
Advanced Functional Materials

www.afm-journal.de

RESEARCH ARTICLE

Unusual Strain Relaxation and Dirac Semimetallic Behavior
in Epitaxial Antiperovskite Nitrides
Ting Cui1,2 Zihan Xu3 Qinghua Zhang1 Ying Zhou4 Xiaodong Zhang3 Qianying Wang1,2
Dongke Rong1,2 Songhee Choi1 Axin Xie1,2 Hongyun Ji1,2 Can Wang1,2 Chen Ge1,2 Hongjian Feng3
Shanmin Wang5 Shuai Dong4 Kuijuan Jin1,2 Liang Si3,6 Er-Jia Guo1,2

1Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences, Beijing, China 2Department of Physics &
Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing, China 3School of Physics, Northwest
University, Xi’an, China 4School of Physics, Key Laboratory of QuantumMaterials and Devices of Ministry of Education, Southeast University, Nanjing,
China 5Department of Physics, Southern University of Science and Technology, Shenzhen, China 6Shanxi Key Laboratory for Theoretical Physics Frontiers,
Xi’an, China

Correspondence: Shuai Dong (sdong@seu.edu.cn) Kuijuan Jin (kjjin@iphy.ac.cn) Liang Si (siliang@nwu.edu.cn) Er-Jia Guo (ejguo@iphy.ac.cn)

Received: 9 December 2025 Revised: 2 March 2026 Accepted: 11 March 2026

Keywords: antiperovskite nitrides | dirac semimetal | interfacial strain accommodation | Ni3InN

ABSTRACT
Antiperovskite nitrides (X3AN) serve as both structural and conceptual counterparts to the extensively studied perovskite oxides.
However, their epitaxial stabilization and the associated emergent electronic properties remain largely unexplored. Here, we
report the successful growth of Ni3InN thin films on perovskite substrates with lattice constants ranging from 3.78 to 3.98 Å. First-
principles phonon calculations confirm the dynamical stability of cubic phase Ni3InN, providing the basis for epitaxial synthesis.
High-resolution scanning transmission electron microscopy reveals (001)-oriented coherent interfaces when Ni3InN is grown
on LaAlO3 and SrTiO3, while the growth on DyScO3 results in an unexpected (011)-oriented interface, consistent with surface-
energy calculations. Transport measurements highlight a strain-controlled within a Fermi-liquid behavior, which correlates with
variations in Ni-3d bandwidth, Ni-3d/N-2p hybridization. Band structure calculations reveal a unique dual contribution near
the Fermi level: a Dirac-like dispersion that supports high mobility and a Ni-3d-derived manifold that governs strange-metal
transport, exhibiting a reduced slope compared to oxide perovskites. Notably, the formal Ni valence (∼+2/3) places Ni3InN within
an overdoped correlated-metal regime, distinguishing it from most oxide perovskites. This positions antiperovskite nitrides as a
promising platform for investigating overdoped Fermi liquids and strange-metal behavior.
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Introduction

he search for emergent quantum states in correlated elec-
ron systems continues to be at the forefront of condensed
atter physics. Many of these states—such as unconventional
uperconductivity [1, 2], colossal magnetoresistance [3, 4], and
ermi-liquid transport [5, 6]—emerge from the complex coupling
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between various physical degrees of freedom, including charge,
spin, orbital, and lattice. Perovskite oxides, with the general for-
mula ABO3 (Figure 1a), have long served as a canonical platform
for exploring these phenomena. For example, interface engineer-
ing inABO3/A′B′O3 heterostructures has facilitated the discovery
of 2D electron gases and their associated superconductivity [7, 8].
The synthesis of thin films along unconventional crystallographic
1 of 10

http://www.afm-journal.de
https://orcid.org/0000-0001-9086-7000
https://orcid.org/0000-0002-8093-940X
https://orcid.org/0000-0001-7273-2786
https://orcid.org/0000-0002-6910-6319
https://orcid.org/0000-0002-0047-4375
https://orcid.org/0000-0003-4709-6882
https://orcid.org/0000-0001-5702-225X
mailto:sdong@seu.edu.cn
mailto:kjjin@iphy.ac.cn
mailto:siliang@nwu.edu.cn
mailto:ejguo@iphy.ac.cn
https://doi.org/10.1002/adfm.75034
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.75034&domain=pdf&date_stamp=2026-03-20


