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SUMMARY

Antiperovskite materials have significant potential in spintronics due to distinctive magnetic and electronic
transport characteristics. This work systematically investigates the effects of Co substitution on the mag-
netic, electronic transport, and thermal expansion properties of MnzNi;_Co,N. Co substitution triggers a
transformation from noncollinear antiferromagnetic to ferrimagnetic ordering. For x = 0.5, a pronounced ex-
change bias is observed, with a maximum exchange bias field of 7.44 kOe at 25 K and coercivity reaching
9.45 kOe at 75 K. This effect significantly modulates the anomalous Hall effect, providing clear evidence
for spin-charge coupling in antiperovskites. All samples exhibit negative thermal expansion near magnetic
transitions, with coefficients ranging from —65.64 x 10 * K~ (x = 0) to —23.55 x 10 * K~ (x = 0.7), revealing
intrinsic correlations between magnetic transitions and lattice dynamics. This work advances the under-
standing of magnetic ordering mechanisms in antiperovskite materials and provides a basis for designing
functional materials with tunable magnetic properties.

INTRODUCTION

Manganese-based antiperovskite compounds MnzXN (where X
represents transition metals) constitute an emerging class of
multifunctional magnetic materials that exhibit tremendous
application potential in precision devices, spintronic devices,
and magnetic sensors. These compounds adopt a typical cubic
crystal structure, wherein transition metal X atoms occupy the
corner positions of the cubic lattice, Mn atoms are located at
the face-centered positions, and N atoms reside at the body-
centered positions. The Mn and N atoms collectively form a
distinctive geometrically frustrated MngN octahedral framework
structure.’? This unique configuration distinguishes them from
conventional magnetic functional metals®® or ceramics and
gives rise to pronounced “spin-lattice-charge” coupling ef-
fects.®” Itis precisely this coupling mechanism that leads to their
rich variety of physical properties, including magnetovolume ef-
fect (MVE)®° with tunable negative/zero thermal expansion
(NTE/ZTE),>"" near-zero temperature coefficient of resistance
(NZ-TCR),"? giant magnetoresistance,'® magnetocaloric ef-
fect,'* "> magnetostriction,'®'” exchange bias (EB),'®'® and un-
conventional transport properties induced by non-collinear or
non-coplanar spin structures such as anomalous Hall effect
(AHE).20‘21
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The microscopic mechanisms underlying the rich physical
properties of antiperovskite materials can be understood from
the following aspects: First, fine-tuning the valence electron
count at the X-site can redistribute the density of states near
the Fermi level, and alter the competition between direct Mn -
Mn exchange and indirect Mn-N-Mn superexchange interac-
tions,??? thereby enabling synergistic control of multiple mag-
netic phases including I'°® type non-collinear antiferromagnetic
(AFM), canted AFM,?® ferromagnetism (FM), and coexisting
ferromagnetic-antiferromagnetic (AFM-FM) states.>* Second,
antiperovskite materials exhibit strong “spin-lattice” coupling ef-
fects.® During magnetic ordering transitions, this coupling results
in abrupt lattice constant changes and discontinuous isotropic
volume contractions, consequently producing pronounced ther-
mal expansion anomalies. Additionally, these magnetic transi-
tions are often accompanied by significant changes in the resis-
tivity.” Third, the electronic transport properties of Mn-based
antiperovskites, intrinsically linked to their structural and elec-
tronic characteristics, lead to various scattering mechanisms,
including spin-dependent scattering,”® electron-phonon scat-
tering, and electron-electron interactions, resulting in distinctive
transport phenomena such as resistivity minima, anomalous
magnetoresistance, and metal-semiconductor-like transi-
tions.'®?®?” Therefore, controlling carrier concentration and
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Figure 1. Crystal structure characterization and magnetic transition behavior of Mn3Ni,;.,Co,N compounds

(A) Room temperature X-ray diffraction patterns for different Co concentrations (x = 0, 0.3, 0.5, 0.7).

(B) Lattice parameter variation as a function of Co content x, error bars represent the standard deviations obtained from Rietveld refinement.

(C) Rietveld refinement of the neutron diffraction pattern for the x = 0.5 sample. Temperature-dependent magnetization curves measured under zero-field-cooled
(ZFC) and field-cooled (FC) conditions for (D) x = 0 and (F) x = 0.5. Temperature-dependent dM/dT derivative curves showing magnetic transition temperatures for

(E)x=0and (G) x = 0.5.

microstructure through chemical doping or vacancy engineering
represents the key strategy for tuning their physical properties.

