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The occurrence of superconductivity in proximity to various strongly correlated
phases of matter has drawn extensive focus on their normal state properties, to

develop an understanding of the state from which superconductivity emerges'™.
Therecent finding of superconductivity in layered nickelates raises similar interests® %,
However, transport measurements of doped infinite-layer nickelate thin films have
been hampered by materials limitations of these metastable compounds: in
particular, a high density of extended defects’ ™. Here, by moving to a substrate
(LaAlO,),5(Sr,TaAlOy), ; that better stabilizes the growth and reduction conditions,
we can synthesize the doping series of Nd,_,Sr,NiO, essentially free from extended
defects. Intheir absence, the normal state resistivity shows alow-temperature upturn
inthe underdoped regime, linear behaviour near optimal doping and quadratic
temperature dependence for overdoping. This is phenomenologically similar to the
copper oxides*? despite key distinctions—namely, the absence of an insulating parent
compound>***°, multiband electronic structure®'* and aMott-Hubbard orbital
alignment rather than the charge-transfer insulator of the copper oxides'. We
further observe an enhancement of superconductivity, bothin terms of transition
temperature and range of doping. These results indicate a convergence in the
electronic properties of both superconducting families as the scale of disorder in the

nickelatesis reduced.

The idea that superconductivity can arise from doping a correlated
insulator has been a pervasive guiding principle since the discovery
of the copper oxide superconductors, with animpact on materials as
far-ranging as twisted bilayer graphene' . On doping the insulator, a
‘strange metal’ with unconventional electrical transport often occurs
and nucleates superconductivity, before further doping gives way to
more conventional Fermi-liquid-like behaviour. The extent to which this
phenomenology requires that the parent compound shows a strongly
insulating ground state, and whether or not it should show magnetism
has been discussed for decades. A further dichotomy, whether the
strange metallic behaviour reflects the proximity to the correlated
insulator or follows from a zero-temperature phase transition toa bro-
ken symmetry phase, remains actively debated and largely unresolved.

The observation of superconductivity in afamily of layered nickelates
presents an opportunity to address some of these perplexing issues.
The parent compounds of the infinite-layer nickelates show a weak
resistive upturn at low temperatures without a strongly insulating
ground state or indications of a gap (NdNiO, and PrNiO,), and even
evidence of superconductivity in LaNiO, (refs. 5,6,9,10). Moreover, so
far, long-range magnetic order has notbeen observed in this system ™,
Nevertheless, upon doping, we find that Nd,_,Sr,NiO, shows strange
metal behaviour with resistivity linearly increasing with temperature

T for Sr doping x at the peak of the superconducting dome. Further
hole doping resultsin a metallic state with resistivity varying as 72, with
reduced and ultimately vanishing superconducting scales. Our results
indicate, therefore, that much of the emergent behaviour of this class
of unconventional superconductors does not strictly require a Mott
insulating parent compound with a hard gap to charge excitations.
Features in the Hall effect directly correlate with the evolution of the
resistivity and may suggest abroken symmetry associated with Fermi
surface reconstruction®?*?, Our results can be considered in two
contexts: the multiband nature of the electronic structure®®** and
the possibility of a quantum phase transition underlying the strange
metallic behaviour®*.

Materials advances

Acentralissue for the synthesis and study of superconducting infinite-
layer nickelates is material control due to the poor thermodynamic
stability of this system®™, as evident from the orders-of-magnitude
variationsin the resistivity of infinite-layer nickelates reported across
the literature®®? % Just as in the development of copper oxides**?%,
minimizing disorder and extrinsic defects is critical for elucidating
the nature of the normal state and superconducting phase diagram.
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Fig.1|Enhanced crystallinity of Nd, ,Sr,NiO, thin films on LSAT. a, HAADF-
STEM cross-sectional image of aNd, 551, ;sNiO, thin film grown on SrTiO;,
synthesized using conditionsinref.9.Regions bounded by Ruddlesden-Popper-
type stacking faults are outlined in yellow dashed lines. The half-unit-cell
displacementinduced by the stacking faultinclusions blurs the cation
contrast'?®, making the regions with stacking faults easily distinguishable
fromthe pristineinfinite-layer (Extended DataFig.1a). b, HAADF-STEM

