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ABSTRACT: The antiperovskite Mn;ZnN is studied by neutron diffraction at
temperatures between 50 and 295 K. Mn;ZnN crystallizes to form a cubic structure
at room temperature (C1 phase). Upon cooling, another cubic structure (C2
phase) appears at around 177 K. Interestingly, the C2 phase disappears below 140
K. The maximum mass concentration of the C2 phase is approximately 85% (at 160
K). The coexistence of C1 and C2 phase in the temperature interval of 140—177 K
implies that phase separation occurs. Although the C1 and C2 phases share their
composition and lattice symmetry, the C2 phase has a slightly larger lattice
parameter (Aa =~ 0.53%) and a different magnetic structure. The C2 phase is
further investigated by neutron diffraction under high-pressure conditions (up to
270 MPa). The results show that the unusual appearance and disappearance of the
C2 phase is accompanied by magnetic ordering. Mn;ZnN is thus a valuable subject
for study of the magneto-lattice effect and phase separation behavior because this is
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rarely observed in nonoxide materials.

B INTRODUCTION

Antiperovskite materials with the formula Mn;XN (X = Ga, Zn,
Cu, Ge, and Sn) have attracted significant attention in the past
decade because of the discovery of some important phenomena
such as their giant magnetoresistance,” near-zero temperature
coeflicient of resistivity,2 and magnetostriction.3 In addition,
their associated crystallographic and magnetic properties make
them promising materials for prospective uses in novel
magnetoelectronic devices. Experimental evidence®™® has
shown that complicated interactions between the lattice, the
electronic freedom, and the spin carriers in Mn;XN play a
pivotal role in these phenomena.” However, many of the
physical behaviors are still poorly understood. In particular,
elucidation of the mechanism governing the tight relation
between the lattice and the magnetic transitions has been a
long-standing challenge. For the mechanism of this relation to
be revealed in more detail, the remarkable strong coupling
between the lattice and the magnetism in Mn;XN should
certainly be studied further.

The antiperovskite compound Mn;ZnN has been inves-
tigated intensively in the past decade; Fruchart et al. reported in
1978 that two distinct magnetic transitions appear in Mn;ZnN.
Upon cooling, a paramagnetic state changes to an antiferro-
magnetic (AFM) state near 183 K with sudden lattice
expansion. At 140 K, a sharp lattice contraction appears with
further cooling, accompanied by another magnetic transition.'®
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In 2001, Kim et al. observed only a single magnetic transition
for MnyZnN,"! seemingly disagreeing with earlier observations.
Recently, we found a resistive switching phenomenon for a
high-pressure-synthesized dense pellet of Mn;ZnN."* In order
to shed more light on the relationship between the magnetic
behavior and the lattice nature of Mn;ZnN, we carried out a
neutron diffraction study at low temperature and high pressure.
As a result, we found that the complicated magnetic and
structural transitions observed in Mn;ZnN are strongly coupled
and two cubic phases coexist in a certain temperature range,
implying that phase separation (PS) occurs.

PS generally indicates that two or more distinct phases
coexist in a thermodynamic state at a given temperature.
Critical behavior usually results from the thermodynamic
competition between phases with nearly identical free
energies.”” Such PS behaviors have been observed exper-
imentally for various manganese and copper oxides such as
La,_,CaMnOj,, Pr,_,CaMnO,, and La,_,Sr,Cu0,."**® In this
paper, we present the results of a neutron diffraction study on
Mn;ZnN at low temperature and under high pressure. These
results show a strong correlation between the lattice and the
magnetism of two cubic phases that coexist in a single
compound in the temperature range 140—177 K and at
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pressures below 250 MPa. PS, which is rarely observed for
nonoxides, probably results from this correlation.

B EXPERIMENTAL SECTION

A polycrystalline Mn;ZnN sample was prepared through a solid-state
reaction from fine powders of Mn,N and Zn (99.99%), which were
thoroughly mixed in a stoichiometric molar ratio. The precursor Mn,N
was prepared from Mn powder (99.99%) by heating at 800 °C for 60 h
in nitrogen. The mixture was compressed into a pellet, then wrapped
in tantalum foil, and heated in an evacuated quartz tube at 780 °C for
80 h.

