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Abstract

Pulsed laser deposition (PLD) is a promising technique for thin-film growth from the perspectives of
both practical applications and the development of fundamental materials science. Recently, LazNi2O7
thin films, belonging to the layered Ruddlesden—Popper (RP) nickelates La,+1Ni,O3,+1, grown on
substrates inducing compressive strain due to lattice mismatch, have attracted considerable attention
as a new class of high transition-temperature superconductors at ambient pressure. Although the
emergence of superconductivity in the related RP-type nickelate LasNi3O1¢ thin film is anticipated,
the growth of an oriented thin film along the c-axis with compressive strain has not been reported by
using the PLD process. In this study, we investigate the thin-film growth of LasNi3O10 using the PLD
technique on a LaAlO; substrate, which imposes a compressive strain. X-ray diffraction analysis and
transmission electron microscopy reveal that well-oriented LasNi3O1o phases can be grown on the
LaAlOs substrate. Although superconductivity is absent in the grown film, the phase formation of
LasNi3O10 on the LaAlO3 substrate via the PLD process is the first step for the realization of ambient-

pressure superconductivity in this system.
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1. Introduction

The development of functional materials plays a central role in advancing modern technology and
improving the quality of life. Among various material forms, thin films are particularly important for
device applications because of their compatibility with integration and large-scale production.
Epitaxial thin films on single-crystalline substrates are typically grown by techniques such as chemical
vapor deposition (CVD), metal-organic decomposition (MOD), and molecular beam epitaxy (MBE),
depending on the target material'-2. Pulsed laser deposition (PLD) is another widely used method for
fabricating functional thin films, including semiconductors?®, solid ionic conductors*, optoelectronic
materials®, and superconducting devices®. PLD offers several advantages, such as a relatively simple
process using a bulk target, high compositional homogeneity over large substrates, and flexibility of
the deposition environment’®. In addition, epitaxial growth under lattice mismatch enables access to
metastable phases stabilized by substrate-induced strain, providing a powerful route to discovering
novel functional materials®. For these reasons, PLD has become a promising tool not only for device
applications but also for fundamental studies in condensed matter physics.

Layered Ruddlesden—Popper (RP) nickelates, RE,+1Ni,03,+1 (RE = rare-earth element), have
long been investigated as functional materials, particularly for applications in solid oxide fuel cells'’.
Recently, the n» = 2 member, LazNi»O7, has attracted considerable attention following the discovery of
superconductivity with a transition temperature (7.) exceeding 80 K under high pressure'!, above the
boiling point of liquid nitrogen. The orthorhombic structure of non-superconducting LazNi,O7
undergoes to a superconducting tetragonal structure through a structural modification above 8 GPa'2,
Many experimental and theoretical research have been conducted to investigate the superconducting

mechanism and possible enhancement of 7.!*7!

. In parallel, efforts have been directed toward
realizing superconductivity in LasNi2O7 at ambient pressure for practical applications. Most recently,
superconducting La3;Ni2O7 thin films with 7 above 40 K at ambient pressure were achieved by
epitaxial growth on SrLaAlO4 substrates using PLD?>?*, In this case, lattice mismatch—induced strain
plays a role analogous to external pressure, stabilizing the superconducting phase. The realization of
superconductivity at ambient pressure in the RP nickelate thin film has opened new opportunities for
quantum device research using the PLD method.

