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Zero thermal expansion (ZTE) is one of the most fascinating phenomena in condensed-matter physics due
to its strong correlation essence and great application prospect. However, the origin of ZTE remains elusive
and it becomes an overwhelming challenge to realize the controllable design for which magnetic interaction
plays a key role. In this work, with the help of neutron powder diffraction analysis, a noncoplanar [ 1

2 , 1
2 , 1

2 ]
antiferromagnetic (AFM) phase is experimentally obtained in the antiperovskite system Mn3Sn0.5Zn0.5Cx . It
shows ZTE behavior in a particularly wide temperature range from 10 to 162 K with linear thermal expansion
coefficient 9.3 × 10−7 K−1. Herein, the theoretical spin model is combined with the experimental results to
well understand the strong spin-lattice correlation between AFM ordering and ZTE behavior. The ZTE in the
noncoplanar antiferromagnetic ordered system is attributed to the fierce competition between the nearest AFM
direct exchange and ferromagnetic superexchange interaction, which is effectively tuned by C occupation. Our
work not only paves the way toward understanding the physical origin of ZTE, but it also provides a feasible
strategy for the ZTE design, which is also of great significance for promoting the study of a strong correlation
system.

DOI: 10.1103/PhysRevB.107.094412

I. INTRODUCTION

Thermo-mechanical stability is a critical challenge for
functional devices and engineering applications, such
as in the aerospace field [1]. Zero thermal expansion
(ZTE) materials are promising candidates to prevent
functional degeneration caused by thermal stress and
size mismatch [2,3]. However, the exploration of ZTE
is a recognized challenge. To date, only a few materials
with ZTE behavior have been reported in anomalous
thermal expansion materials, especially metallic magnetic
ZTE compounds, such as Fe-Ni Invar alloys, YbGaGe,
Mn1−xCoxB, Mn1−xNixCoSi, La(Fe, Si)13, Tb(Fe, Co)2, R2

(Fe, Co)17 (R = rare earth), and Mn-based antiperovskite
compounds [3–11]. Although the ZTE mechanisms of these
materials are generally attributed to the magnetovolume effect
(MVE) and spontaneous magnetostriction, the spin-lattice
correlation behind is not that clear and should be unified
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[12,13]. Among these, the Mn-based antiperovskite Mn3AX
(A = metal elements, X = C or N) exhibits not only
attractive negative and zero thermal expansion (NTE/ZTE)
behavior driven by magnetism, but also abundant magnetic
responses in multiple external fields [11,14–18], which make
Mn3AX one of the most fascinating ZTE materials. Mn3AX
compounds have abundant magnetic orderings [19], which
are brought about by various magnetic interactions and
strong three-dimensional geometric frustration [20,21]. Until
now, the ZTE behavior of Mn3AX was generally attributed
to the specific noncollinear �5g antiferromagnetic (AFM)
ordering [22,23], for example, in Mn3Cu0.5Ge0.5N and
Mn3GaN [24,25]. However, many reports have demonstrated
that conventional �5g AFM structure can hardly be stable
under extreme low temperature to produce wide-range
ZTE [18,25,26]. The mechanisms of ZTE in such a strong
correlation system are still unclear, and the role of magnetic
interaction in spin-lattice coupling is less discussed with
direct experimental observation. There is an urgent need
for a more efficient physical system with ZTE to be
implemented by an effective magnetic structure manipulation
strategy.
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The magnetic interaction competition in Mn3AX is mainly
contributed by the nearest-neighbor part within the Mn6X
octahedral, i.e., Mn-Mn direct exchange and right-angled
Mn-X-Mn superexchange interaction. Recently, Mochizuki
and Kobayashi presented an isotropic spin model in an an-
tiperovskite lattice, and they discussed the magnetic interac-
tion competition theoretically [27,28]. According to the mag-
netic theory and the Kanamori-Goodenough rule, Mn-Mn is
antiferromagnetic (JAFM > 0) while the Mn-X-Mn interaction
is ferromagnetic (JFM < 0), respectively [29,30]. The two in-
teractions corresponding to the orbital electron transfer via the
path t2g − t2g and eg − t2g, respectively. Additionally, the elec-
tron transferring integrals have different exponential depen-
dencies on the interaction distance r and different functional
forms for the spatial distribution [28,31–33]. Meanwhile,
based on this, we think it is possible to regulate the mag-
netic interaction and magnetic structure by using a structural
variable, such as the bond length and the structural distortion,
to produce abnormality in the thermal expansion. Therefore,
there is a fertile playground for studying the spin-lattice mech-
anism of ZTE in strongly correlated system by tuning the
magnetic interaction of an Mn-based antiperovskite.