High-resolution neutron powder diffraction (NPD) experiments
were conducted in the BT-1 powder diffractometer at the NIST
Center for Neutron Research using a monochromatic beam at 4 =
1.5403 A, produced with a Ge(311) monochromator. The Séller
collimations before and after the monochromator and after the sample
had full-width at half-maximum values of 15, 20, and 7/, respectively.
The scan step was 0.05° in the 26 range 10—165°. NPD data were
collected at various temperatures between 50 and 295 K. The neutron-
scattering amplitudes used in data analysis were —0.375, 0.568, and
0.936 ( X 107'2 cm) for Mn, Zn, and N, respectively. The pressure
effect on the NPD pattern was studied in the BT-1 instrument using
an aluminum cell and helium gas as the pressure medium.'” Atomic
and magnetic structures were analyzed using the “General Structure
Analysis System” (GSAS) program.'®

The magnetic susceptibility (y) of the loosely gathered powder of
Mn;ZnN was measured using a magnetic property measurements
system, Quantum Design, at temperatures between 10 and 300 K in an
applied magnetic field of 100 Oe. Magnetic hysteresis was measured in
magnetic fields between —50 and 50 kOe at temperatures of S0 and
160 K.

B RESULTS AND DISCUSSION

The NPD pattern of Mn;ZnN measured at 295 K was analyzed
by the Rietveld method (Figure 1). At the beginning, the
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Figure 1. Rietveld analysis of the NPD pattern measured at room
temperature for Mn;ZnN. Cross markers and solid lines show the
observed and calculated patterns, respectively; the difference is shown
at the bottom. The positions of Bragg reflections are marked by ticks.

refinement was carried out by assuming that the space group
was Pm-3m and all atomic sites for Zn, N, and Mn were fully
occupied at 1a (0, 0, 0), 2b (0.5, 0.5, 0.5), and 3¢ (0, 0.5, 0.5),
respectively. The solution indicated that the model can
reasonably account for the NPD pattern for the present
compound. Finally, we refined the pattern without fixing the
occupancy factors for the Zn and N atoms. The occupancy
factors of Mn, Zn, and N were refined to be 1 (fixed), 0.99(1),
and 0.98(2), respectively, indicating that the atoms fully
occupied each site. The lattice parameter of the cubic unit
cell at room temperature was 3.90078(8) A, and the unit-cell
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volume was 59.355(4) A3. The isotropic atomic displacement
parameters were 0.0137(9) and 0.0124(6) A* for Zn and N,
respectively, while the anisotropic atomic displacement
parameters for Mn were 0.0109(10), 0, 0, 0.0149(7), 0, and
0.0149(7) A? for Uy, Uy, Uys, Usy, Uys, and Uss, respectively.
The R factors of the final solution, R, and R,,, were 6.18% and
5.83%, respectively. A schematic crystal structure view based on
the refined parameters is shown in the inset of Figure 1.
Next, we analyzed the patterns above 190 K using the cubic
structure model as well, and the results indicated that the cubic
structure with the space group of Pm-3m is reasonable.
However, at temperatures between 177 and 140 K, additional
lattice features such as peak splitting were visible in the NPD
patterns. To highlight these features clearly, we show the
temperature dependence of the 211 nuclear peak as a
representative peak on the right side of Figure 2. This indicates
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Figure 2. Thermal evolution of the NPD pattern: the 211 nuclear peak
(right) and typical magnetic peaks (left) are shown. Note that the 100

magnetic peak at 177 K and below is from the C2 phase, while the 001,
100, and 102 peaks in the vicinity of 120 K are from the CI phase.

that the peak splits into at least two peaks upon cooling and
then goes back to a single peak when cooled further. Rietveld
analysis of the NPD patterns indicated that the features were
due neither to a structural transition nor to a symmetry change.
The best fits to the observed NPD pattern at temperatures
between 177 and 140 K were achieved by the two-cubic-phases
model, in which there are two cubic lattices sharing the same
space group but having slightly different lattice parameters. The
NPD patterns measured at low temperatures (below 140 K)
were rather better analyzed by the single-cubic-structure model
than by the two-cubic-phases model.

The cubic phase that is stable at room temperature is herein
referred to as Cl; the other cubic phase that appears at
temperatures between 177 and 140 K is called C2. The relative
mass fraction between the C1 and the C2 phases was measured
by Rietveld analysis and is plotted as a function of temperature
in Figure 3a. The C2 fraction remains at zero down to 190 K
and then rapidly rises to 80% at around 160 K. The C2 phase
maintains a constant mass fraction in the temperature range
between 150 and 180 K; however, at around 151 K it starts to
decrease upon cooling and reaches zero again at 90 K and
below. The lattice parameter of the C2 phase is nearly
independent of temperature at a = 3.9114 (2) A (see Figure
3b), which is approximately 0.53% larger than that of the C1
phase when compared at 160 K. Interestingly, the lattice
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to or slightly smaller than those of practical materials.'

