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1. Introduction

Antiperovskite manganese nitrides have intriguing magnetic and electronic

properties that are not well understood. Just as their perovskite oxide
counterparts, they are expected to display properties tunable through epitaxial
strain engineering, which has barely been explored yet. Here, three notable
contributions are made to the understanding and tuning of these fascinating
materials, focusing on Mn;NiN. First, combining X-ray spectroscopy
measurements and first-principles calculations, an unusually large

negative oxidation state of Ni*~is reported. Second, a substantial shift of the
antiferromagnetic ordering temperature by 116 K, from 266 to 150 K, is reported
by growing Mn;NiN films on different substrates. This shift is due to the
mixed contributions of ferrimagnetic and antiferromagnetic phases. Third, a
plasmonic signature with a high optical extinction coefficient in the infrared to
visible range is exhibited, tunable by different substrates. The findings suggest
that Mn;NiN has significant potential in antiferromagnetic spintronics,

and plasmonics, expanding the scope of new materials for electromagnetic
field-controlled plasmonics, piezo spintronics, and multicaloric applications.

Antiferromagnetic spintronics is a promis-
ing innovative field due to the immunity
of antiferromagnets to external mag-
netic fields and for potential applications
in memory, terahertz, and low-power
devices.!l The field of antiferromagnetic
spintronics is beginning to focus more on
non-collinear antiferromagnetic materials
because of the peculiar functionalities in-
duced by their inherent Berry curvature.[?!
Among such materials, antiferromagnets
with antiperovskite crystal structure show
various emergent phenomena. For in-
stance, manganese-based antiperovskite
nitride (Mn;AN; where A=Ga, Sn, Pt, Ni,
Ge) materials, with the inverse occupation
of their anionic and cationic positions
forming the reversed NMn, octahedra as
compared to their perovskite counterparts,
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have drawn special attention. This is due to their non-collinear
spin structures and unusual physical properties such as the large
magneto-volume effect (MVE),I? near-zero temperature coeffi-
cient of resistivity (NZ-TCR),[*°] magnetocaloric effect,l®! giant
magnetoresistance,l’] superconductivity,® magnetostriction, !’
spin-glass (SG) states (') piezomagnetic effects,!!] as well as neg-
ative thermal expansion (NTE).['2]

Being strong spin-lattice coupling systems,!3] antiperovskite
compounds exhibit physical properties closely tied to their mag-
netic structure. Here, Mn-based antiperovskite compounds with
a triangular magnetic lattice display a variety of magnetic struc-
tures, including collinear, noncollinear, and even noncoplanar.[**]
Theoretical studies have revealed that the noncollinear I's,, an-
tiferromagnetic (AFM) structure was a key factor for the large
MVE in antiperovskite compounds.['*] So far, efforts have been
made on antiperovskite Mn; XN (X=Cu, Zn, etc.) compounds for
tuning the properties of the T's, AFM phase,"*! especially the
NZ-TCR caused by strong spin-lattice coupling of the I'; , AFM
phase.['®13] Also, a non-collinear antiferromagnetic structure has
been proposed from neutron scattering studies both for strained
and unstrained Mn;NiN within the temperature range 180 K
< T < 266 K, where the magnetic moments rotate in the (111)
plane.['” Moreover, transition metals predominantly exhibit pos-
itive oxidation states due to their inherent tendency to donate
electrons. However, the realization of negative oxidation states in
antiperovskite systems presents a paradigm shift, offering novel
insights into the electronic structure and chemical behavior of
transition metals within these unique lattice frameworks. Ad-
ditionally, the negative oxidation states observed in metals in
other systems, shown in materials such as CsAu,['®] Na—Au,!*°!
Ba—Pt,12%1 Zn,M,,[?" and SrSnO,,[??] have garnered significant
interest because of the potential to reveal novel physics. Re-
cently, E. Triana-Ramirez et. al theoretically proposed for the
first time an anionic valence state of nickel metal in Mn; NiN.[?3I
The comprehensive experimental realization as well as theoret-
ical validation of the anionic valence state of metal (Ni), strain-
interface effects on magnetization, especially spin reversal, near
zero optical dielectric constant, and tunable optical conductivity
within the framework of spin-orbital manipulation in strained
antiperovskite Mn;NiN are still lacking and need to be probed.
The detailed element-specific microscopic magnetization study
around Mn and Ni, incorporating XMCD, may reveal the local
magnetic (spin) correlations with distinct strains. Furthermore,
theoretical calculations may further validate the experimental
results, confirming the spin-charge-orbital-lattice intimacy in
antiperovskites.

In this article, we investigate the manipulation of non-collinear
antiferromagnetic structure, the significant shift of the Néel tem-
perature (Ty), and the existence of an unusual negative anionic
state of transition metal (Ni). We also examine the optical intra-
band transitions, tunable optical conductivity, and high extinc-
tion coefficient in Mn;NiN films. XMCD measurements con-
firm the non-collinear spin reconstruction at different Mn lattice
sites, correlating with noncollinear I's , and T, , magnetic inter-
actions. The first principles theory confirms the claim of having
a negative valency of Ni-based on Bader charges and illustrates
the intimacy of structure and magnetic parameters. Our observa-
tions on structural, magnetic, optical, and transport functional-
ities confirm the possible magnetic-electronic-structural-optical

[13
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coupling due to geometrically frustrated spin orientation with the
lattice as well as exchange interactions and the emergence of I's,
and I’y , phases. This study presents a unique pathway to cor-
relate the magnetic, electronic, structural, and optical coupling
through distinct substrate-induced strain in Mn;NiN single-layer
thin films.

