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The discovery of Ruddlesden-Popper (RP) bilayer nickelate superconductors

under high pressure has opened a new chapter in high-transition-temperature
superconductivity' 8, However, the high-pressure conditions and presence of
impurity phases have hindered comprehensive investigations into their
superconducting properties and potential applications. Here we report ambient-
pressure superconductivity onset above the McMillan limit (40 K) in RP bilayer
nickelate epitaxial thin films. Three-unit-cell-thick La, ¢;Pr,sNi,O, pure-phase single-
crystal films are grown using the gigantic-oxidative atomic layer-by-layer epitaxy

on SrLaAlO, substrates’. Resistivity measurements and magnetic field responses
indicate onset transition temperature of 45 K. The transition to zero resistance shows
characteristics consistent with a Berezinskii-Kosterlitz-Thouless (BKT) behaviour,
with Ty = 9 K. The Meissner diamagnetic effect is observed at 8 K by using a mutual
inductance setup, inagreement with the BKT-like transition. In- and out-of-plane
critical magnetic fields show anisotropy. Scanning transmission electron microscopy
images and X-ray reciprocal space mappings reveal that the RP bilayer nickelate films

adoptatetragonal phase under roughly 2% coherent epitaxial compressive strain
inthe NiO, planes relative to the bulk. Our findings pave the way for comprehensive
investigations of nickelate superconductors under ambient pressure conditions and
for exploring superconductivity at higher transition temperatures through strain
engineeringin heterostructures.

High-transition-temperature (7¢) superconductivity was first discov-
ered in cuprates that consist of stacked superconducting CuO,
planes'©™. In each Cuion within the Cu-0 planes, roughly nine elec-
trons occupy the 3d orbitals, with the 3d,2 2 orbital dominating near
the Fermi level. The infinite-layer nickelates with superconducting
NiO, planes™, which are structurally analogous to cuprates and share
the 3d® configuration, show a comparable electronic structure near
the Fermi level, although with weaker oxygen hybridization, placing
them closer to the Mott-Hubbard regime®> 2, By contrast, the recently
discovered RP bilayer nickelate superconductors possess a nominal
3d™ configuration, resultinginadistinct electronic structure compared
to both cuprates and infinite-layer nickelates'’. Structurally, unlike
cuprates and infinite-layer nickelates that lack apical oxygen atoms
between the active superconducting planes, the RP bilayer nickelates
feature apical oxygens between the adjacent NiO, layers, suggesting
apossible combined contributionfrom3d, 2 2and3d, orbitals***.
Despite all these differences, bilayer nickelates can host 7. as high as
the liquid nitrogen temperature, although only under high-pressure
conditions, marking them as a crucial system for understanding the
mechanism of high-T7. superconductivity.

Superconductivity in bilayer nickelate La;Ni,O, was first observed
at pressures exceeding 14 GPa, with resistance approaching zero'

Subsequent studies achieved zero-resistance states in both single-
crystalline and polycrystalline La;Ni,0, samples under hydrostatic
pressure, although the superconducting volume fraction remained
low**. The presence of structural polymorphs, including various RP
variants, poses significant challenges and obscures the identification
of the phase truly responsible for superconductivity® . More recent
efforts, such as substituting one-third of La with Pr to form La,PrNi,0,,
have successfully reduced phaseintergrowth and improved the bilayer
structure purity, which enhance greatly the superconducting volume
fraction®. Nevertheless, the reliance on high-pressure conditions and
the persistence of residual phase inhomogeneities continue to limit
comprehensive experimental investigations into underlying super-
conducting mechanism and potential technological applications of
bilayer nickelates. Crucially, whether high T. above the 40-K McMillan
limit is possible under ambient pressure remains an important open
question. Here, through substrate-induced compressive strain on epi-
taxial thin films withrare-earth element substitutions, we have achieved
ambient-pressure superconductivity with transition onset at 45K in
pure-phase RP bilayer nickelate thin films, thus opening adirect pathway
for experimental studies of its superconducting properties.