FIGURE 1 Evolution of antiperovskite-type materials. Schematic illustrations of the crystal structures of (a) perovskite (ABX3, where X =O or N)
and (b) antiperovskite (A3BX, where X = O or N) oxides/nitrides. (c) Timeline of the discovery of key physical properties in antiperovskite oxides and
nitrides. (d) DFT phonon spectra for A3InN antiperovskite nitrides, including Ti3InN, V3InN, Cr3InN, Mn3InN, Fe3InN, Co3InN and Ni3InN, where
V3InN and Co3InN are dynamically unstable.
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rientations (e.g., [110] or [111]) has led to the revelation of novel
rbital and topological states [9, 10]. Additionally, (original and
educed) Ruddlesden–Popper (RP) phases, such as La3Ni2O7,
nd La4Ni3O10, have recently uncovered unconventional high-
emperature superconductivity [11–14]. More strikingly, topotac-
ic reduction from ABO3 to ABO2 phases has stabilized new
lectronic ground states, as exemplified by superconductivity
n the hole-doped infinite-layer nickelates (Nd,Sr)NiO2 [15,
6]. These advances highlight the perovskite framework as
versatile platform for emergent phases, enabled by struc-

ural flexibility, heterostructure engineering, and symmetry
reaking.

nspired by these advances, a key direction is to explore mate-
ial families that share structural motifs with perovskites but
ave been comparatively less studied. Unlike their perovskite
ounterparts, antiperovskites with the general formula of A3BX
X = O or N) feature inverted positions of cations and anions
Figure 1b). However, this inversion is difficult to achieve in
xides due to the small ionic size and high electronegativity of
heO2− anion. These limitations cause structural and electrostatic
nstabilities andmake it difficult to maintain charge balance with
uitable cations [17]. Figure 1c presents the development timeline
f both antiperovskite oxides and nitrides. Notably, only a limited
umber of antiperovskite oxides, including Sr3SnO, Ca3SnO, and
r3PbO, have been successfully stabilized and reported to date
18–20]. The magnetism, thermoelectric, and superconductiv-
ty have been investigated in these antiperovskite oxides over
of 10
decades. Compared to oxides, nitrides with antiperovskite struc-
ture are more readily formed [21–24]. It preserves the favorable
electrostatic and geometric coordination with low-valence metal
cations. The partial covalency of metal–nitrogen bonds and
the availability of suitable synthetic routes make nitrides more
structurally and chemically compatible with the antiperovskite
framework. Despite their simple cubic symmetry, anti-perovskite
nitrides host a wide variety of intriguing states [25–28]. Examples
include negative thermal expansion inMn3ZnN, electron-phonon
mediated superconductivity in Ni3ZnN [21], and exotic topo-
logical band structures in Ca3BiN and related compounds [29].
Mn3GaN, first predicted in 1964, then has been studied foritsr
non-collinear antiferromagnetism and large anomalous Hall
effects, which are highly relevant for spintronic applications
[28, 30–32]. From a practical application point of view, the neg-
ative thermal expansion behavior in antiperovskite nitrides can
be useful for thermal management and as components in a com-
position to compensate for expansion. The excellent mechanical
and thermodynamic stability makes thembeneficialt for device
integration [33]. Thus, these advantages make them a compelling
complementary system to conventional perovskite oxides. Yet,
compared with the vast body of work on perovskite oxides,
the epitaxial growth, interface engineering, and correlated-
electron properties of antiperovskite nitrides remain largely
unexplored.

In this work, we use Ni3InN as a model system to demon-
strate epitaxial thin-film growth and strain-mediated physical
Advanced Functional Materials, 2026
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roperties in a dynamically stable antiperovskite nitride. We
evealed distinct strain relaxation behavior that contrasts sharply
ith conventional perovskite oxides. This behavior arises from
combination of its high structural rigidity and reduced sur-
ace formation energy of the (011) facet under tensile strain.
e found that the strain triggers the transition in the low-
emperature transport behavior, which correlates with changes
n Ni-3d bandwidth and Ni-3d/N-2p hybridization. Importantly,
he formal Ni valence in Ni3InN is approximately + 2/3.
his places the system in a heavily over-doped regime that is
arely accessible in perovskite oxides, where transition-metal
alences are typically closer to integer values. This renders anti-
erovskite Ni3InN a natural platform for exploring over-doped
orrelated metals and testing theoretical models of Fermi-liquid
tability.