2. Results and Discussion

2.1. Growth, Composition, and Structure

For this study, 35, and 45 nm thick Mn,NiN (a = 3.880 A) single-
layer thin films were grown on single crystalline LaAlO, (001)
(@ =3.790 A), (Lay,St,,)(Al) ¢sTay 55)O5 (LSAT) (001) (a = 3.868
A), SrTiO, (001) (a = 3.905 A), and MgO (001) (a = 4.212 A)
substratesby using a DC sputtering system (PLASSYS-France)
(details in Experimental Section). Unstrained Mn;NiN generally
shows a cubic structure with space group, pm-3m, a =b=c=
3.880 A, @ = f = y = 90° and coordinates of Mn (0, 0.5, 0.5),
Ni (0, 0, 0), and N (0.5, 0.5, 0.5).2*1 Here, Figure S1 (Support-
ing Information) depicts a schematic of a typical crystal structure
of Mn;NiN under strain and representing atomic positions in a
unit cell. In this structure, N is positioned at the center, form-
ing NMn, octahedra (similar to BO, octahedra for ABO, per-
ovskites) with six neighboring Mn atoms, while Ni atoms are
placed at the corner of the unit cell. This inverse pattern (with re-
spect to perovskites) of NMn, octahedra changes the atomic posi-
tion and occupancy, which produces the corner-sharing triangu-
lar geometrical frustration.[**] To obtain a comprehensive picture
of the crystal structure of the films, X-ray diffraction (XRD) is per-
formed on Mn;NiN films (details in Experimental Section). The
X-ray reflectivity (Figure S2a,b, Supporting Information) exhibits
the Kiessig fringes, indicating smooth layer structure and well-
defined interfaces between the Mn, NiN layer and substrates. The
thickness of the sample was ~30-35 nm. The XRD 20-w scans
around (002)-reflections of the Mn;NiN films grown on vari-
ous substrates show the film peak around the Bragg peaks of
the substrate, revealing the epitaxial quality of all Mn,NiN films
(Figure 1a). The out-of-plane lattice parameter (c) of the Mn;NiN
film grown on the LAO substrate is enhanced (c = 3.890 A) com-
pared to the bulk Mn,NiN (c = 3.880 A, represented by dashed
line in Figure 1a), indicates that the in-plane lattice parameter
of the film is compressed. In contrast, the ¢ lattice parameter of
the films on the STO (c = 3.866 A) and the MgO (c = 3.854 A)
substrate was reduced relative to the bulk value, suggesting in-
the plane expansion of the lattice parameter of the film. More-
over, the peak positions for Mn;NiN on the LSAT substrate over-
lapped almost perfectly, indicating the same c lattice parameter
of Mn;NiN with the substrate (Figure 1b). The representative
atomic force microscopy (AFM) (details in Experimental Section)
image unveils a smooth particulate-free surface morphology with
low roughness (R, #300 pm), confirming the high quality of the
films (Inset Figure 1b; Figure S2e—g, Supporting Information).
Additionally, X-ray rocking curve analysis was conducted around
the 002-diffraction peak for both Mn;NiN and the respective
substrates (Figure 1c). The full-width-at-half-maximum (FWHM)
values for the Mn, NiN films grown on STO, and MgO substrates
are comparable, indicating similar levels of crystallinity among
these samples. In contrast, the Mn;NiN film grown on the LAO
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Figure 1. Structural characterization of 35 nm Mn;NiN thin film on different substrates. a) 26-w scan diffraction around the (002)-reflection, demon-
strating the single-phase crystallinity of Mn;NiN films. b) Variation of the out-of-plane lattice parameter ¢ calculated from (a) of the films in accordance
with the substrate in-plane lattice parameter. The systematic ¢ lattice parameter of the Mn3;NiN films enhance on LAO, and LSAT to the reduced on
STO and MgO. The atomic force microscopy image on LSAT substrates confirms no secondary phases and exhibits a smooth surface morphology with
roughness ~600 pm. c) Rocking curves about the 002-diffraction conditions of the Mn3NiN on films and LAO, STO, and MgO substrate. d) The XRD
in-plane ¢ scans of Mn;NiN films grown on LAO (top), STO (middle), and MgO (bottom) around the (103) reflection indicate that all Mn;NiN films are
epitaxially grown on the substrates. €) The RBS spectrum (black line) of Mn;NiN film grown on a MgO Substrate. The backscattered ion yield is plotted
as a function of energy. The simulated fit (red line) indicates that the film composition matches the expected Mn:3, Ni:1, N:1, and stoichiometry.

substrate exhibits a slightly larger FWHM, suggesting a reduc-
tion in crystallinity, likely due to a large lattice mismatch between
the film and the substrate. Further, the in-plane XRD ¢ scan con-
firms that all Mn;NiN films are epitaxially grown on the sub-
strates (Figure 1d). The scan reveals four peaks evenly separated
by 90° intervals, indicating a distinct four-fold symmetry. This
result suggests an in-plane “cube-on-cube” epitaxial relationship
between the film and the substrate. In addition to confirming the
epitaxial growth of the films, the observation of sharp and intense
peaks signifies the good crystallinity of the synthesized Mn;NiN
films on the substrates. The stoichiometry of the Mn;NiN film
was determined using Rutherford Backscattering Spectroscopy
(RBS) (Figure 1e; Figure S3 and Notes S1-S2, Supporting Infor-
mation, details in Method), where peak positions along the en-
ergy axis correspond to different elements based on their atomic
numbers. Higher energy peaks indicate heavier elements like Mn
and Ni, while lower energy peaks are associated with lighter ele-
ments such as nitrogen (N). The areas under these peaks are pro-
portional to the atomic concentrations of each element. A com-
parison of the relative peak areas of Mn, Ni, and N, aligned with
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a best-fit model (R? = 0.999), confirms the expected stoichiom-
etry, approximately matching the Mn:Ni:N ratio of 3:1:1. After
confirming the composition and structure of Mn,NiN, our focus
shifts to investigating the anionic state of the transition metal Ni.