As already shown in Figure 2, the thermal variation of the
211 nuclear peak is probably accompanied by development of
the magnetic peaks. The 211 peak intensity is plotted as a
function of temperature in Figure 4a (C1) and 4b (C2), along
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Figure 4. Temperature dependence of the (a) 211 nuclear peak and
001 magnetic peak intensities for the C1 phase and (b) 211 nuclear
peak and 100 magnetic peak intensities for the C2 phase.

with the intensities of representative magnetic peaks. The plots
clearly indicate that the appearance and disappearance of the
C2 phase is coupled with development of the magnetic peaks.
Both the nuclear and the magnetic peaks for the C2 phase
appear simultaneously on cooling, and interestingly, the peaks
disappear simultaneously with further cooling (see Figure 4b).
In contrast, the magnetic peaks of the C1 phase appear at 151
K on cooling and are independent of the thermal evolution of
the nuclear structure. In addition, the C1 phase maintains its
magnetic structure down to S K, unlike in the situation
observed for the C2 phase. The plots indicate that the magnetic
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Figure S. Ordered magnetic moments measured by neutron
diffraction. (Insets) Magnetic structure models of the C1 (left) and
C2 phases (right).”® Arrows indicate the approximate directions of the
magnetic moments at the Mn atoms.

were reasonably analyzed by these models; the estimated
magnetic moment per Mn is plotted in Figure 5 as a function of
temperature. In the C1 phase, two nonequivalent magnetic
atoms Mnl and Mn2 show an increase in the magnitude of
each magnetic moment upon cooling, while the magnitude of
the Mn moment in the C2 phase starts to decrease at 157 K on
cooling. Note that the Mn moment of the C2 phase is slightly
larger than that of the C1 phase.

In order to shed more light on the magnetic behavior, we
measured the temperature dependence of y in both cooling and
warming cycles, as shown in Figure 6. The magnetic properties
accord well with the results of the NPD measurements. The
curves of y versus T exhibit two peculiar features, which
probably reflect the appearance and disappearance of the C2
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Figure 6. Temperature dependence of y measured in an applied
magnetic field of 100 Oe under both field-cooling (FC) and zero-field-
cooling (ZFC) conditions. (Inset) M vs H curves measured at 50 and
160 K. Solid red and black curves at the bottom show dy/dT vs T.
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phase. Indeed, the AFM correlations were confirmed by the
M—H measurements at 50 and 160 K, as shown in the inset of
Figure 6. The critical temperatures were estimated from the
derivative curves of dy/dT to be 178 and 121 K for the
warming curve and 173 and 108 K for the cooling curve;
thermal hysteresis indicates that there is a gap between the
temperatures of appearance and disappearance of the C2 phase.

Let us now return to the results of the NPD study. The C2
phase coexists with the C1 phase in the temperature range
140—177 K. Because the C2 phase is accompanied by thermal
hysteresis in the plot of y versus T and the transport
properties,'” the C2 phase shows first-order-like appearance
and disappearance behaviors. Thus, the C2 phase is probably a
thermodynamic equilibrium state. A PS picture is therefore
reasonable for the state in which the C1 and C2 phases coexist.
If the state is not in thermal equilibrium, the C2 phase is
supposed to be metastable, but the data obtained so far do not
support the notion of a metastable C2 phase. The coincidence
among neutron, magnetic, and resistivity data and the reversible
change of PS behavior strongly suggest the stability of the C2
phase. Besides, our recent studies indicated that the C2 phase
becomes stable even at the magnetic ground state when the
materials are rich in Zn vacancies.”

The electronic structure of Mn;XN has been studied by
several groups. Narrow bands near the Fermi level (Eg) are
formed because of the strong hybridization between the N 2p
and Mn 3d orbitals, while X provides itinerant electrons at the
Fermi energy.'® A sharp singularity in the electronic density of
states (DOS) lies very close to Ep.*' The DOS structure thus
tends to split into several singularities at different energy levels,
with electron transfer from a high-energy level to a low-energy
level within the p—d,, subbands, leadin§ to a large electronic
contribution &F, (electron free energy).””

Since the transferred electrons are lowered in energy, the
contribution JF, should be negative and hence is capable of
inducing structural instability, as argued in ref 22. The
electronic origin of the instability was also verified by heat-
capacity measurements, which showed an anomalously higher
electronic constant y for the series of the antiperovskite
Mn3XN.23 Moreover, either lattice or magnetic transitions are
characterized well by discontinuities in y over the transition
temperatures. These observations are suggestive of a close
relationship between the electronic structure instability and the
PS in the antiperovskite Mn;ZnN. Reports on both Mn;XN
and oxides suggest that PS is characteristic of strongly
correlated systems, regardless of whether the compounds are
oxide or nonoxide materials.