La, ¢sPry5sNi,O, thin films are grown on treated (001)-oriented
SrLaAlOQ, substrates (Fig.1a) by gigantic-oxidative atomic layer-by-layer
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Fig.1|Superconductingbilayer nickelate thin film. a, The structural
schematic ofala,gsPr, ;sNi,O, bilayer nickelate film grown on treated (001)-
oriented SrLaAlO, substrate.b, R-T curves fora3UC La, 4sPr, ;sNi,O, film on
SrLaAlO,.c, Theonset 7. =45 K (black down-pointing arrow) is defined as the
temperature at which the R-T curve deviates from thelinear fitin the 50-60 K
range (grey dashed line) and coincides with the onset of the 14 T magnetic field
response (red line). McMillan limitis indicated by agrey down-pointing arrow.
Theonset Tcabove 40 Khasbeenreproducedin17 samples. Zero-resistance

epitaxy (GOALL-Epitaxy)’.In contrast to oxide molecular beam epitaxy
or pulsed laser deposition, GOALL-Epitaxy uses different laser ablation
targets for different atomic layer under strong ozone oxidation environ-
ment (Extended Data Fig.1a-c). For the growth of a La, 4sPr,;sNi,O, thin
film, Lag osPro,0s0, and NiO, targets are alternately ablated according
toasetsequence to form periodic stackings of La ¢sPr 0sO-NiO,-Lag o5
Pr,0s0-NiO,-La, 45Pr osO. Each period corresponds to half unit cell of the
lattice structure. The growth process is monitored in situ with reflective
high-energy electron diffraction (RHEED) under an oxidative condition
mixing 3-5 Pa of purified ozone delivered through a 9-mm-diameter
nozzle positioned near the sample (roughly 3.5 cm distance) and 7 Pa
of background oxygen. During growth the epitaxial strain is coherently
maintained within the three-unit-cell (3UC) thickness (Extended Data
Fig.1d-h). The stoichiometry precisionis better than1%. Samples are
cooled down at100 °C min™under the same ozone flow, and extracted
for X-ray diffraction (XRD) measurements and Pt electrode depositions
with magnetron sputtering. To achieve optimal superconductivity,
postannealing in the growth chamber for 30 min at 575 °C, with puri-
fied ozone of 15 Pa (flow rate roughly 10 sccm) continuously injected
through the same nozzle, is critical. The samples are then cooledin the
same ozone environment at 100 °C min™ until reaching near room tem-
perature. After shutting off the ozone flow, the samples are promptly
transferred from the growth chamber to the load-lock chamber. Once
the load-lock gate valve is closed, pure oxygen is immediately intro-
ducedtoventthe load-lock chamber, ensuring a consistent oxidation
environment to stabilize the superconducting samples. Extended Data
Fig.2a,b show resistivity measurement before and after postannealing,
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behaviourabove 5K hasbeenobservedin10samples.d, Resistivityasa
function of 72. Grey dashed line is alinear fit. e, R-T curve zoomed in near-zero
resistivity. f, (dIn(R)/dT) *?versus T curve, with linear fitinthe 12-17 K range
extrapolated to identify Ty = 9 K (downward pointing arrow). g, Temperature-
dependent Hall coefficient for bilayer nickelate samples with and without Pr
substitutions and references (La, gsSr,;sCuO, and Nd, ¢Sr, ,NiO,/SrTiO;)
(refs.14,42).

and suggest that postannealing does not cause appreciable changein
lattice structures characterized by XRD.