We have achieved substantial advances in the crystallinity of Nd,_,
Sr,NiO, (x=0.05-0.325) by using (LaAlO;),;(Sr,TaAlOy), , (LSAT; lattice
constanta = 3.868 A) substrates to optimize the epitaxial mismatch for
both the perovskite precursor and the infinite-layer phases (Extended
DataTablel; see Supplementary Information for an extended compari-
son of LSAT and SrTiO;). We note that the use of LSAT substrates and
the enhancement of the superconducting onset transition tempera-
ture T, was first reported by ref. 24 for Pr, ¢Sr,,NiO,. As shown in the
high-angle annular dark-field (HAADF)-scanning transmission electron
microscopy (STEM) cross-sectionalimages (Fig.1a,b), the Ruddlesden-
Popper-type vertical stacking faults®*® (marked by yellow dashed
outlines in Fig. 1a) that densely populate films grown on the widely
used substrate SrTiO; (a =3.905 A) are now essentially eliminated on
LSAT, leaving a macroscopically clean thin film with minimal defects
(Fig.1band Extended DataFigs.1and 2). Thisis also reflected in the sub-
stantial decrease inresistivity p (Fig. 1c). Note that the in-plane lattice
constants of the films are locked to the substrate inboth cases (Fig.1a,b
and Extended Data Fig. 3d-g). X-ray diffraction 6-26 symmetric
scans show prominent film peaks with out-of-plane lattice constant
trends associated with systematic Sr doping (Extended DataFig. 3a-c).
Overall, these data indicate that high crystallinity is uniformly estab-
lished throughout the probed range of Sr doping (Extended Data
Figs.3and 4), minimizing extended-defect contributions to electrical
transport.

Superconducting dome

This optimized sample series on LSAT provides a robust platform to
investigate the phase diagram of the infinite-layer nickelates. We first
observe that p(20 K) now maintains a similar range of 0.1-0.3 mQ cm
acrossallx, notably below the scale of aresistance quantumR, per NiO,
plane (Fig. 2a; see Extended Data Fig. 5 for all individual p(T) curves).
This includes the underdoped and overdoped regimes, with p(20 K)
roughly 5-30 times lower than any previously reported (roughly
0.6-9 mQ cm)>*!, This suggests that the low-temperature normal
state scattering rate is comparable across the phase diagram, although
multiband effects should be considered.

Itis noteworthy that a superconducting dome is still observed for
films on LSAT (Fig. 2b-d and Extended Data Table 2). For previous
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cross-sectionalimage of aNd, gsSr sNiO, thin film grown on LSAT, synthesized
using the conditions specified in Extended Data Table 1. The film now displays
highly uniform crystallinity largely free from extended defects. ¢, Resistivity
pversustemperature 7 for the filmsina (red dotted curve) and b (blue solid
curve). Asubstantial decrease in the normal state resistivity reflects the
crystallinity improvement. Scalebars, 5 nm.

films on SrTiO,, a direct correlation was found between the presence
of superconductivity and the magnitude of the normal state resistance
withrespect to R, (refs. 6,9). The fact that the normal state resistance
depends substantially on the substrate (LSAT versus SrTiO,), whereas
the existence of the superconducting dome does not, suggests that the
domeitselfis notaresult of disorder in doped nickelates. However, at
aquantitative level, the superconducting domein the lower resistance
films on LSAT is notably larger, with T, above 20 K for optimal doping
atx~0.15-0.175 (Fig. 2b), and with a width Ax =~ 0.2 that is now very
comparable to that of the copper oxides (4x = 0.21for La,_,Sr,Cu0,)?
(Extended Data Fig. 6). Further data (field suppression of supercon-
ductivity and mutual-inductance measurements) for optimal doping
aregivenin Extended DataFig. 7. We also note that the experimentally
observed range of the superconducting dome here shows good agree-
ment with the theoretical calculations in ref. 29. Both the robustness
of the dome and the higher T, indicate that superconductivity here is
probably unconventional and cannot be explained purely by electron-
phonon mechanisms®.

Normal state phase diagram

Figure 2b shows the variation of the slope of p(T) normalized to the
room-temperature value across the phase diagram. Three regimes of
behaviour are observed, with representative data shown in Fig. 2e-g:
aresistive upturn in the underdoped region characterized by T,
(the temperature at which the resistivity minimum occurs (dp/d7=0)),
p < T?inthe overdopedregion, and a narrow range of p < Tat the peak
ofthe superconducting dome.