Results and Discussions

.1 Synthesis and Characterization of
ntiperovskite Nitride Ni3InN Thin-Films

o confirm the stability and well-defined lattice structure of
ndium-based antiperovskite nitrides, X3InN (X = 3d elements),
e first calculated the phonon spectra of all indium-based
ntiperovskite nitrides (Figure 1d) containing 3d elements (for
omputational details, see Method). The results show that the
pectra of Ti3InN, Cr3InN, Mn3InN, Fe3InN, and Ni3InN show a
omplete absence of imaginary modes throughout the Brillouin
one, confirming their dynamical stability, whereas V3InN and
o3InN exhibit dynamical instabilities with imaginary frequen-
ies in their phonon spectra. For Ni3InN, the phonon density
f states further reveals that the lighter N atoms dominate the
igh-frequency modes (around 16 THz), whereas the heavier Ni
nd In atoms, coupled with N, govern the low-frequency region
elow 8 THz (Figure S1). Such a distribution is characteristic of
ntermetallic systems, in which N atoms are embedded within
covalently bonded In–Ni sublattice. This finding not only
alidates the dynamical stability of Ni3InN but also underscores
ts strong potential for experimental synthesis and functional
pplications.

o synthesis the high-quality Ni3InN, we first fabricated a
toichiometric Ni3InN ceramic target using a high-pressure and
igh-temperature synthesis approach. The XRD results identify
ts correct crystallinity and pure phase (Figure S2). Subsequently,
i3InN thin films were grown on LaAlO3, SrTiO3, and DyScO3
ubstrates via pulsed laser deposition (PLD) (see Method). The
alculated misfit strains ε = (asub−afilm)/afilm×100%, are ε =
1.30%, 1.69%, 2.81% for LaAlO3, SrTiO3, and DyScO3 substrates,
espectively. Interestingly, X-ray diffraction θ–2θ scans (Figure 2a)
eveal that Ni3InN films grown on LaAlO3 and SrTiO3 substrates
xhibit a (001)-oriented phase, whereas the Ni3InN film on
yScO3 substrate shows an unconventional (011) orientation. X-
ay absorption spectroscopy (XAS) was performed to analyze
he elemental composition of the Ni3InN thin films (Figure S3).
pectra collected at theNK- andNiL-edges indicated a significant
resence of nitrogen in the films, and a minor fraction of Ni2+
uggested slight surface oxidation of the Ni3InN layers. To further
nvestigate the atomic-scale structure of representative films,
e performed high-resolution scanning transmission electron
dvanced Functional Materials, 2026
microscopy (STEM) imaging on these two Ni3InN thin films.
Integrated differential phase contrast (iDPC) imaging, shown
in Figure S4, clearly reveals N atoms are located at the body-
centered positions. Figure 2b presents a representative high-angle
annular dark-field (HAADF) image of a (001)-oriented Ni3InN
film grown on SrTiO3, with the inset showing the corresponding
unit cell. Figure 2c displays a similar HAADF-STEM image of a
(011)-oriented Ni3InN film on DyScO3, with the inset providing
a magnified view of the unit cell. Both images unambiguously
confirm the excellent crystallinity of Ni3InN films grown on
different substrates, as evidenced by the well-defined atomic
arrangements, minimal disorder, and sharp diffraction contrast
in the HAADF images. These findings stand in stark contrast
to conventional perovskite oxide films, which are epitaxially
grown on substrates that induce different strain states (Figure
S5). For perovskite oxides, the out-of-plane lattice constants
typically vary systematically with in-plane strain, resulting in
elastic structural deformations. However, the growth orientation
of Ni3InN films is strongly influenced by the strain state of the
underlying substrates. Figure 2d illustrates the (001)-oriented
growth of Ni3InN under compressive strain (ε < 0), where the
film remains constrained by the substrate. In contrast, when
grownon substrateswith significant tensile strain, the filmunder-
goes strain relaxation, leading to a preferential [011] orientation
(Figure 2e).