Among the numerous Mn-based antiperovskite compounds,
MnzNiN?®2° has attracted considerable attention due to its unique
magnetoelectric coupling characteristics. This compound exhibits
rich magnetic structural changes within the magnetic ordering
temperature range. At T < 163 K, the magnetic structure adopts
ard triangular AFM configuration, while for 163 K < T < 266 K,
it displays a coexistence of I'*% and I'®9 AFM phases. In the AFM
ordered state, MnzNiN shows metallic behavior with an increasing
resistivity upon heating. More importantly, MnzNiN demonstrates
significant NZ-TCR behavior, '>*°*' showing potential for applica-
tions in precision resistor devices, electrical heating elements, and
resistance measurement standards. However, its relatively low
magnetic ordering temperature and limited magnetoelectric tuning
range constrain further practical applications. Interestingly, the
element Co is adjacent to Ni in the periodic table, and both are
typical magnetic elements. Mn3CoN has been reported to exhibit
perpendicular magnetic anisotropy and substantial exchange
bias effect.'” These contrasting properties suggest that Co-Ni
compositional tuning holds promise for effectively modulating
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magnetoelectric performance while maintaining structural stabil-
ity. However, systematic and in-depth studies on how Co substitu-
tion affects the magnetic ordering evolution, phase transition
behavior, and magnetoelectric transport mechanisms of MnzNiN
remain lacking. Therefore, this work aims to systematically inves-
tigate the influence of Co substitution on the magnetic properties,
thermal expansion, phase transition temperatures, and electronic
transport behavior through the preparation of the MnzNi;_,Co,N
compound series, thereby elucidating the regulatory mechanisms
of Co substitution and providing fundamental insights for property
modulation strategies in antiperovskite systems.

RESULTS AND DISCUSSION

Crystal structure and magnetic transition

Figure 1A presents the room temperature X-ray diffraction (XRD)
patterns of Mn3Niy_Co,N (nominal x = 0, 0.3, 0.5, 0.7) samples.
All samples are identified as having a cubic antiperovskite crystal
structure with the space group Pm3m (No. 221), as confirmed by
comparison with standard diffraction databases. While trace
amounts of MnO impurity phase were detected, Rietveld
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refinement reveals that its mass fraction remains below 5 wt %
across all compositions, which has a negligible impact on the
physical properties of the main MngNi;_xCosN phase. The cubic
lattice parameter a decreases linearly with increasing Co content
(Figure 1B), consistent with Vegard’s law>? and confirming suc-
cessful Co substitution. Notably, this contraction occurs despite
the similar atomic radii of Co and Ni (1.25 Avs.1.24 A), reflecting
the dominant role of MVEs over simple atomic size consider-
ations in antiperovskite nitrides.® Neutron diffraction refinement
of the sample with x = 0.5 at room temperature reveals that the
actual composition is MnzNig 45C0g 55N, with an MnO impurity
content of 2.51 wt %, as shown in Figure 1C. The detailed refine-
ment parameters are provided in Table S1 of the supplemental
information.

To further investigate the effect of Co doping at Ni sites on the
magnetic properties of MngNiN compounds, we measured the
temperature dependence of magnetization of samples with x =
0 and x = 0.5 under both ZFC and FC conditions in the temper-
ature range of 2-380 K using a Physical Property Measurement
System (PPMS). As shown in Figure 1D, pristine Mn3NiN (x = 0)
exhibits characteristic AFM behavior upon cooling. We define
the transition temperature using the M(T) inflection identified by
the extremum of dM/dT, yielding T; = 245 K. Additionally, the
M(T) curve reaches a maximum of 0.69 emu g~ at 236 K. The
notably low magnetization values (<0.69 emu g~') further
confirm the AFM nature of the undoped compound. This obser-
vation aligns with previous reports on antiperovskite manganese
nitrides, where the Mn - Mn exchange interactions typically favor
AFM coupling. In contrast, when the nominal Co doping content
reaches 0.5, neutron diffraction refinement reveals that the
actual composition is Mn3Nig 45C00.55N. This Co-doped com-
pound demonstrates distinctly different magnetic behavior
(Figure 1F), exhibiting ferrimagnetic (FIM) characteristics with a
significantly enhanced magnetization (approximately 3.26 times
higher than the pristine sample MngNiN). The transition from
AFM to FIM ordering can be attributed to the modification of ex-
change interactions between Mn atoms mediated by Co substi-
tution at Ni sites, which disrupts the AFM alignment of Mn mo-
ments and introduces competing magnetic interactions.