The evolution of the resistivity isaccompanied by systematic features
in the Hall coefficient R,,. At high temperatures and low doping R, is
negative, whereas it is positive in the low-temperature limit beyond
optimal doping (Fig. 2¢; see Extended DataFig. 8 for allindividual R,(T)
curves). The boundary defining the sign change in R, extrapolates to
T=0 at optimal doping. The second clear feature in R,, can be seen in
the underdoped region. Here, R, is negative at all temperatures and
showsapronounced local maximum (Fig. 2d). The temperature at which
this maximumoccurs decreases as afunction of doping and tracks the
resistive upturn (dark-blue triangles in Fig. 2b), such that both features
extrapolate to vanish under the peak of the superconducting dome.
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Fig.2|Phase diagram of highly crystalline Nd,_,Sr,NiO,. a, p(20 K) versus x for
Nd,Sr,NiO,filmson SrTiO; (ref. 9, grey squares) and on LSAT (red circles). The
LSAT samples uniformly show low p(20 K) well below the quantum of resistance
perNiO, plane for allx. b, Contour plot of the slope of p(T) (3;p) normalized by
theslopeatroomtemperature for the films on LSAT. The superconducting
dome for the films on SrTiO; (ref. 9) (grey squares) and here on LSAT (red circles)
arealsodepicted, with the onset transition temperature T_ ... defined asthe
temperature at which the second derivative of p(T) becomes negative. The
boundaryatwhich d;pis roughly equal to the room-temperature slope (thatis,
linear resistivity) is marked by black dotted lines. The temperature dependence
of pinthe underdoped, optimal and overdoped regions are labelled. The
dark-blue trianglesin the underdoped region mark where ;0 = 0 (T;,,), and the
opencirclesinthe overdoped region mark the temperatures at which the Tfit

Underdopedregime

In the underdoped region, the low-temperature resistivity has been
noted to vary as roughly log(1/7) for films on SrTiO; (ref. 31). Compar-
ing data for films on LSAT, we see that although the resistivity itself is
afactor of around four smaller in the cleaner samples, T, is nearly
the same (Fig. 2€). T,,um iS also essentially constant as a function of
magnetic field, with an overall relatively small magnetoresistance
(Fig. 3). These observations suggest that the resistive upturn cannot
bedirectly ascribed to disorder or localization effects (with or without
interaction corrections), nor to Kondo physics®.Indeed, by extending
measurements down to lower temperatures, we observe a saturation
inthe resistivity below 2 K (Fig. 3).

Boththeresistive upturnand ultimate saturation are closely tracked
by R,(T), with identical functional form (Fig. 3). This behaviour is
naturally and most simply explained within a two-band model with
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deviates (grey arrows inFig.4).c,d, Contour plots of the Hall coefficient

Ry(T) (c) and the slope of R, (T) (3;R,)) (d) across the superconducting dome
(purplecircles). The greensquaresin cshow where R, crosses zero, and the
blue diamondsindindicate the temperature at which the local extremum of
Ry(T) occurs. Forb-d, the contours were interpolated from the data using
natural neighbourinterpolation.Ina,b, the error bars are the standard deviation
of3-4samples. e-g, p(T) atrepresentative x characteristic of the underdoped
(e), overdoped (f) and optimally doped (g) regions. Dotted curves are for the
films grown on SrTiO; (ref. 9), whereas solid curves are the optimized films
grownonLSAT. Blackarrows in e and findicate 7. For g, p(T) of single-crystal
La,Sr,CuO, with T-linear normal state p are also plotted for comparison®-"#,
Thedashed lines arelinear fits to the normal state p, with the slopes of the linear
fitindicated attherightinunitsof10*mQ cmK™

both electron and hole carriers. Electronic structure calculations for
the nickelatesindicate the presence of alarge hole pocket with3d,2_,2
character, and electron pockets arising from Nd 5d and Ni 3d hybridi-
zation, making this anintrinsically multiband system™'*?', A two-band
analysis concludes that the observed magnetotransport behaviour
correspondstoadecreaseinthe hole carrier contributioninthe pres-
ence of parallel electron conduction (Supplementary Information).
Therelative insensitivity of T, to disorder strength (Fig. 2e) fur-
ther suggests that the upturn is caused by strong correlation effects
that effectively freeze out the hole contribution to conduction. The
recent observations of charge order in infinite-layer nickelates with
anincommensurate wave vector of roughly (1/3, 0) reciprocal lattice
units®* provide a candidate for the correlations driving the upturn.
This would also be consistent with the lack of magnetic field depend-
ence of 7, Notably, the upturninresistivity—with 7., decreasing
as afunction of x—and the presence of strong correlation effects are
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Fig.3|Magnetotransport characteristics of the underdoped regime.
Temperature dependence of p (left,at 0and 14 T) and R,, (right, note the reverse
vertical scale) forx=0.075. The functional form of p and R,,converges asthe
resistive upturnonsets at lower temperatures. At T< 5K, p deviates froma
roughly log(1/T) upturn and saturates instead, with the saturationalso
observedinR,,.

highly reminiscent of the underdoped region of the copper oxide phase
diagram (Extended Data Fig. 6)>2°¢*",