Mn-based antiperovskite carbide is a good candidate
for ZTE due to the abundance of nonequilibrated mag-
netic ground states with small formation energy differences
between them [34,35], which is favorable for sensitive mag-
netism regulation with a single tiny structural variable. Herein,
we report the ZTE behavior induced by a noncoplanar AFM
ordering in an antiperovskite. We present the tunable thermal
expansion behavior by magnetic interaction regulation in car-
bide Mn3Zn0.5Sn0.5Cx, which is revealed by neutron powder
diffraction (NPD) experimentally and Monte Carlo simula-
tion. The occurrence of ZTE is highly correlated with the
enhanced competition between FM and AFM exchange inter-
action. Our present work promotes the further understanding
of ZTE in magnetic materials, and we propose a strategy for
the rational design of ZTE by magnetic interaction regulation.

II. EXPERIMENTAL TECHNIQUES

Polycrystalline Mn3Zn0.5Sn0.5Cx (x = 0.89, 1.00) samples
were synthesized by the solid-phase reaction method under
vacuum. Metal powder of Mn, Zn, Sn, and C powder (99.99%
purity) were weighted and mixed in the stoichiometric ratio.
Here the C concentration was employed in excess of the
stoichiometric ratio in the initial mixtures considering the
low chemical reactivity of carbon. After full grinding, each
mixture was pressed into pellets at 20 MPa and then sealed in a
quartz tube in vacuum. Finally, the quartz tubes were annealed
at 800 ◦C for 80 h in the furnace and naturally cooled to room
temperature.

The crystal structure, thermal expansion behavior, and
magnetic structure of the samples were characterized by in
situ variable-temperature neutron powder diffraction (NPD)
under a monochromatic neutron beam [36]. Rietveld refine-
ment of NPD patterns was conducted using the General
Structure Analysis System (GSAS) program [37,38]. The
thermal expansion properties were measured by a dilatometer
(NETZSCH DIL402C) corrected by a fused silica refer-
ence sample. The temperature-dependent and field-dependent

FIG. 1. (a)–(d) NPD patterns of C0.89 and C1.00 samples refined
with the Rietveld method: (a), (b) Patterns collected in the paramag-
netic temperature range (at 340 and 293 K, respectively) and refined
with nuclear structure only. (c), (d) Patterns collected at 10 K and
refined with nuclear and magnetic structure. (e) The crystal struc-
ture of Mn3Zn0.5Sn0.5Cx samples with cubic antiperovskite structure
with Pm3̄m symmetry. (f) Ferromagnetic (FM) structure along (111)
orientation with P4/mm′m′ symmetry of the C0.89 sample. (g) Non-
coplanar AFM structure with RI 3̄c symmetry and propagation k =
[ 1

2 , 1
2 , 1

2 ] of the C1.00 sample. (h) Schematic diagram of coexisting
FM components in the C1.00 sample (red dotted line indicates the
noncoplanar AFM magnetization direction).

magnetization characteristics are measured using Physical
Property Measurement System (PPMS-DynaCool, Quantum
Design).

Monte Carlo (MC) simulation was performed on a self-
written program using the METROPOLIS algorithm. The system
scale was 12 × 12 × 12 with periodic boundary condi-
tions. The temperature is nondimensionalized as kBT /|J1|
in the simulation, ranging from 0 to 3 kBT /|J1|. The state
(spin alignment and thermal expansion) of each tempera-
ture point is iterated independently. We performed 5000 MC
sweeps for equilibration, followed by 25 000 MC sweeps for
measurement.