Following the discovery of high-7¢ superconductivity in compressed LazNi>O7, pressure-
induced superconductivity with 7c above 30 K has also been reported in the n = 3 RP nickelate
LasNi3O10, again associated with a pressure-driven structural modification at around 20 GPa**%%, By
analogy with La3;Ni2O7, the development of superconducting LasNi3O1o thin films using PLD is highly
anticipated. However, the epitaxial growth of LasNi3O1o thin films on a specific substrate with a
smaller in-plane lattice constant than that of LasNi3zO19o by PLD has not yet been systematically

investigated. In this work, we examine the growth conditions for LasNi3Oio thin films with 00/

orientation on LaAlOs; (LAO) substrates, which induces a large lattice mismatch, using the PLD
2
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method. X-ray diffraction (XRD) analysis reveals that the oriented film of LasNi3O1o along the c-axis
is mainly grown on the LAO substrate. Local structural analysis indicates that the dominant region of
the film is the LasNizO19 phase, with minor contributions from the other phases and local defects.
films. By changing the parameters of the PLD process, a different layer number of LazNi2O7 (n = 2)
was grown as a byproduct. Electrical transport measurements demonstrate a reduction of the band gap
with increasing layer number n. These findings provide important insights into the growth and
electronic structure of RP nickelate thin films and represent a key step toward the realization of

superconducting LasNi3O1o thin films by PLD.

2. Expetimental procedures

LasNi3010 (n = 3) thin films were grown on 00/-oriented LaAlOs substrates by the PLD using a
polycrystalline LasNi3O1o target. The target was prepared by repeated solid-state reactions of La>0O3
and NiO powders mixed in a molar ratio of 2:3. The mixed powders were calcined and sintered in air
at 1200°C for 24 h. Thin-film growth was carried out using a PLD system (PAC-LMBE, PASCAL
Co.) equipped with a Nd:YAG laser (4 = 1064 nm). During deposition, the laser repetition rate,
substrate temperature (7sub), oxygen partial pressure (Poz), laser power, and distance between the
target and substrate (Dis) were varied to optimize growth conditions. The growth conditions in this
paper are summarized in Table S1.

The crystal structure of the obtained films was characterized by X-ray diffraction (XRD)
using a SmartLab diffractometer (Rigaku) with monochromated Cu Kg radiation (A = 1.5406 A). The
temperature dependence of the electrical resistance was measured by a standard four-probe method
with a collinear geometry using Au wires attached with Ag paste in a physical property measurement
system (Quantum Design). Transmission electron microscopy (TEM) and atomic-resolution energy-
dispersive X-ray spectroscopy (EDX) mapping were performed using a JEM-ARM200F microscope
(JEOL). Cross-sectional TEM specimens were prepared by focused ion beam (FIB) milling using a
JIB-4000 system (JEOL).

3. Results and discussion

Figure 1 shows an XRD pattern obtained by a 6-26 scan of the LasNi3Oio thin film on the LAO
substrate deposited under the conditions of Tsu, = 690°C and Poz = 20 Pa. The laser power and Dy
were set to 33 mJ and 30 mm, respectively. The film thickness of 93 nm was obtained with 6000 laser
pulses, estimated via TEM analysis as discussed later. The film clearly exhibits (00/) diffraction peaks
originating from the RP-type structure of LasNi3O1o, indicating that the film is highly oriented along
the c-axis. A peak position at around 47° with a square symbol among the tiny unknown peaks is near
that from (002) diffraction of LaNiOs. Other tiny and sharp unknown peaks possibly originate from

an extrinsic component, for example, Ag paste for the bond of the substrate to the sample holder of
3
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PLD. The crystal structure of the LAO substrate is rhombohedral, and can be approximated as a
pseudo-cubic structure with apao = 3.787 A?°. On the other hand, bulk LasNi3O1¢ has an orthorhombic
Amam structure with lattice parameters a = 5.415 A, b = 5.465 A, and ¢ = 27.96 A3°. This structure
can be approximated by a pseudo-tetragonal unit cell with as310 = bazi0 = 3.847 A and ca310 = 27.96 A.
From this lattice mismatch, a compressive strain of —1.6% is expected to be applied to the LasNi3O1o
thin film grown on the LAO substrate. In the case of La3Ni2O7 films, the critical compressive strain
for the emergence of superconductivity at ambient pressure has been reported to be between —1.2%
and —2.1%?2. The strain of —1.6% in the LasNi3O1o film on the LAO substrate lies within this critical
range reported for LazNi,O7 films, suggesting that epitaxial strain may significantly influence the
electronic states. Consistently, the out-of-plane lattice constant of the obtained film is estimated to be
c=28.45 A, which indicates the elongation of 1.8% compared with the bulk value due to the in-plane
compressive strain. Such an elongation of the c-axis is commonly observed in epitaxial thin films
under compressive strain and has also been reported in superconducting LasNi>O7 films®!. These
results indicate that the epitaxial strain imposed by the LAO substrate effectively modifies the lattice
structure of La4Ni3019, which may provide a platform for tuning its electronic properties.

