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The discovery of unconventional superconductivity in (La,Ba)2CuO4
(ref. 1) has motivated the study of compounds with similar crystal
and electronic structure, with the aim of finding additional
superconductors and understanding the origins of copper oxide
superconductivity. Isostructural examples include bulk
superconducting Sr2RuO4 (ref. 2) and surface-electron-doped
Sr2IrO4, which exhibits spectroscopic signatures consistent with a
superconducting gap3,4, although a zero-resistance state has not yet
been observed. This approach has also led to the theoretical
investigation of nickelates5,6, as well as thin-film heterostructures
designed to host superconductivity. One such structure is
the LaAlO3/LaNiO3 superlattice7–9, which has been recently
proposed for the creation of an artificially layered nickelate
heterostructure with a singly occupied d x 2− y 2 band. The absence of
superconductivity observed in previous related experiments has
been attributed, at least in part, to incomplete polarization of the eg
orbitals10. Here we report the observation of superconductivity in
an infinite-layer nickelate that is isostructural to infinite-layer
copper oxides11–13. Using soft-chemistry topotactic reduction14–20,
NdNiO2 and Nd0.8Sr0.2NiO2 single-crystal thin films are synthesized
by reducing the perovskite precursor phase. Whereas NdNiO2
exhibits a resistive upturn at low temperature, measurements of the
resistivity, critical current density and magnetic-field response of
Nd0.8Sr0.2NiO2 indicate a superconducting transition temperature
of about 9 to 15 kelvin. Because this compound is a member of
a series of reduced layered nickelate crystal structures21–23, these
results suggest the possibility of a family of nickelate supercon
ductors analogous to copper oxides24 and pnictides25.
The most stable nickelates have a formal valence of Ni2+ and a d8
electronic configuration, such as in NiO and La2NiO4, but they can also
form with d7 Ni3+, as in LaNiO3. Mimicking the d9 configuration of
undoped copper oxides requires the highly unusual valence Ni+.
Although this oxidation state cannot be reached by conventional
high-temperature synthesis, it was found that low-temperature reduction of LaNiO3 can induce a topochemical reaction to form LaNiO214,15.
(In general, slight oxygen off-stoichiometry is possible, but for simplicity we use the stoichiometric formula throughout this manuscript.)
Subsequently, it was shown that this oxygen deintercalation also occurs
in epitaxial thin films, with the useful feature that the substrate can
provide a template that preserves single-crystal c-axis-oriented LaNiO2
(Fig. 1) in the vicinity of the substrate17–19. In this structure, nickel has
square planar oxygen coordination in two-dimensional NiO2 planes
(alternating with planes of La), with a predicted d9 configuration leaving one hole in the d x 2−y 2 orbital and therefore a possible distinct orbital
polarization5. Indeed such large preferential orbital occupancy near the
Fermi level has been observed in the related trilayer reduced nickelate
La4Ni3O8 (nominally Ni1.33+, d8.67)23.
In preliminary work, we first synthesized LaNiO3 thin films on singlecrystal SrTiO3 (001) substrates by pulsed-laser deposition, followed
by a reduction step using CaH2 powder as a reagent (see Methods).
Whereas LaNiO3 was metallic down to low temperatures, LaNiO2 was
weakly insulating, consistent with previous reports17,18. Given that
1