III. RESULTS AND DISCUSSION

The crystal structure of Mn3Zn0.5Sn0.5Cx (x = 0.89, 1.00)
samples is first examined by NPD combined with Rietveld
refinement. Figures 1(a) and 1(b) show the refined NPD pat-
terns of Mn3Zn0.5Sn0.5C0.89 and Mn3Zn0.5Sn0.5C1.00 at 340
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FIG. 2. Thermal expansion of C0.89 and C1.00 samples, where
�L = L − L0, and L0 is the lattice constant or the macroscopic sam-
ple length (normalized to the value at 123 K). Hollow dots represent
results calculated from lattice constant change by NPD refinement,
and solid curves represent results from DIL measurement. DIL mea-
surement is conducted in a temperature range from 123 to 300 K and
a heating rate of 5 K min−1.

and 293 K, respectively. The results reveal the typical an-
tiperovskite structure with Pm3̄m (no. 221) symmetry of the
two samples. Mn, C, and Sn/Zn atoms occupy the face-
center, body-center, and corner of the cubic cell, respectively,
as shown in Fig. 1(e). The elementary occupation of body-
centered C is determined as 0.89 and 1.00, respectively, by
NPD refinement. To distinguish for short, two samples are
named C0.89 and C1.00. The saturated C occupation of C1.00 is
also revealed by the appearance of a simple substance carbon
impurity peak in the NPD pattern. With the increase of carbon
occupation, the lattice constant increases from 3.946 83(4) to
3.962 08(3), while the lattice symmetry remains the same.

Detailed structural parameters are given in the supplemental
material [39].

Then the thermal expansion behavior is analyzed combin-
ing the NPD refinement and DIL measurement. The thermal
expansion behaviors reflected from the lattice constant change
and the DIL data are in quite good agreement, as is shown
in Fig. 2. Although the carbon occupation slightly increases
with lattice symmetry unchanged, an intriguing change from
positive thermal expansion (PTE) behavior to ZTE behavior
occurs in the Mn3Zn0.5Sn0.5Cx system. The thermal expan-
sion �L/L0 of the C0.89 sample continuously increases with
temperature, showing conventional PTE behavior within the
measurement temperature range. However, the C1.00 sample
shows ZTE behavior over a wide temperature range from
10 to 162 K, with the linear thermal expansion coefficient
(CTE) α down to 9.3 × 10−7 K−1. Additionally, we find the
ZTE behavior of C1.00 is actually separated into a nearly zero
PTE section (NZPTE, α > 0) behavior below 140 K and a
nearly zero NTE section (NZNTE, α < 0) during the magnetic
transition around 150 K. This can be regarded as typical ZTE
behavior caused by MVE, indicating the possible existence
of a magnetic transition accompanied by a volume change,
which needs to be further examined.

To investigate the role of magnetism in thermal expansion
behavior, the magnetization characteristics of the samples
are investigated by magnetic measurement. Figure 3 shows
temperature-dependent magnetization (M-T) curves from 5 to
350 K under a magnetic field of H = 100 Oe with zero-field-
cooling (ZFC) and field-cooling (FC) modes (cooling field
H = 100 Oe) and isothermal M-H curves with the magnetic
field H between ± 9 T. The C0.89 sample shows a ferromag-
netic temperature-dependent characteristic under both modes,
as is shown in Fig. 3(a). Upon cooling, the C0.89 sample goes
into magnetic ordering from a disordered paramagnetic (PM)
state at about 310 K, which is regarded as the Curie tempera-
ture (TC). From Fig. 3(b), a hysteresis loop and magnetization
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FIG. 4. (a), (b) In situ variable-temperature NPD patterns of C0.89

and C1.00 samples showing the (111) and (321) structural reflection
and (311)m AFM reflection. (c), (d) Peak width (FWHM) change
with temperature of the (321) peak at high Q.