To precisely quantify the magnetic transition temperatures in
both compounds, we conducted derivative analysis on the
magnetization curves. The resulting dM/dT versus temperature
plots, presented in Figures 1E and 1G, provide a more accurate
determination of the critical transition temperatures. These de-
rivative curves clearly demonstrate that Co doping not only
transforms the magnetic ordering but also elevates the magnetic
transition temperature from 245 K (x = 0) to 263 K (x = 0.5). This
18 K increase in transition temperature, coupled with the sub-
stantial magnetization enhancement, underscores the signifi-
cant impact of Co substitution on the magnetic exchange
network within the antiperovskite structure. Such modifications
to the magnetic properties through controlled chemical substitu-
tion offer promising pathways for tailoring these materials for
specific technological applications.

Exchange bias effect
Based on the above analysis of temperature-dependent magne-
tization, we found that Co doping leads to significant changes in
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the magnetic ordering state. To further elucidate the specific ef-
fects of these magnetic ordering changes on magnetic behavior,
we measured the isothermal magnetization curves of samples
with x = 0 and x = 0.5 at 25 K, 75 K, 150 K, 200 K, and 300 K
(see Figures 2A-2E). For the sample with x = 0, the M(H) curves
exhibit nearly linear behavior with minimal hysteresis, consistent
with its predominantly AFM nature. In contrast, when the Co con-
tent is x = 0.5, the sample displays pronounced hysteresis loops
in the magnetically ordered phase (below 263 K), indicating the
emergence of significant FM components within the system.
Notably, the magnetization of the Co-doped sample does not
reach saturation even at high fields, suggesting the persistence
of some AFM interactions alongside the FM ordering. This coex-
istence of AFM and FM contributions, combined with the
enhanced net magnetization observed in the M(T) curves, collec-
tively supports our conclusion that Co doping transforms the
magnetic structure from AFM to FIM state, where magnetic mo-
ments align in an uncompensated antiparallel arrangement.

Particularly noteworthy is that the M(H) curves of x = 0.5 exhibit
pronounced asymmetric hysteresis loops at different tempera-
tures, especially at 25 K and 75 K, where the loops shift toward
the negative magnetic field direction. This behavior contrasts
sharply with the symmetric response of the AFM parent compound
MngNiN. Co-doping introduces ferromagnetic components, and
the exchange coupling between FM and AFM phases results in
the asymmetric hysteresis loops, namely the exchange bias effect.
As temperature increases to 150 K, the shift of the hysteresis loops
in the x = 0.5 sample gradually disappears. According to the M(T)
curves, the x = 0.5 sample enters a magnetic transition region
above 150 K, where the system undergoes a gradual transition
from the magnetically ordered state toward the paramagnetic
state, characterized by weakening magnetism and diminishing ex-
change coupling between FM and AFM phases.

The exchange bias field is defined as Hgg = |H, + Hg|/2, and the
coercivity is defined as H¢ = |H_-HR|/2, where H_ and Hp are the
coercive fields on the negative and positive magnetic field axes,
respectively. We calculated the exchange bias field and coer-
civity for the samples with x = 0 and x = 0.5 at different temper-
atures, as shown in Table S2. Figure 2F demonstrates that after
Co doping, the compound exhibits significant exchange bias
phenomena in the low-temperature magnetically ordered region.
The exchange bias field for the x = 0.5 sample reaches a
maximum of approximately 7.44 kOe at T = 25 K and gradually
decreases with increasing temperature, approaching zero at T
> 150 K. The coercivity shows a trend of first increasing and
then decreasing with temperature, reaching a maximum of
approximately 9.45 kOe at T = 75 K. At 300 K, the x = 0.5 sample
is in the paramagnetic state, consistent with the coercivity ap-
proaching zero.