2.2. Anionic State of Transition Metal Ni in Mn;NiN Films

The high-resolution X-ray photoemission spectroscopy (XPS)
core level spectra of Mn 2p, Ni 2p, and N 1Is levels of Mn,;NiN
films, where the solid curve on the experimental data shows a sat-
isfactory fit with a pseudo-Voigt background (Figure 2; Figure S4,
Supporting Information; details in Experimental Section). Using
the Gaussian-Lorentzian function, the peaks are fitted well for
each level. The deconvolution of peaks reveals that each of the
spin-splitlevels (2p; , and 2p; ,) exhibits only a single peak, which
indicates the presence of a single valence state of Mn (Mn*2)[%]
and distinct valency of the Ni (Figure 2a,b; Figure S5, Support-
ing Information). Therefore, in the antiperovskite structure, Ni
2p;), undergoes a particular negative valence state, which is in
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Figure 2. Elemental composition analysis and anionic nickel vacancy in Mn; NiN film on different substrates. Utilizing high-resolution XPS, the following
insights were obtained: a) Mn-2p spectra confirm the Mn*? oxidation state of the film. b) Ni-2p spectra confirm the unusual negative valency, i.e., to
depict the charge neutrality of the Mn;NiN compound the Ni has Ni~—* oxidation state of the film (shoulder peak close to the main peak indicated by
blue wide arrow). c) N-1s spectra clarify the strong Mn—N hybridization and presence of minor amounts of oxygen in the film.

sharp contrast to the (Ni*3),[26] (Ni*2),[27] (Ni),[?8] in perovskite ox-
ides (Figure S5, Supporting Information). This finding is in close
agreement with what was reported for other anti-perovskites such
as SrSn0O, and Sr;Sn0.!'>?°! Additionally, oxygen (O) was de-
tected as a minor contaminant in the sample surface, in addi-
tion to Mn, Ni, and N (discussed later). Although it is rare for
transition metals to exhibit negative and positive valence states
in the Ni and Mn sites, respectively, the charge neutrality of the
compound Mn; NiN depicts itas a Mn; *?Ni—>N~3 compound, i.e.,
with Ni in a -3-oxidation state; further confirmed by density func-
tional theory, to be discussed later. The peaks are observed close
to 642 eV for Mn-2p;, and a systematic shift of Mn-2p, , peak
depending on substrate is depicted (Figure 2a). However, a resid-
ual peak (~645 V) is seen close to Mn 2p;, at higher binding
energies, which is consistent with the reported results.**! Sim-
ilarly, Ni-2p also shows characteristic Ni-2p,/, peak and Ni-2p, ,
peak close to 852 and 870 eV, respectively. Satellite peaks are ob-
served at 855 and 875 eV but an additional peak is observed at
847 eV which suggests the significant shifting toward a lower
binding energy relative to Ni metal (852.6 eV), indicating again
a negative valence state of Ni (denoted by the wide blue arrow
in Figure 2b; Figure S5, Supporting Information). The Ni and
N core-levels exhibit minor shifts, which are relatively less pro-
nounced compared to the significant shifts observed in the Mn
peaks. These shifts in the Mn XPS spectra directly result from
substrate-induced strain, leading to alterations in the local crys-
tal field and bonding environment surrounding Mn atoms. In
contrast, the shifts in the Ni and N spectra are more subtle, re-
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flecting their distinct bonding environments within the Mn,NiN
structure and the lesser influence of the substrate-induced strain
on these elements. Additionally, the width and asymmetry of the
N-Is peak (Figure 2c) can be fitted with two peaks. The peak at
397 eV is attributed to the covalent nature of Ni (Mn) 2p-N Is
hybridization and the shoulder peak at 400 eV is from the resid-
ual contaminants like minor oxygen on the surface.[?®! To fur-
ther confirm the electronic configuration of element in Mn,;NiN
films, element-specific X-ray absorption spectroscopy (XAS) per-
formed at the Mn L; ,-edge, Ni L; ,-edge and O K-edge of Mn;NiN
films (Figure 3; Figure S6, Supporting Information and details
in Experimental Section). Notably, a shoulder peak at ~642 eV
(marked by an arrow; ~2 eV apart from the main peak) is ob-
served and is attributed to the hybridization between the or-
bitals of N 2p and Mn 3d and confirming the single valence state
(Mn?*). The Ni L;,-edge XAS spectra of Mn;NiN film do not
show such shoulder peak (Figure 3b), as observed in other com-
pounds like Ni Fe, N, indicating that the Ni atom occupies a cor-
ner position.’!] The details of the electronic configuration of the
Ni in Mn;NiN are shown in Note S3 (Supporting Information),
which further supports the Ni in a negative valency state to en-
sure the charge neutrality in the Mn,;NiN film. Furthermore, O
K-edge XAS of Mn;NiN thin films on different substrates, mea-
sured alongside the bare STO substrate for comparison, shows
featureless spectra in this energy range. A closer view (Inset in
Figure S6, Supporting Information) reveals tiny features at the
onset energy, corresponding to the transition metal 3d-oxygen 2p
hybridization, suggesting minimal surface oxidation. The XAS
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Figure 3. Electronic structure of the Mn;NiN films on different substrates. a) XAS measurement at the Mn L; , edges shows strong peaks at ~640.28
and ~652 eV, confirming Mn*? valency state of Mn. The shoulder peak close to the main peak (indicated by an arrow) within 2 eV, resolves from N 2p
and Mn 3d hybridized orbital state. XAS spectra confirm Mn valency irrespective of substrates. The spectra from different samples have been offset for
clarity. Reference data for Mn?* ions in MnO bulk and Mn®* ions in Mn,0Oj are included for comparison. b) XAS spectra at the Ni L3 , edge exhibit a
sharp peak at L; edge (%632 eV), suggesting the possibility of an anionic nickel valence state as discussed in the main text. The spectra from different
samples have been offset for clarity. Reference data in NiO is included for comparison.

signal, measured via total electron yield (TEY), probes a depth
of 5-7 nm, while XPS, being more surface-sensitive, probes ~1-
1.5 nm. This indicates that the adsorbed oxygen is limited to the
topmost surface layer, appearing in XPS but not significantly in
XAS.