Overdoped regime

In contrast to the underdoped regime, the temperature onset of the
resistive upturn in the overdoped region is considerably reduced
when lowering disorder (Fig. 2f) and under applied magnetic field
(Fig. 4a-d). Indeed, T,,,,,, Shows a strong linear correlation with the
low-temperature normal state resistivity (Fig. 4e). We also note that
the suppression of resistive upturn shows minimal dependence on
epitaxial strain (Extended Data Fig. 9). These observations indicate
that theresistive upturninthe overdopedregionis driven by disorder
physics, unlikein the underdoped region where, as we have discussed,
it appears to arise from correlation effects. Suppressing the upturn
(or superconductivity) with a 14 T magnetic field reveals metallic
Fermi-liquid-like p =~ AT at low temperatures, with the quadratic coef-
ficient A essentially uncorrelated with T, or x (Fig. 4e). Inaddition,
the temperature at which the measured resistivity starts to deviate
from the low-temperature T>fitincreases as a function of x (Fig. 4a-d),
in a manner analogous to the crossover in the functional form of p
from T+ T?or T"(1<n<2)to T*inthe overdoped region of the copper
oxide phase diagram®*, Furthermore, R,,(T) rather resembles that in
overdoped La,_Sr,CuO, in terms of magnitude, functional form and
asign change ataround 100 K (ref. 39).

T-linear resistivity at optimal doping

Anotablefeature thatemerges for the highly crystalline films on LSAT
isthe strange metallic p = T behaviour in the normal state near optimal
dopingofx~0.15-0.175 (Fig. 2b,g). The evolution of the functional form
andtheemergence of T-linear behaviour with reduced disorder (Fig.1c)
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Fig.4|Magnetotransportcharacteristics of the overdoped regime.

a-d, pversus Tforoverdoped Nd, ,Sr,NiO, films, withx=0.275(a),x=0.3
(b),x=0.3125(c) andx=0.325 (d). Solid curves are measured at zero magnetic
fieldand dotted blue curves are measured under 14 T applied magnetic field.
Thep, + AT quadratic fits are shown as dashed grey curves. The grey arrows
indicate the temperature at which the quadraticfit deviates. Theinsetin
ashowsamagnified view of the small resistiveupturnat T<1Kunder14 T
applied magnetic field. e, Quadratic fit parameter A (left, red circles) and
p(20K) (right, blue squares) versus T, at14 T for the four filmsina-d, with
linear fits shown as dashed lines and xlabelled. A shows minimal correlation
with T, and p(20 K) shows astrong linear trend with 7.

are similarly observed in disorder studies of the copper oxides*®. The
T-linear slope of the infinite-layer nickelates (roughly 11 mQ cm K™) is
also close to that of La,_,Sr,CuOQ, (roughly 6-11 mQ cm K™) (Fig. 2g)*¢*"4.,
Among the copper oxides, this comparison appears most apt given
thatboth systems share the solid-solution cation disorder associated
with chemical hole doping. The T-linear resistivity in copper oxides
hasbeenalongstanding puzzle, and it is one of several examples that
have raised consideration of fundamental bounds on scattering rates*.
Forthe nickelates, the lack of experimental measures of the multiband
effective masses and carrier densities preclude attempts at a quantita-
tive analysis. However, it is surprising that the value of the nickelate
T-linear slopeitselfis so close to that of La, ,Sr,CuO, despite the notable
differences in the electronic structure that result in parallel conduc-
tion channels. Whereas the ultimate origins of strange metallicity (and
the upturninresistance on the underdoped side) are yet unclear, the
observations here directly indicate thata parent compound with ahard
insulating gap is nota crucial ingredient for the strange metal physics
that ensues near optimal doping for superconductivity.

Discussion

If strange metallicity is not directly tied to a proximate Mott insulator,
acommonly invoked alternative would involve scattering off the soft
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order parameter fluctuations associated with a continuous quantum
phase transition occluded by the superconducting dome**. Further
studies are needed to determine the nature of such fluctuations if
present—the charge stripe phase s a plausible candidate®* *—and their
effect on the resistive upturn in the underdoped regime. When all of
the magnetotransport features are summarized on acommon phase
diagram (Extended Data Fig. 10), it is suggestive of such a quantum
critical scenario: the monotonic decrease of the resistive 7, (and
associated R, maximum) with doping and its apparent vanishing near
optimal doping, and Hall measurements that mark a locus of doping
dependent temperatures on the overdoped side in which the effec-
tive sign of the carriers changes, which again vanishes approaching
optimal doping. These features have been presented in a two-band
picture appropriate for the nickelates, and strictly within this frame-
work the evolution of R, could be coincidental, reflecting the details of
theunderlying fermiology of the material: there are analogous debates
on multiband effects in the copper oxides, for both hole and electron
doping®. Alternatively, the vanishing Hall number could be ascribed
to Fermi surface reconstruction associated with a density wave order
parameter for both nickelates and copper oxides, and thus of more
fundamental significance.