When a magnetic transition occurs in Mn;XN, a large
electronic contribution JF, is expected. We therefore discuss PS
in terms of the electronic stability condition k™ = (n)?8’F,/
5(n)* > 0, where « is the electronic compressibility and 7 is the
electron density. Derived from the formula k™' & dy/0n, where
u is the chemical potential, PS is closely related to the strength
of interelectron interactions.>* When ou/on < 0, ie., the
chemical potential decreases with increasing electron density,
the electronic state becomes thermodynamically unstable. The
electronic state thus changes through PS to become lower
energetically in order to maintain the thermodynamic
equilibrium. A negative contribution to the electronic
compressibility is thus capable of driving the PS. Generally,
PS is an effect of the coupling between charged carriers and
spins and the lattice. When the magnetic order plays a
negligible role in varying the bandwidth, the compressibility
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should be proportional to the DOS at Ep>® The tendency
toward PS is therefore accompanied by electronic anomalies
caused by the magnetic transition.

Squeezing the lattice physically may provide an important
verification of the above conjecture because the inhomoge-
neous electronic state may split into multiple states with
different spin densities, and this process is thus expected to be
highly sensitive to the applied pressure, as predicted
theoretically for Mn;GaN.** In addition, the sharp singularity
in the DOS at Eg is usually affected by external parameters.”’
We therefore carried out high-pressure NPD measurements on
Mn;ZnN. In Figure 7a, the temperature dependences of the
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Figure 7. (a) Temperature dependence of the intensity of the 211
nuclear peak for the C2 phase under different applied pressures. (b)
Pressure dependence of intensities of the 211 nuclear peaks and 100
magnetic peak measured at 160 K.

NPD intensity of the 211 peak for the C2 phase were measured
at pressures of 0, 100, and 200 MPa. The applied pressure
apparently reduces the 211 peak intensity, implying that the C2
phase becomes rather unstable under compressed conditions.
Moreover, the transition temperature decreases almost linearly
with increasing applied pressure; the ratio is roughly estimated
to be —0.08 K/MPa, as depicted in the inset of Figure 7a.

A decrease in phase-transition temperature upon application
of pressure is often observed for itinerant-electron materials,
mostly because the bandwidth is somewhat widened and the
DOS at Eg; decreases under pressure. In addition, the transition
is broadened when the applied pressure increases. According to
the argument by Iikubo et al. on a similar broadening recently
observed for Ge-doped Mn;CuN, local lattice distortion is
primary responsible for this feature.”® The broadened magnetic
transition found for Mn;ZnN under high-pressure conditions
might be associated with a similar local lattice distortion.
Further studies under these conditions may help to address this
issue more fully.
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The pressure dependences of the 211 nuclear and 100
magnetic peak intensities of the C2 phase were studied at 160
K (Figure 7b). It is notable that the peaks decrease sharply with
increasing applied pressure and disappear at 250 MPa or higher.
On the contrary, the 211 peak of the C1 phase increases with
increasing applied pressure. The applied pressure probably
suppresses the electronic instability and influences the
electronic compressibility, leading to significant suppression
of the PS. From another viewpoint, the denser phase of Cl
becomes much more stable under compressed conditions than
C2, which has a lower crystal density. The high-pressure study
clearly revealed a close relationship between PS and the applied
pressure.

The NPD results suggest that the two cubic phases are in
close competition with each other. The C2 phase is highly
susceptible to external conditions including temperature and
pressure. In addition, on the basis of their theoretical study, Qu
et al. predicted that N vacancies in the lattice have a significant
influence on the competition between the two cubic phases in
Mn;ZnN.* Tt is difficult to control the N vacancies during
synthesis, so this may account for the large variations in
experimental results for Mn;ZnN.*® Besides, Zn vacancies also
play a major role in terms of the thermodynamic stability of the
two cubic phases in Mn;ZnN.** Further investigations on the
effect of nonstoichiometry are underway.

B CONCLUSIONS

In summary, the unusual phase separation of the antiperovskite
Mn;ZnN was studied by NPD under high-pressure conditions.
The temperature and pressure dependences of the NPD peaks
showed that two cubic phases coexist in the temperature
interval 140 < T < 177 K and at pressures below 250 MPa. The
results indicated that there is a close correlation between the
lattice and magnetic ordering. Surprisingly, the ground state is
dominated only by a single cubic phase. The unusual
appearance and disappearance of the cubic phase in a particular
P—T range was argued to be due to a PS, which is rarely
observed for nonoxide materials. Although the exact mecha-
nism of PS in Mn;ZnN is still under discussion, it is probable
that the electronic contribution to the free energy accounts for
the unusual behavior. Further theoretical consideration focusing
on Mn;ZnN is necessary for a comprehensive picture of the
exact mechanism to be obtained.

B ASSOCIATED CONTENT
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Neutron diffraction patterns at different temperatures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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