saturation appear in the M-H curves at 10, 30, 200, and 280 K,
respectively, revealing the FM ground state of C0.89. On the
contrary, for the C1.00 sample, the M-T curves exhibit low
magnetization at low temperature, shown in Fig. 3(c), indi-
cating an AFM ground state of C1.00. The M-H curves of C1.00

in Fig. 3(d) show unsaturated magnetization combined with
small hysteresis, implying that the AFM state coexists with a
possible FM component below the ordering temperature. The
M-H curve at 10 K of C1.00 is more significant in unsaturation
and coercivity, indicating an obvious AFM characteristic at
low temperature. The M-T curve of C1.00 first rises at the
beginning of magnetic ordering and then drops upon further
cooling, revealing the evolution of the AFM-FM competition
with temperature. There are steplike distortions in M-T curves
around 260 K for C0.89 and around 180 K for C1.00, which
can be attributed to the contribution of short-range magnetism
[40]. This can be supported by the fact that the steps of C0.89

and C1.00 are both suppressed when applying a larger field
H (see Fig. S1 of the supplemental material). In Mn-based
antiperovskite compounds, considering the spin-lattice corre-
lation, the significant change in thermal expansion behavior
can be largely correlated to the long-range magnetic ordering
from FM to AFM. Therefore, the long-range magnetic order
needs to be further determined by NPD analysis.

Further the magnetic structures of C0.89 and C1.00 is in-
vestigated by in situ NPD analysis. The magnetic ground
state is solved to change from FM in C0.89 to AFM in C1.00

with increasing C occupation. To be specific, for C0.89, the
absence of AFM peaks in the pattern confirms that the ground
state of C0.89 is FM, as shown in Fig. 4(a). According to the
refinement result [see Fig. 1(c)], the FM structure corresponds
to the P4/mm′m′ (no. 123.345) magnetic space group with
magnetization along the (111) orientation, as the diagram in
Fig. 1(f) shows. For the C1.00 sample, the magnetic ordering
below around 150 K is accompanied by the appearance of
AFM peaks in NPD patterns, illustrated by the (311)m peak
change with temperature in Fig. 4(b) and the refinement re-
sult in Fig. 1(d). The magnetic ordering of the C1.00 sample

is determined as a noncollinear AFM structure (RI 3̄c sym-
metry, no. 167.108 magnetic space group) with noncoplanar
magnetization and propagation vector k = [ 1

2 , 1
2 , 1

2 ], called
noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM for short. The spin alignment of
noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM is shown in Fig. 1(g). It should be
mentioned that the FM ordering of C0.89 does not produce any
abnormality in thermal expansion, while the ZTE temperature
range of C1.00 largely coincides with that of the noncoplanar
AFM ordering. For the C1.00 sample, the (321) peak at a high
Q value, which is considered to be a purely nuclear peak,
has a consistently significant width broadening in the AFM
ordered region, as the significantly increased FWHM of (321)
peak shows in Fig. 4(d). This is different from the case for
C0.89 in Fig. 4(c), which reveals another phase coexisting
with noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM in C1.00. According to the
additional intensity observed on top of the nuclear peaks of
the patterns below 180 K, the coexisting phase is determined
to be FM ordered. The FM structure has P4/mm′m′ symmetry,
as Fig. 1(h) illustrates. It is worth mentioning that the ZTE
behavior within noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM ordering was first
reported in magnetic functional materials, exhibiting a dif-
ferent case from the �5g-type AFM system; the lattice-spin
correlation in this case has yet to be examined.