2.3. Magnetic Analysis and Spin Reconstruction of the Mn;NiN
Film

Next, we turn our attention to a peculiar magnetic property of the
Mn; NiN films on various substrates; we have performed SQUID
(superconducting quantum interference device) magnetometry
and employed synchrotron-based X-ray magnetic circular dichro-
ism (XMCD) techniques (Figure 4 and details in Experimental
Section). The temperature-dependent magnetization measured
in the film plane along [100] direction and the data reveal a
high-temperature paramagnetic to low-temperature antiferro-
magnetic transition (Ty; the peak in the M—T curve) and a shift
of T\, is observed for the Mn,NiN film (Figure 4a; Figure S7, Sup-
porting Information). Broadly, the magnetic structure of Mn; NiN
is a combination of two reducible symmetries, antiferromagnetic
I's , and ferrimagnetic I'; ,, depending on the rotation of Mn
moments below the Ty.*?l In Mn,;NiN/STO, Mn, NiN/LSAT, and
Mn,NiN/LAO films, the magnetization curve suggests that the
Mn; NiN also exhibits predominantly antiferromagnetic behavior
due to Mn atom’s antiferromagnetic orientation (I's ;) compared
to the ferrimagnetic orientation (I', ,) close to Ty, confirmed by
our theoretical simulation (discussed later), similar to the earlier
report.l263] A distinct behavior is observed in Mn;NiN/MgO,
which shows a well-defined antiferromagnetic transition ~#150 K,
marked as Ty. Upon further cooling, the magnetic moment be-
gins to increase below 120 K, as highlighted in the figure by T,
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(stands for compensation temperature), where an arrangement
of Mn spins with unequal moments and opposite orientations
leads to partial cancellation of the magnetic moments, resulting
in a transition to a ferrimagnetic state with a I, , configura-
tion below 120 K. The resultant Ty is well align with Yuantuan
et al.3* Moreover, the reduced Ty, was observed in comparison to
bulk Mn;NiN (T = 266 K) (Figure S7, Supporting Information)
as well as the findings of Boldrin, David, et al.[** may arise from
several factors, including finite-size effects, substrate-induced
strain or strain relaxation, interface quality between the film
and substrate, and variations in growth conditions relative to
those reported in other studies.>37] Notably, the Mn,NiN/LSAT
film exhibits an unusually broadened magnetization profile
with temperature, despite being unstrained (Figure 4a). This
distinct magnetization behavior observed in Mn,;NiN films on
LSAT, as compared to films on other substrates, may stem from
finite-size effects and interface quality. Further investigation
is required to fully understand the underlying mechanisms
contributing to this unique magnetization profile.[?6383%] Fur-
thermore, magnetization as a function of the magnetic field
(M—H curve) has been recorded at 10 K in the film plane along
a [100] direction (Figure 4b; Figure S8, Supporting Information,
details in Experimental Section). The M—H curve reveals a
two-step switching process under an applied magnetic field.
Initially, some Mn spins align along the field direction, while
others remain misaligned. This switching sequence is subtle
due to the strong antiferromagnetic interlayer coupling between
Mn spins, which may lead to varying switching behaviors de-
pending on the Mn spin structure. Although the samples are
antiferromagnetic below the Ty, they all exhibit hysteresis in the
M—H curves at 10 K, with no saturation magnetization observed
even up to high magnetic fields (x4 T). In particular, the M—H
curve for Mn;NiN/MgO indicates a reduction in the two-step
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Figure 4. Magnetic structure and spin reorientation of the Mn; NiN films on different substrates. a) M-T curves measured during warm up the samples at
0.05T along in-plane directions of the samples after zero field cooled the sample. The curve is shown after subtracting the diamagnetic contribution from
the substrates closely depicts the antiferromagnetic nature below Ty, indicated by arrow. b) M—H loops are recorded at 10 K along in-plane directions
of the samples after zero field cooled the sample. Even though the samples exhibit antiferromagnetic behavior below Ty, they all display hysteresis at
10 K, indicating the potential presence of a non-collinear spin structure with both ferrimagnetic (FM) and antiferromagnetic contributions coexisting.
c) Top panel: Experimental XMCD spectra at the Mn L; , edge at 130 K, measured at +0.6T, indicate a non-colinear spin arrangement between Mn (I)
(a7), Mn (I1) (ar;) and Mn (I1l) (r3). Bottom panel: Simulated XMCD spectra between Mn (1) (), Mn (11) (a;), and Mn (111) (a3) for the Mn3;NiN on LSAT.
d) The XMCD spectra at Ni L ,-edges at 130 K, measured at +0.6T, observed the finite signal of XMCD, indicating that Ni possesses very small spin and
orbital magnetic moments compared to Mn. Thus, the net magnetization depends on the orientation of Mn and Ni magnetic lattices, and close to the
Ty, antiferromagnetic nature is preserved. e) Temperature-dependent resistivity of Mn;NiN films on various substrates, measured from 40 K to 320 K,
highlighting the near-zero temperature coefficient of resistivity (TCR) effect. f) Magnified views of (e) reveal distinct resistivity changes around the Néel
temperature Ty, consistent with the Ty observed in (a). These changes mark the onset of antiferromagnetic ordering, corresponding to shifts in spin
scattering and the evolution of magnetic ordering within the material’s structure.