RP-type nickelates exhibit a complex phase diagram including » = 1, 2, 3, and oo within a
narrow growth window. During the modification of the growth conditions in the PLD process, the
La3Ni2O7 thin film is also obtained as the byproduct even with the same target composition as shown
in the bottom XRD pattern in Fig. 1. The film thickness is estimated to be approximately 50 nm, since
the number of laser pulses used for deposition was half that of the LasNi301o film. The main difference
is a change in the value of PLD parameters, such as the Dis from 30 mm to 40 mm, the Po> from 20
Pa to 35 Pa, and the Tsu from 690°C to 720°C. The n value of RP-type nickelates tends to decrease
with increasing Tsuwp and decreasing Pos in the phase diagram®. Although the LasNizO19 phase seems
to be more stable under these conditions because the higher Po> contributes to increase n value and
the difference in T is slight, the LazNi2O7 phase obviously appears. This result suggests that the
increase in Dy is considered to be the primary factor promoting the formation of the LasNi,O7 phase.
Previous studies have reported that lighter elements tend to be scattered farther away from the target-
to-substrate direction than heavier elements®®. As a result, the concentration of lighter elements in
deposited films is reduced. Because this effect may become more pronounced with increasing Dss, the
formation of the Ni-deficient phase La3Ni,O7 is likely facilitated when Dy is increased from 30 mm

to 40 mm.
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FIG. 1. XRD pattern using a 0-260 scan of the LasNizO10 and LasNi2O7 thin film on the LAO

substrate. The asterisks indicate diffraction peaks from the LAO substrate.

The local structure of the obtained LasNi3O1o thin film was analyzed by TEM observation. A
tiny square region was picked up from the surface of the substrate and fabricated into an extremely
thin specimen using the FIB process to perform high-resolution TEM analysis, as shown in the
scanning ion microscope images in Fig. 2(a) and (b). The cross-section of the sample was analyzed
using a high-angle annular dark-field scanning TEM image, as shown in Fig. 2(c). The top region
corresponds to the surface of the film, and the bottom region corresponds to the boundary between the
grown film and the LAO substrate. The film thickness is 93 nm. Among the analyzed regions, the
crystal growth of LasNizOio is observed as the main phase, which is consistent with the XRD
measurements. In addition, small regions of La;NiOs, LasNi2O7, and amorphous-like distorted
structures are observed. For instance, the LazNi2O7 phase is partially observed at around the boundary
between the deposited film and the LAO substrate, as shown in Fig. S1. The appearance of other RP-
type nickelate phases strongly depends on the parameters of the PLD process, as discussed later. The
use of a lower laser repetition frequency may also enhance the quality of the grown crystal, although
it was limited in the present experiments due to problems with the PLD equipment. Figure 2(d) shows
an enlarged TEM image around the LasNi3O1o region. The brightest atomic columns correspond to
lanthanum atoms, while the darker ones correspond to nickel atoms, which are identified by atomic-
resolution EDX mapping, as shown in Fig. 2(e). In the EDX mapping, red and green indicate
lanthanum and nickel, respectively. Based on these TEM observations, the La4Ni3O1o thin film with

(00/) orientation is clearly grown on the LAO substrate using the PLD process.



