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ABSTRACT: The antiperovskite Mn;, Ni;_ N compounds
have been synthesized and characterized by a variety of
experimental techniques. After Mn doping at the Ni site, both
ferromagnetic characteristics and an Invar-like effect were
observed in the antiferromagnetic host material. The observed
Invar-like behavior was assumed to be related to the
characteristic magnetic structure induced by the doping.
Neutron diffraction results prove that the Mn doping stabilizes
the special I"* antiferromagnetic phase with strong spin—lattice
coupling that can be tuned to achieve Invar-like behavior. The
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magnetovolume effect (MVE) and significant correlation between spin and lattice were confirmed for the [°8 magnetic phase by
the first-principles calculations. Moreover, Mn 3d electrons were revealed to be the key factor for the MVE from the calculations.
Our study presents a new mechanism for precisely controlling the zero thermal expansion of a single compound by achieving the

special I8 magnetic phase of Mn atoms.

Bl INTRODUCTION

Most of the materials show positive thermal expansion (PTE);
the exceptions are fascinating. Materials with near-zero thermal
expansion (NZTE) or negative thermal expansion (NTE) have
been the subject of fundamental studies and are highly desirable
for many modern technological applications.'™ However, the
mechanism of abnormal thermal expansion (ATE), which
contains NZTE, ZTE, and NTE, remains unclear. Tremendous
effort has been devoted to finding new materials and modifying
the ATE behavior. A mechanism related to the soft-phonon
modes in the framework structures has been proposed to
explain the NTE in ZrW,04>° and ScF,.” Interestingly, some
NTE and ZTE materials exhibit a strong coupling between
ATE and other physical properties, such as a change in the
electronic valence state in LaCu;Fe,0,,°® BiNiO;’ and
YbGaGe," or ferroelectricity weakening in PbTiO;—BiFeO,
perovskite.'® Also, a large amount of ATE materials
accompanied by magnetic orderin% has been extensively studied
such as NTE in La(FeSi,Co),; ' and Ca,Ru,_,Cr,0,"
NZTE in FeNi Invar alloys"® and SrRuO;.'* In particular, the
Invar effect was suggested to be related to magnetism.
However, a clear explanation about the origin of NZTE" is
still lacking. Therefore, the discovery of new Invar-like materials
will be essential for clarifying the mechanism of Invar
behavior.'*~*°

-4 ACS Publications  © 2015 American Chemical Society

2495

Recently, the Invar-like effect, showing NZTE or ZTE, has
been observed with magnetovolumic instabilities in both
ferromagnetic (FM) and antiferromagnetic (AFM) ground-
state compounds.'*'® Tt was reported that the Invar-like effect
occurred in CaRuggsFey;5sO; below T, signifying that the
anomalous volume expansion is due to the MVE caused by the
occurrence of ferromagnetism.15 On the other hand, for the
NpFeAsO with an AFM ground state, it was also found that the
magnetic transition was accompanied by a large expansion of
the unit cell volume below Ty followed by an Invar behavior
below 20 K.'

Interestingly, besides the regular FeNi Invar alloys,"
anisotropic thermal expansion and cooperative Invar and anti-
Invar effects were observed in Mn alloys, such as Mng,Pd,;,"”
MngiZn,s,"® and MngNij,."" For MngNij,, the two-state
model (in Mn) with collinear AFM structure was concluded to
describe the cooperative Invar and anti-Invar effects. To achieve
isotropic thermal expansion in Mn alloys, further efforts are still
needed by tuning the crucial magnetic properties. Notably, the
Invar-like effect within a noncolinear AFM structure was rarely
observed. As for the noncolinear AFM ground-state com-
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Figure 1. Room-temperature (a) XRD patterns and (b) composition (y) dependence of the lattice constant from refined results with the nominal

Mn;Ni,_,

N composition (y = 0, 0.1, 0.2, 0.3, and 0.4). Rietveld refinement analysis of both (c) XRD and (d) NPD patterns for the nominal

composition Mn;Niy N at room temperature. The crosses show the experimental intensities (I,); the top solid line shows the calculated intensities
(Iac), and the bottom solid line is the difference between the observed and calculated intensities (I, — I..). The vertical lines indicate the angular
positions of the nuclear (top row), MnO (second row), and magnetic (third row) Bragg reflections.