switching process, suggesting an emerging ferrimagnetic-like
behavior. To gain further insight into the non-collinear spin
interaction and spin rearrangement, synchrotron-based XMCD
measurements were performed at 130 K (below Ty) at the Mn
L, , edge. The spectra exhibit a pattern of negative (a,), positive
(a,), and subsequently negative («;) signs as the photon energy
increases from low to high, mostly observed around the L,-edge
for LAO, MgO and STO substrate (Figure 4c; Figures S9 and
S10, Supporting Information; details in Experimental Section).
The deconvolution of XMCD spectra or the superposition of
spectra with different signs using multiplet simulations with
CTM4XAS suggests the presence of specific Mn magnetic spin
moments, such as a; for Mn(I), , for Mn(II) and «; for Mn(III)
within an NMn, octahedra. The same sign of @, and «a; indicates
the same spin direction of Mn(I) and Mn(III), while the opposite
sign of a, denotes the Mn(Il) spin being antiparallel to both
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that of Mn(I) and Mn(IIl), confirming the overall non-collinear
antiferromagnetic nature. This is further confirmed by theo-
retical simulation, which shows the coexistence of I, , and
['s , structures in the system (Figure 6). Simultaneously, for
Mn;NiN on LSAT, the signs of a; «,, and a; show exactly the
opposite with respect to other substrates due to microscopic
magnetization reversal among Mn(I), Mn(lI), and Mn(III)
within NMn, octahedra, although antiferromagnetism is pre-
served (Figure 4c). Furthermore, in the case of MgO, the Mn(II)
peak (a,) is significantly reduced, and a tendency to approach the
same direction as Mn(I) (a;) and Mn(III) (a;) is observed. Here,
the charge transfer multiplet simulations are also performed
(Figure 4c bottom panel for Mn;NiN on LSAT, Figure S1la—c,
Supporting Information; details in Experimental Section) to
get a clear view of the separate contributions from individual
Mn lattice sites by varying the respective parameters such as
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Figure 5. Plasmonic and intra-band characteristics of Mn;NiN thin films on different substrates. a) The frequency-dependent real part of the optical
dielectric permittivity under different substrates shows positivity in the very low-frequency range, transitioning to the negative region across the entire
IR to UV range. This behavior is indicative of a metallic (plasmonic) response. b) The imaginary part of the dielectric permittivity, approaching zero with
frequency, indicates high optical loss in the IR region with a decreasing trend toward the UV region. c) The variation of reflectivity versus incident photon
energy shows maximum intra-band transition at IR range for all the Mn;NiN films. Frequency-dependent d) Refractive index e) Optical conductivity
displays the systematic substrate in-plane lattice constant blue shifts (shift toward lower wavelength, i.e., higher photon energy). f) Bulk carrier concen-
tration and mobility versus in-plane substrate lattice constant. g) Comparative analysis of optical conductivity for different substrates shows increased
optical conductivity ranging from lower substrate in-plane lattice constant to higher substrate in-plane lattice constant. h) Extinction coefficient (n)
versus photon energy curve show a higher n value which signifies lower density of states and higher extinction coefficient (k) at lower energy, denoting
Mn;NiN film’s absorption to light. i) Experimentally measured values of extinction coefficient (k) for various materials are plotted as a function of Energy
(eV). Data include ZnS ref.),81 TiO, (ref),39) WO,N, (ref.),l*%1 InN (ref),[*] AIN (ref.),l*T) CusN (ref),[2) Mg;AsN (ref.),l*3] Ni3SnN (ref.),[*4] and
Mn;NiN (this work) shows a high value of extension coefficient at near IR region in Mn;NiN film which is very important in optical devices.

crystal-field splitting energy (10Dq), charge-transfer energy (A),
d-d coulomb repulsion energy (Uy), core hole potential (U,

~1.2 Uy), and O 2p-Mn 3d hybridization strength (v/3pdo)
(Table S1, Supporting Information). This observation may
suggest an antiferromagnetic to ferrimagnetic transition even  netic nature is preserved. To gain insight into the effect of Ty
close to 130 K, supporting the macroscopic SQUID magne- ©on the electrical transport properties of Mn;NiN grown on
tometry data (Figure 4a,b). In parallel, XMCD spectra at Ni ~ various substrates, we performed four-probe resistivity measure-
L,, edges at 130K clarify that the finite signal of XMCD due  ments (Figure 4e, details in Experimental Section) to measure

opposite to the Mn L;, edges and is correlated to the opposite
direction of the Ni magnetic moments with respect to Mn.
Thus, the net magnetization depends on the orientation of
Mn and Ni magnetic lattices, and close to Ty, antiferromag-

to possible [Ar]3d®4s24p? electronic configuration (Figure 4d;
Figure S10 and Table S5, Supporting Information), which is

Adv. Funct. Mater. 2025, 2500655

2500655 (7 of 13)

the electrical transport of the Mn;NiN films. The temperature-
dependent resistivity curves for Mn;NiN on various substrates
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Figure 6. Band structures of Mn3NiN under biaxial strain. a) The band structures of chiral antiferromagnetic noncollinear I'y , (blue) and I's , (red)
phases of Mn3;NiN under strain —3%, 0%, and 3%. The band structures are calculated using DFT+U with SOC. Biaxial strain changes the band structure,
and the change is more pronounced along the X-M path. The band structures exhibit a nuanced change in the I’y and I's , phases. The difference is more
pronounced under compressive strain compared to tensile strain. b) Radial plots representing the magnetic moment of Mn atoms in Mn;NiN under
different strains (—3%, 0%, and 3%) for Iy , (top) and I's , (bottom) (right) phases. Each vertex corresponds to a distinct Mn atomic site, showing how
the magnetic alignment varies with strain and between the two phases. The colors represent different strain levels, with blue indicating —3%, orange
indicating 0%, and green indicating 3% strain. Here, M,, M, and M, denotes the magnetization along x, y, and z-direction, respectively. c) Schematic
of spin orientation of non-collinear AFM I, and I's , under different substrates calculated from theoretical simulation, where Ni atoms (blue), Mn (1)
atoms (pink), Mn (I1) atom (red), Mn (l11) atom (yellow) and N atoms (green) are shown. Film on LSAT shows spin reconstruction within Mn sublattices
unlike other substrates (LAO, STO, and MgO).

exhibit no significant change in resistivity (Figure 4e). The Mn,NiN (Note S4, Supporting Information).*) A magnified

absence of notable resistivity variations with increasing temper-  view of Figure 4e, shown in Figure 4f, reveals a distinct resis-
ature suggests a near-zero temperature coefficient of resistivity  tivity anomaly near Ty, indicating a strong magneto-structural
(TCR), a characteristic emergent property of antiperovskite  coupling.
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2.4. Optical Properties: Plasmonic and Intra-Band Characteristics
of Mn;NiN Films

