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ABSTRACT
Antiperovskite nitrides with the general formula M3AN have attracted significant attention due to their tunable electronic and magnetic 
properties. Among them are many cobalt-based compounds predicted to exhibit high thermodynamic stability and intriguing magnetic 
behavior. Here, we report the synthesis and magnetic characterization of epitaxial Co3ZnN thin films grown by radio frequency sputtering 
on SrTiO3 (STO) and MgO substrates. X-ray diffraction confirms phase-pure (00l)-oriented films with cube-on-cube epitaxy on STO, with 
a c-lattice parameter of 3.752 Å. Magnetic measurements reveal clear hysteresis at 2 K with a coercive field of �0.11 T and a small net 
moment of 0.108 lB/f.u., suggesting either a canted antiferromagnetic (AFM) or ferrimagnetic (FiM) configuration. Temperature- 
dependent magnetization measurements show a transition near 25 K, with strong AFM interactions with Curie–Weiss temperature 
(H)¼−80.13 K. Complementary density functional theory and Monte Carlo simulations indicate a ferromagnetic (FM) ground state, with 
the FM–AFM energy difference decreasing systematically with increasing supercell size, consistent with competition between FM and 
AFM/FiM interactions. These results highlight Co3ZnN as a magnetically complex antiperovskite nitride with competing exchange 
interactions.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0325854

Antiperovskite (AP) nitrides with the general formula M3AN 
represent a significant branch of all M3AX AP compounds and are 
known for their diverse and intriguing physical properties as well as 
their potential multifunctionalities.1,2 Within this family, several sub
classes with 3d M-site metals have been extensively studied. For 
instance, Ni-based nitride Ni3AN (A¼Cu and Zn) show supercon
ducting behavior;3,4 Fe-based systems like Fe3AN (A¼Pd, Mn, Fe, 
Sn, and Ni) show nearly invariant coefficients of thermal expansion 
(CTEs);5–11 Mn-based compounds, including Mn3AN (A¼Zn, Ge, 
Ga, and Cu), display large negative CTEs,12,13 magnetocaloric and 
barocaloric effects,14,15 spin glass (SG) behavior,16,17 and magneto
striction;18 and Cr-based nitrides Cr3AN (A¼Ga, Pd, Rh, and Pt) 
have been reported to exhibit superconductivity, SG behavior, and 
zero-field cooled (ZFC) exchange bias effects.19,20

Despite several experimental studies on M3AN compounds, 
magnetic investigations of Co-based AP nitrides remain limited due 
to challenges in synthesizing high-quality samples such as single 

crystals or epitaxial films. Yet high-throughput density functional the
ory (DFT) calculations by Singh et al.21 indicate that Co-based cubic 
APs are thermodynamically stable, lying on the convex hull. Recent 
experiments support the stability of Co-based APs and provide insight 
into their magnetic behavior. For example, Liu et al.22 reported spin 
glass behavior in Co3SnN attributed to competing antiferromagnetic 
(AFM) and ferromagnetic (FM) interactions arising from atomic dis
order. Co3FeN displays reversible magnetic domain structures and 
magnetization, and studies on bilayer thin films combining FM 
Co3FeN with AFM Mn3GaN demonstrate current-induced spin- 
transfer torque effects in the Mn3GaN layer.23

Our prior work demonstrated the growth of another theoreti
cally predicted Co-based AP, Co3PdN.24 Motivated by the successful 
synthesis of Co3PdN and its high-temperature ferromagnetism (Curie 
temperature of TC � 560 K), here we explore another candidate mate
rial, Co3ZnN, identified by high-throughput DFT as lying on the con
vex hull of stability.21 While phase-pure Co3ZnN (a¼ 3.764 Å) was 
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recently synthesized via ammonolysis for nitrogen storage applica
tions,25 no studies have reported thin-film fabrication or magnetic 
characterization.

Here, we report the epitaxial growth of Co3ZnN films of thick
ness 50 and 180 nm using RF co-sputtering and investigate their mag
netic properties. We grew the Co3ZnN films on strontium titanate 
(STO) and magnesium oxide (MgO) substrates by radio frequency 
(RF) co-sputtering in a mixture of Ar and N2 gases. Uniform films 
with a final composition of Co2.97Zn1.01N0.95O0.07, determined for the 
thinner film using electron probe microanalysis (EPMA), were 
achieved by applying 70 W to the Co and 40 W to the Zn sources 
(both >99.9% pure). Thicker films were grown using identical condi
tions and revealed similar composition, checked via wavelength dis
persive x-ray fluorescence (WD-XRF).