perovskite nickelates can be doped by chemical substitution on the
rare-earth site26,27, we then explored reduced La1−xSrxNiO2 thin films
as an approach to hole-dope the parent compound. Although the conductivity was enhanced (maximally for x ≈ 0.2; data not shown), in all
cases the resistivity exhibited insulating temperature dependence below
about 150 K. Although this result should not be considered definitive
(it may depend on further optimization of the growth conditions and
reduction process), we then turned to NdNiO2 in an attempt to increase
the electronic bandwidth via the smaller ionic radius of Nd with respect
to La, which results in a smaller cell volume15,16. This tendency has been
observed in trilayer reduced nickelates, where La4Ni3O8 is insulating,
whereas Pr4Ni3O8 is metallic down to low temperature23. With these
motivations, we focused our efforts on optimizing and investigating
NdNiO2 and Nd0.8Sr0.2NiO2, which we present in detail here.
Bulk NdNiO3 is orthorhombic with room-temperature lattice parameters a = 5.39 Å, b = 5.38 Å and c = 7.61 Å (a pseudocubic lattice parameter of about 3.81 Å), and doping with Sr has no substantial influence on
its room-temperature structure and lattice constants27. NdNiO2 reduced
from NdNiO3 has been previously synthesized in both polycrystalline16
and thin-film form20, and was reasonably straightforward to grow.
By contrast, we found that the synthesis of thin-film Nd0.8Sr0.2NiO3
is more challenging—presumably because of the high Ni oxidation
state and reduced tolerance factor compared to LaNiO3 (ref. 28).
Figure 2a shows an X-ray diffraction (XRD) θ–2θ symmetric scan of
a Nd0.8Sr0.2NiO3 film grown under conditions optimized using XRD,
revealing only clear (001) and (002) perovskite peaks (see Methods; 2θ,
diffraction angle). (Throughout much of this work we used a SrTiO3
epitaxial capping layer to protect the reduced nickelate films from
potential degradation, unless otherwise noted.) From their positions,
the c-axis lattice constant was extracted to be 3.77 Å, in line with a
film under epitaxial tensile strain imposed by the SrTiO3 substrate.
Figure 2a also shows the θ–2θ diffraction pattern of the film after reduction, showing peaks with 2θ values of 26.3° and 54.3° corresponding
to the (001) and (002) peaks of the infinite-layer phase, respectively,
confirming the transformation to Nd0.8Sr0.2NiO2 (refs 16,17). In measurements with diffraction angles up to 2θ = 114° (not shown) the (003)
film peak is not visible owing to its low intensity, whereas the (004) peak
falls beyond the diffractometer limit, and no other peaks are observed.
Both before and after reduction, the film was always clamped to the
in-plane SrTiO3 lattice (Fig. 2b, c).
In bulk undoped NdNiO3, reducing the perovskite to the infinitelayer phase (reported for NdNiO2.03) leads to an expansion of the
in-plane lattice constants (about 3.92 Å), along with a shortened c axis
(about 3.31 Å)16, which is the distance between adjacent Ni–O planes.
From the (00l) peak positions of the Nd0.8Sr0.2NiO2 film, the c-axis lattice constant is found to be 3.37 Å, and it ranges from 3.34 Å to 3.38 Å in
samples prepared in nominally similar conditions. The film experiences
compressive strain on the SrTiO3 (3.91 Å) substrate, as well as potential
c-axis expansion due to the partial substitution of Nd by the larger
Sr ion. We note, however, that the metallic nature of Nd0.8Sr0.2NiO2
counteracts these trends. No signature of a fluorite defect phase20 was
observed in asymmetric θ–2θ XRD scans of our samples (both doped
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Fig. 1 | Topotactic reduction of nickelate thin films. Schematic crystal
structures of Nd0.8Sr0.2NiO3 (left) and Nd0.8Sr0.2NiO2 (right) thin films
on the TiO2-terminated single-crystal SrTiO3 (001) substrate. Upon lowtemperature reduction, the films undergo a topotactic transition from the
perovskite phase to the infinite-layer phase.