To gain an insight into the optical properties of the Mn; NiN films,
spectroscopic ellipsometry is employed to unveil the optical di-
electric permittivity by fitting the experimentally obtained psi (y)
and delta (A) spectra with a combination of Drude-Lorentz oscil-
lator model (Figure 5, details in Experimental Section).[*!! Gener-
ally, the dielectric behavior of a material holds a dominant conse-
quence, accompanied by other distinct optical properties such as
refractive index (n), extinction coefficient (k), and reflectivity (R).
Here, the positive to negative crossover in the real part of the di-
electric permittivity ¢’ (w), characteristic of an epsilon-near -zero
(ENZ) signature in the near-infrared region, indicates the metal-
lic (plasmonic) character of the films (Figure 5a-dashed line).
Specifically, for Mn;NiN/LAO, Mn,;NiN/LSAT, Mn;NiN/STO,
and Mn;NiN/MgO, the ENZ energies are 0.7, 1.0, 1.55,and 1.8 eV
respectively, revealing their unique ENZ signatures, where blue
shift (shift toward lower wavelength, i.e., higher energy) in MgO
corresponds to a higher free electron concentration of the film
compared to its counterparts (Mn; NiN on LAO, LSAT, and STO).
Here, the low energy dielectric spectra (infrared region) shifts
occur due to the electronic inter-band transitions correlating to
the effect of strain and a Drude-like behavior is consistent with
the van-der-pauw method resistivity data (Figure S12, Supporting
Information, details in Experimental Section) similar to Ti; TIN
and Ni;SnN.[*?] The imaginary part, ¢” (@), (Figure 5b), corre-
sponding to optical loss, approaches a low value with increas-
ing frequency, further indicating the consistent metallic nature of
the films. The reflectivity maxima near the IR region (Figure 5c¢)
for all Mn;NiN films corresponds to the intra-band transitions
and collective oscillations of free electrons. The refractive index
(n) (Figure 5d; Figure S12, Supporting Information; details in
Experimental Section) undergoes almost similar trends for the
Mn;NiN on various substrates, which shows a decreasing trend
in the refractive index values with an increment of energy corre-
lated to effective internal reflections. A higher “n” value is signif-
icant, as it is linked to the velocity or deceleration of photons due
to successive interactions with electrons, while a lower “n” can
be ascribed to the lower density of states. Optical conductivity, a
key parameter for the conduction of electrons under an applied
electromagnetic field, is computed from the dielectric permittiv-
ity by using the relation, o, (®w) = we,e”(w) (Figure 5g, details in
Experimental Section). A comparative plot of the maximum op-
tical conductivity of Mn;NiN film reveals that the peak value in-
creases for the Mn;NiN on STO and MgO, which confirms the
tunability of the optical conductivity of Mn;NiN with substrate-
induced strain. Now, the high optical conductivity (metallicity)
corroborates with the higher carrier concentration and mobility
in Mn;NiN/MgO (Figure 5f), supporting a higher value of the
plasma frequency compared to the other films. Furthermore, to
understand the light absorption properties of our films, we cal-
culated the extinction coefficient (k) (Figure 5h, details in Exper-
imental Section), which is directly linked to the light absorption
(a). A higher extinction coefficient (k) at lower energy (higher
wavelength) indicates the high absorption nature of Mn;NiN
films (Figure 5h). The detailed comparison of the extinction coef-
ficient of Mn; NiN films with other materials like ZnS,[**1 TiO,,*4]
WON,, 1 InN,[*T AIN,T Cu; N1 Mg; AsN, [ and Ni; SnN[*]
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(Figure 5i) clarifies a higher value near the IR region in our work.
This indicates a strong absorption of infrared light, and this prop-
erty can be harnessed for specific purposes more specifically in-
frared absorbers, IR shielding, IR filters, windows, etc. Therefore,
the tunable nature of the plasmonic characteristics and high ex-
tinction coefficient through the lens of strain promises an easy
and effective pathway to harness energy-selective switching opti-
cal devices.

2.5. Theoretical Analysis

To theoretically validate our experimental observations, we
conducted density functional theory (DFT) computations on
Mn;NiN (Figure 6, details in Experimental Section). Our inves-
tigation encompassed the Mn;NiN films on different substrates,
i.e., under different strains. Through systematic exploration of
Mn,NiN under biaxial strains and incorporating the first princi-
ples of DFT calculations, we gained insights into the variations
of the structural, electronic, and magnetic attributes of Mn;NiN
on distinct substrates. Our findings reveal that, in the absence
of external strain, the compound exhibits a distinct octahedral
arrangement of Mn atoms, maintaining a consistent 60° inter-
atomic angle. However, the application of strain disrupts this
equilibrium, leading to deformations in the octahedral geometry
and alterations in the Mn—Mn bond lengths (Table S2, Support-
ing Information). This phenomenon of octahedral deformations
in Mn,NiN persists as the material undergoes varying strains on
distinct substrates. To further substantiate the negative valency
of nickel (Ni) within Mn;NiN, we employed Bader charge cal-
culations, as proposed by Bader.[*l The electron charge density,
derived from first-principles calculations utilizing the PBEsol+U
approach, served as the basis for the Bader charge analysis of
Mn, NiN. The results of the Bader charge analysis (Table S3, Sup-
porting Information) indicate that Mn atoms exhibit cationic be-
havior, whereas Ni and nitrogen (N) atoms exhibit anionic behav-
ior. The observed negative oxidation state of Ni situated at the cor-
ner site of the antiperovskite is consistent with our experimental
findings (Figures 2 and 6) and corroborates previous studies.>!>!]
It is noteworthy that the overall structure maintains charge neu-
trality, and nuanced changes in the Bader charge of atoms are
evident with variations in the magnetic phase and applied strain.
Furthermore, magnetic moments predominantly emanate from
the magnetically active Mn sites. Considering the unstrained
state, the Mn(I)-Mn(II)-Mn(III) angle exhibits a 120° angle, re-
sulting in a net zero magnetic moment for both the I, , and I's ,
phases. It is crucial to emphasize that the magnetic orientation
of Mn atoms at each magnetic site varies in these two configu-
rations (Figure Gb; Table S4, Supporting Information), with the
total magnetic moment being zero in all directions in pristine
Mn,NiN at room temperature. The magnetic contribution from
Ni is marginally compared to Mn in pristine Mn,NiN, similar
to experimental observation, i.e., a significantly lesser amount of
strain-mediated magnetic contribution of Ni compared to Mn is
observed (Table S5, Supporting Information; Figure 6). Neverthe-
less, the application of substrate induced strain introduces mag-
netic moment components in each direction (Figure 6b; Table
S6, Supporting Information) and the stability of Mn,NiN is eval-
uated by computing the energy difference between two phases,
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denoted as AE = E(I, ,)-E(I's ,) (Figure S13a and Table S7,
Supporting Information). This shows that pristine Mn;NiN
demonstrates higher stability of the I'; , phase at low tem-
peratures compared to the I's , phase, and this trend per-
sists under various substrate induced strains with a clear elec-
tronic structural illustration (Figure 6; Figure S13b, Support-
ing Information).['*l The unusual magnetic behavior observed
in Mn; NiN/LSAT, such as the finite magnetic moment per-
sisting even at room temperature in the M—T measurements
(Figure 4a), remains an intriguing phenomenon that is not yet
fully understood and warrants further investigation. We corre-
lated experimental results with density functional theory (DFT)
calculations under various substrates, mapping the magnetic
structures of the I', and I’ , states across various substrates using
DFT-derived magnetic moment data. The magnetic structures
were visualized using VESTA software, with the magnetic orien-
tation vectors fixed according to values obtained from the DFT
magnetic structure calculations. A theoretical representation of
mixed ratios of ferrimagnetic symmetry T, , and antiferromag-
netic symmetry I's , in Mn;NiN under different strain is shown
in Figure 6¢. The strain application leads to notable adjustments
in the band structure, particularly along the I'-X-M path. Addi-
tionally, the gap between two electron pockets near the Fermi
level undergoes a subtle change with strain, approaching prox-
imity at 3%, with a disparity of 0.5 eV at —3% strain. How-
ever, in the unstrained case, no electronic states are observed at
the high symmetric point M near the Fermi level, while in the
strained scenario, states have been seen to emerge at M. The
band structure and total density of states clarify the increase in
the total number of states near the Fermi level. Consequently,
a systematic change in the electronic structure of the I',, and
I's , phases also emerged. Notably, the difference in the band
structure of the two phases is more pronounced under compres-
sive strain than the tensile strain. These alterations in the elec-
tronic structure below the Fermi level are particularly notewor-
thy, spanning from —1 to —2 €V, supporting our experimental
observations.