pounds, many researchers have focused on the isotropic NTE
behaviors near the magnetic transition temperature in
manganese-based antiperovskite compounds Mn;XN (X
Zn, Cu, Nj, etc.), which are also accompanied by a variety of
fascinating physical properties caused by strong correlation
among lattice, spin, and charge.*™>® It is also important to
mention that the isotropic NTE behavior in pure Mn;XN could
be extended to a wider temperature window by substitution or
doping at the X site,”>*® and this provides a useful method for
controlling the thermal expansion behaviors near the magnetic
transition temperature. However, there have not been many
studies about the low thermal expansion behaviors below
Tr,”*7%¢ even though isotropic ZTE behavior may be possible
by doping in these materials.”

Neutron diffraction revealed that noncolinear I AFM spin
structure was a key ingredient for the large MVE in
antiperovskite systems with itinerant electron characteristic.”’
Also, theoretical studies confirmed that Mn;XN compounds
experience a volume variation because of the difference in the
equilibrium lattice constants for I’ AFM and paramagnetic
(PM) phases.”**’ Moreover, using neutron powder diffraction
(NPD), we have discussed the origin of the isotropic ZTE of
the cubic antiperovskite compounds Mn;(Zn/Ag/Ge), N and
tuning of the special I8 AFM spin structure and related ZTE
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behavior.”° It is worth noting that Mn;NiN exhibits a magnetic
structure with a combination of I'*® and T symmetries™> and
displays low thermal expansion properties below Ty.*° To
validate the relationship between magnetic structure and their
thermal expansion behavior and control the resultant proper-
ties, we prepared Mn;,, Ni; N compounds with Mn doping at
the Ni site. Using NPD and first-principles calculations, we
discussed the mechanism of the NTE and Invar-like behavior
observed in this material.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Synthesis. Polycrystalline samples of the nominal composition
Mn;Ni;_ N (y = 0, 0.1, 0.2, 0.3, or 0.4) were prepared by solid-state
reaction using Mn,N, which was synthesized by sintering Mn powder
(4 N) in nitrogen gas, and Ni (3 N) as the starting materials. The
detailed preparation is described in the Supporting Information.***!

Measurements. X-ray diffraction (XRD) patterns at room
temperature were obtained from an X'Pert PRO powder diffrac-
tometer using Cu Ka radiation. To determine the thermal expansion
properties, variable-temperature XRD ranging from 140 to 300 K was
performed using in situ powder XRD equipment (BRUKER DS8-
discover diffractometer with Cu Ka radiation). Crystal structures were
determined by the Rietveld refinement method with the General
Structure Analysis System (GSAS).*® The temperature dependence of
magnetization was measured between 10 and 350 K under a 0.5 kOe
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Figure 2. (a) Temperature dependence of inverse magnetization (ZFC) of Mn;, Ni;_,N compounds. Solid lines correspond to a linear fitting. (b)

Isothermal magnetization of the Mn;, Ni;_,N compounds at 15 K.

magnetic field using a Physical Property Measurement System
(PPMS). The measurements were conducted under both zero-field-
cooling (ZFC) and field-cooling (FC) conditions, and the isothermal
magnetization curve was recorded between —50 and SO kOe. In
addition, the temperature dependence of magnetization between 300
and 520 K was also measured by a vibration sample magnetometer
(VSM).

Neutron powder diffraction (NPD) data were collected using the
BT-1 high-resolution neutron powder diffractometer at the NIST
Center for Neutron Research (NCNR). A Cu(311) monochromator
with a wavelength of 1.5403 A was used. To explain the magnetic
transitions, neutron diffraction data were collected at various
temperatures of interest in the range of 5—300 K. The GSAS was
used for Rietveld refinement with scattering lengths of —0.375 X 107,
1.030 X 107*% and 0.936 X 10™"2 cm for Mn, Nj, and N, respectively.
The antiperovskite crystal and magnetic structures of Mn;NiN are
shown in the inset of Figure 1d*' Ni [at 1a(000)] atoms are on the
corners of the cubic lattice; Mn atoms are at face centers, and the N
atom is at body center, forming a MngN octahedron.