With aresistive upturn in the underdoped region driven by strong
electron correlations, anon-Fermi-liquid 7-linear resistivity near opti-
mal doping and T?resistivity in the overdoped region, the supercon-
ducting phase diagram of the infinite-layer nickelates bears a close
resemblance to that of La,_,Sr,CuO, (Extended Data Fig. 10). This is
surprising, especially considering the key distinctions between the
two systems. The undoped parent state of the nickelates is not an
antiferromagnetic insulator®®'%*°, The hybridization between the
Nd 5d and Ni3dbandsintroduces electron pocketsinthe Fermisurface,
making the nickelates anintrinsically multiband system™**?, Spectro-
scopic measurements suggest that the orbital alignment of the nick-
elates is closer to the Mott-Hubbard regime, rather than the charge-
transfer regime such as the hole-doped copper oxides™'*. And yet, the
Nd,_,Sr,NiO, phase diagram—in particular the superconducting dome
and the electrical transport in the normal state—is similar to that of
La,_Sr,Cu0,. Thegood agreementin the superconducting dome with
calculations assuming pairing predominantlyintheNi3d,2_2 band”
suggests that the same mechanism could be at play in both systems.
Similarities in the phase diagram extend beyond these oxides to mate-
rials as disparate as twisted bilayer graphene and chalcogenides®*,
hinting at an underlying universality in their electrical transport that
remains to be understood.
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Methods

Filmgrowth

Polycrystalline Nd,_,Sr,Ni, ;505 targets (x = 0.05-0.325) were prepared
by pelletizing mixtures of Nd,0;, SrCO; and NiO powders, decarbonat-
ingat1,200 °Cfor12 h, regrinding and repelletizing and then sintering
at1,350 °C for 12 h (Extended Data Fig. 11)>". Roughly 15 unit cells of
Nd,_,Sr,NiO, epitaxial thin films were grown by pulsed-laser deposition
withaKrF excimerlaser (1=248 nm)on5 x 5 mm?*LSAT (001) and SrTiO,
(001) substrates, with the substrate surface prepared ex situ by standard
acetone-isopropylalcohol ultrasonication. The films were synthesized
using the conditions specified in Extended Data Table 1. Roughly four
unit cells of SrTiO, (001) were grown in situ as a capping layer™.

Reduction process

After cuttinginto two 2.5 x 5 mm?pieces, the perovskite samples were
vacuum-sealed (below 0.1 mTorr) with roughly 0.1 g of CaH, powderin
aPyrexglasstube, loosely wrapped with aluminium foil to avoid direct
contact with CaH,. The glass tube was first heated at 240-260 °C for
2 h, withatemperature ramp rate of 10 °C min ™. Then, X-ray diffraction
(XRD) 8-260 symmetric scan and p(T) measurements were performed
ex situ to evaluate the degree of topotactic transition. Thirty-minute
reductionsat240-260 °C and ex situ characterizations were incremen-
tally continued until the out-of-plane lattice constant, superconducting
transition temperature and residual resistivity ratio saturated, indicat-
ing complete reduction. The total reduction time across all samples
was roughly 2.5-4 h.

Characterization

XRD 6-26 symmetric scans and reciprocal space maps were measured
using amonochromated Cu K, source (1=1.5406 A). Cross-sectional
STEM specimens were prepared by astandard focused ion beam (FIB)
lift-out process ona Thermo Scientific Helios G4 UX FIB. HAADF-STEM
images of the specimens were acquired on an aberration-corrected
Thermo Fisher Scientific Spectra 300 X-CFEG operated at 300 kV
with a probe convergence semi-angle of 30 mrad and inner (outer)
collection angles of 66 (200) mrad. The measurements of p(H, T) and
Hall effect were conducted in a six-point Hall bar geometry using alu-
minium wire-bonded contacts. The Hall effect was measured to be
linear up to the highest measured magnetic field of 14 T. For two-coil
mutual-inductance measurements, a pickup coil of 400 turns and

lateral dimensions of roughly 0.5 x 0.5 mm? and a drive coil of 50
turns and lateral dimensions of roughly 0.25 x 0.25 mm? were made
using 20 pum diameter copper wires. The leakage around the film was
calibrated using a 100-nm thick aluminium film with the same lateral
dimensions as the nickelate samples (2.5 x 5 mm?)*®,