A3UC La,gPr, ;sNi,O, film on SrLaAlO, substrate grown and annealed
with optimal conditions shows superconductivity with onset 7. of 45 K
(Fig.1b). Films grown and annealed under suboptimal conditions (for
example, different temperatures) are shown in Extended Data Fig. 2c.
Theresistivity-temperature (R-T) curve undergoes atwo-step resistive
drop, abehaviour observed previously indisordered two-dimensional
(2D) superconductors that can be described as Josephson-coupled
superconducting puddles®~*8, Only temperatures below 200 K are
shown, as higher temperatures under rough vacuum conditions were
found to cause oxygen lossin the samples (Extended DataFig.3), lead-
ingtothe deterioration of superconducting properties. The onset 7. is
defined as the temperature at which resistivity begins to deviate from
alinear fit between 50 and 60 K. The determined onset 7. = 45K also
coincides with the temperature at which resistivity shows obvious
magnetic field responses, such as at 14 T (Fig. 1c). Above onset T, the
R-Tcurveshows that temperature dependence deviates fromalinear
behaviour previously observed in pressured bulks® (Fig. 1d). This may
indicate different disorder or dopinglevelsin these different systems.
Phonon scatterings is also an important contributor in this tempera-
ture regime. Below 20 K, resistivity reaches zero gradually, resem-
bling a BKT behaviour (Fig. 1e), as previously seen in 2D-interfacial
superconductors®#°, Alinear fit to the (dIn(R)/dT) ™ versus T curve
yields Ty = 9 K (Fig. 1f). The current-voltage (/- V) characteristics show
power-law behaviour similar to a BKT transition* (Extended Data Fig. 4).
By contrast, a 3UC La;Ni,O, film grown on the same substrate shows a
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Fig.2|Magneticfield responses of the bilayer nickelate thin film.

a, Schematic ofatwo-coil mutual inductance setup. b, The real (Re(V;), blue
dots) and imaginary (Im(V;), red dots) components of the voltage in the pickup
coilmeasured as functions of temperature on the 3UC La, 4;Pr, ;sNi,O, film on
SrLaAlO,.Shaded curves are guides to the eye. Dashed black line is a horizontal
line fitting the Im(V;) datafrom10 to 15K. T, = 8 Kis determined as the
temperature at which Im(V;) begins to deviate from the dashed black line.

c,d, R-T curves with out-of-plane (c) and in-plane magnetic fields (d). e, In-plane

small resistive drop at roughly 10 K, without reaching zero resistance
(Extended DataFig.5). Given the thinness of the film, interfacial disor-
dermay play akeyrolein affecting superconducting phase coherence
across the whole film. This may be related to that Ty, corresponding
to global phase coherence, is significantly lower than the onset T,
whichis linked more closely to Cooper pairing.

Samples with and without Pr substitutions show Hall effect behav-
iours (Fig. 1g, raw data) markedly different from typical cuprates**?
(such as La, gSr,,;sCu0,) and infinite-layer nickelates™® (such as
Nd, sSr,,NiO,/SrTiO;). In particular, absolute values of the Hall coef-
ficients of both La;Ni,0, and La, zPr,;5Ni,O, samples are around two
orders of magnitude lower. A single band model yields roughly ten elec-
tronsor holes per Niat 40 K, for La;Ni,O, or La, 4sPr, ;sNi,O-, respectively,
whichis unphysically large. In the multi-channel case, without access to
ultra-high magnetic fields, the Hall effect remains linear (Extended Data
Fig. 6), and the near-zero Hall coefficients indicate the coexistence of
electron-and hole-like carriers. However, therole of channel-dependent
mobility in the Hall effect precludes quantitative determination of
electron or hole carrier concentrations, although their coexistence is
evident. Theseresultsindicate the multiband nature at the Fermilevel.