In the thin-film growth, the substrates’ induced strain strongly
influences which crystallographic orientation is more energeti-
cally favorable. To analyze thismechanism, the surface formation
energy (Esurf) was calculated for two possible orientations, [001]
and [011], of Ni3InN films. The surface formation energy essen-
tially measures the energetic cost of creating and maintaining a
given crystallographic surface under specific strain conditions.
The orientation with the lower surface formation energy is
thermodynamically more stable and thus more likely to occur
experimentally. As shown in Figure 2f, under compressive strain
and moderate tensile strain, the [001] orientation has lower
Esurf. The films naturally stabilize in this orientation when
grown on substrates imposing these strain states (e.g., LaAlO3
and SrTiO3). Under significant tensile strain, however, the [011]
orientation becomes energetically more favorable than the (001).
This indicates that the crystal structure of Ni3InN relaxes more
effectively in the [011] orientation when subjected to strong ten-
sile strain (e.g., DyScO3). Importantly, this theoretical explanation
matches our experimental observations. Thereby, these calcula-
tions provide strong evidence that the unconventional orientation
transition is driven by strain-mediated energetics, establishing
a clear mechanism for controlling crystalline orientation in
antiperovskite nitride films.

On the other hand, we also calculated the mechanical properties
of bulk Ni3InN and extended the comparative analysis to other
X3InN compounds. Figure 2g presents the calculated elastic
constants C11, C12, and C44 for bulk X3InN, obtained via using
density-functional theory (DFT). All X3InN compounds exhibit
enhanced C11, reflecting strong resistance to uniaxial compres-
sion, while their C44 values are significantly reduced, indicating
diminished shear rigidity. From a structural perspective, this
behavior arises from the robust covalent interactions in the In─N
and X─N bonding networks, which dominate the longitudinal
response. In contrast, shear deformations preferentially activate
3 of 10
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FIGURE 2 Structural characterization of Ni3InN thin films. (a) X-ray diffraction θ–2θ scans of Ni3InN films grown on LaAlO3 (ε = -1.30%), SrTiO3
(ε = 1.69%), and DyScO3 (ε = 2.81%) substrates (indicated with “*”). (b) High-resolution HAADF-STEM image from a (001)-oriented Ni3InN film grown
on SrTiO3. Inside shows a representative unit cell. (c)HAADF-STEM image of (011)-orientedNi3InN film onDyScO3, inset showing amagnified unit cell.
(d,e) Schematic illustrations of [001]-oriented Ni3InN grown under compressive-strain (ε< 0) and [011]-oriented Ni3InN grown under tensile strain (ε>
0). (f) Formation energy Esurf of (001)- and (011)-oriented Ni3InN under different strain states. (g) Calculated elastic constants C11, C12, and C44 of X3InN
as a function of X-site composition (X = Ti, V, Cr, Mn, Fe, Co, Ni). Ni3InN exhibits higher C11 and lower C44, pointing to enhanced longitudinal stiffness
but reduced shear rigidity. (h) Comparison of Young’s modulus of Ni3InN with the previously reported conventional perovskite oxides, indicating that
Ni3InN possesses enhancedmechanical rigidity comparable to the extensively studied perovskite oxides. The inset in (h) illustrates a schematic diagram
of the equibiaxial tensile strain applied to the film by the substrate.
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ower-energy octahedral tilting or rotational modes, a hallmark
f perovskite-type frameworks [34, 35]. To further quantify these
haracteristics, the Young’s modulus of Ni3InN was directly com-
ared with those of conventional perovskite oxides. (Figure 2h
nd Table 1) [36–43]. The inset illustrates the strain state of an
ntiperovskite film grown on a single-crystalline substrate, where
R denotes equibiaxial tensile stress. Notably, Ni3InN exhibits a
emarkably high Young’s modulus (∼201.5 GPa), underscoring
ts capability to not only match but potentially surpass conven-
of 10
tional perovskite oxides in mechanical properties. In addition,
we find that the substantial C11 value suggests high speed of
sound and superior thermal conductivity due to strong bond
stiffness, confirming the large stiffness of Ni3InN. Furthermore,
Ni3InN exhibits a Poisson’s ratio of 0.33, closely comparable to
that of stainless steel (0.30–0.31) and characteristic of ionic–
covalent solids and metallic alloys [44–49]. This correspondence
indicates that Ni3InN can maintain mechanical stability under
both in-plane and hydrostatic stress conditions.
Advanced Functional Materials, 2026
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TABLE 1 Summary of Young modulus for conventional perovskite
oxides and antiperovskite nitride Ni3InN presented in this work.