Data availability

The data that support the findings of this study are available from the
corresponding author upon request.
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a

Extended DataFig.1|Analytical mapping of Ruddlesden-Popper faults.
a,Raw HAADF-STEM image of the Nd, 5Sr,1sNiO, film on SrTiO; substrate
showninFig.1a (left) and amagnified view of the region marked by the red
dashed box (right). For the magnified view, atomic overlays are shown to
illustrate the half-unit-cell displacementinduced by the Ruddlesden-
Popper-type stacking faults (RP faults), resulting in the reduced cation
contrast.b, Composite of the compressive strain measured on the [101] and
[101] pseudocubic lattice fringes for the HAADF-STEM image ina. The
infinite-layer film appears as aregion of large compressive strain compared
tothesubstrate because of the shortened c-axis lattice constant. Ruddlesden-
Popper type faultsin the filmare highlighted as regions of local expansion
(brightlines) within the film. The highlighted boundaries are used to annotate
thevertical Ruddlesden-Popper regions, shown as black (yellow) boxes here
(inFig.1a). ¢, Identical strain mapping of the [101] and [101] pseudocubic lattice
fringes for the HAADF-STEM image of the Nd, 551 1sNiO, film on LSAT
substrate (Fig.1b). Thecirclesinband cillustrate the coarsening length scale
ofthe Fourier-based analysis. Scale bars, 5 nm.



. -
'8 s
v -
o SrTiOz cap -
- -
» . 4 L4 °
. - B A A 4 4 4 8 0 8 88 A4 . AN i
34 I A A A A A AAAADLASLAANAANSNS A AN PR L
. S S R T I A a S 101 e
] ‘ D) S R T I . ha A .
Dl A A A A A A A A AR AR LR R LR R — )
g z LR A4 A 8 A A A A A A A LR R a A A \;: °
LR A A 5 A A A AR A A A" A A AN A 5 » (é) °
. " A A A AR A AR AAAA A LR hAN %. 5le
LR 24 2 A A A A AR AR A A A q A H * RS
.4 LA A A AAAAAAAAANLS N(JO‘BS_S N Q2. ’E °
. A 4 A A A AR A A N < o
. 2 0 A 4 8 2 AR AR LR O [ ]
. 5 £ 4 & % 4 . . A 2 A 4N L a4 -
. . 0 -
' Y
.
[ ]
.
=51 ]
.
34 36 338 40
c-axis (A)

Extended DataFig.2|High-resolution HAADF- and ABF-STEM imaging of (blue),and O (red). b, HAADF-STEM image of the same Nd, ¢sSr ;sNiO, film on

Nd, 55Sr,1sNiO, film onLSAT. a, High-resolution HAADF- (left) and annular LSAT. c. Quantitative tracking of the local c-axis lattice constant measured
bright-field (ABF)- (right) STEM images of the Nd, 4sSr;sNiO, film on LSAT between consecutive A-site planes (e.g., Nd toNd). The lattice constant within
showninFig.1b. Both thelattice size and oxygen columnstructure visibleinthe  thefilmshowsgood agreementwith the expected value for the infinite-layer
ABF image are consistent with the infinite-layer structure. Atomic model structure and the measurements of a fully reduced film by XRD. Scale bars, 5 A.

overlays show columns of Nd/Sr (orange), Ni (purple), La/Sr (green), Al/Ta
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Extended DataFig. 3 | X-Ray diffraction of Nd, ,Sr,NiO,on LSAT substrates.
a,Representative XRD 6-260 symmetric scans of optimized Nd,_,Sr,NiO,
(x=0.05-0.325). The curves are vertically offset for clarity. b, XRD 6-260
symmetric scan of Nd ¢sSry,sNiO, (solid curve) and the corresponding
symmetric scan fit (dashed curve). The close agreementin the positions of the
main film peak and the Laue fringes indicatesagood fit. Theasymmetryin the
Laue fringes of the film peaks arises from the asymmetric background intensity
and theresolution limit of the instrument. The extracted out-of-plane lattice
constantcfrom thefitislabelled. c, c-axis lattice constant versus x for
Nd,Sr,NiO, films on LSAT (green filled triangles, extracted froma) and on
SITiO; (red filled circles) using the same growth conditions (Extended Data
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Tablel).Errorbarsarethelargerofthe errorinthefitand standard deviationin
the values from multiple samples. cincreases linearly with x, consistent with
systematic doping of Srin the films. Previous experimental data®° on SrTiO,
arealsoshown as opencircles. The substantial elimination of Ruddlesden-
Popper-type faults, which locally expand the in-plane lattice", resultsin the
overalldecreasein ccompared to previous experimental data. In their absence,
thelarger c-axis lattice constantin LSAT with respect to SrTiO;is due tolarger
compressivestrain. Dotted lines are linear fits to the experimental data.