Computational Description. We performed the first principle
study using the projector augmented-wave (PAW) method initially
proposed by Blchl** For fully unconstrained noncollinear magnetic
structures, we used the execution of Kresse and Joubert in VASP
code® within the Perdew—Burke—Ernzerhof (PBE) generalized
gradient approximation.”®**** The cutoff energy of 500 eV and
Gamma-centered k points with a 3 X 3 X 3 grid were used. The "¢
magnetic structure with the spins on the (111) plane was employed.
The nonmagnetic (NM) supercell with zero total magnetic moment
was adopted and mimicked a high-temperature paramagnetic phase.
To study the MVE, a Mny,NigN; supercell, corresponding to the
composition of Mn;,sNiy-sN, was used in our calculations. On the
basis of the supercell that contains 2 X 2 X 2 chemical unit cells of
Mn;NiN, two Ni atoms were substituted with Mn with three different
options to obtain the stabilized system.

B RESULTS AND DISCUSSION

Figure la shows the room-temperature powder XRD patterns
of nominal composition Mn;Ni;_ N (y = 0,01, 02, 03, or
0.4), indicating that all the samples are cubic perovskite
structure (space group Pm3m). The y-dependent values of
lattice constants are plotted in Figure 1b, which were obtained
from the standard Rietveld refinement. For example, Figure 1c
shows a representative XRD pattern fit of the nominal
composition Mn3Nijy¢N, and a small amount of MnO could
be found. The Rietveld fits on other XRD patterns are shown in
Figure S1 of the Supporting Information. Figure 1b shows that
the lattice constant gradually increases with decreasing Ni
content or increasing Ni vacancy, which shows an abnormal
phenomenon. In principle, the shrinkage of the lattice should
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be observed when the Ni vacancies increase. The refined
compositions y in Mn;Ni;_,N are determined to be 0.02, 0, 0,
0, and 0.01 for nominal compositions of y = 0, 0.1, 0.2, 0.3, and
0.4, respectively. This confirms that the Ni atom sites on the
corners of the cube are almost fully occupied. The further
refinement showed that it is Mn that occupies the Ni site and
forms Mn;Ni(Mn),_,N. Therefore, the increase in the lattice
constant with an increasing y can be explained by the smaller Ni
substituted with the larger Mn. In the case, the formula would
be Mn,,,Ni;_,N, and the relationship between x and y is

B4+x):(1-x)=3:(1-y) (1)

The x values (Mn doping concentrations) are 0.077, 0.158,
0.243, and 0.333 for y = 0.1, 0.2, 0.3, and 0.4, corresponding to
Mnj; o77Nig 923N, Mnj 155Nigg4oN, Mnj243Nig 757N, and
Mnj; 333Nig 67N compositions, respectively. To further verify
the Mn doping of Mn;, Ni, N, Rietveld analysis including
occupancy refinement was performed using NPD data. Figure
1d displays the NPD patterns of the nominal Mn;Niy,N
composition at room temperature. A small amount of MnO
could be found in Figure 1d. The diffraction peaks from the Al
sample holder are excluded from the analysis. The NPD
patterns could be fit well by a structural model of cubic
symmetry shown in the inset of Figure 1d. The magnetic
properties with the variation of temperature will be discussed
below. The refined composition is determined to be
Mnj; 335Nig 651N, which is almost the same as the calculated
formula Mnj; 333Nig¢6,N from eq 1, indicating that Mn-doped
compounds of Mn;, Ni;_,N are in fact synthesized instead of
compounds with Ni vacancies. Subsequently, we will use these
Mn;, Ni;_ N compositions with Mn doping at the Ni site
unless explicitly indicated otherwise.

The magnetic properties of the Mn;, Ni; N antiperovskite
materials are shown in detail in Figure 2 and Figure S2 of the
Supporting Information. As shown in Figure S2 of the
Supporting Information, with increasing x the peak of
magnetization M(T) increases by approximately 200 times
from 0.07 (x = 0) to 14.8 emu/g (x = 0.333), revealing that Mn
doping induces increasing ferromagnetism in the AFM metallic
host material Mn;NiN.>>*! The Curie—Weiss law is used to
further investigate the magnetic properties in these compounds
as shown in Figure 2a. It can be seen that the @, (—164, 32,
204, and 455 K at x = 0, 0.077, 0.158, and 0.333, respectively)
with increasing x changes from negative to positive, indicating
that the AFM interactions quickly develop into FM interactions
with increasing Mn concentrations. In addition, the FM
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interactions are also confirmed by the isothermal magnetization
M(H) measurements presented in Figure 2b. It is clear that the
M — H curve at 15 K is almost linear for x = 0.077, while for
increasing values of x, it exhibits more FM characteristic,
suggesting the FM interactions were induced by the Mn
doping. This is in agreement with the previous discussion.
However, when «x is increased to 0.333, the magnetization does
not tend to saturation even though the field is increased to 50
kOe and the magnetization M is above 16 emu/g, indicating the
possible coexistence of FM and AFM ordering phases in this
composition.35

