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Two antiperovskite-type ternary nitrides of InNMs (M=Ni, Co) have been synthesized from In,03 and Ni
or Co powders under NH; atmosphere at 600 °C. InNCos is a new ternary nitride whereas InNNi3 was
previously reported as InNgsNiz with different nitrogen content. The lattice parameters refined by
Rietveld method are 3.8445(1)A for InNNi5 and 3.8541(7) A for InNCos, respectively. Both nitrides show
metallic behaviors and below 70K the T? temperature dependence of resistivity was observed indicative
of a Fermi liquid behavior. The temperature dependence of the field-cooling (FC) and zero-field-cooling
(ZFC) magnetization and time decay of thermoremanent magnetization indicate the spin-glass-like
behavior in InNM5; (M=Ni, Co). The freezing temperatures for this behavior, Ty, are about 300K for
InNNi3 and 10K for InNCos, respectively.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Since the superconductivity of MgCNiz; with T.=8 K has been
discovered [1], extensive studies on antiperovskite materials were
performed in the search for new superconductors. Among the
investigated antiperovskite carbides i.e., ACNi3 (A=Zn, Al, Ga, In,
Cd, and so on), only CdCNis is a superconductor with T,=3.4K [2].
ZnCNi3 was reported to be a Pauli paramagnetic (PM) metal
without onset of superconductivity down to 2K [3]. InggsCNis
behaves as a ferromagnetic metal below the Curie temperature
(577K) [4]. In addition to the antiperovskite carbides, many
antiperovskite nitrides have been studied. The MNFe; (M=Fe, Mn,
Au, Ag, Sn, Pd, Ni, Pt) compounds, for example, exhibit interesting
Invar-like behavior [5-13]. Mn-based antiperovskite nitrides
ANMn3 (A=Cu, Zn, Ga, Ge, etc.) show large negative thermal
expansion triggered by an antiferromagnetic or ferromagnetic
transition [14,15]. These facts indicate that fascinating physical
properties might be expected in new 3d-transition metal-based
antiperovskite nitrides.

Very recently, a new superconductor ZnN,Nis with T.~3 K was
found [16], which is the first antiperovskite nitride superconduct-
ing material. InN,Ni; has one more valence electron than ZnN,Nis
and might have different properties from ZnN,Nis. A fully ordered
compound InNg sNi3 (ICDD-PDF: 28-0700) with lattice parameter
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a=3.84 A was reported in 1976, but until now there has been no
detailed report on the method for synthesizing this compound.
InNCos with the same structure was predicted in reference [17]
and its experimental verification is absent so far. This work is an
effort to find a suitable route to prepare InNNi; and InNCosz and
study their physical properties.

2. Experimental
2.1. Sample preparation

We prepared a series of InN,M3 (M=Ni, Co) samples by solid-
gas reactions of In,03 ( > 99%) and metal powders (Ni (99.5%), Co
(99.7%)) with NH5 (99.9% purity) at ambient pressure. The starting
materials were weighed with the nominal composition of
In:M=1:3 and were thoroughly ground, and then put into alumina
boats. The mixtures were heated in a tube furnace at 600-650 °C
for 10 h under static NH; atmosphere and subsequently furnace
cooled to room temperature. During the heating process, fresh
NH; gas was refilled five times to remove the H,0 vapor produced
in the reaction. The obtained intermediate products consisted of
loose coarse powder and corresponding X-ray diffraction (XRD)
analyses indicated that each is a single-phased antiperovskites.
To improve consistency in the resistivity and magnetic measure-
ments, the intermediate products were then reground thoroughly,
pressed into pellets and sintered for another 10 h under the same
reaction conditions. In addition, compounds InNM3; (M=Ni, Co)
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can also be synthesized by using the corresponding transition
metal oxide as a precursor instead of metal powders.

2.2. Powder XRD measurements and elemental analyses

The powder X-ray diffraction data were collected on a
MXP18A-HF diffractometer with CuKo radiation at room tem-
perature. The 26 scan range was from 20° to 120° with a step size
of 0.02° and a counting time of 3 s. The XRD data were analyzed by
the Rietveld technique, using the program RIETAN2000 [18].
An energy dispersive X-ray (EDX) spectrometer (on a scanning
electron microscope XL30 S-FEG) was used to analyze the sample
compositions and a Vario MICRO CUBE (Germany) elemental
analyzer was employed to determine the nitrogen content.

2.3. Physical property measurements

The temperature dependence of electrical resistivity was
measured using the four-probe method in the temperature range
of 5-300K. The relationships of magnetization versus tempera-
ture were obtained by using a SQUID (Quantum Design PPMS)
magnetometer in the temperature range of 2-300K. Data were
collected under both zero-field-cooled (ZFC) and field-cooled (FC)
conditions in an applied field of 20 Oe.

3. Results and discussion
3.1. Nitrogen content and crystal structure of InN,M3

Figs. 1(a) and (b) show the EDX spectra of samples InN,M;
(M=Ni, Co). According to the EDX analysis, the atomic ratios
(atomic %) of In:Ni and In:Co in samples InN,Ni; and InN,Cos are
1.0:2.86 and 1.0:2.81, respectively, and they are consistent with
the nominal ratio (1:3) within the experimental error around 7%.
In addition, no impurity phase was found in the powder XRD
patterns, which indicates the In:M ratios are in agreement with
the nominal ones.