Generally, shape anisotropy, magnetoelastic anisotropy, and
magnetocrystalline anisotropy are the primary sources of coer-
civity in magnetic materials.®® Although Mn-based antiperov-
skites possess a cubic crystal structure and exhibit isotropic
thermal expansion behavior, local structural distortions or mag-
netic sublattice ordering may introduce significant magnetocrys-
talline anisotropy. We believe this anisotropy is the dominant
factor responsible for the large coercivity in the x = 0.5 sample.
Furthermore, the disappearance of the exchange bias field and
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Figure 2. Temperature-dependent magnetic hysteresis loops and exchange bias properties
(A-E) Isothermal magnetization curves for samples with x = 0 and x = 0.5 measured at 25 K, 75 K, 150 K, 200 K, and 300 K, respectively.
(F) Temperature dependence of exchange bias field (Hgg) and coercivity (Hc) for x = 0 and x = 0.5 compounds.

the reduction in coercivity correspond precisely to the onset of
magnetization decrease at 150 K in the M(T) curves, indicating
the gradual entry into the magnetic transition regime. Such ma-
terials exhibiting exchange bias phenomena have broad applica-
tion prospects in spin valve devices, ultra-high-density magnetic
recording media, and other fields.

Electronic and magnetic transport behaviors

Mn3NiN is a typical antiperovskite compound exhibiting a near-
zero temperature coefficient of resistivity. To investigate the
influence of magnetic Co doping on its electronic and magnetic
transport behaviors, we measured the normalized resistivity of
Mn3Ni;_CoxN (x = 0, 0.3, 0.5, 0.7) compounds and characterized
the AHE behavior for the x = 0.5 sample. Figure 3A shows the tem-
perature dependence of normalized electronic resistivity
(Ap/p3oo k) for MngNiy_,CoxN compounds measured from 10 K to
350 K. All samples maintain similar metallic transport behavior to
Mn3NiN below the transition temperature, demonstrating a linear
increase in resistivity due to dominant electron-phonon scattering
in the metallic regime, followed by an NZ-TCR behavior above the
transition temperature. Previous studies have indicated that
this nearly temperature-independent resistivity behavior in the
paramagnetic state is closely correlated with spin-disorder scat-
tering.'” Quantitative analysis of the temperature coefficient of
resistivity, calculated using ngp/dT34 in the high temperature
regime above each transition temperature (Figure S1),
reveals the following values: —1.36 x 107° K™' (x = 0, 265
K-350 K), —4.24 x 107* K' (x = 0.3, 263 K-350 K),
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3.87 x 1075 K1 (x = 0.5, 260 K-350 K), and —4.39 x 107 % K™
(x=0.7, 275 K-350 K). The variation in TCR values with Co substi-
tution suggests a systematic modulation of the electronic transport
properties, potentially reflecting changes in the magnetic ex-
change interactions and electronic band structure upon Co
doping.

Furthermore, to gain deeper insights into the electronic trans-
port properties, we performed AHE measurements and analysis
on the x = 0.5 sample. It is well established that the total trans-
verse resistivity measured under various magnetic fields com-
prises both the ordinary and anomalous Hall contributions,®®
as described by Equation 1:

Pay = Py + Py (Equation 1)

Of which the ordinary Hall resistivity can be expressed as p%,:

Yy = RopoH (Equation 2)

The ordinary Hall resistivity arises from the deflection of charge
carriers under the Lorentz force as they move in a perpendicular
magnetic field. In addition to the ordinary Hall resistivity, we
denote the anomalous Hall resistivity as py, . To extract the anom-
alous Hall component from the experimental data, we first cor-
rect for the ordinary Hall effect by calculating the slope « of the
Pxy CUrves at high magnetic fields on both ends and taking their
average. The ordinary Hall resistivity is then given by p)%, = aH.
Subtracting this ordinary contribution from the total Hall resistiv-
ity pxy yields the anomalous Hall resistivity p’;‘y.
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Figure 3. Electronic transport properties
and anomalous Hall effect in Mn3Ni;_,Co,N
compounds

(A) Normalized resistivity of MngNiy_Co,N (x = 0,
0.3, 0.5, 0.7) compounds as a function of
temperature.

(B and C) Magnetic field dependence of the
anomalous Hall resistivity of the x = 0.5 sample at
various temperatures. The inset in (B) shows the
temperature dependence of the anomalous Hall
offset under an applied magnetic field.

