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The recently discovered nickelate superconductor with an infinite NiO, layer is synthesized via topochemical
reduction with hydride reductant, which selectively removes apical oxygens from the perovskite precursor
phase. While this thermodynamic process plays a crucial role in the materialization of the superconducting
nickelate, optimizing the process is challenging due to the difficulty of controlling the selective disconnection
and diffusion of oxygen in the perovskite phase. Here we demonstrate a significant improvement in the
superconducting properties of La;_,Sr,NiO, by tuning the topochemical reduction temperature. By gradually
increasing the reduction temperature, the La;_,Sr,NiO, films exhibit a transformation from the insulating state
into the superconducting state, reaching a maximum onset of superconducting transition temperature 7,° of
~14 K at x = 0.20. Moreover, the normal state metallicity is drastically enhanced despite the slight variation
in the crystal structure, implying that the electrical conduction in NiO, planes is likely a sensitive parameter to
optimize the reduction state. The tunings of the reduced state in La;_,Sr,NiO,, s films with various Sr content x
also corroborate that the optimal reduction temperature for inducing superconductivity increases with increasing
x. The systematic optimization of reduction temperature results in an expansion of superconducting dome in
temperature versus x phase diagram with higher 7™ and wider x region (0.12 < x < 0.28) compared to the
previously reported diagram. Our findings provide a comprehensive understanding of the topochemical reduction
process and its role in the electronic transport properties, leading to significant implications for the synthesis of

low-valent nickelate superconductors.
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The square-planar structure, consisting of a four-
coordinated transition metal oxide with a two-dimensional
square lattice, offers a remarkable opportunity to investigate
intriguing physical phenomena, for example superconduc-
tivity in cuprates (Nd, Ce),CuQy4, coming from the specific
ligand-field energy splitting [1,2]. This structure could be
obtained by removing the apical oxygen from various pre-
cursor metal oxides through topochemical reduction, resulting
in metastable phases with anomalous low-valent cation ox-
idation states, LaNiO,, NdNiO,, SrFeO,, and La4Niz;Og
[3-8]. The recently discovered superconducting nickelate
with infinite-layer structure Nd gSro,NiO, has been synthe-
sized by using this reduction technique [8]. The discovery
of nickelate superconductors has ignited debates regarding
the mechanism of superconductivity in a doped Mott insu-
lator through similarities and differences with their cuprate
counterparts. Both systems have a similar atomic structure
based on the 3d° electronic configuration. However, there is a
distinct difference in the contribution of rare-earth 5d orbitals
between these two. The Fermi surface of nickelates possesses
a multiorbital nature, associated with partially occupied elec-
tron pockets primarily derived from the rare-earth 5d states
and the two-dimensional hole band mainly originating from
Ni 3d,>_,» states [9-13]. Furthermore, the weak hybridization
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between Ni 3d — O 2p resulting in the close Mott-Hubbard
character makes nickelates unique [10,11].

Despite numerous theoretical investigations into this nick-
elate system [14-29], experimental demonstrations remain
limited [30-38], and superconductivity in bulk samples is still
absent [39—42]. One significant factor in these limited reports
may be the difficulty of sample fabrication attributed to the
chemical stability of the perovskite phase [43]. Another pos-
sible cause is the complexity of the topochemical reduction
process, where selective removal of apical oxygens from a
precursor phase leads to an anomalous low-valence cation ox-
idation state, namely Ni't [4,5]. Although several parameters,
including the selection and amount of reduction agent and
reduction time, are required to be optimized, the reduction
temperature is an important parameter making a significant
impact on the thermodynamic reaction. Figure 1(a) depicts a
schematic diagram of the topochemical reduction of nicke-
lates, where apical oxygens in NiOg octahedra of the precursor
perovskite phase (LaNiOs) are selectively removed, and it
transforms into an infinite-layer structure with NiO, planes
(LaNiO,). When the reduction is insufficient, residual oxygen
is believed to remain in the apical oxygen sites (LaNiO;.5),
which could potentially affect their physical properties. Given
the similar atomic structure to their cuprate counterparts, the
reduced valence of NiO, planes is considered as a key aspect
to promote 3d° electronic state in superconducting nickelates.
With this notion, in this work, we explored the correspondence
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FIG. 1. (a) Conceptual schematic of the topochemical transformation from the perovskite phase LaNiO; (left) to the infinite-layer structure
phase LaNiO, (right). The center schematic depicts the infinite-layer structure phase with residual oxygens as LaNiO,,;. (b) X-ray diffraction
0-20 symmetric scans of perovskite nickelate LaggSry,NiO; and a series of reduced infinite-layer nickelate Lag sSr,NiO, thin films. The
filled triangle indicates the peak position used for the evaluation of c-axis lattice constant. (c) c-axis lattice constant of Lag sSr(,NiO, and (d)
integrated 002-peak intensity of LaggSry,NiO, shown in (b) as a function of the reduction temperature. Solid curves represent guides to the

eye.