d-g, Reciprocal space maps of Nd,_,Sr,NiO, films on LSAT for x=0.075 (d),
x=0.15(e),x=0.225(f),and x= 0.3 (g), showing that the films are fully strained
tothe LSAT substrate across doping.
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Extended DataFig. 4| Atomic-scale structural characterization by
HAADF-STEM of the Nd, ,Sr, ;NiO, film on LSAT with SfTiO, capping layer.
HAADF-STEMimage of the Nd, ;Sr, ;NiO, film on LSAT. Scale bar, 5nm.
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Extended DataFig. 5|Individual resistivity curves of Nd, ,Sr,NiO, on LSAT. p versus T curves of optimized Nd,_Sr,NiO, films (x=0.05-0.325). Curves for
additionalsamples atx=0.075,0.15,and 0.275 are also shown.
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Extended DataFig. 6 | Comparing theNd, ,Sr,NiO,and theLa,_Sr,CuO,
phasediagrams. Superconducting phase diagram of Nd,_,Sr,NiO, on LSAT
(red) andLa, ,Sr,CuO, (green), both plotted against the nominal Sr composition
x'236374 The superconducting onset temperature is shown via circles, while the
resistive upturn temperature 7, is shownas triangles. For La,_,Sr,CuO,, the
opentrianglesare T, obtained by suppressing superconductivity with high
magnetic field®. The superconducting dome extends fromx=0.1-0.3 (4x=0.2)
forNd, Sr,NiO,and x=0.05-0.26 (Ax=0.21) for La, ,Sr,CuO,.
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Extended DataFig.7|Suppression of superconductivity by magneticfield.
a, pversus TofNd, g,sSr,17;5NiO, film on LSAT under perpendicular magnetic
field (0.2-14 T, indicated by color). b, Thereal (red, left) and imaginary (blue,
right) partsof theinductance L,asafunction of Tin the pickup coilona

Nd, 8,557 0.17sNiO, film on LSAT, measured using a two-coil mutual-inductance
measurement (see Methods).



a-04 — b-04 —_— C-03 —
~ o0 |~ [Feoom] |~ o [o01]
O .06 o O 06} O 04 0%q
“c , ‘o i ,_,o. o i 05 9 ‘e
o . (&] N ) (6] . : X
9 -0.8- ¢ . 7 -08 ¢ ? °
= , .. 2 2 -06F e
~ | - | ° - “
Q:I-1.o o VF 10}¢ pEes 4
-1.2 S -1.2 S -0.8 1
d-03 — T e 00 T f o1 —
° o
= oalge., So1r™s 5 ooftte Lo
Eosf e 50 50T
7 e ¢ -0.3F ‘o ¢ -0.2+ e
S -06F = =
= ' T 04 . T -03F e
.~ o
& 07 ¢ 051 | & -04} ?
-0.8 | | | -0.6 | | | ? 05 | | |
g 0.1 , , : h o2 : , , i 02 : : |
= 00|20 [oamomml. ~ 01| ~ o1k
o o ©) o, O -
o 0.1 < 0.0 ‘g ° -
§ 0 o g o ) € 00 o
Ehell El N o o1} *.
= -03F “e. =02} ‘. -
& 04} e 031 02 °
05— —1 1 o4l—1 1 | 03—t 1 ¢
j 02 T , | K 02— , , | 02 , , ,
= 01l-% om0z |~ o, L% [oo=om] |~ %
) o Y o O 01 ©
© ° o [} -
o o o °
7 -01F o 7 o 7 0.0 °
T -02f o |27 : .
o o 0.1F
@ -0.3F s o 0.2 T |
04 ] | | 0.3 | | | 0.2 ] ] |
m 0.2 | | , n 04 , , | O 04 , , |
~ e ~ ~ 1
O 01 e O 0.2} O 02| °e
“ . “ o, ”’ e
§ ° 5 ‘.. 5 °
2 0.0 e 2 0.0 ° 2 0.0 9
e . e e
~ ~.~ ~ ~.‘~ ~ \.~
<011 | F-02F 1 F-02F o
e ¢ X @ ‘o
0.2 | | | 04 | | | 04 | | |
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
T (K) T (K) T (K)