To clarify the intrinsic correlation between ZTE behav-
ior and noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM ordering, the lattice and
magnetism evolution of the C1.00 sample with temperature
is analyzed according to dual-phase Rietveld refinement.
Such refinement strategy is conducted considering that the
two magnetic orderings (AFM phase and FM phase) coexist
through two structural phases with the same lattice symmetry
but different volume, which can be crucial for producing ZTE.
As the results show in Fig. 5, from the PM state with a de-
crease of temperature, the FM component first appears around
180 K with a magnetic moment mFM of 0.421μB/at. When a
decrease to 150 K noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM ordering ap-
pears (mAFM = 1.340μB/at). Both the AFM moment and the
coexisting FM moment increase with decreasing temperature.
Additionally, the coexisting FM moment of C1.00 is smaller
than that of C0.89, which is also consistent with the smaller
field-dependent magnetization of C1.00 than C0.89, indicating
the weaken FM interaction and ground-state change from FM
to AFM with increasing carbon occupation x. The fraction of
two phases is also temperature-dependent. The two magnetic
phases first coexist most remarkably upon the appearance of
AFM ordering around 150 K, where the FM phase fraction
reaches a maximum of 60.6%. Then the fraction of the AFM
phase becomes larger with decreasing temperature and ex-
ceeds 83% from 110 to 10 K, resulting in AFM domination.
Corresponding to the temperature-dependent magnetization
of C1.00, the increase of magnetization at 250 K is consistent
with the earlier formation of FM ordering than noncoplanar
AFM, and the decrease at 150 K is consistent with the rapid
increase of antiferromagnetic phase content. The noncoplanar
[ 1

2 , 1
2 , 1

2 ] AFM phase and FM phase have different lattice
constants upon phase separation. The most interesting is that
the lattice constant of the AFM phase remains unchanged
with temperature below ordering temperature, while the FM
lattice shows a continuous expansion with temperature within
the measured temperature range. Considering the combined
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FIG. 5. Lattice, phase, and magnetic moment evolution of the
C1.00 sample, revealed by in situ NPD refinement: (a) lattice constant
a, (b) Mn magnetic moment, and (c) phase fraction change with
temperature. The dual-phase Rietveld refinement is done with two
coexisting structural phases with the same lattice symmetry but dif-
ferent magnetic orderings; the magnetic phase fraction is dependent
on the structural phase fraction.

contribution of the two, the equivalent lattice constant aequ

also barely changes with temperature (aequ = a1 × F1 + a2 ×
F2, where a1, a2 are the lattice constants, and F1, F2 are the
fractions of the AFM and FM phases, respectively). There-
fore, from the microscopic lattice scale, ZTE is purely a
contribution of the AFM phase.

For the ZTE compound C1.00, the analyses by macroscopic
magnetic measurement and in situ NPD characterization are
in quite good agreement, jointly revealing the noncoplanar
AFM ground state and the magnetism evolution of C1.00.
Although there is AFM-FM interaction competition and phase
separation in the system, the ZTE behavior of noncoplanar
AFM phase is clarified. We can further conclude that the ZTE
behavior of C1.00 below 162 K is induced by noncoplanar
[ 1

2 , 1
2 , 1

2 ] AFM ordering according to the thermal expansion
measurement and magnetic analysis above. Such a stable Mn
magnetic moment in AFM phase is beneficial to exhibiting
ZTE by our previous study in the �5g system [11,14]. In
the noncoplanar AFM dominant temperature range, the AFM
ordered moment decreases gradually with temperature below
ordering temperature. Therefore, noncoplanar antiferromag-
netic systems exhibit similar spin-lattice correlations, which
forcefully clarifies the intrinsic nature of ZTE behavior in-
duced by noncoplanar [ 1

2 , 1
2 , 1

2 ] antiferromagnetism.
To numerically investigate the occurrence of ZTE in a

Mn-based antiperovskite system, the evolution of thermal ex-

pansion behavior with magnetic interaction is investigated by
Monte Carlo simulation. We adapt the spin model, which was
first proposed by Mochizuki et al. in Refs. [27,28], to describe
our system with noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM ordering. In a
antiperovskite lattice, the magnetism of the system originates
from the face-centered Mn atoms. The spin Hamiltonian for
the system is written as

H = HHE + HMA + HEP, (1)

with

HHE =
∑

i, j

Ji j〈Si, S j〉,

HMA =
∑

i

JMA〈Si, en〉2, (2)