between topochemical reduction temperature and electrical
transport properties in La; _,Sr,NiO; thin films. The tuning of
topochemical reduction temperature results in slight changes
in structural parameters, but significantly improves both the
normal state metallicity and superconductivity.
La;_,Sr,NiOs films were grown on SrTiO3; (001) sub-
strates using pulsed laser deposition, with La;_,Sr,Ni; ,O,
polycrystalline targets ablated by a KrF excimer laser
(wavelength 248 nm). The SrTiO3; (001) substrates were pre-
annealed at 750° C in an oxygen partial pressure of 1 x 1076
Torr to obtain an atomically flat surface. During growth, the
substrate temperature was fixed at 520° C and the oxygen par-
tial pressure was 200 mTorr. The laser fluence was 0.8 J/cm?
and a repetition rate was 4 Hz. The film thickness was kept
at a range 5-10 nm by adjusting the laser pulse counts, which
were calibrated using x-ray reflectivity to determine the de-
position rate. The film structure was analyzed using x-ray
diffraction (XRD) techniques with Cu Ko source. After depo-
sition, samples were placed in a Pyrex glass tube with calcium
hydride (CaH,) powder (~0.1 g), wrapped in aluminum foil
to prevent direct contact with the powder. The glass tube

was sealed under vacuum (below 10 mTorr) using a methane
gas torch and a rotary pump. We note that as a sufficient
amount of CaH, is sealed in the glass tube compared to the
molar amount of the films, tuning the reaction temperature
can result in the adjustment of the amount of oxygen in the
precursor perovskite phase. The sealed glass tube was then
annealed in a tube furnace at various reduction temperatures
(280—410° C) for 80 min, with ramping and cooling rates of
10° C/min. The first reduction was performed at 280° C for
the Sr x = 0.20 sample (300° C for all other Sr x samples).
After XRD and transport measurements, the identical sample
was again vacuum sealed in a glass tube with CaH, powder
and annealed at a higher temperature of 300° C (320° C). This
process was repeated with increasing reduction temperature
until signs of decomposition were observed. The temperature
T dependent resistivity p,, was measured using a standard
four-point geometry with Au wire bonded on In contact in
a physical properties measurement system (PPMS, Quantum
Design, Inc.). Note that p,,(7T) for the x = 0.28 sample, which
was reduced at 400° C, was measured down to ~ 160 mK,
as a partial superconducting downturn was observed at 2 K.
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Resistivity transition under the magnetic field along the crys-
tal c-axis direction was measured up to 9 T.

For the x = 0.20 sample, we repeatedly reduced the identi-
cal piece of the sample at various reduction temperatures Ti.q
(eight steps from 280 to 410° C). In Fig. 1(b), we show XRD
0-26 scans for the as-grown perovskite phase and a series of
reduced infinite-layer structure phases, which consist of an
infinitely repeated stacking sequence of NiO, square lattice
plane and La/Sr plane. The peaks corresponding to (001)-
oriented LagygSrg,NiO3; and LaggSrg,NiO, are observed,
respectively. By topochemical reduction, the perovskite phase
transforms into the infinite-layer structure phase. As reducing
the samples at higher Ti.q, 002 peaks (black solid triangles)
shift to the higher angle side and eventually collapse at
Tiea = 410° C. More quantitatively, we extracted the c-axis
lattice constant using Gaussian fit in the 002 peak. As shown
in Fig. 1(c), the c-axis lattice constant shrinks from 3.44 A
(Treqa = 280°C) to 3.41 A (Treq = 370° C), which is smaller
than the previously reported value of 3.44 Ain Lag gSrp,NiO,
thin films [33]. After the reduction at T;oq = 410° C, the 002
peak collapse and the corresponding c-axis lattice constant
greatly increased to 3.47 A, indicative of crystal decomposi-
tion due to over-reduction at high temperatures. In Fig. 1(d),
we show the integrated 002-peak intensity, which was defined
by integrating the XRD data over 26 around the 002 peak. The
integrated intensity reaches a maximum at 7.4 = 330° C and
then systematically decreases with increasing T.q, suggesting
improvement and degradation of the infinite-layer structure
phase. The slight decrease of the c-axis lattice constant of
approximately 1.0% likely reflects that the residual apical
oxygens in the intermediate LaggSrg,NiO,, s state were re-
moved uniformly, resulting in the adjustment of the Ni valence
in the infinite-layer structure phase of Lag gSro,NiO, with flat
NiO; planes.