X-ray diffraction (XRD) patterns of the films are shown in 
Fig. 1(a), where only (00l) reflections are observed. In nitride APs, the 
odd (00l) reflections arise primarily due to the difference in scattering 
factors between the corner (Zn) and face-center (Co) atoms. Thus, 
the (001) peak [shown in the inset of Fig. 1(a)] exhibits low intensity 
primarily because of the similar Z values of Co and Zn. Co3ZnN films 
grown on MgO (Fig. S1 in the supplementary material) also show 
exclusively (00l) reflections. This is consistent with the expected cubic 

Pm�3m symmetry of the AP structure. We calculate the out-of-plane 
lattice parameter to be 3.752 Å and found no indication of tetragonal 
distortion. The lattice mismatch of the film is þ3.56% on STO, and it 
increases to þ10.92% on MgO, so we selected STO for further growth 
and characterization. Figure 1(b) shows an XRD pole figure collected 
from the (111) plane of Co3ZnN. The discrete points of intensity over
lap in v/u with the substrate’s (111) poles, indicating cube-on-cube 
epitaxy. u-scans collected from the film and STO substrate from 
[111] planes [Fig. 1(c)] also show peaks separated by 90�, consistent 
with the expected fourfold symmetry. This confirms a cube-on-cube 
relationship between the Co3ZnN film and the (001)-oriented STO 
substrate [Fig. 1(d)], establishing the in-plane epitaxial relationship as 
Co3ZnN(001)[100] jj STO(001)[100].

We characterized the magnetic properties of epitaxial 180 nm 
thick Co3ZnN films on STO substrates using DC magnetization and 
SQUID magnetometry as a function of both temperature and applied 
magnetic field. The sample was measured with the magnetic field 
aligned in-plane. Figure 2(a) shows magnetic hysteresis loops mea
sured at various temperatures; the data are plotted after subtracting 
the contribution from the substrates (see Fig. S2 in the supplementary 
material). A clear hysteresis is observed at 2 K, and it disappears above 
20 K. The film exhibits a coercive field (HC) �0.11 T, significantly 

FIG. 1. (a) presents XRD data collected in x–2h geometry from Co3ZnN thin films grown on the (00l) STO substrate [peaks at 82� and 110� are Co3ZnN (003) and Co3ZnN 
(004)]. (b) Pole figure of the Co3ZnN (111) and STO (111) family of peaks. (c) u-scans collected at the (111) Bragg condition for Co3ZnN and STO. All measurements were 
done on 180 nm thick films. (d) Crystal structure schematics of antiperovskite Co3ZnN and perovskite STO.
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higher than that of polycrystalline Co3PdN reported in our prior 
investigation.24 However, the remanent magnetization at 2 K is 
approximately 20 emu/cm3 (0.108 lB/f.u.), which is notably smaller 
than that of Co3PdN (�550 emu/cm3). The presence of a hysteresis 
loop with small net magnetization suggests that the system likely has 
either a canted AFM or a ferrimagnetic (FiM) ground state.

Figure 2(a) also indicates that at 300 K, slightly diamagnetic 
behavior is observed at lower fields (−0.1 < l0H< 0.1 T), above 
which the curve then becomes paramagnetic. This diamagnetic 
behavior arises from the background subtraction of STO that has a 
small ferromagnetic or paramagnetic response on top of a large dia
magnetic background. This is known to happen with either doped 
STO (e.g., Pauli paramagnetism)26 or from small concentrations of 
transition metal impurities. Therefore, we believe that the slight ferro
magnetism observed at 300 K in Fig. 2(a) is an artifact from the STO 
substrate. The MH and MT raw data of the sample, including the 
substrate contribution, are shown in Figs. S2(a) and S2(c) in the 

supplementary material. Figures S2(b) and S2(d) display the MH and 
MT raw data of a bare STO substrate. To check this discrepancy, we 
have measured the magnetic properties of a film grown on a silicon 
substrate. The observed diamagnetic behavior is not present in the 
film grown on a silicon substrate [Fig. S3(a)]. Hence, the discrepancy 
is the result of trace impurities in the STO substrate as discussed 
above.