3. Conclusion

In summary, our investigation reveals that Mn;NiN films ex-
hibit noncollinear antiferromagnetic behavior with contributions
from both I'; , and I's , phases and a significant shift in the Néel
temperature (Ty) up to 116 K. Additionally, the films demon-
strate a rare negative oxidation state of the transition metal and
exhibit metallic behavior, along with positive to negative dielec-
tric permittivity with tunable optical conductivity, very high ex-
tinction coefficient, and intra-band transitions. Our study high-
lights the intricate interplay of magnetic moments, emphasiz-
ing the need for future investigations to manipulate spin-based
metallic devices. Moreover, The zero TCR effect holds substan-
tial significance for technological applications. Materials exhibit-
ing stable resistivity across a broad temperature range are highly
desirable for precision electronic components, including resis-
tors, sensors, and other devices requiring temperature-invariant
performance. Furthermore, achieving zero TCR through strain
engineering in epitaxial films offers a promising avenue for
tailoring the transport properties of anti-perovskites, thereby
enhancing their potential for advanced electronic and func-
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tional device applications. Overall, our findings unravel intri-
cate magneto-structural correlations influenced by substrate in-
teractions in Mn;NiN films. Importantly, it also demonstrates
a pathway for controlling the magnetization of this material,
which could pave the way for designing antiperovskite materi-
als for room-temperature antiferromagnetic systems, providing
valuable insights for potential applications in spintronic devices
and magneto-optical systems.

4. Experimental Section

Sample Fabrication: The antiperovskite thin films were grown by DC
reactive sputtering using a Mn3;Ni stoichiometric target (99.9% purity)
in an Ar atmosphere with [30 standard cubic centimeters per minute
(scem)]/N; (3.2 sccm) atmosphere of 9 mTorr. The deposition temper-
ature was 500 °C and the input power was 20W. The sample-to-target dis-
tance was fixed at 6 cm. Before deposition, the base pressure of the cham-
ber was 1077 torr and waited for 1h in that pressure. After the film growth,
the samples were cooled down at a rate of 5 °C min~" to room temperature
at the growth pressure.

Structural Characterization: ~Structural characterizations were carried
out using a Bruker D8 discover X-ray Diffraction (XRD) diffractometer with
Cu Ka radiation (4 = 1.54056 A). X-ray reflectivity scan done at the range
of 0.4-4.5°, reveals Kessing oscillation of the films. The XRD 26-w scans
around (002)-reflections done from 35 to 60° show a single crystalline
phase of the films. The rocking curve was performed within —2.5-42.5°
and phi scan from 0 to 310°.

Rutherford Backscattering Spectrum:  RBS was utilized to determine the
stoichiometry, thickness, and composition of the Mn;NiN films. The mea-
surements were performed using a 2 MeV helium ion beam at normal
incidence, with a backscattering angle of 168.2° to enhance mass resolu-
tion at the Inter-University Accelerator Centre (IUAC), Delhi. The helium
ion beam was directed onto the surface of Mn3NiN films grown on MgO
substrates. However, for films grown on other substrates, such as those
containing La and Sr, RBS could not provide reliable data due to the higher
atomic masses of these elements compared to those in the film. A silicon
surface barrier detector was used to detect the scattered ions from the film
surface. The RBS spectra were analyzed using the SIMNRA, and XRUMP
software, a standard tool for simulating ion beam analysis spectra. SIM-
NRA was used to fit the experimental spectra and extract the depth profiles
and elemental composition of the films. The fitting process involved iter-
atively adjusting parameters until a best-fit curve with a high coefficient of
determination (R? ~ 0.999) was obtained by SIMNRA and the figure was
made by XRUMP, indicating strong agreement between the experimental
and simulated spectra.

Atomic Force Microscopy: Atomic Force Microscopy (AFM) (Asylum
Research MFP 3D origin plus) was used to characterize the roughness and
morphology of the sample. After acquiring the AFM images, them using
Gwyddion software were analyzed to calculate the roughness parameters.

X-Ray Photoemission Spectroscopy (XPS): X-ray photoemission spec-
troscopy (XPS) was performed using Theromofisher Scientific. The in-
strument was equipped with a monochromatic Mg Ka X-ray source.
Prior to XPS measurements, the samples were appropriately cleaned and
mounted. Special care was taken to ensure the surface’s integrity and re-
move any contaminants that might interfere with the measurement. XPS
spectra were acquired by positioning the samples in the analysis chamber
under ultra-high vacuum conditions. Survey spectra were collected over a
wide energy range to identify the elemental composition of the sample sur-
face. The acquired data were analyzed using XPSPEAK41. Peak fitting and
deconvolution were performed to determine the contributions of different
chemical states for each element detected. However, near to the Ni peak
in the XPS spectra, a small shoulder peak was also observed which is due
to the N—O bonding present in the surface of the Mn; NiN films. However,
the intensity of the peak significantly reduced when the films were cleaned
using isopropanol, this depicts that the oxygen is present on the surface
only.