Given these minimal structural changes by topochemical
reduction, which could enhance superconducting transition
temperature 7., we performed electrical transport mea-
surements after each reduction process. Figures 2(a) and
2(b) exhibit temperature dependent resistivity p..(7) for
Lag gSrg,NiO, for Tieq = 280—410° C. After the first reduc-
tion at Tiq = 280°C, the sample shows metallic behavior
down to ~ 60 K and weakly insulating behavior at low
temperatures. Overall, similar behavior is observed at Tieq =
300° C. Interestingly, the LaggSrg,NiO, film after the re-
duction at T = 330° C exhibits superconducting transition.
The corresponding onset temperature of superconductivity
Tt is ~ 8.1 K. Here, T.>™' is defined as the intersection
of two linear extrapolations from the normal state and the
superconducting transition region. As shown in Fig. 2(b), the
normalized resistivity with p,, at T = 20 K shows up the vari-
ation of transition temperature. By further reduction at higher
temperatures, it reaches the maximum 7> of ~ 14 K at
Tiea = 370° C and then turns to a decrease in 7,2 of ~ 11.5
K at Ti,g = 410° C. This decrease in 7. is largely attributed
to crystal decomposition due to excessively high reduction
temperature, which is observed as the 002 peak diminishing
in the XRD measurements [Fig. 1(b)] and increase of normal
resistance [Fig. 2(a)].

One of the critical parameters evaluating the residual oxy-
gens in NiO; planes is the residual resistivity ratio (RRR). To

determine RRR, p,,—T curves are normalized by the intercept
resistivities at 7 = 0 K, which is defined by linear extrapola-
tion of the normal state resistivity. Figure 2(c) demonstrates
RRR curves in which a dashed line indicates a linear fit for
the Lag gSrg,NiO, reduced at 370° C. As summarized in the
inset of Fig. 2(c), RRR evolves with increasing T4, reaches
10.4 at T;.q = 370°C, and then decreases after the reduc-
tion above T, = 390° C. These results suggest that normal
metallicity is also improved by reduction temperature tuning.
Furthermore, we observed that the temperature dependence of
resistivity for reduced Lag gSrg 2 NiO; (Tieq = 350 and 370° C)
is approximately linear in temperature (7-linear) in the nor-
mal state, with exponents of approximately 1.02 and 0.94,
respectively, in the temperature range 80-200 K. To discuss
variations quantitatively, we extracted room-temperature re-
sistivity (T = 300K) p3p0k and T2 as a function of Tieq,
as summarized in Figs. 2(d) and 2(e), respectively. p3px is
minimized at intermediate 7..q = 340—370° C and surges at
high T,eq = 390° C; superconductivity emerges after reduc-
tion at 330°C and attains the highest 7,°"" of ~ 14 K at
Trea = 370° C. Moreover, we evaluated a correlation between
the electrical transport properties and structural parameters,
namely the c-axis lattice constant. Figures 2(f) and 2(g) show
P30k and T2 as a function of the c-axis lattice constant, re-
spectively. We find that the short c-axis lattice constant seems
preferable to the electrical properties with low p,, and high Tt..
In this study, superconductivity evolves with the c-axis lattice
constant shorter than the value ~ 3.42 A, which is found to
be less than the previous report [33]. We note that even with
the c-axis length of 3.47A (Treq = 410° C), LaggSry,NiO,
remains superconducting, potentially due to percolation of the
residual superconducting region with partial crystal decom-
position. Figures 2(h) and 2(i) show p3pox and T.°™" as a
function of RRR, respectively. p3pok tends to decrease and
TC"“SC‘ increases with increasing RRR, where the T;. value from
the previous report also follows this trend [33], suggesting
that metallicity above a certain threshold (RRR ~ 3—4) is
necessary for the emergence of superconductivity.