Temperature-dependent magnetization was measured under 
both zero-field cooled (ZFC) and field cooled (FC) conditions at 
applied fields of 0.05 and 0.5 T, as shown in Fig. 2(b). To estimate the 
transition temperature, the first derivative of the FC curve collected at 
0.05 T was calculated, revealing a transition around 25 K [Fig. 2(c)]. 
The sharp decrease in the ZFC curve below the transition suggests 
AFM ordering. A pronounced bifurcation between the ZFC and FC 
curves is observed at low temperatures under an applied field of 
0.05 T with a sharp peak in the ZFC curve at �20 K. This bifurcation 
is not present in the data collected at 0.5 T. This ZFC-FC bifurcation 

FIG. 2. (a) Magnetization vs field of Co3ZnN film measured from 2 to 300 K. (b) Susceptibility vs temperature measured at 0.05 and 0.5 T under zero-field cooled (ZFC) and 
field cooled (FC) conditions. (c) First order derivative of susceptibility with respect to temperature calculated for field cooled data measured at 0.05 T. (d) Inverse susceptibil
ity as a function of temperature with Curie–Weiss fit from 100 to 300 K for field cooled data measured at 0.05 T. The contribution of the STO has been removed (see the 
supplementary material for details), although the slight diamagnetism and weak ferromagnetism observed at 300 K in panel (a) is an artifact of the STO substrate.
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behavior may indicate some spin glass character of the ground state, 
which was previously reported in Co3SnN,22,27 although it is also rela
tively common in complex antiferromagnets.

To further investigate the magnetic ordering, the FC data col
lected at 0.05 T were fitted to the Curie–Weiss law,28 as shown in 
Fig. 2(d). A fit in the 100–300 K range yields a Weiss temperature (H) 
of −80.13(3) K, indicating strong AFM interactions in the paramag
netic regime. Overall, this is a sharp departure from the magnetic 
behavior observed for Co3PdN films, which exhibit strong ferromag
netism with a TC of 563.2(4) K.24 However, antiferromagnetism or 
ferrimagnetism is quite common in the M3AN AP family as a whole, 
with many Mn-based compounds displaying AFM or FiM ground 
states.2

Interestingly, Fig. 2(d) shows a pronounced kink in the inverse 
susceptibility (v−1) data at approximately 60 K. The steep slope of the 
temperature-dependent susceptibility data below this kink yet above 
the transition temperature (i.e., 25–50 K) suggests the emergence of 
short-range FM correlations near the transition temperature, consis
tent with the appearance of a hysteresis loop below the transition. 
However, the high-temperature behavior above this kink, character
ized by a negative Curie–Weiss temperature (H), indicates that the 
dominant interactions in the paramagnetic regime are antiferromag
netic. Together, these results suggest competition between ferromag
netic and antiferromagnetic ordering in the system leading to a 
canted AFM or FiM ground state. An MT graph of the film grown on 
Si is shown in Fig. S3(b).

Similar competition between AFM and FM interactions has 
been reported in Co3GeN29 and Co3SnN,22 where it is ascribed to SG 
effects. In Co3GeN, a canonical SG state arises from atomic disorder 
caused by Ge vacancies, with a measured Co:Ge ratio of 3.0:0.82. 
Likewise, in Co3SnN, SG features are linked either to Sn deficiency or 
the coexistence of Co–Sn ferromagnetic clusters and Co–N antiferro
magnetic interactions, or a combination of both effects. For Co3ZnN, 
however, our EPMA measurements indicate a global composition 
very close to stoichiometric (Co2.97Zn1.01N0.95O0.07), suggesting that a 
large-scale deviation from the expected 3:1:1 stoichiometry is unlikely. 
Moreover, the presence of the (001) peak in the PXRD data [Fig. 1(a)] 
implies that the Co and Zn atoms are ordered on their specific sites 
within the cubic AP structure.

To determine the magnetic ground state, we performed DFT cal
culations on atomically ordered cubic Co3ZnN using a supercell 
approach. We compared collinear FM and AFM configurations using 
a ten-atom face-centered cubic (fcc) supercell. In this ten-atom cell, 
the FM state is lower by 30.8 meV/Co than the AFM state considering 
all ten collinear AFM possibilities; the Co local moment is �1 lB and 
the total magnetization is �3 lB/f.u. We note that other generalized 
gradient approximation (GGA) studies also report an FM ground 
state.30,31 Furthermore, we extended the study to 20-, 40-, and 
60-atom supercells and used first-principles Monte Carlo sampling 
on DFT (based on GGA) energies to search for ground state magnetic 
configurations (see Methods in the supplementary material). In the 
20-atom cell, FM is favored by 26.7 meV per Co, while in the 40-atom 
cell the energy difference decreases to 12.0 meV per Co; in both larger 
supercells the AFM solutions converge to zero net magnetization. A 
larger 60-atom supercell was further modeled, showing a reduced 
energy difference of 8.9 meV per Co, with the initial AFM configura
tion relaxing to an FiM state. The systematic reduction in the 

FM–AFM/FiM energy gap with increasing cell size indicates consis
tent FM ordering but increasing AFM/FiM competition, consistent 
with frustrated long-range exchange interactions, as shown in 
Fig. 3(a).