Materials Young modulus/GPa Refs.

LaCoO3 76 [37]
KNbO3 80.64 [41]
PbTiO3 97.75 [41]
BaTiO3 102.9 [41, 43]
La0.61Sr0.39MnO3 120 [38, 39]
BiFeO3 133.73 [42]
SrRuO3 161 [40]
SrVO3 181.1 [36]
Ni3InN 201.5 /
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.2 Microstructure and Epitaxial Relationship of
i3InN/Perovskite Oxides Heterostructures

he unique strain relaxation behavior suggests that the inter-
ace structure of Ni3InN may be established early in the
hin-film growth process. To further probe the atomic-scale
nterface structure and epitaxial relationships of Ni3InN films
n various substrates, we employed a combination of high-
esolution STEM and electron energy-loss spectroscopy (EELS).
ow-magnification HAADF-STEM images for Ni3InN films were
rovided in Figure S6. In addition, the interfacial atomic con-
igurations and corresponding intensity line profiles along the
rowth direction for three Ni3InN films were compared in Figure
7. The compressively strained Ni3InN films exhibit coherent
pitaxy along the [001] direction with a characteristic a/2 in-
lane lattice offset and an ultrathin transition layer with a
hickness of approximately 0.24 nm (Figure 3a). The atomic
esolution EELS analysis demonstrates an InNi-LaO interfacial
onfiguration (Figure 3d) to compensate for the interfacial charge
mbalance. The [001] orientation persists under moderate tensile
train (ε = 1.69%) despite an increased interfacial gap distance
f approximately 0.76 nm (Figure 3b). The interface termination
hanges to a distinct InNi-TiO2 (Figure 3e). We further observed
hat the unit cells of Ni3InN undergo periodic lateral realignment
ith a characteristic period of ∼11.7 nm, corresponding to 30 unit
ells of SrTiO3 (Figure S8). This periodicity can be quantitatively
ccounted for by the lattice constant mismatch between Ni3InN
nd the substrate. Further increasing the tensile strain induces
complete orientation transition to [011], accompanied by inter-
acial gap distance expansion to 1.05 nm (Figure 3c). Figure 3f
ummarizes a strong correlation between interfacial gap distance
nd misfit strain, with gap expansion from 0.24 to 1.05 nm as
train increases from -1.3% (compressive) to +2.81% (tensile).
he c/a ratios derived from HADDF-STEM images consistently
pproach unity (c/a ≈ 1), unambiguously demonstrating the
xceptional structural stability of Ni3InN under various strain
tates. The strain distributions within Ni3InN films grown on
hree different substrates were analyzed along both the in-plane
nd out-of-plane directions (Figures S9–S11). The results reveal
hat strain relaxation occurs locally at the heterointerface on the
anometer scale.
dvanced Functional Materials, 2026

a

The narrow strain accommodation window and abrupt struc-
tural transitions contrast sharply with the gradual interfacial
evolution observed in perovskite oxides. In perovskite oxides,
lattice mismatch with the substrate is typically accommodated
through continuous elastic deformation of the lattice, enabled
by the flexibility of corner-sharing octahedral frameworks that
can tilt and rotate over a wide strain range. In some cases, the
substrate-induced epitaxial strain can persist over a hundred
nanometers [50, 51]. In contrast, the Ni3InN films do not rely
on gradual lattice distortion to relieve strain. Instead, once a
critical strain threshold is exceeded, the system undergoes abrupt
relaxation processes, such as an orientation transition from (001)
to (011), reflecting the more rigid bonding environment of the
intermetallic In–Ni sublattice in which N atoms are embedded.
We attribute this anomalous strain response in Ni3InN likely
stems from its exceptional mechanical stiffness, revealing a new
paradigm for strain engineering in hard, covalent antiperovskite
systems.