The Meissner diamagnetic effect is demonstrated using a mutual
inductance setup™***, with the driving and pickup coils aligned verti-
cally above and below the thin-film sample (Fig. 2a). A diamagnetic
signal is observed below a Meissner temperature (7,,) of 8 K, which
coincides with Ty extracted fromthe R—T curve within the error mar-
gin (Fig.2b). This signifies the entrance of a true superconducting state.
We extracted penetration depth Ain the order of micrometres as a

BC)

(solid circles) and out-of-plane (open circles) critical fields as functions of
temperature. Critical fields defined by 90% (red circles) and 50% (blue circles) of
normalstateresistance Ryare presented. Solid lines arelinear fits. Dashed lines
arefitsusing the Ginzburg-Landau formula. f, The temperature corresponding
to50%Ryat14 T plotted asafunction of the magnetic field rotation angle . Inset
shows the measurement geometry. Open circles are measured data. Red solid
and grey dashed curves are the 2D-Tinkham and 3D-Ginzburg-Landau fits,

respectively.

function of temperature, shown in Extended Data Fig. 7. To further
elucidate the dimensionality of the superconductivity, in Fig. 2c,d we
show the R-T curves with varied out-of-plane and in-plane magnetic
fields for the 3UC La, gPr,sNi,O,/SrLaAlO, sample. A strong anisotropy
of magnetic response is seen. Qut-of-plane and in-plane critical fields
(B.) areextracted, as defined by 90 and 50% normal state resistivity Ry,
and plotted as functions of temperature (Fig. 2e). For the out-of-plane
field B4, linear fits yield a zero-temperature critical fields of 68 and
29T, for 90 and 50% of cases, respectively. By contrast, the in-plane
fields B.'are fitted using the 2D Ginzburg-Landau formula*, resulting
in zero-temperature critical fields of 119 and 71T, for 90 and 50% of
cases, respectively. Note that the critical field anisotropy is less pro-
nounced than that typically observed in many 2D superconductors.
However, the distinct dichotomy of linear and nonlinear temperature
dependenceinthe out-of-plane and in-plane critical fields is hallmark
of 2D superconductors®**°, which is different from the behaviour
observed in infinite-layer nickelates**™*. Superconducting thickness
can be estimated using the formula dy.c = V(6¢,B.*/1B.'?), where ¢, is
the magnetic flux quantum, yielding dsc =4 + 3 nm. Considering the
90% critical fields as the pairing breaking upper critical fields B,,, coher-
ence lengths canbe estimated using the relation = v(¢,/21B,,), yield-
ingin-plane coherencelength &," = 2.2 nmand out-of-plane coherence
length EOL =1.7 nm. These coherence lengths are comparable to the
out-of-planelattice constant and the extracted d.. Setting a14 T mag-
neticfield, R-Tcurves are measured with varied rotation angle . Tem-
peratures at which resistivity reaches 50% of Ry (T, as a function of
P are plotted in Fig. 2f. The Ts,,,—f curve can be fitted well with the
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Fig.3|STEM of superconducting bilayer nickelate thinfilms. a, High-angle
annular dark-field (HAADF) image of a3UC La, ¢sPr,sNi,O,/SrLaAlO,sample
withalarge field of view. The dashed line indicates the film-substrate interface.
Note thatthe reduced intensity near the surface may result from damage
introduced during focused ion beam sample preparation or from exposure
toelectronradiation during measurements. b,c, HAADF and (annular bright
field) ABF images of asame field of view. The line profile of the intensity along
the yellow dashed box inbisshown. Whiterectangles are guides to the eye

Tinkham model for 2D superconductors, whereas the Ginzburg-
Landau model for an anisotropic three-dimensional (3D) supercon-
ductor® fails to capture the cusp feature around zero angle. Because
the extracted length scales are order-of-magnitude estimates, the
magnetic field response datasuggest that the bilayer nickelate thin-film
superconductivity resides in a regime where §, = dsc < A.