Extended DataFig. 8 |Individual R,(T) curves of Nd, ,Sr,NiO,on LSAT. R, versus T curves of optimized Nd,_,Sr,NiO, films (x = 0.05-0.325) on LSAT substrate.
R, =0ismarkedasablack dotted line.
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Extended DataFig. 9| Minimal epitaxial strain dependence of T,,,,. p(T) of
Nd,,Sro3NiO, films on SrTiO; (blue) and LSAT (red), both synthesized using the
growth parameters specified in Extended Data Table 1. Prior data of p(T) of
Nd,,5Sro.,sNiO, film on SrTiO; fromref. 9 (yellow dashed curve, see Fig. 2f) is
also plotted for comparison. The films on SrTiO; show considerable
suppression of T, (black arrows) upon enhanced crystallinity, with similar
order of suppressionas the film on LSAT. This suggests that the suppression of
theresistive upturnis primarily due to higher film quality, and epitaxial strain
playsasub-dominantroleintheresistive upturn.
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Extended DataFig.10 | Cumulative phase diagram of the infinite-layer
nickelate Nd, ,Sr,NiO, on LSAT. The main features of the phase diagram of
Nd,_Sr,NiO, are summarized here. The onset temperature of the superconducting
transition T_ ., is defined as the temperature at which the second derivative of
p(T) becomes negative, and the 50% transition temperature T_ s is defined as
the temperature at which pis 50% of p(T onse0)- In the underdoped region, p
shows aresistive upturn, with T, (dark-blue triangles) decreasing as hole
dopingisincreased and superconductivity emerges. Simultaneously, the local
maximumin Ry, (light-blue diamonds) tracks the doping dependence of the
resistive 7., Superconductivity emerges atx~0.1and persistsup tox=0.3.
Inthe optimal doping of x=0.15-0.175, the normal-state resistivity shows a
linear 7-dependence. As superconductivity is suppressed in the overdoped
region, T?resistivity emerges, with asmall resistive upturn at low temperatures
(dark-blue triangles) driven by disorder. The open circles at the overdoped
region delineate the boundary below which the T*fit shows good agreement
with p. Asxisincreased, R, starts to cross zero into positive values (green
squares). This transition occurs near the optimal doping, and the zero-crossing
temperatureincreasesinto the overdoped region.
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Extended Data Table 1| Pulsed-laser deposition growth parameters optimized for perovskite Nd,_,Sr,NiO; thin films on LSAT

Growth Parameters Parameter Values
Fluence (J cm™) 2.6
Laser spot size (mm?) 0.77

Target composition 15% Ni rich
Pre-ablation pulse number 241
Target track outer diameter (cm) 1.0-1.1

Substrate-to-Target Distance (mm) 55.5
Po,, deposition (mTorr) 150
T, deposition (°C) 580

The optimized infinite-layer films were obtained across x by reducing the perovskite films at 240-260°C for roughly 2.5-4 h (see Methods). We note that under the same reduction conditions,
complete reduction could not be achieved for x<0.05 on LSAT, and thus we limit our study to x=0.05-0.325 (see Supplementary Information). For growth on SrTiO,, the substrate was
pre-annealed at 900 °C for 30 min at oxygen partial pressure Po,=5x 108 Torr.
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Extended Data Table 2 | Summary of superconducting transition temperatures of Nd,_,Sr,NiO, thin films on LSAT

X Te,onset (K) Te90% (K) Tes50% (K) Tc10% (K) Teo (K)

0.125 20.1+0.1 145+ 0.6 124+0.7 10.8 +£0.7 6.9+0.7

0.15 23.0+0.1 19.2+0.1 17.6 £0.1 16.5+0.2 143+0.2
0.175 23.0+0.5 19.2+0.1 17.5+0.1 16.4+0.2 14.1+0.2
0.1875 19.7+ 0.3 15.1+0.3 13.3+0.1 11.9£0.1 8.5+0.3

0.2 19.3+0.1 15.7+0.1 13.9+0.1 12.8 £0.2 10.5+0.3
0.2125 17.5+0.7 142+ 0.6 12.6 £ 0.6 11.5+0.5 9.6 0.6
0.225 16.0+0.3 11.9+0.1 9.8+0.2 8.5+0.2 62+03

0.25 143+0.5 10.5+0.5 8.6+04 72+0.5 48+0.2
0.275 7.7+0.3 5.1+0.3 40+0.2 3.0+0.2 <2

The onset temperature of the superconducting transition T, ... is defined as the temperature at which the second derivative of p(T) becomes negative. The 90%, 50%, and 10% transition tem-

peratures (T, go%, Tesow and T,q0y, respectively) are defined as the temperatures at which p is 90%, 50%, and 10% of p(T, o). respectively. T, is the temperature at which p=0.
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