and undoped). For thin-film LaNiO3, reduction induces a series of
transformation steps: first to brownmillerite LaNiO2.5, then to c-axis
LaNiO2, followed by a reorientation transition to a-axis LaNiO2, before
subsequent decomposition29. For NdNiO3 and Nd0.8Sr0.2NiO3, we only
observe a direct transition to the c-axis infinite-layer structure (Fig. 1).
Our annealing conditions (see Methods) are empirically optimized to
maximize the XRD infinite-layer peak intensity and minimize the
c-axis lattice constant (as a proxy for the removal of apical oxygen).
The comparable (002) peak intensities for the perovskite and infinitelayer phases (Fig. 2a), as well as the thickness fringes observed near
(002) after reduction, indicate a complete structural transformation
of the film. Reduction for much longer times or at higher temperature
induces decomposition of the film, and no XRD features are observed.
Figure 3a shows the temperature-dependent resistivity ρ(T) of
NdNiO3 and Nd0.8Sr0.2NiO3. NdNiO3 shows the characteristic firstorder phase transition from a high-temperature paramagnetic metal to a
low-temperature charge-disproportionated antiferromagnetic insulator,
which is suppressed with Sr doping26,27. After reduction (Fig. 3b), we
find that NdNiO2 displays metallic temperature dependence at high
temperatures, with a resistive upturn below about 70 K. By contrast,
Nd0.8Sr0.2NiO2 exhibits metallic behaviour followed by a superconducting transition, with an onset at 14.9 K (point of maximum curvature),
a midpoint at 13.6 K and zero resistance at 9.1 K (indistinguishable
from the noise floor) for this sample. The temperature-dependent
normal-state Hall coefficient RH(T) is given in Fig. 3c. RH for NdNiO2
is negative at all temperatures, whereas it undergoes a sign change at
about 55 K for Nd0.8Sr0.2NiO2. This feature, as well as the overall magnitude of RH, are inconsistent with the expectations for simple hole
doping of a single electronic band, and suggest a more complex Fermi
surface. This may be consistent with calculations of the electronic band
structure of LaNiO2, which find multiple electron and hole pockets that
have different orbital contributions6 and that vary with the Coulomb
interaction. We further note that the interface between the infinitelayer nickelate and the SrTiO3 substrate (Fig. 1) hosts a strong polar
discontinuity30. Depending on how this electrostatic boundary condition is resolved, there may be transport contributions from interface
states. However, the comparison between NdNiO2 and Nd0.8Sr0.2NiO2
demonstrates that this alone does not lead to superconductivity here.
The observation of superconductivity is quite robust. In Fig. 3d, e
we show a number of different samples of Nd0.8Sr0.2NiO2 synthesized in nominally similar conditions. The origin of the variation in
transition temperature (Tc) is unclear, but there are some indications
that it correlates with the crystallinity of the parent perovskite phase
and may also reflect slight variations in the oxygen stoichiometry.
In Figs. 3f, 4 we focus on one sample (Fig. 3b) with a high transition
temperature; all other samples showed similar behaviour as scaled
by Tc. Figure 3f shows measurements of the temperature-dependent
current–voltage characteristics for this sample. These features are
linear in the normal state (outside nonlinearities due to Joule heating
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Fig. 2 | Structural characterization of the doped nickelate thin films.
a, X-ray diffraction θ–2θ symmetric scans of 11-nm-thick Nd0.8Sr0.2NiO3
(top) and Nd0.8Sr0.2NiO2 (bottom; with contribution from gold contacts)
films capped with 20-nm-thick SrTiO3 layers grown on SrTiO3 (001)
substrates. b, c, Reciprocal space maps of Nd0.8Sr0.2NiO3 (b) and
Nd0.8Sr0.2NiO2 (c) around the (103) SrTiO3 diffraction peak. Both maps
indicate that the films are fully strained to the SrTiO3 substrates. a.u.,
arbitrary units.

at high bias) and increasingly nonlinear below the transition, and they
are characteristic of superconductivity with a critical current density
Jc(2 K) ≈ 170 kA cm−2.
Figure 4a displays the temperature-dependent magnetoresistance
measured in magnetic fields perpendicular to the plane of the sample,
up to 13 T. The normal state exhibits very little magnetoresistance,
whereas superconductivity is suppressed with increasing field. As a
proxy for the variation of the upper critical field Hc,⊥, we take the midpoint of the resistive transition to the normal state near Tc and fit it to
the linearized Ginzburg–Landau form
Hc, ⊥(T ) =

Φ0



1 − T 
Tc 


2
2πξ GL
(0) 

where Φ0 is the flux quantum and ξGL(0) is the extrapolated zerotemperature Ginzburg–Landau coherence length, which we find to be
3.25 ± 0.01 nm. (This estimate does not consider potential contributions from vortex motion or variations due to sample inhomogeneity.)
We further perform two-coil mutual-inductance measurements in the
perpendicular geometry, as shown in Fig. 4b. Here we plot the real
(Re(Vp)) and imaginary (Im(Vp)) components of the a.c. voltage signal
detected by the pickup coil above the sample. As the sample is cooled
through the transition, Re(Vp) decreases while Im(Vp) exhibits a peak,
indicating an emergent diamagnetic response below the transition as
the magnetic field generated from the drive coil becomes screened by
the superconductor. The fact that Re(Vp) does not approach zero at low
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Fig. 3 | Transport properties and superconductivity of the nickelate thin
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall
coefficient (c) as a function of temperature for the corresponding reduced
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2

films, showing resistive superconducting transitions. Dotted lines indicate
samples without a capping layer, for which the XRD Scherrer thickness
was used to estimate the resistivity. f, Electric field (E) versus current
density (J) characteristics for varying temperature.

temperatures resembles measurement results of a 40-nm-thick infinitelayer copper oxide film with Tc ≈ 10.8 K and extrapolated London
penetration depth λL(T = 0) = 2.2 μm (ref. 31). This indicates that λL
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness.
Given the numerical uncertainties arising from the finite sample size
(substantially wider films show indications of laterally inhomogeneous
reduction), the order parameter symmetry and the scale of disorder, we
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest
that this is a type-II superconductor with second critical field Hc2,⊥
approximately given in the inset to Fig. 4a.
Clearly the analogy to copper oxides motivated this finding, and
much remains to be explored in this new superconducting compound.
However, several important dissimilarities between these two systems
are apparent. One key difference is the energy level alignments in their
orbital electronic structure. Holes in copper oxides are often discussed
in terms of Zhang–Rice singlets with strong oxygen character, owing
to the close spatial overlap and near-energetic degeneracy of the Cu