To explore possible non-collinear magnetic states, we performed 
GGA non-collinear þ spin–orbit coupling (SOC) calculations for sev
eral candidate structures (AFM-1 C5g,32 AFM-2 C4g,33 AFM-3, AFM- 
4, and an FiM 1:2 up:down configuration), as summarized in Table I. 
All six non-collinear AFM or FiM configurations are higher in energy 

FIG. 3. (a) The collinear energy differences, calculated relative to the FM ground 
state, show that the competition between FM and AFM states increases with 
supercell size and (b) the DOS of Co3ZnN for the FM ground state.

TABLE I. Relative energies of non-collinear magnetic configurations of Co3ZnN 
from GGAþSOC calculations. 

Magnetic structure Super-cell size (atoms) DE (meV/Co)

FM 5 0
AFM-1, C5 g 5 27.5
AFM-2, C4 g 5 35.8
AFM-3 10 30.7
FiM 10 30.8
AFM-4 40 20.8
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than the FM state; the lowest, AFM-4, lies �20.8 meV per Co above 
the FM configuration (compared to 12.0 meV per Co for the collinear 
40-atom cell). Thus, within GGA, we can rule out AFM or FiM 
ground states while recognizing FM–AFM competition, consistent 
with the collinear results in Fig. 3(a) and the experimental behavior in 
Fig. 2. The low transition temperature (TN¼ 25 K), small net moment 
(0.11 lB/f.u.), and weak FM correlations just above the transition in 
Co3ZnN support an AFM ground state with competing FM interac
tions. While strain from growth on STO could induce tetragonal dis
tortion, our films are relaxed; a low-temperature structural transition, 
however, could modify the energetics, potentially reconciling the 
observed canted AFM or FiM behavior with the DFT-predicted FM 
ground state. To further assess possible structural transitions, we per
formed structure prediction calculations at the GGA level.34 The FM 
cubic antiperovskite structure is confirmed as the ground state in 
both 10- and 20-atom searches.

Overall, the structure search, collinear DFT-based Monte Carlo 
simulations, and non-collinear calculations consistently indicate an 
FM ground state. However, we recognize that this is not consistent 
with the experimental results that indicate a canted AFM or FiM 
order at 2 K. We note that the energy competition observed in larger 
supercells, as shown in Fig. 3(a), suggests the possible emergence of 
more complex AFM or FiM orders at longer length scales. In addi
tion, non-collinear canting, which may not be fully captured in our 
calculations, could also lead to a magnetic ground state distinct from 
the ideal FM configuration. Either or both of these effects may be at 
play in this system, and it is also possible that the cubic structure used 
for these calculations may not be an accurate representation of the 
structure of Co3ZnN near or below its magnetic transition, as the 
STO substrate, which undergoes a tetragonal phase transition at 
105 K, may strain the film.

As shown in Fig. 3(b), the calculated density of states (DOS) con
firms the metallic nature of Co3ZnN. The asymmetric distribution of 
the spin-resolved DOS near the Fermi energy (EF), with a larger con
tribution from the down-spin channel, resembles the behavior 
reported for Co3PdN.24 The Co 3d electrons predominantly contrib
ute to the conduction band and exhibit a high DOS near EF, under
scoring their primary role in the electronic and magnetic properties of 
Co3ZnN. The Co atoms are primarily responsible for the observed 
magnetism. In contrast, the Zn d states lie far below EF, suggesting 
weak electronic hybridization between Co d, N p, and Zn d states and, 
consequently, weaker FM interactions compared to Co3PdN.24

In conclusion, we synthesized and then successfully studied the 
structural and magnetic properties of epitaxial Co3ZnN films. X-ray 
diffraction confirmed phase-pure (00l)-oriented films with cube-on- 
cube epitaxy and a lattice parameter of 3.752 Å. Magnetic measure
ments revealed hysteresis at 2 K with a coercive field of �0.12 T and a 
small net moment, indicating a canted AFM or FiM ground state. 
Temperature-dependent magnetization identified a transition near 
25 K and strong AFM interactions with short-range FM correlations. 
DFT and Monte Carlo simulations predicted an FM ground state, but 
the narrowing FM–AFM energy difference with increasing cell size 
suggests competing magnetic interactions. Overall, Co3ZnN exhibits 
complex magnetism arising from the interplay of FM and AFM 
exchange couplings. Idealized DFT favors FM, but real thin-film 
materials with subtle disorder, distortions, or long-range competing 
exchange relax into a canted AFM or FiM state.

See the supplementary material for detailed methods and addi
tional XRD and magnetization data.
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