2.3 Exceptional Electronic Stability of Strained
Ni3InN Films

To explore the impact of strain on the transport and optical
properties of Ni3InN, we employed DFT to compute the elec-
tronic band structure, density of states (DOS), Fermi surface,
and edge state (Figure S12a–d). As shown in Figure 4a and
Figure S12a–c, the band structure reveals that empty In-p
and fully occupied N-p orbitals correspond to an In1+/N3−

configuration, leading to a nominal Ni valence of +⅔. This
unusual low valence of Ni, stabilized by the antiperovskite
lattice, may underlie moderate correlations, emergent magnetic
or electronic behaviors distinct from conventional ANiOX and
nickelate materials. Without spin–orbit coupling (SOC), Ni3InN
exhibits a closed bandgap, with the bands crossing the Fermi level
along R–X and near the M point, indicating metallic behavior.
Notably, band inversion and two Dirac-like nodes appear near
the M point and Fermi level (Figure 4a,b). Including SOC
opens a hybrid bandgap in the inverted region via N-p and Ni-
d orbital hybridization. Tight-binding calculations confirm the
emergence of boundary states (Figure S12d), suggesting Ni3InN
supports a quantum-spin-Hall-like (QSH) phase that is typically
linked to high conductivity and mobility, as seen in topological
systems like graphene and semimetals [52, 53]. The calculated
3D band structure (Figure 4b) and Fermi surface (Figure S12c)
shows an anisotropic character, with distinct electron pockets
and critical points along different crystallographic directions,
highlighting the interplay between symmetry and transport
anisotropy.

Temperature-dependent resistivity (ρ) measurements on three
strained Ni3InN thin films (Figure 4c) reveal nearly constant
ρ across the full temperature range, with only a slight upturn
below 20 K, indicating Fermi-liquid transport character. The
high-temperature resistivity is exceptionally stable, with a slope
of ∼2.02 × 10−8 Ω⋅cm/K, outperforming most reported antiper-
ovskite nitrides [17, 54–56]. Our transport calculations (Figure
S13) align well with experimental trends and low-temperature
behavior. θ–2θ scans (Figure S14) confirm structural stability from
10 to 300 K, showing only minor thermal expansion along the c-
axis. Hall measurements (Figure S15) indicate that carrier density
5 of 10
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FIGURE 3 Atomic-scale characterization of Ni3InN interfacial structures on three distinct substrates. (a–c) HAADF-STEM images of the Ni3InN
thin films grown on LaAlO3, SrTiO3, and DyScO3 substrates taken along the [100] zone axis. The interfacial regions with variable gap distances are
annotated in yellow. (d) Compositional EELS mapping of Ni3InN/LaAlO3 taken simultaneously at La M-, Al K-, In M-, and Ni L-edges, respectively.
Representation of the Ni3InN/LaAlO3 heterointerface as a stacking of atomic unit cell planes, showing a half-unit-cell lateral lattice misalignment
between adjacent atomic planes. (e) Atomic-scale EELS mapping of Ni3InN/SrTiO3 taken simultaneously at Sr L-, Ti L-, In M-, and Ni L-edges,
respectively. Ni3InN is epitaxially grown on SrTiO3 via cube-on-cube orientation. (f) Gap distances betweenNi3InN thin films and substrates as functions
of strain. (g) Strain-dependent c/a ratio of Ni3InN thin films.
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n) in films on LaAlO3 remains stable at (5.69–6.49) × 1022 cm−3,
ith mobility (µ) nearly temperature-independent (Figure S16).
nder compressive strain, n peaks while µ is minimized; ten-
ile strain reduces n and enhances µ. On SrTiO3 and DyScO3
ubstrates, n decreases and µ increases with temperature due
o a stronger correlation in Ni-3d. These findings suggest that
he combination of structural robustness and Dirac metallicity
rives the remarkable resistivity stability—an intrinsic property
f Ni3InN thin films. High-temperature ρ–T curves show linear
ehavior, indicating conduction dominated by Ni-3d bands and
strange metal” characteristics. Under increasing tensile strain,
he ρ–T slopes increase slightly but remain far below those
n oxide perovskites (Figure 4c). The low Ni valence (∼+⅔)
laces Ni3InN in an overdoped correlated-metal regime. At low
emperatures (20–65 K), ρ(T) fits well to ρ(T) = ρ0 + AT2, with
0 ≈ 1.55 × 10−4 Ω⋅cm and A ≈ 2.27 × 10−10 Ω⋅cm/K2, consistent
ith Fermi liquid behavior. Under tensile strain, reduced Ni-
bandwidth enhances correlations, yielding more pronounced
ermi liquid signatures, particularly on DSO substrates. Optical
onductivity measurements confirm multiple interband excita-
ions. In addition to a dominant Drude peak (t2g–t2g transitions),
our peaks arise from eg–t2g, t2g–In5p, eg–In5p, and N2p–t2g
ransitions, consistent with band structure and DOS calculations.
of 10
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Electronic structure analysis reveals two main Fermi-level con-
tributions: temperature-independent QSH-like edge states and
bulk states near the R–X point that are temperature-dependent.
At high temperatures, all films exhibit “strange metal” behavior
with smaller ρ–T slopes than in oxide perovskites, suggesting a
distinct origin rooted in anti-perovskite topology. The coexistence
of these two channels explains Ni3InN’s unique transport: robust,
high-mobility conduction from boundary states and tunable,
strain-sensitive behavior from bulk bands.