d x 2−y 2 orbitals and the O 2p orbitals33. This naturally leads to large
in-plane antiferromagnetic coupling, which many consider to be central for superconducting pairing24. Because Ni+ is one column to the
left of Cu2+ on the periodic table and one oxidation state lower, the
chemical potential in the infinite-layer nickelates is several electronvolts
higher than that of comparable copper oxides; therefore, in hole-doped
nickelates, much less hybridization with the O 2p band is expected6.
Furthermore, powder neutron diffraction studies of LaNiO2 and
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K,
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent
with a robust insulator (although interface effects may contribute to
conductivity). Consequently, two features that are central to copper
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate
superconductors.
On the materials side, one immediate question is the effect of
the various substrates on the topotactic structural transition of this
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a, ρ(T) under a varying magnetic field perpendicular to the a–b plane.
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by the midpoint of the resistive transition) with a linear fit in the vicinity
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system and the associated dependence of superconductivity on epitaxial strain. Here we have an unusual situation in which the substrate
that stabilizes the phase also strains it. Another important question
is whether there is a doping-dependent superconducting dome, as
found in copper oxides24. We believe that our approach to chemical
substitution is broadly applicable and can address this issue, but the
central challenge will be whether complex reduction chemistry can
be homogeneously controlled across a range of unconventional nickel
oxidation states.
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Film growth. TiO2-terminated SrTiO3 (001) substrates of size 5 × 5 mm2 were
pre-annealed at an oxygen partial pressure PO2 = 5 × 10−6 torr for 30 min at 950 °C
to achieve sharp step-and-terrace surfaces. 9–11-nm-thick perovskite NdNiO3
and Nd0.8Sr0.2NiO3 films were grown on the annealed substrates by pulsed-laser
deposition using a 248-nm KrF excimer laser. This thickness was chosen because
it was approximately equal to the maximum thickness for which we could verify
the formation of a uniform, single-phase infinite-layer film after reduction using
XRD. NdNiO3 (Nd0.8Sr0.2NiO3) films were deposited at a substrate temperature
of Tg = 600 °C and PO2 = 150 mtorr, using a laser fluence of 2 J cm−2 on the
target. Subsequently, SrTiO3 epitaxial capping layers (typically 20 nm thick) were
deposited at Tg = 570 °C and the same PO2, using a laser fluence of 0.8 J cm−2.
After growth, the samples were cooled to room temperature in the same oxygen
environment. The nickelate targets were prepared by sintering mixtures of stoichiometric amounts of Nd2O3, SrCO3 and NiO powder at 1,350 °C for 12 h, with
two intermediate grinding and pelletizing steps after the initial decarbonation
step at 1,200 °C for 12 h.
Reduction process. After growth, each sample was cut into two pieces of size
2.5 × 5 mm2. Each piece (loosely wrapped in aluminium foil) was then vacuumsealed together with about 0.1 g of CaH2 powder in a Pyrex glass tube (pressure
<0.1 mtorr). In this way, the pieces were not in direct contact with the CaH2 powder14–18, but underwent a gas-phase reaction with the powder upon annealing. The
tube was heated to 260–280 °C at a rate of 10 °C min−1 and kept at this temperature
for 4–6 h; then it was cooled to room temperature at a rate of 10 °C min−1.
Characterization. The XRD data were taken using a monochromated Cu Kα1
source. The resistivity, magnetotransport and current–voltage characteristic
measurements were conducted in a six-point geometry using Au and Al
wire-bonded contacts. In some cases, Au contact pads were first deposited using
electron-beam evaporation. Critical-current density–voltage measurements were
performed on a narrow channel defined by a diamond scribe, approximately
0.2 mm wide.
Mutual-inductance measurements. The Nd0.8Sr0.2NiO2 samples were placed
tightly between two collinear coils, the mutual inductance of which was sensitive
to diamagnetic screening of the sample in the superconducting phase. The twin

80-turn coils had inner diameter of about 0.5 mm and outer diameter of around
1.5 mm, yielding a measured self-inductance of about 6 μH. The drive coil was
driven with an alternating current of root-mean-square amplitude of 100 μA and
frequency of 15 kHz. The in-phase and out-of-phase components of the voltage
across the pickup coil (in the microvolt and submicrovolt range, respectively) were
measured by lock-in amplification. The measured voltage was in a regime of linear
response with respect to the amplitude of the drive current.

Data availability

The data presented in the figures and other findings of this study are available from
the corresponding authors upon reasonable request.
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