with wire-bond
contacts placed near the sample corners in a square
geometry. For one sample, however, the Hall measurements
were performed using a 6-wire Hall bar geometry on a
diced 5 x 10 mm piece. Additional details about the
resistivity and Hall measurements are provided in
Supplemental Material [41].

B. Pulsed I-V measurements

Pulsed /-V measurements were performed using a
Keithley 6221 current source and 2182A voltmeter using
a 500 ps pulse width and a variable duty cycle to maintain a
fixed, low average power such that heating effects were not
observable. Contacts were placed in a linear four-point
geometry near the sample center with equally spaced
contacts 500 pm apart. The current density J(x,y) = |J]
can be estimated for leads placed at x = £6 for an
infinite two-dimensional slab as described in Refs. [58,77].
The relevant quantity is then the average current density
between voltage leads (spaced by 25/3): (J)=

(3/26) ffg% |/(x,0)|dx. Computing this integral provides
an estimate of the constant relating (J) to the applied
current I, which is (J)/I =6.71 x 10° cm™2 for this
measurement geometry. This model assumes that p (i) is
uniform and isotropic on a macroscale and (ii) does not
depend implicitly on |J|. Both of these conditions are
satisfied in the high and low current limits (when super-
conductivity is either unaffected or completely suppressed);
however, in the intermediate regime the true value of (J)
is likely smaller than predicted by this simple model.

As superconductivity is quenched in the higher-density
“on-axis” region, the current will spread further off axis to
compensate, reducing |J| in the region near the leads.
Because of the current spreading effect in this unconfined
geometry, we cannot precisely determine the value of J,
from the data in Fig. 1(f) but can conservatively bound it
between 5 x 10° and 1 x 10° A/cm? based on the onset
and offset of the resistive transition. Further details of this
estimate and the limitations of this model are provided in
Supplemental Material [41].

C. Scanning transmission electron microscopy

STEM characterization was performed on a cross-
sectional lamella prepared with the standard focused ion
beam (FIB) lift-out procedure using a Thermo Fisher
Helios G4 UX FIB. ADF imaging was performed on
Cs-corrected Thermo Fisher Scientific (TFS) Spectra 300
X-CFEG or aberration-corrected TES Titan Themis 300
operating at 300 kV and 30 mrad probe convergence
semiangle. For high-precision structural measurements, a
series of 40 rapid-frame images were acquired and sub-
sequently realigned and averaged by a method of rigid
registration optimized to prevent lattice hops [78] resulting
in a high signal-to-noise ratio of the atomic lattice.

D. X-ray absorption spectroscopy

Nickel L-edge XAS measurements were performed at
the SGM and REIXS beam lines of the Canadian Light
Source on a tilt stage at room temperature under high
vacuum; the nominal photon flux and energy resolution
were I, = 2 x 10'! photons/s and E/AE ~ 8600, respec-
tively with a spot size of < 30 x 50 pm. The incoming
x-ray polarization was selected to be in either the o (¢l|
to the sample a axis) or z (¢ in the sample bc plane)
configuration, and the fluorescence signal was measured
using an array of four silicon drift detectors with an
individual angular acceptance of approximately 8.02°
and energy resolution of > 100 eV allowing for removal
of the substantial oxygen fluorescence background pro-
duced by the substrates. PFY measurements from different
detectors were corrected for self-absorption effects using
the methods in Refs. [79,80], and spectra are normalized to
match in the pre- (845 eV) and postedge (885 eV) regions.
For O K-edge spectra and Ni L-edge spectra of samples on
LSAT, substantial contributions from the substrate prevent
accurate measurement of the x-ray fluorescence so total
electron yield measurements were performed instead. The
incident photon energy was calibrated to match prior
measurements [66] performed on common samples.

E. Resonant inelastic x-ray scattering

RIXS measurements at the Ni L3 edge were performed at
the 2ID-SIX beam line at NSLS-II, Brookhaven National
Laboratory (USA) at 40 K in a fixed z polarization,
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to maximize the intensity of spin excitations, using the
experimental geometry sketched in Fig. 4(b). The scattering
angle Q is defined as the angle between the incident and
scattered x-rays and was fixed at 150° to maximize the
momentum transfer. The grazing angle € is defined as the
angle between the incident x-ray and the sample surface.
The selection of the resonant energy for the RIXS meas-
urement is 0.1 eV below the main Ni absorption peak of the
Ni L5 edge, where the intensities of the spin excitations are
the strongest. The energy resolution, determined by esti-
mating the full width at half maximum of the elastic peak of
a multilayer reference sample, is found to be approximately
40 meV at the Ni L3 edge.

Note added. Recently, we have been made aware of another
study reporting partial superconducting transitions in
NdNiO, films grown on NdGaOs (110) [81].
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