© 2025 Wiley-VCH GmbH
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XAS, and XMCD Measurements: Element-sensitive XAS and XMCD
measurements were performed at P04 Beamline, PETRA IIl, DESY, Ger-
many on Mn and Ni L-edge in the surface-sensitive total electron yield
(TEY) modes both at 130 K. The process was carried out under a back-
ground vacuum of 8 X 1077 Torr. The normalization of spectra was per-
formed so that the L; pre-edge spectral region was set to zero, in addition
to the peak at the L; edge being set to one. Circularly polarized X-rays
with ~#100% polarization was used in normal incidence with respect to
the sample plane and parallel to the applied magnetic field. The XMCD
was obtained by taking the difference of the XAS spectra, i.e., ot —67,
by flipping the magnetic field of +0.6 Tesla at a fixed x-ray helicity and
vice versa in out-of-plane geometry. For the theoretical formulation of the
XMCD spectra, the charge transfer multiplet for X-ray absorption spec-
troscopy (CTM4XAS) programl®2] was used under the ligand field and
the charge transfer multiplet approach. The simulation was done by vary-
ing the crystal-field splitting energy 10Dg, charge-transfer energy A, d-d
coulomb repulsion energy Uy, core hole potential U4 (~1.2times of Uyy),

and O 2p-Mn 3d hybridization strength v/3 (pds). The hopping integral be-
tween the Mn-3d and O-2p orbitals was calculated for the various Mn—0O
bond lengths according to Harrison’s descriptions.[>3] The values of 10Dq
were tuned to match the experimental spectra.

Magnetic Measurements: A commercially available Superconducting
quantum interference device (SQUID) magnetometer (Quantum Design
MPMS) was used for magnetic characterization of the Mn;NiN films as
a function temperature and applied field. M—T is done at 0.05 T during
warming from 10-350 K after zero field cool (ZFC). The M—H was per-
formed at 10 K after zero-field cooling of the sample. The field was applied
along the in-plane direction.

Ellipsometry Measurements: A variable-angle spectroscopic ellipsome-
ter (VASE J.A. Woollam Co.) was used to measure the optical properties
of the films in reflection mode at three different incident angles (55, 65,
75°). The experimental Psi (y) and Delta (A) spectrums of Mn;NiN films
were fitted using general oscillator models (Drude and Lorentz oscilla-
tor) in Complete EASE software. The optical properties of Mn;NiN thin
films were determined using the frequency-dependent dielectric function,
() = &'(w)+ie"" (w). The plasma frequency (w,), which depends on the
carrier concentration (N) and the effective mass (m®), is given by the
Equation (1):

| Ne?
®, = o (1)

where e represents the electron charge, and g, denotes the vacuum per-
mittivity. Now, the optical conductivity is calculated by incorporating the
Equation (2),

o (w) = —i% le" (@) = 1] )

The refractive index is deduced from the Equation (3),

172
’ "2
" (@) = eréa)) N € (a)); () 3)

The extinction coefficient (k), which is directly linked to the light absorp-
tion (), is calculated as k = % . The reflectivity (R) is calculated following
the Equation (4),

*)

e (o) +ie” (w) + 1

R (@) = [ 5’((0)+irs”(cu)—1]2

Transport  Measurements:  Electrical transport measurements of
Mn;NiN films were performed by the Cryogenics system with the help
of the Lakeshore 331 temperature controller. The temperature was
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controlled, and using a Standford lock-in-amplifier, the resistivity of the
film was measured, which was based on the four-probe method; bulk con-
centration and Mobility of the film with respect to Strain were measured
via Ecopia HMS-5000, which was based on the van der pau method. To
get an excellent ohmic contact, platinum contact is grown using PLD. In
hall measurement (Schematic Figure 1a), we pass the current |, from 1
to 2 and measure the voltage (let’s say V,), then changing the direction
of the current, pass the current I, and measure the voltage (let’s say
V). Similarly, measure voltage from all four corners and calculate the
resistance Ryz34, Ry341, R3az7, @and Rypp3. From Ohm's law, resistivity p of
the sample

Va==Vp/la = —1p =Rypzy )
Ve—=Va/le——lgd =Ry (6)
Ve == Vi/le == lf =Ry, )
Vg__vh/lg__lh =Rpzs @)

_ zft (Riz34 + Rozar)
In2 2

_ ft (R3412 + Rynzs) _Pite
2 22 2

P

Here fiis the factor constant of the instrument, t is the thickness of the
sample.

Theoretical Calculations: The DFT calculations were performed by us-
ing the Quantum Espresso software package.l>*] Atomistic simulations
were performed using an ultrasoft pseudopotential and the PBEsol func-
tional within the generalized gradient approximation. The kinetic energy
cut-off for the wave function is taken as 75 Ry. Variable-cell relaxation cal-
culations were performed with a k-grid of 6 X 6 X 6 to determine the
equilibrium lattice parameters of Mn3;NiN. For the electronic structure
calculations, a denser 13 x 13 x 13 k-grid was employed. The conver-
gence threshold for the self-consistent field was taken as 107° Ry atom™".
The exchange—correlation for the d-electrons was corrected through the
DFT+U approximation using the linear response approach.33! This has
been fine-tuned to accurately replicate the experimentally observed lattice
parameters. During geometric optimization, values of U = 1.5 eV for the
Mn—d orbitals and U = 2 eV for the Ni—d orbitals were used to match
lattice parameters with those of the experimentally observed values. Spin-
orbit coupling (SOC) was included in the calculation to account for non-
collinear magnetic configurations in the I'; ; and I's , phases of the sys-
tem. Bader charges were evaluated using the algorithm developed by G.
Henkelman et al. The atomic structure figures were visualized with the
VESTA code.
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the author.
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