Scanning transmission electron microscopy (STEM) and atomically
resolved energy-dispersive X-ray spectroscopy (EDS) images reveal key
structural characteristics of a superconducting 3UC La, ¢Pr, ;sNi,O,/
SrLaAlO, sample (Fig. 3). Impurity phases are not detected in the
STEM image with large field of view. At the interface, the substrate
undergoes reconstructions probably during the substrate treatments,
formingan AlO, bilayer (specifically LaO-AlO,-(La,Sr)0-AlO,-(La,Sr)O),
which acts as a template for epitaxial growth. The film growth begins
with a LaO layer and follows a sequence of (La,Pr)O-NiO,-(La,Pr)O-
NiO,-(La,Pr)O. The atomically sharp interface with no detectable inter-
diffusionbetween Niand Aland the coherent epitaxial strain ensure that
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identifying the Ni-O bilayer structures.d, HAADF and atomically resolved

EDS (for Ni, Al, La, Prand Sr, respectively) images of asame region of lattice
inthesamesample. Theyellow curves are integrations of intensity in horizontal
pixels. White dashed lines are guides to the eye indicating the position of the
film-substrate interface. The presence of Prin the filmis spectrally distinguished
from Lasignals, primarily by analysing the intensity at the LB, emission line
(5,489 eV).Scalebars,5nm(a),2nm (b,c) and1nm (d).

superconducting properties are preserved near the interface. Sr diffu-
sion fromthe substrate into the first unit cell of the filmis observed. As
Srsubstitution for Latypically introduces hole doping, this may indicate
athinner superconducting layer (assuming hole dopingisimportant)
relative to the total film thickness, despite the single-phase structure
being observed throughout the film. The smaller ionic radius of Pr**
compared to La** may have facilitated the diffusion of Sr** (Extended
DataFig. 8), possibly enhancing superconductivity. Shorter Sr diffusion
lengths across theinterface for La;Ni,0,/SrLaAlO, samples may lead to
areduced effective superconducting thickness, making these samples
moresensitive to interfacial disorders associated with substrate surface
quality, and thus more prone toinsulating behaviour evenin the pres-
ence of Cooper pairs (Extended Data Fig. 5). The prepeak observed in
oxygen K-edge of electron energy loss spectroscopy indicates finite
p-dhybridization in the film (Extended Data Fig. 9).

Figure 4 presents the XRD along the out-of-plane direction and
reciprocal space mappings (RSMs) for La, gsPr,;sNi,O, and La;Ni,0,
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Fig.4|XRD and RSM of bilayer nickelate thin films. a, XRD along the out-
of-plane axis for a SUC La;Ni,O, film on LaAlO; substrate, a3UC La;Ni,O, filmon
SrLaAlO,substrateand a3UC La, Pr,sNi,O, filmon SrLaAlO, substrate. Note
thatthe width difference of the peaksisrelated to the film thickness difference.

films. The XRD reveals a series of well-defined diffraction peaks without
indication of impurity phases, indicating high crystalline quality even
with only 3-5 unit cells. The out-of-plane lattice constant of the super-
conductingLa, ¢sPr;5Ni,O, filmonSrLaAlO, substrate is calculated at
20.74 A, roughly 1% elongated compared to bulk (out-of-plane lattice
constant is 20.519 A). The non-superconducting La;Ni,O, film grown
on LaAlO; substrate with a larger in-plane lattice constant, showing
slightly smaller out-of-plane lattice constant, implying the possible
role of sufficient straining for superconductivity. The presence of
Kiessig fringes around the main diffraction peaks confirms that the
sample has an atomically smooth surface and interface (also seen in
atomic force microscope images in Extended Data Fig. 10a-d). X-ray
reflectivity measurements yield film thickness of roughly 6.6 nm for
3UC La, 4Pr5Ni, O, film on SrLaAlO, substrate, in agreement with
the expectation from growth within error margins (Extended Data
Fig.10e,f). The RSMs of the superconducting 3UC La, gsPr ;sNi,O, film
along four differentin-plane directions show consistent g, values, pro-
viding evidence of atetragonal phase. Alignment of g, between the film
and the substrate demonstrates a uniform and coherent strain state
across the film. In other words, the film has the same in-plane lattice
constant as the SrLaAlO, substrate (3.75 A), corresponding to a com-
pressive strain of roughly 2% compared to bulk (in-planelattice constant
0f3.832 A). Owing to coherent straining, both 3UC La, gPr,,sNi,0,and
3UCLa;Ni,O, films grown on SrLaAlO, substrates show nearly identical
in-plane lattice constants within error bars.