Linear thermal expansion Aa/a;pox of Mn,, Nij_ N is
shown in Figure 3. It is worth mentioning that the anomalies in
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Figure 3. Linear thermal expansion (Aa/az x; Aa = a — ay ) for
Mn;,,Ni;_,N compounds (x = 0, 0.077, 0.243, and 0.333). a3y ¢
represents the lattice constant at 300 K for these compounds.

Aa/az x appear at the magnetic transition temperature, which
decreases with increasing x for all compounds. Another
exceptional characteristic is that a ZTE behavior exists below
the magnetic transition temperature in some of the
Mn;, Ni;_ N compounds. With increasing x, the coefficient
of linear thermal expansion @ obtained from the X-ray
diffraction data decreases from 1.7 X 107> K™ (180—255 K;
x=0) to 1.8 X 1070 K™ (160—245 K; « = 0.077). In particular,
@ is in the range of 1077 K™' for x values of 0.243 (140—230 K)
and 0.333 (140—200 K), which is generally considered ZTE*
A similar ATE-accompanied Invar-like effect below the first-
order transition temé)erature was also found in NpFeAsO and
CaRuygsFey ;505!

To clarify the mechanism of the ATE behaviors, NPD studies
at variable temperatures were performed. Figure 4a shows the
NPD pattern of Mnj 333Nij¢,N at S K. The NPD pattern could
be fit well with a structural model of cubic symmetry shown in
the inset of Figure 1d, and a supperlattice magnetic model is
shown in Figure 4b. The refined AFM moment for Mn is
2.16(2) pg, and the FM components from Mn, are 5.2(2) g
(~1.73 pg/atom at the corner). Figure 4c shows the profile
difference (I, — I.yc) of nuclear fitting only (black) for
Mnj; 333Nig 667N at S K, where the significant profile difference
indicates the presence of magnetic peaks. However, if we use
the I"*® magnetic model to fit the magnetic peaks in the NPD

2498

pattern of Mn; 333Nij 4N, the refinement is still unreasonable
because large discrepancies remain in the profile difference (I,
— Iy.) of nuclear and I'*® AFM fitting (blue solid line). We
therefore use the magnetic model shown in Figure 4b. The
refinement converged rapidly, and the refined results are
reasonable, as indicated by the small profile difference shown in
the top line of Figure 4c. For Mn;NiN, it has been investigated
previously, with a combination of I'*8 and I'*® AFM phase
structures below Ty ~ 250.*' However, our NPD study
indicates that the AFM phase becomes single ['*8 symmetry in
the Mnj 333Nig ¢6,N compound at 5 K, suggesting that we could
stabilize the I'® AFM phase while eliminating the I"*® magnetic
phase by increasing the level of Mn doping at the Ni site. On
the other hand, the magnetic moment of Mn, along the c-axis
suggests an FM behavior in Mnj; 333Nig 57N.

In Mn;;33Ni 67N, the face-centered Mn atoms with MngN
octahedra show I'*8 AFM spin structure, whereas the Mn atoms
at the cubic corner have FM components. We suggest that the
ATE behavior of Mn, 333Nig N is associated with I8 AFM
spin structure of Mn atoms at face-centered sites because of the
following considerations. (1) As reported previously, local
structural information confirmed that the local lattice distortion
described by the alternating rotation of the MngN octahedra
around the c-axis is considered to be a good indicator for
studying the MVE in antiperovskite compounds.*® (2) The
ZTE behavior that is controlled by I8 AFM spin structure of
Mn atoms was verified in antiperovskite compounds Mn;(Zn/
Ag/Ge),N.*° (3) We also confirmed that the MVE in Mn;NiN
originates from coupling of the I AFM spin structure with the
cubic crystal structure in the previous NPD study.”® (4) For
Mn,N, which has the same crystal structure as Mn,, Ni;_.N,
ferrimagnetic ordering that originated from the two non-
equivalent sites at the corner and the face-centered Mn atoms
has been found.’” However, the MVE was not observed in a
Mn,N compound even though the Mn atoms at the corner
showed a magnetic ordering similar to that of
Mn,, Ni,_ N.>”** Therefore, the face-centered Mn atoms are
recognized as the key factor in the ATE phenomenon in the
following discussion.