These advances in materials quality by optimization of
reduction temperature can be extended systematically to a
broad range x = 0.08-0.32. XRD results confirm the forma-
tion of a high-quality infinite-layer structure for all films with
different x (see Fig. S1 of the Supplemental Material [44]);
for each Sr doping ratio, developments of p,,—7 curves by
various Treq are shown in Fig. S2 of the Supplemental Material
[44]. Figure 3(a) displays the p,,—T curves below 30 K for
optimal reduced La;_,Sr,NiO; films (0.08 < x < 0.32). The
inset of Fig. 3(a) shows p,,—T curves below 300 K. At low
Sr doping ratio x = 0.08, the film shows metallic behavior
down to ~40 K and an approximately logarithmic upturn at
low temperatures, similar to those in other nickelate systems
[33,36,37,45,46]. At high Sr doping ratio x = 0.32, metallic
behavior with saturated residual resistance is analogous to
overdoped cuprates. Importantly, superconductivity evolves at
intermediate Sr doping ratio x = 0.12, 0.16, 0.20, 0.24, and
0.28, with TC"nset =6.2,13.9, 14, 8.4, and 1.6 K, respectively,
exhibiting a substantial enhancement of 7; [33,34]. In the
inset of Fig. 3(a), we also note that optimal Sr doped sam-
ples (x = 0.16, 0.20, and 0.24) exhibit approximately 7-linear
resistivity in the normal state, while underdoped and over-
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FIG. 2. (a) Temperature dependent resistivity p,,—7T curves for Laj gSry,NiO; thin films upon topochemical reduction. (b) The normalized
resistivity with p,, at T = 20 K. (c) The residual resistivity ratio, RRR, normalized by the intercept resistivities at 0 K, defined by linear fit
of normal state resistivity. A dashed line indicates a linear fit for the sample reduced at 370° C. Inset shows RRR as a function of reduction
temperature. (d) Resistivity at 300 K p3p0x and (e) the onset of superconducting transition temperature 7,°"™ as a function of reduction
temperature. (f) psok and (g) 7.°™" as a function of c-axis lattice constant. (h) pspox and (i) 7.°™ as a function of RRR. Triangles and
diamonds represent p3pox and T.°™" of previously reported values adapted from Ref. [33]. Dashed curves and lines represent guides to the eye.

doped regimes show non-7-linear resistivity, also observed
in Nd;_,Sr,NiO; [45]. The correlation between the normal
state metallicity and superconductivity is a hallmark of un-
conventional superconductivity [47—49]. For instance, in this
type of superconductivity, the resistivity varies linearly with
temperature within a narrow composition region around op-
timal doping levels, whereas it enters a non-7-linear metallic
(Fermi liquid) state at the end of the superconducting dome
(overdoped regime). Our results indicate that the interplay
between the normal state metallicity and superconductivity
might be a prominent nature of this nickelate system.

In Fig. 3(b), we present an electric phase diagram of
La;_,Sr,NiO,, where a superconducting dome appears from
x =0.12 to 0.28 with a maximum 7™ of 14 K at x =
0.20. The overall superconducting phase boundary is ex-
panded to both the temperature and Sr doping directions
compared to previous reports [30,31,33,34]. The maximum 7;
in La;_,Sr,NiQO; in this study is still lower than the recently

reported value in Nd;_,Sr,NiO, [45] and comparable to that
of Pri_,Sr,NiO; [46]. It is noteworthy that superconductiv-
ity is observed at even x = 0.24 and 0.28 with 7.°"*" = 8.4
and 1.6 K, respectively. This result indicates the dramatic
suppression of the disorder in the NiO, plane compared to
the previous samples in spite of rich Sr doping. Both op-
timizations of crystalline quality of perovskite phase and
reduction conditions are critically important to stabilize the
superconducting NiO, planes. Based on these high quality
films, further investigations can be addressed to the interest-
ing phenomena in overdoped regions, such as Fermi-liquid
transport behavior and stripe correlation, in nickelate sys-
tems. Furthermore, through systematic tuning of the reduction
temperature for each Sr content, the optimum reduction tem-
perature is determined, as shown in the inset of Fig. 3(b).
Here, markers indicate the temperatures that result in the
highest 7; for each Sr content; error bars signify temperature
ranges where superconductivity emerges. Our results exhibit
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data for Srx = 0.08, 0.12, 0.16, 0.24, 0.28, and 0.32 are shown in Fig. S2 of the Supplemental Material [44].

that the optimal reduction temperature for superconductivity
rises as the Sr content increases. We attribute this tendency to
the differences in the local energy potential surrounding the
oxygens in various Sr doping ratios.