In this work, we have achieved superconductivity in pure-phase
RP bilayer nickelate thin films at ambient pressure with transition
onset above the McMillan limit. Using the GOALL-Epitaxy method, we
grew high-quality, epitaxially strained 3UC La, 4;Pr,, ;sNi,O; films on
SrLaAlOQ, substrates with atomically smooth surfaces and interfaces.
The thin film shows an onset 7. of 45 K and a BKT-like transition behav-
iour with Ty = 9K, aligning with the Meissner temperature T,,= 8 K.
Magnetic responses reveal anisotropy in critical fields. Our work allows
experimental investigations of the superconductivity mechanismwith
enhanced feasibility and lays a foundation for achieving transition
temperature higher than 77 K (liquid nitrogen boiling temperature)
in nickelates at ambient pressure.

During the review process, we identified parallel research efforts
documenting signatures of superconductivity in La;Ni,O, thin films®..

2.8 26 27 28 26 27 28 26 27 28
q,/(2m) (1/nm)

b,RSMsof a3UCLa, gPr, sNi,O, film on SrLaAlO, along four different phi
angles. Identical g,across the four cases reveal tetragonal phase of the film.
Aligned g, between film and substrate indicate coherent straining. a.u.,
arbitrary units.
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Methods

Growth of La;Ni,0, and La, 4,Pr, ;sNi,O, films

All samples were prepared using the gigantic-oxidative atomically
layer-by-layer epitaxy (GOALL-Epitaxy) method. In the growth of
La;Ni,0, and La, gsPr,sNi,O, films, which features a stacking block
structure of (La,Pr)O-NiO,-(La,Pr)O-NiO,-(La,Pr)O, alternating laser
ablationof La0O,/La, sPr, 0s0,and NiO, targetsis used to achieve atomic
layer-by-layer epitaxy. Calibrating the stoichiometry relies on deter-
mining both the precise number of laser pulses and energy required
toablateatargetand deposit one monolayer onsubstrate. Inatypical
growth process, the number of pulses used to ablate LaO,/Lag osPr 05
0O, orNiO, targetsisbetween100 and 150 pulses, providing astoichio-
metric precision greater than 1%.

LaO,, NiO,and La, 4sPr, osO, targets were prepared by sintering LaO,
NiO, or stoichiometric mixtures of LaO and PrO powders at 1,100 °C
for 6 h. The growth temperature and laser fluence for all samples were
settoberoughly 750 °Cand1.4-1.8 ) cm™ The deposition atmosphere
consists of two components: purified ozone and oxygen, with partial
pressures of 3 and 7 Pa, respectively. After the deposition, the sam-
ples were cooled down at 100 °C min™ in the same environment to
improve experimental efficiency. Cooling rates of 50 and 60 °C min™
were also tested, with no significant differences inthe crystalline qual-
ity observed.

Postannealing

Postannealing was performed for 30 minat 575 °Cinthe growth cham-
ber for optimal superconductivity, with purified ozone of roughly
15 Pa (flow rate roughly 10 sccm) delivered through a 9-mm-diameter
nozzle. The samples were cooled in the same ozone environment at
100 °C min’. The samples were extracted from the chamber until they
reached near room temperature. Annealing has minimal effect on crys-
talline quality. Sample temperaturesin the growth chamber were meas-
ured by pyrometer from the back of the inconel600 sample holder.