As shown in the NTE region of Figure 4d, the '8 ordered
moment of Mn suddenly drops rapidly when the compound
displays NTE behavior. This abrupt increase in the volume in
the same temperature range indicates a close correlation
between the anomalous volume variation and the magnetic
ordering, confirming that the lattice is coupled with Mn
magnetic ordering. Figure S3 of the Supporting Information
gives more details about the correlation between thermal
expansion behaviors and intensities of the magnetic peak. In
general, the NTE or ZTE behavior in antiperovskite materials is
recognized as a result of a competition between the contraction
of the lattice upon heatin§ due to the magnetic ordering and
normal thermal expansion.””*” The existence of the ATE allows
a quantitative evaluation of the magnetic coupling to the lattice
for the I8 phase.”® Moreover, the effect of the "¢ phase
connects with not only the magnitude of the magnetic moment
but also the degree of magnetic moment variation with
temperature variation, i.e., Aa(T)/AT(T) = [Aa(T)/AM(T)]-
[AM(T)/AT(T)]. Figure 4d shows AM/AT is almost steady
in ZTE while it is in an acute form in the NTE region,
indicating that the ZTE behavior is considered particularly
noteworthy for studying spin—lattice coupling. In addition, the
different AM/AT may be responsible for the different ATE
(NTE and Invar-like) behaviors in antiperovskite compounds

DOI: 10.1021/cm504702m
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Figure 4. (a) Neutron powder diffraction patterns of Mn; 333Nij¢¢,N at S K. The details of refinement are given in Figure 1d. (b) Magnetic structure
of Mn; 333Nig¢6,N, corresponding to rhombohedral (R3) magnetic symmetry () for Mn (Mn;, Mn,, and Mn;) atoms. (c) The top solid line

shows the profile difference (I, —
and "¢ AFM fitting at 5 K. The bottom line shows I, —

I,c) generated by nuclear, FM, and "% AFM fits at 5 K. The second line shows I, —
I, generated by nuclear fitting only at S K. (d) Temperature dependence of the lattice

I generated by nuclear

variation a(T) — ap(T), ordered magnetic moments (1) of the I8 AFM structure, and 7(T) for Mnj 333Nig¢6;N.

with temperature. The Invar-like effect seems to appear when
the MVE approaches saturation below the magnetic transition
temperature.15

To further study spin—lattice coupling of Mn-based
antiperovskite materials in the Invar-like behavior region, we
assume that ar(T) = apps(T), where ar(T) and aprg(T) are
defined as the coefficient of the usual thermal expansion
contributed by the lattice anharmonic vibration in the Invar-like
behavior and PTE region, respectively. Then we can get ar(T)
from the fitting curve of PTE constants using a cubic function
(shown in eq 1 of the Supporting Information) in which a(T)
represents the lattice constant contributed by the lattice
anharmonic vibration in the Invar-like behavior region. Marking
a(T) as the observed lattice constant, we take the difference
Aa, (T) = a(T) — ar(T) to isolate the effect of the NTE.
Figure 4d shows the Aa, (T) of Mn;;33Nig4N in the Invar-
like behavior region decreases modestly with an increasing
temperature, which is in agreement with the decreasing trend of
the ordered Mn moment. Moreover, the ratio r(T) = Aa,,(T)/
M(T) is defined as the value of the NTE effect connected with
the magnitude of the ordered moment, where M(T) is the
magnetic moment of the Mn atom. For Mnj; 333Nij 4N, the
ratio 7(T), which has an extremely low coefficient value of 107
as a linear function, is approximately independent of T in the
Invar-like behavior region, indicating a strong spin—lattice
coupling phenomenon in this sample. This model has been
used in Mn;Zn N and Mn;Zn,Agy 4N compounds with
spin—lattice coupling.”® On the other hand, it is significant that
the I'*8 ordered moment of the Mn atom in Mn,NiN** was
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almost constant in the low-thermal expansion region. This
contribution may weaken the MVE, thus destroying the Invar-
like behavior of the host Mn;NiN.