In order to obtain information about the coherence length,
we measured the temperature dependence of resistivity for
LaggSrp,NiO; in magnetic fields woH along the ¢ axis
as shown in Fig. S3 of the Supplemental Material [44],
where [ is the vacuum permittivity. Figure 4(a) shows the
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FIG. 4. (a) Upper critical field uo,He, ; vs midpoint T; for
LaggSrg,NiO; thin films at different reduction temperature. p—T
curves under perpendicular magnetic field are shown in Fig. S3
of the Supplemental Material [44]. (b) Upper critical field at 0 K
HoHc. 1 (0) as a function of midpoint 7. Open triangle, square, circle,
and diamond show Sr 17.5% doped Nd nickelates, Sr 20% doped
Pr nickelates, Sr 20% doped La nickelates, and Ca 20% doped La
nickelates, respectively, adapted from Refs. [50,51]. (c) In-plane
zero-temperature Ginzburg-Landau coherence length as a function
of midpoint 7;. Open circle and triangle indicate Sr 20% doped La
nickelates and Sr 22.5% doped Nd nickelates, respectively, adapted
from Refs. [33,52].

upper critical field Hy, ; of samples reduced at various Teq.
Here, 7. (H) corresponding to the temperature on the Hey | (T)
line is defined as that for 50% resistivity at 7.°™'. For all
Lag gSrg,NiO, samples, the suppression of a superconduct-
ing transition was observed by applying magnetic fields. As
shown in Fig. 4(a), the H.; , shows a T-linear dependence,
which is represented by the following Ginzburg-Landau (GL)

model:
bo T
Ho (T)= —~(1- =),
woHe 1 (T) 2715‘12[)(0)( Tc)

where ¢ is the quantum flux and &,(0) is the in-plane
zero-temperature coherence length. The extracted p,Hc 1 (0)
given by a linear extrapolation from poHe ; (7) curve are
summarized in Fig. 3(b), which is on the line of previously
reported values [50,51]. The corresponding &,,(0) obtained
by the GL model were 41.2, 33.9, 32.3, 32.9, 34.5, and
36.5 A for Tiea = 330, 340, 350, 370, 390, and 410° C, respec-
tively, as shown in Fig. 3(c). This change in &,,(0) suggests
that T, = 350—370° C is an optimal T4 for Lag gSry,NiO;
with smaller &, (0) than previously reported values (~ 42.6 A
for Ndg 775810 20sNiO5 [52] and ~ 42.1 A for Lag §Srg,NiO,
[33]). These magnetotransport behaviors also guarantee the
improvement of superconducting properties by tuning Teq.

In summary, we explored a reduction temperature tuning
and its effect on both the normal and superconducting proper-
ties in the infinite-layer nickelate, namely, La;_,Sr,NiO,. The
change in reduction temperature causes only slight variations
in crystal structures, but a dramatic improvement in electrical
transport properties: a transformation from the insulating state
to the superconducting state. We interpret that through optimal
reduction, the residual apical oxygens are uniformly removed,
leading to the superior electrical transport properties mainly at
the NiO, plane. We reveal that optimal reduction temperature
for superconductivity increases with increasing the Sr content,

ey
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implying the optimization of reduction temperature is criti-
cally important to obtain the superconductivity with various
Sr contents. Furthermore, optimization of T.q for various
doping levels expands the superconducting region in the phase
diagram. Our observations imply the interplay between the
reduced valence state of Ni and electrical conduction in NiO,
planes tightly correlates each other. The 7-linear metallicity
in optimum samples indicates well-regulated NiO, planes
with the suppression of disorder by appropriate reduction.
Our findings will have significant implications for the synthe-

sis of low-valent nickelate superconductors in both thin film
and bulk samples. Further investigation with newly optimized
nickelates may lead to understanding of the superconducting
phase and searching for as yet uncovered neighboring phases.
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