Substrate preparation

For clean surface preparation of the SrLaAlO, (001) substrates (MTI),
annealing was performed by putting a LaAlO; substrate onaSrLaAlO,
substrate face to facein the atmospheric or 1 atm oxygen conditions at
1,030 0r1,080 °Cfor 2 h. Treated substrates may show either double or
single termination surfaces, which do not significantly affect the film
growth, strain or lattice structure. Oxygen stoichiometry in the films
is predominantly controlled during postannealing.

Low-temperature transport measurements

Electric transport measurements were performed in a closed-cycle
helium-free system (base temperature roughly 1.8 K). Hall bar elec-
trodes with Pt were evaporated by magnetron sputtering with a pre-
patterned hard shadow mask covered on 5- x 5-mm samples. The four
terminal electrical measurements were carried out through the stand-
ard lock-in technique with an a.c. current of 0.5 pA (13 Hz) for resist-
ance measurements and 10 pA for Hall measurements. The transition
temperatures under different magnetic fields are extracted from the
resistivity versus magnetic field curves shownin Fig. 2c,d. The normal
state resistivity Ry at a certain temperature is determined by linear
extrapolation from the 50-60-K range. Samples experience oxygen
lossinvacuumabove 200 K and in atmosphere at ambient temperature,
which canbe characterized by resistance increase. Meanwhile, lattice
structures characterized by XRD do not show noticeable differences
(Extended DataFig. 3).

Mutual inductance measurements

The superconducting thin-film samples were placed tightly between
the collinear driving and pickup coils, similar to refs. 14,44,45. The
driving coil and pickup coil are both made using 30-pum-diameter wires

and have identical specifications. Each coil has an outer diameter of
1.5 mm, an inner diameter of 0.5 mm and a height of roughly 2.5 mm
and 800 turns, resulting in a self-inductance of 1 mH. The driving coil
was driven with a20-kHz 5-pA alternating current. The voltage across
the pickup coil is measured by a lock-in amplifier.

STEM

STEMHAADF and ABF imaging of the superconducting La, ¢sPr, ;sNi,O,
filmwere photographed using a FEI Titan Themis G2 at 200 kV.A double
spherical-aberration corrector and a high-brightness field-emission
gun (X-FEG) with a monochromator is installed onto this microscope
toenhanceimageresolution and contrast. Theinner and outer collec-
tionanglesforthe STEMimages (f1and 32) were 90 and 200 mrad for
HAADF images, and 12 and 23 mrad for ABF images, respectively. The
semiconvergence angle was maintained at 25 mrad, and thebeam cur-
rent was adjusted to about 40 pA for HAADF/ABF imaging and the EDS
chemical analyses. EDS data were obtained using the Super X System
in STEM mode. Electron energy loss spectra were acquired using a
FEI Themis Z equipped with a high stability stage and a Gatan Quan-
tum ER/965 spectrometer. The microscope was operated at 200 kV
withabeam current of 200 pA. The probe currents are controlled less
than 200 pA to minimize radiation damage with the scan parameters
used: roughly 1-A probe, roughly 9-A? scan pixel size (applied 16 x 16
subpixel scan) and 300 ps per pixel dwell time. The cross-section
STEM specimens were prepared using a FEI Helios 600i dual-beam
focusedionbeam and scanning electron microscope machine. Before
extraction and thinning, electron beam-deposited platinum and ion
beam-deposited carbon were used to protect the sample surface from
ion beam damage. All operations were done at room temperature.

XRD

Crystallographic characterization of thin-film specimens was per-
formed using an automated multipurpose X-ray diffractometer
(SmartLab, Rigaku Corporation), encompassing 6-26 scans and RSMs.
After thein-plane sample alignment, the RSMs around (1011), (0111),
(-1011) and (0 -111) SrLaAlO, Bragg reflections were measured by
rotating the phi axis using the Hypix-3000 2D detector.