3 Summary and Outlooks

In summary, the stabilization of a rare low-valence state of
Ni, pronounced longitudinal rigidity, and a Young’s modu-
lus comparable to many functional substrate materials make
Ni3InN as a highly promising electronic and mechanically robust
antiperovskite nitride. We have successfully fabricated high-
quality single-crystalline Ni3InN thin films on various substrates
and demonstrated the unique strain relaxation mechanisms
governed by the material’s exceptional stiffness and intrinsic
orientation preferences, which sharply differ from conventional
perovskite oxides. Atomic-resolution analysis not only confirms
Advanced Functional Materials, 2026
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FIGURE 4 Band structure calculations and electronic properties of Ni3InN. (a) DFT band structure of Ni3InN highlighting empty In-p states and
fully filled N-p bands, consistent with an In1+/N3− charge state and an average Ni valence of Ni+2/3. The right side presents the band structures around
the M point without (w.o.) spin-orbital coupling (SOC) and with SOC. (b) 3D band structure of Ni3InN. (c) Temperature-dependent resistivity (ρ) of
Ni3InN thin films on various substrates. The temperature-dependent ρ of La2-xSrxCuO4, SrRuO3, and Sr2RuO4 are included as benchmarks for typical
correlatedmetallic behavior in perovskite oxides to highlight the exceptional electronic stability of Ni3InN. (d) Optical conductivities of Ni3InN thin films
on various substrates, obtained from spectroscopic ellipsometry at room-temperature. The arrows indicate the optical excitation peaks. (e) Schematic of
band structure, extracted from optical conductivity measurements.
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he high crystalline quality and sharp interfaces, but also
eveals microscopic interfacial configurations such as strain-
nduced lattice distortions and atomically defined bonding at
he heterointerfaces. This fundamental distinction highlights
hat, whereas oxides are suited for smooth strain engineering,
i3InN-based films offer a pathway for strain-mediated control of
rystalline orientation, thereby opening opportunities for design-
ng antiperovskite heterostructures with tunable anisotropic
roperties. Electrically, the Ni3InN thin films exhibit exceptional
onductivity and maintain a remarkably stable resistivity across
n extensive temperature spectrum. This characteristic renders
hemhighly appropriate for applications including high-accuracy
esistors, stable sensors, and other high-precision instruments
hat function within various temperature conditions. Together,
hese findings establish Ni3InN thin films as a new experimental
latform for probing emergent electronic phenomena at the
ntersection of perovskite physics and antiperovskite chemistry.
y uniting epitaxial stabilization, interface-sensitive growth, and
etailed theoretical modeling, our work opens a pathway to
iscover novel correlated phases in anti-perovskite nitrides and
emonstrates their potential as a counterpart to oxide perovskites
dvanced Functional Materials, 2026
in the quest for exotic quantum states, paving the way for
their integration into next-generation electronic and spintronic
devices.