157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179

Analyzed
region

# 2 2 % 5 % 285 % 2 % AN

F & ES S SR

] 1nm PR I
I 4 5 §$ § $ % ¢ 7 % &

FIG. 2. Scanning ion microscope images of the (a) analyzed region and (b) fabricated specimen
of La4NizO1o thin film on the LAO substrate for TEM observation. (c) High-angle annular dark-
field scanning TEM images for the entire region from the substrate to the surface and (d) a
specific region containing LasNi3O1. (¢) Atomic-resolution EDX mapping image of the

La4NizO10 region. Red and Green colors indicate lanthanum and nickel atoms, respectively.

Figure 3(a) shows the temperature dependence of the electrical resistance for the La;Ni2O7
and LasNi30jo films. Both films exhibit an increasing trend in resistance with decreasing temperature,
namely semiconducting-like behavior without a superconducting transition. Because the thickness of
the deposited films was not accurately determined due to the existence of a minor phase as indicated
in the TEM observation, the electrical resistance is shown instead of resistivity. Although a direct
comparison of electrical resistivity is difficult, the measured resistance was analyzed using the
Arrhenius relationship, R=Roxexp(E./ksT), where Ry is the residual resistivity, Ea. is the activation
energy, ks is the Boltzmann constant and 7 is the temperature, as shown in the Fig. 3 (b). The linear
fit around room temperature yields activation energies E, of 38 meV and 18 meV for LazNi2O7 and
LasNi3O10, respectively. These results indicate that the £, tends to decrease with increasing » in RP-
type nickelates. In the case of LazNi>O7 thin films, the bandgap drastically decreases by tuning the
carrier concentration through the O3 annealing process, and metallic superconducting phases appear
under very narrow optimal conditions’>*. Following the LasNi,O7 case, carrier tuning by O3
annealing may also be effective for inducing superconductivity in LasNizO1o thin films. Although the
Os annealing around 300°C inside the PLD chamber contributes to the reduction of the resistance, as

shown in Fig. 3(¢), no superconducting transition is observed in the LasNi3O1¢ thin film. The reduction
6
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in resistance induced by O3 annealing gradually recovers over a period of two months, as shown in
Fig. S2. This aging effect is consistent with previous reports on superconducting LasNi2O7 thin films
and suggests that the resistance reduction originates from carrier doping rather than the presence of
metallic impurity phases such as LaNiOs. As a future investigation, exploring the optimal conditions
of O3 annealing to tune the carrier concentration in LasNi3O1o thin films may open the possibility of

achieving superconductivity without external pressure.
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FIG. 3. (a) Temperature dependence of electrical resistance for the obtained films with the main
phase La3Ni2O7 and LasNi3O1o. (b) The Arrhenius relationship at around room temperature. (c)
Temperature dependence of the sheet resistance of the as-grown LasNi3zOio film and the Os-

annealed one.

4. Conclusion

The thin-film growth of RP-type LasNi3010 on an LAO substrate is investigated using the PLD method.
XRD analysis reveals that an oriented LasNi301¢ film along the c-axis is grown on the LAO substrate
as the main phase. The elongation of the c-axis provides possible evidence of compressive strain
induced between the deposited film and the substrate. The local structure of the film is analyzed by
TEM, where the crystal growth of LasNi3O19 1s confirmed by atomic-resolution column imaging and
EDX mapping. Minor phases of other RP-type nickelates, La>NiO4 and La3Ni2O7, are also observed.
By using different PLD conditions, LasNi2O7 film with the c-axis orientation on LAO substrate was
obtained as a byproduct. Although the grown films exhibit semiconducting behavior without
superconducting transitions, carrier tuning via O3 annealing may provide an effective route to induce

superconductivity in LasNi3O1o films, representing a promising direction for future study.

Supplementary Material
The detailed parameters of PLD growth, the TEM image with EDX mapping near the boundary

between the deposited film and the substrate in the LasNizO1o film, and the gradually increasing

7
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resistance behavior of the LasNi3O1o film after O3 annealing are shown in the SM.
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