(D) Temperature dependence of the anomalous
Hall conductivity (AHC) of the x = 0.5 sample, with
the red solid line representing the fitting curve.
(E) Scaling relationship between anomalous Hall
resistivity (p;?y) and longitudinal resistivity (p) over

x=0.5
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the temperature range of 5-250 K, with the blue
line showing the linear fit and demonstrating the
intrinsic nature of the anomalous Hall effect.
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As shown in Figures 3B and 3C, the Co-doped compound
(x = 0.5) exhibits a pronounced AHE over the temperature range
of 5-250 K. The introduction of Co induces a ferromagnetic
component, which further favors the emergence of the AHE.
Interestingly, in the temperature range from 5 K to 75 K, the
measured AHE curves exhibit a systematic offset under applied
magnetic fields, as illustrated in the inset of Figure 3B. With
increasing temperature, this shift gradually diminishes and dis-
appears around 100 K. In conjunction with the magnetic suscep-
tibility M(T) and isothermal magnetization M(H) results, we attri-
bute this behavior to the coexistence of ferromagnetic and
AFM exchange coupling, which gives rise to an exchange bias
effect in the Co-doped compound at low temperatures. This ex-
change bias effect is responsible for the observed field-depen-
dent behavior of the AHE.

Meanwhile, we calculated the temperature dependence of the
AHC for the x = 0.5 compound and performed a fitting analysis,
as shown in Figure 3D. The results indicate that the AHC of
x = 0.5 first increases and then decreases within the temperature
range of 5-250 K. It reaches a maximum value of
6.43 x 107® 2 'cm~" at 75 K and gradually decreases to its
minimum at 250 K. The observed trend in AHC reflects, to
some extent, the magnetic evolution of the compound. In addi-
tion, we analyzed the relationship between the anomalous Hall
resistivity (o%,) and the longitudinal resistivity (o), as presented
in Figure 3E. The fitting results show that p;‘y = 0.00479p,y, indi-
cating a linear correlation between p/;‘y and pxx. This suggests that
the skew scattering mechanism predominantly contributes to
the AHE in the magnetically ordered state.*”

studies®'"*® have demonstrated that
thermal expansion is intimately corre-
lated with magnetic phase transitions in
antiperovskite materials, we further
investigated the thermal expansion behavior to elucidate the
coupling effects. As shown in Figure 4A, the thermal expansion
behavior of the Mn3Ni;_,Co,N (x = 0, 0.3, 0.5, 0.7) series of com-
pounds was measured using a DIL 402C dilatometer over the
temperature range of 123 K-473 K, with Lq representing the sam-
ple length at 123 K. By analyzing the thermal expansion curves
within the temperature range corresponding to the anomalous
thermal expansion response, the CTE of the samples were ob-
tained, as summarized in Table S3. As a typical AFM material,
the antiperovskite nitride MnzNiN exhibits a sharp volume
contraction near the magnetic transition temperature, known
as the MVE, resulting in a pronounced negative thermal expan-
sion behavior. Figure 4A reveals that substituting Co for Ni in
the cubic Mn3NiN structure has a significant impact on its anom-
alous thermal expansion behavior. With increasing Co content,
the transition temperature of the anomalous thermal expansion
in the Mn3Ni;_Co,N series decreases from 273 K (x = 0) to
267 K (x = 0.3), and then increases with further Co substitution,
reaching 271 K at x = 0.5 and 272 K at x = 0.7. Meanwhile, the
CTE shows a trend of first decreasing and then increasing,
from —65.64 x 107 K™' (x = 0) to —76.28 x 10 K~ (x = 0.3),
and subsequently increasing to —23.55 x 107® K~ (x = 0.7).
These thermal expansion results indicate that, due to the similar
positions of Co and Ni in the elemental periodic table, a small
amount of Co doping has minimal effect on the thermal expan-
sion behavior of MngNiN. However, at higher of Co substitution
levels, the anomalous thermal expansion behavior is gradually
suppressed. This phenomenon is attributed to the introduction
of partial ferromagnetic components by Co doping, which

450 500
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Figure 4. Thermal properties of MnsNi;_,
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(A) Thermal expansion behaviors of MnzNi;_,Co,N
(x =0, 0.3, 0.5, 0.7) compounds.

(B) DSC heat flow curves for MnsNiy_,CoyN com-
pounds.
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suppresses the MVE in the system, thereby weakening the nega-
tive thermal expansion change.