HEP = k1δ
2 − k2δ

3,

where HHE, HMA, and HEP represent energies from the
Heisenberg exchange interaction, the magnetic anisotropy,
and the phonon, respectively; Si is the Mn spin vector in
three dimensions and with a fixed length (|Si| = 1); Ji j is
the Heisenberg exchange coupling; JMA is the magnetic
anisotropy; en is a directional unit vector pointing vertically
out of the cubic surface; k is the elastic coefficient of the
phonon, and δ is the thermal expansion of the lattice; k1δ

2 and
k2δ

3 represent the harmonic and anharmonic contributions of
phonon vibration, respectively.

Here, only the nearest-neighbor coupling J1 and next-
nearest-neighbor coupling J2 are considered, as demonstrated
in Fig. 6(a). Since the nearest Mn-Mn direct exchange inter-
action (antiferromagnetic, JAFM > 0) and Mn-C-Mn superex-
change interaction (ferromagnetic, JFM < 0) have a different
dependence on interaction distance r, which is affected by
lattice thermal expansion, JAFM and JFM depend differently on
δ, Thus, the nearest-neighbor exchange integral J1 is written
as a function of δ as J1(δ) = JAFM(δ) − |JFM(δ)|. We regulate
the relative ratio of the exchange integral between AFM-
typed Mn-Mn interaction and FM-typed Mn-C-Mn interaction
within the Mn6C octahedral. During the simulation, the spin
alignment of Mn atoms is initialized as the [ 1

2 , 1
2 , 1

2 ] AFM.
For the nearest interaction, we vary the ratio of |JFM|/JAFM

(JAFM/|JFM|) for the FM (AFM) dominated system, and mean-
while we fix |J1| to 1. The next-nearest-neighbor coupling J2

is fixed to 1 to produce isotropic 1
2 spin propagation. The mag-

netic anisotropic JMA is fixed at −2. The elastic coefficients k1

and k2 are fixed at 100 and 200, respectively.
Figure 6(b) shows the simulated thermal expansion evolu-

tion with different ratios between JFM and JAFM. The magnetic
order converges to [ 1

2 , 1
2 , 1

2 ] AFM below temperature around
1.5 kBT /|J1|, above which the spin alignment becomes
disordered (PM). The occurrence of AFM-PM magnetic
transition can be revealed by sharp peak in specific heat CH

and a fast change of spin correlation Ŝ (see Fig. S5 [39]). The
thermal expansion δ decreases rapidly during the magnetic
transition, shown in Fig. 6(b), which can be regarded as
MVE. The systems exhibit PTE in a PM state above the
transition temperature, while the change of thermal expansion
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FIG. 6. (a) Schematic demonstration of the Heisenberg inter-
actions between Mn atoms. J1 is composed of JAFM and JFM. (b)
Thermal expansion evolution with different ratios between JFM and
JAFM, obtained from Monte Carlo simulation. (c) Thermal expansion
coefficient |α| = | dδ

dTu
| (Tu = kBT /|J1|) in the magnetic ordering tem-

perature range with a different ratio between JFM and JAFM.

δ is relatively low below the transition temperature, attributed
to a lower phonon anharmonic contribution and slower spin
correlation evolution with temperature in a magnetic ordered
state. Obviously, the thermal expansion behavior is largely
related to magnetic interaction. Figure 6(c) shows the change
of thermal expansion coefficient |α| in the magnetic ordered
state with different magnetic interaction. With the enhance-
ment of JFM, the thermal expansion within [ 1

2 , 1
2 , 1

2 ] AFM
ordering temperature is first suppressed in AFM dominant
(|JFM|/JAFM < 1) systems, and then it recovers and increases
rapidly in the FM dominant system (JAFM/|JFM| < 1). When
JFM is competitive with JAFM (0.8 < |JFM|/JAFM < 1.0), |α|
reaches a negligible extant, especially compared with that
in the FM dominant PTE region. The change of thermal ex-
pansion behavior caused by MVE also becomes indistinctive
when FM and AFM interactions compete fiercely with each
other. Therefore, the fierce FM-AFM competition results
in the occurrence of ZTE in the noncoplanar AFM ordered
system.