4 Methods

4.1 Synthesis of High-Quality Epitaxial Nitride
Thin Films

Polycrystalline Ni3InN targets were synthesized through a high-
pressure reaction route using a mixture of In2O3, Ni and NaNH2
powders. The mixed powder was sintered at 5 GPa and 900◦C for
60 min at the High-Pressure Lab of South University of Science
and Technology (SUSTech). Powder X-ray diffraction measure-
ments on the target demonstrate a stoichiometric and correct
chemical composition. Single-crystalline antiperovskite nitride
Ni3InN thin films were fabricated by pulsed laser deposition
(PLD) using a XeCl excimer laser with a 308 nm wavelength.
During the thin-film deposition, the energy density and laser fre-
quency are maintained at ∼1.6 J/cm2 and 5 Hz. To systematically
7 of 10
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nvestigate the effects of strain on Ni3InN thin films, all films
ere grown on (001)-oriented LaAlO3, SrTiO3, and (011)-oriented
yScO3 substrates at a temperature of 500◦C and a base pressure
f 1 × 10−8 Torr. The thickness of the Ni3InN film, approximately
0 nm, was controlled by counting the number of laser pulses
nd further confirmed by X-ray reflectometry. The samples were
ooled down slowly to room-temperature at a rate of−5◦C under
igh-vacuum atmosphere (∼ 10−7−-10−8 Torr), keeping the same
s the growth conditions.

.2 Structural Characterization and Electronic
tate Measurements

he thin-film quality was examined by a high-resolution four-
ircle X-ray diffractometer (Malvern Panalytical, X’Pert3 MRD)
ith θ –2θ line scans and rocking curve scans. Phi scans and
ff-specular RSM are conducted to determine the epitaxial
rowth and in-plane strain states of Ni3InN thin films. The
emperature-dependent X-ray diffraction (XRD) was measured
sing a Bruker D8 Discovery diffractometer. X-ray reflectivity
XRR) measurements were performed to check the layer
hickness and interface roughness. Electrical measurements,
ncluding temperature-dependent resistivity, magnetoresistance
MR), and Hall resistance, were conducted in a Physical Property
easurement System (PPMS), using the standard van der
auw method. The optical conductivity of different strained
P nickelate thin films was measured at room-temperature
sing a commercial optical ellipsometer (J. A. Woollam
o., Inc.).

.3 STEM Characterizations and Analysis

ross-sectional transmission electronmicroscopy (TEM) samples
ere fabricated by standard ion beam (FIB) lift-off process and
easured in scanningmodeusing a JEMARM200CFmicroscope
t the Institute of Physics, Chinese Academy of Sciences. The
igh-angle annular dark field (HAADF) images were collected
long [100] and [110] orientation for confirming the crystal
tructure. All scanning transmission electronmicroscopy (STEM)
mages were analyzed using Gatan DigitalMicrograph. Electron-
nergy-loss-spectroscopy (EELS) mappings were performed at
i L-, In L-, La M-, Al K-, Sr L-and Ti L-edges to evaluate the
nterfacial mixing.

.4 First-Principles Calculations

ensity-Functional Theory (DFT) [52, 57] calculations were
erformed to investigate the structural relaxation, electronic
tructure, and elastic properties of X3InN materials. The simu-
ations were conducted using the Vienna Ab initio Simulation
ackage (VASP) [53, 54] and WIEN2k [55, 56], employing
he Perdew–Burke–Ernzerhof (PBE) form of the Generalized
radient Approximation (GGA) for the exchange-correlation
unctional [58]. A plane-wave energy cutoff of 500 eV and
Monkhorst-Pack k-point mesh of 13 × 13 × 13 were used

or Brillouin zone integration. Phonon spectra were computed
sing both the frozen-phonon (finite displacement) method
59] and density-functional perturbation theory (DFPT) [60],
of 10
implemented via the Phonopy package [61] interfaced with VASP,
based on the relaxed ground-state structures of each X3InN
compound.
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