Synchrotron soft XAS

The valence characterization of thin film was conducted at the BLO7U
beamline at the Shanghai Synchrotron Radiation Facility. All X-ray
absorption spectroscopy (XAS) spectraattheNiL,-edge were takenin
thetotal electronyield configuration withan X-ray normalincident on
the sample surface. These XAS were normalized such that theintensity
atthe pre-edge and the postedge were 0 and 1, respectively. Owing to
the overlap between the tail of the La M,-line and the Ni L,-edge, the
valence difference of Ni between a superconducting La, ¢sPr,5Ni,O,/
SrLaAlO, sample and a superconducting Nd, sSr,,NiO,/LSAT sample
is demonstrated by comparing the spectra of Ni L,-edge.

Data availability
Source data are provided with this paper.
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Extended DataFig.1|Growth. a, Schematic of synthesizing (La,Pr);Ni,O,

on SrLaAlO, with gigantic-oxidative atomically layer-by-layer epitaxy
(GOALL-Epitaxy).band ¢, RHEED oscillations and patterns of La;Ni,O, and

La, gsPrgsNi,O, growth on SrLaAlO,. Blue and orange blocks represent the
growth of LaO,/(La,4sPry05)0,and NiO, layer, respectively. d-g, Time evolution
of RHEED pattern during the growth of La, ¢sPr, sNi,O; film on SrLaAlO,
substrate. RHEED pattern of the substrate SrLaAlO, (d), 1unit cell of
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Extended DataFig.2|Post-annealing. a, Resistivity-versus-temperature Sample 4 (3UC): 600 °C for 30 mins, with an O, pressure of 1.00 x 10 ' mbar.
curves ofa3UC La, gsPr,sNi,0,/SrLaAlO, sample before and after pure ozone Sample 5 (3UC): 600 °C for 30 mins, with an O, pressure of 1.38 x 10 mbar.
flow annealing. Thisis a different sample from the one showninFigs.1and 2in Sample 6 (3UC): 600 °C for 30 mins, with an O, pressure of 1.38 x 10 ' mbar.
the maintext. b, X-ray diffraction (XRD) of the same sample shown in (a) before Sample 7 (3UC): 600 °C for 30 mins, with an O, pressure 0of 1.30 x 10 ' mbar.
and after pure ozone flow annealing. ¢, Resistivity-temperature curves for Sample 8 (6UC): 700 °C for 30 mins, with an O; pressure of 1.67 x 10 ' mbar.

La, ¢sPr,sNi,O, films on SrLaAlO, substrates with different annealing conditions ~ Sample 9 (6UC): 700 °C for 30 mins, with an O, pressure 0f2.03 x 10 ' mbar.
asfollows. Sample1(3UC): 400 °C for 30 mins, withan O, pressure of 1.57 x10™* The growth conditions for all films were identical as described in the methods
mbar.Sample 2 (3UC): 500 °C for 30 mins, withan O, pressureof 1.52x 10" mbar.  section.

Sample 3 (3UC): 700 °C for 30 mins, with an O, pressure of1.10 x 10 " mbar.
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process. ¢, XRD of the same sample shown in Figs.1and 2 in the main text after
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Extended DataFig.10|Surface and thickness. a,b, Atomic force microscope
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respectively.c, AFMimage of a3UC La;Ni,O, filmon SrLaAlO, substrate. The
root-mean-square roughnessis 308.6 pm.d, AFMimage of a3UC La, 4sPr;5Ni,0;

filmon SrLaAlO, substrate. The root-mean-square roughnessis 407.3 pm.

e, X-ray reflectivity (XRR) of SUC La;Ni,0,/LaAlO; (top), 3UC La;Ni,0,/SrLaAlO,
(middle) and 3UC La, gsPr5Ni,O,/SrLaAlO, (bottom) films. f, The relationship
betweenelectron density and thickness obtained by fitting the XRR results.
Thefilm thickness and surface roughness obtained by fitting are also listed.
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