To further confirm the variation in the phase transition temper-
atures of the Mn3Ni;_,Co,N series of compounds, DSC measure-
ments were performed to obtain the heat flow curves for the
samples with x = 0, 0.3, 0.5, and 0.7. Since the magnetic or-
der-disorder transition (upon heating) in Mn-based antiperov-
skite compounds is an endothermic process and classified as
a first-order phase transition, DSC can be used to quantitatively
characterize the thermal effects in these compounds and accu-
rately determine their phase transition temperatures. As illus-
trated in Figure 4B, the phase transition temperature in the
Mn3Ni;_Co,N series exhibits a non-monotonic dependence on
Co substitution content, initially decreasing and subsequently
increasing with higher Co concentrations. This behavior is
consistent with the trends observed in both the thermal expan-
sion measurements and the TCR transition temperatures. Spe-
cifically, the phase transition temperature decreases from
263.72 K (x = 0) to 257.78 K (x = 0.3), and then increases to
261.91 K (x = 0.5) and 264.22 K (x = 0.7) as the Co content in-
creases further. According to the M(T) curve of the x = 0.5 sam-
ple, the phase transition temperature determined by DSC is
consistent with the magnetic measurement results, and also
matches the negative thermal expansion temperature range,
indicating that these compounds exhibit strong “spin-lattice-
charge” coupling.

By partially substituting the corner-site Ni atoms in the cu-
bic lattice of MngNiN with a certain amount of magnetic Co
atoms, we systematically investigated the lattice, magnetic
properties, thermal expansion behaviors, phase transition
temperatures, and electronic transport behaviors of the
MnzNi;_xCoxN series of compounds. Co-doping introduces a
ferromagnetic component, enabling the coexistence of AFM
and FM phases in Mn3zNi;_,Co,N. Notably, the x = 0.5 sample
exhibits a pronounced exchange bias effect at low tempera-
tures, with a maximum exchange bias field of 7.44 kOe at
T = 25 K. The coercivity reaches a maximum of approximately
9.45 kOe at T = 75 K. Moreover, Co doping significantly mod-
ulates the electronic transport properties, and a remarkable
AHE was observed in the magnetically ordered region. Further
analysis reveals that the AHE is primarily governed by the
skew scattering mechanism. Overall, the Mn3Ni;_,CoxN series
demonstrates rich magnetic tunability and unconventional
magnetotransport characteristics, providing an experimental
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foundation and theoretical insights for the design and applica-
tion of Mn-based antiperovskite magnetic materials.

Limitations of the study

This study focused on magnetic element substitution (Ni-Co)
and its effects on magnetic properties. However, investigations
of magnetic-to-nonmagnetic element substitutions and the role
of nonmagnetic elements in antiperovskite materials remain
limited, which could contribute to a more comprehensive un-
derstanding of magnetic transition behaviors in this material
family.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Mn powder Innochem 99.99% purity
Ni powder Alfa Aesar 99.8% purity
Co powder Innochem 99.9% purity
N, gas Beijing Huanyu Jinghui Jingcheng 99.999% purity

Gas Technology Co., Ltd.

Software and algorithms

GSAS-II
NETZSCH Proteus

Argonne National Laboratory
NETZSCH

https://gsas-ii.readthedocs.io

https://analyzing-testing.netzsch.
com/en/products/software/proteus

Other

Bruker D8 Advance diffractometer

High Pressure Neutron Diffractometer (HPND)
Physical Property Measurement System (PPMS)
Magnetic Property Measurement System (MPMS)
Netzsch DIL 402C dilatometer

NETZSCH DSC 200 F3 Maia

Bruker

China Spallation Neutron Source
Quantum Design

Quantum Design

Netzsch

Netzsch

D8 Advance

HPND

Dynacool-14

Quantum Design MPMS3
DIL 402C

DSC 200 F3 Maia

METHOD DETAILS

Sample preparation

Polycrystalline MnzNiy_Co,N (x =0, 0.3, 0.5, 0.7) samples were synthesized by a vacuum solid-state sintering method. First, Mn pow-
der was placed in an alumina boat and annealed at 1023 K for 48 h under a N, atmosphere to obtain an MnyN precursor powder. The
as-prepared Mn,N, together with stoichiometric amounts of Ni and Co powders, was thoroughly mixed in an agate mortar. The ho-
mogenized mixture was then pressed into pellets using a tablet press, wrapped in tantalum foil, and vacuum-sealed in quartz tubes
(at a vacuum pressure below 1072 Pa). Finally, the sealed samples were sintered at 1073 K for 80 h in a muffle furnace, followed by
cooling to room temperature to obtain the desired polycrystalline samples.