Accordingly, we could well demonstrate the origin of
ZTE behavior induced by noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM or-

dering with enhanced magnetic interaction competition in
Mn3Zn0.5Sn0.5Cx. First, with increasing carbon concentra-
tion, the lattice volume increases significantly due to the
filling of the C site, which will directly increase the mag-
netic interaction distance of nearest Mn-Mn and Mn-C-Mn.
It should be noted that the initial state of the magnetic in-
teraction is determined by carbon occupation, because the
interaction distance change caused by different carbon oc-
cupation (∼10−3) is much more significant than that caused
by cumulative thermal expansion (∼10−5 from 10 to 150 K).
Since the nearest Mn-Mn AFM interaction and the Mn-C-
Mn FM interaction have different dependences on interaction
distance, |JFM|/JAFM tends to be smaller with a larger C
concentration. Second, an increase in carbon occupation in-
troduces possible tensile strain to the Mn6C octahedral, and
it leads to coordination distortion [41]. Although the bonding
density between Mn and C increases, the Mn-C-Mn superex-
change interaction is largely weakened, also causing smaller
|JFM|/JAFM. Therefore, the magnetic interaction of the system
changes from FM dominant to AFM-FM competing as the
arrow shows in Fig. 6(c), which is consistent with the exper-
imental magnetic structure characterization. Both the thermal
expansion below ordering temperature and the MVE during
the magnetic transition are significantly suppressed, which is
consistent with the experimental NZPTE and NZNTE behav-
ior. The system shows ZTE over a wide temperature range
consequently. The experimental results combined with the
numerical calculation have good uniformity in the explanation
of ZTE, revealing that ZTE behavior is induced by the fierce
FM-AFM interaction competition in a noncoplanar AFM or-
dered system. This result can be a practical experimental
extension of the spin model by a noncoplanar non-�5g AFM
situation.

In an antiperovskite carbide system with itinerant-electron
behavior, the magnetic ordering is largely correlated to the
electronic structure. The unusual thermal expansion change
from PTE to ZTE induced by noncoplanar magnetization
and FM-AFM competition can be fundamentally attributed
to the electromagnetic properties tuned by C concentration.
Hybridization exists between Mn 3d and C 2p orbits, and the
Mn 3d band dominates in the system [21]. An increase of
C occupation broadens the degenerated d3 state of Mn [42],
and it directly affects the initial density of states near the
Fermi level, enhancing the valence electron transfer during
the magnetic transition, and determining the magnetic inter-
action competition and the stability of the magnetic ground
state [43,44]. Meanwhile, the system is free from crystal-field
symmetry change and a local cluster, which is mainly deter-
mined by the A site. This conclusion can be extended to other
magnetic systems.

IV. CONCLUSION

In summary, wide-range ZTE behavior is induced by
noncoplanar AFM in an antiperovskite Mn3Zn0.5Sn0.5Cx

system as a practical example of directly regulating the mag-
netic interaction integral |JFM|/JAFM. An effective regulation
of thermal expansion behavior from conventional PTE to
ZTE is achieved by tuning the magnetic ground state from
FM to AFM in the antiperovskite system Mn3Zn0.5Sn0.5Cx.
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ZTE behavior is first proved to be strongly correlated with
noncoplanar [ 1

2 , 1
2 , 1

2 ] AFM ordering in antiperovskite com-
pounds. This breaks the universal viewpoint in antiperovskite
compounds since ZTE always occurs in �5g AFM phase in the
current reports. In combination with numerical calculations
using the spin model, the magnetic interaction competition
in a noncoplanar AFM ordered system is quantified within
0.8 < |JFM|/JAFM < 1.0 to produce ZTE behavior. Our results
provide a strategy for producing ZTE by magnetic structure
design, which is significant to revealing the physical nature of
strong electro-magneto-lattice correlated systems.
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