It has been revealed that the noncollinear I'*® magnetic
structure plays a crucial role in the ATE behavior of Mn-based
antiperovskite compounds because of the special contribution
to the MVE. To understand the mechanism of the MVE, Figure
§ illustrates the characteristics of [°8 AFM and PM phases of
Mnj; ,sNiy 75N, the composition of which is close to those of
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Figure S. Energy and local magnetic moment of Mn atoms as a
function of the lattice constant for I8 AFM and PM phases of the
Mnj;,5Niy,sN sample.
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Mny; 43Niy 757N and Mnj 333Nig ;N compounds that display
the ZTE behaviors. Figure 5 shows that the calculated
equilibrium lattice constant of the I8 magnetic structure for
Mn, ,Nig-sN is 3.83 A, which is comparable to the
experimental value of 3.887 A (Mn;,43Nig,s,N) at room
temperature. The averaged local magnetic moment of Mn (I8
magnetic structure) is predicted to be 2.77 yz/Mn atom, which
is close to the experimentally observed value of 2.16(2) ug/
atom in Mn;333Nig¢;N and the calculated value of 2.63 py/
atom.”® The magnetic moment of Mn, on the corners of the
cube is 3.1 pt5/Mn atom, which is smaller than the experimental
result of 5.2(2) p5/Mn atom (~1.73 pp/atom at the corner) in
Mnj; 333Nij 47N. However, it does not affect the analysis of
MVE. Moreover, the magnetic structure is the same as the
NPD refined result. On the other hand, the total energy of the
8 magnetic structure is 0.463 eV/fu (fu. is the abbreviation
of formula unit). lower than that of the PM state at their
optimal lattices. The equilibrium lattice constant of the PM
state is 3.71 A, which corresponds to a lattice contraction of
0.12 A (Aa/a = 0.031) from the AFM to PM state. This
qualitatively agrees with the observed ™ — PM first-order
phase transition of Mnj,43Nij 57N and Mnj 333Nij 4, N with a
Aa/a of 0.0013. The calculated value of Aa/a is a slightly
greater than the observed values. However, it does not affect
the qualitative analysis of MVE because such disagreement
always exists in the current density functional theory
calculation.””*® Although the cause of this discrepancy is not
known at present, we presume that it is due to the neglected
local environment effects*® and the contribution of temper-
ature® within the PM model.

From the NPD results, the spin—lattice coupling was found
with variation of temperature. We present the significant
correlation between spin and lattice theoretically to further
address and validate this phenomenon. Figure 5 shows the Mn
local magnetic moment in the I™® magnetic structure is
extremely sensitive to the change in volume, increasing steadily
from O to 3.46 uy as the lattice parameter increases from 3.4 A
(11% volume compression) to 4.1 A (7% volume expansion).”
In addition, with the decrease in the lattice constant, the
difference in total energy between I8 and PM gradually
decreases and is almost the same within a small local magnetic
moment of Mn atoms, indicating the local magnetic moment
could modify the lattice constant and hold the key to spin—
lattice coupling. This is consistent with the experimental
observation. In particular, the magnetic moment of Mn atoms
almost completely originates from Mn 3d electrons from our
calculated results, indicating magnetic moments of the Mn 3d
electrons play a key role in MVE.

B CONCLUSION

In summary, we have revealed a new type of Invar-like material
with the [ AFM phase in the Mn; 333Nig ;N compound. It
was found that the fascinating '8 AFM phase can be stabilized
by the doping of Mn at the Ni site in Mn;, Ni, N compounds.
A quantitative relationship between the ordered magnetic
moment and lattice variation that controls the ZTE mechanism
was provided to investigate the spin—lattice coupling in the
Invar-like effect. For this special I'*® magnetic phase, the MVE
was confirmed by the first-principles calculations. We further
show that the local magnetic moment of Mn (3d electrons)
could modify the lattice constant and hold the key to spin—
lattice coupling, which is in agreement with the experimental
results. We also suggest that the different contributions (strong
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or saturation) of MVE cause the diverse ATE (NTE or Invar-
like) behaviors observed in various antiperovskite compounds.
The results can be readily employed to achieve Invar-like
antiperovsikte materials by means of obtaining the pure I™#
AFM phase of Mn atoms.

B ASSOCIATED CONTENT
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