Structural characterization
To determine the crystal structure and phase purity of MnzNi;_xCo,N samples, room temperature X-ray diffraction (XRD) patterns
were collected using a Bruker D8 Advance diffractometer with Cu Ka radiation.

Neutron powder diffraction (NPD) measurements were performed on Mn3Ni;_,Co,N (nominal x = 0.5) at room temperature using the
High-Pressure Neutron Diffractometer (HPND) at the China Spallation Neutron Source (CSNS) in time-of-flight (TOF) mode. During
NPD measurements, samples were loaded into VNi null-matrix cans with a diameter of 6 mm. Data were collected over a neutron
wavelength range of 0.71-5.8 A. The VNi null-matrix cans were used to protect the samples from atmospheric moisture while mini-
mizing background contributions to the NPD data. The structural parameters were refined through Rietveld analysis®® using the
GSAS-II*? software. The refinement quality was evaluated primarily by the weighted-profile R factor (Rwp) and the goodness-of-
fit (GOF).

Magnetic and transport measurements

Magnetic properties were characterized using a Physical Property Measurement System (PPMS) and Magnetic Property Measure-
ment System (MPMS). Temperature-dependent magnetization measurements were performed in the range of 2-380 K under a mag-
netic field of 500 Oe using both zero-field-cooled (ZFC) and field-cooled (FC) protocols, and isothermal magnetization curves were
recorded under magnetic fields up to +5 kOe. In addition, the AHE at various temperatures was also measured using the PPMS. Re-
sistivity (p) was measured using a standard four-probe technique in the temperature range of 10-350 K. A bulk specimen with dimen-
sions of approximately 3 x 1 x 1 mm?® was contacted with copper wires using silver epoxy. The resistance was measured using a
constant-current method with an excitation current of 100 mA, and p was calculated from the measured resistance and sample
geometry.
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Thermal analysis
Thermal expansion (AL/L) of a bulk specimen (~10 x 5 x 5 mm®) was measured using a dilatometer (Netzsch DIL 402C) under a
flowing He atmosphere, after cooling with liquid nitrogen, on heating at 5 K min~" from 123 to 473 K.

Differential scanning calorimetry (DSC) was performed using a NETZSCH DSC 200 F3 Maia to record heat-flow curves under a
flowing N, atmosphere. The measurements were carried out on heating at a rate of 10 K min~". Data were acquired and analyzed
using NETZSCH Proteus software.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study is based on reproducible physical measurements of inorganic polycrystalline samples and does not involve population-
based inference. Therefore, no hypothesis-testing statistical analyses (e.g., p values, null-hypothesis significance testing) were
performed.

For each nominal composition (x =0, 0.3, 0.5, 0.7), one synthesis batch (~10 g) was prepared (n = 1 independent batch per compo-
sition). The obtained material was divided into multiple portions and pressed into multiple pellets, which were used as technical rep-
licates for characterization. XRD, electronic transport, thermal expansion, and DSC measurements were performed for all compo-
sitions. Magnetization measurements were performed for x = 0 and 0.5. NPD and AHE measurements were performed for x = 0.5.

Rietveld refinements were performed using GSAS-II, and refinement quality was evaluated primarily using the weighted-profile R
factor (Ryp) and the goodness-of-fit (GOF). Quantitative parameters (e.g., lattice parameters from refinement; exchange-bias field
and coercivity from hysteresis loops; characteristic temperatures from thermal expansion/DSC curves) were extracted following
the definitions described in method details and/or the results section.

Because the study does not report averaged values across pellets, individual datasets are presented. Reproducibility was as-
sessed by comparing pellets prepared from the same synthesis batch (technical replicates) and/or repeated measurement cycles
on the same specimen, and no formal dispersion measures (SD/SEM/CI) are reported unless explicitly stated in the figure legends
and/or the results section. No randomization or stratification procedures were used, and no a priori sample-size estimation was per-
formed. No data were excluded unless due to clear instrumental or measurement failure (if applicable). The definition of n, what n
represents, and all analysis definitions are provided in the corresponding figure legends and/or the results section.
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