Fig. 2 shows the powder XRD patterns for InN,M3 (M=Ni, Co).
It is found that all diffraction patterns can be well indexed to the
antiperovskite-type structure with space group Pm3m. Using
the antiperovskite structure as a starting model, the Ilattice
parameters and nitrogen content y for both nitrides were
refined by Rietveld method. From the analysis, we obtained
the lattice parameter a=3.854A for InN,Cos and a=3.844A for
InNyNi3. The elemental analysis showed that the weight
percentages of nitrogen are 3.7 and 4.7% for InN,Ni; and
InN,Cos, corresponding to the values of y~0.8 and 1.0,
respectively. According to the results, we first tried to fix the
nitrogen occupancy with 0.8 for InN)Ni; in the Rietveld
refinement, and found that the isotropic thermal parameter of
the nitrogen atom (By) turns out to be an irrational negative value.
Then, we tried to fix the By parameter with a reasonable value,
and found that the nitrogen occupancy increased to 0.97,
indicating an almost full occupation of the nitrogen atom. Based
on the above analysis, we inferred that the nitrogen content in
InN,Ni; obtained from elemental analysis may deviate from the
real value due to the instability and inhomogeneity of InN,Nis.
For the final refinement, the occupancy factor of the N atom was
fixed to 1.0 and reliability factors R,,=0.095, Rp=0.062 were
obtained. As for InN,Cos, the nitrogen contents of y obtained from
the elemental analysis and from the Rietveld analysis are
consistent with each other, so the value of y in InN,Cos; was
decided to be 1.0. Table 1 lists the final R factors and the refined
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Fig. 1. (a) EDX spectrum of InNNis. (b) EDX spectrum of InNCos.

structural parameters. Fig. 2 shows the Rietveld refinement
patterns for InNNi3 (a) and InNCos (b).

3.2. Electronic and magnetic properties of InNM3

The temperature dependence of the resistivity for InNNi3 and
InNCos are shown in Figs. 3 and 4, respectively. Both compounds
exhibit metallic behaviors over the whole temperature range
measured and no superconductivity is found down to 5K. As can
be seen in the inset of Figs. 3 and 4, below 70K the resistivity can
be fitted with the equation

p(T) = po+AT? M

which is suggestive of a Fermi liquid behavior. The residual
resistivity po and parameter A are found to be 39.06(4) p Q cm and
0.012 1 Q cm/K? for InNCos and 407.13(6) 1 Q cm and 0.027 p Q cm/K?
for InNNis, respectively. At high temperatures (70-300K) the
resistivity for InNNi3 shows a linear behavior, which is attributed
to electron-phonon scattering.

Fig. 5 shows the temperature dependence of magnetization for
InNNis; in zero-field-cooled (ZFC) and field-cooled (FC) at a
magnetic field of 200e. Both the FC and ZFC magnetization
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Fig. 2. The Rietveld refinement patterns for InNNi; (a) and InNCos (b). The lines
with plus marks (+) represent the observed diffraction patterns, the solid lines
represent the calculated patterns, and the curves at the bottom of each figure
represent the difference between the observed and calculated patterns. The short
vertical lines mark the positions of allowed reflections.

Table 1
Refined structural parameters for InNNis (a) and InNCos (b).

Atom Site X y z B (A?) Occupancy
In la 0 0 0 1.1 1.0

N 1b 0.5 0.5 0.5 1.8 1.0

Ni 3c 0 0.5 0.5 1.1 1.0
Rp=6.19%, Ryp=9.51%, Rex=6.61%, a=3.8445(1 )A

In la 0 0 0 1.3 1.0

N 1b 0.5 0.5 0.5 1.1 1.0

Ni 3c 0 0.5 0.5 14 1.0

Rp=7.89%, Ryp=10.58%, Rex=6.98%, a=3.8541(7)A

decrease monotonically at low T, indicating a tendency of
paramagnetic behavior. But with increasing temperature, the
ZFC magnetization increase and the FC decrease and the two
trendlines meet each other at about 300K. The differences
between FC and ZFC magnetization may be explained by spin
glasses [19-21] or inhomogeneous cluster systems [22-25].
Therefore we also measured the time dependence of remanent
magnetization at different temperature to further understand the
actual behavior in this system. A magnetic field of 200e was
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Fig. 3. Temperature-dependent resistivity of InNNis. Inset: linear fitting of
p(T)—po vs T? below 70K.
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Fig. 4. Temperature-dependent resistivity of InNCos. Inset: linear fitting of
p(T)— po vs T? below 70K.
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Fig. 5. Temperature dependence of the zero-field-cooling (ZFC) and field-cooling
(FC) dc magnetization curves in an applied magnetic field of 20 Oe for InNNis.
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Fig. 6. Time dependence of remanent magnetization at 50, 100 and 300K for
InNNis. The solid curves exhibit the linear fitting with Eq. (2).

Table 2
Values of the parameters My and S of Eq. (2) for sample InNNis.

Temperature (K) Mo (10~° emu) S (10~ 7emu)
50 10.851 0.4967
100 10.513 0.6585
300 9.1934 1.4136

applied at 300K and then the sample was cooled down to the
measuring temperature. The magnetic field was set to zero after
the temperature was stabilized, and M(t) measurements were
started and continued up to 10,000s. As is shown in Fig. 6, the
plotted curve can be fitted in the form of equation [26,27]:

M(t)=M, — SIn(t) )

Here S is called the “magnetic viscosity” and My is a constant at a
given applied field. The values of My and S are given in Table 2. M,
decreases with increasing temperature, while the coefficient S
increases linearly with increasing temperature prior to reaching a
freezing temperature for the behavior. This is typical of spin-glass-
like (SGL) systems [28,29], which suggests InNNis; exhibits SGL
behavior.

Fig. 7 displays the FC and ZFC magnetization curves for InNCos.
At high temperature, the ZFC and FC are well consistent with each
other. The ZFC curve between 50 and 200K could be fitted to a
Curie-Weiss law:

2=C/(T —0p) 3)

where C is the Curie constant and 0, is the paramagnetic Curie
temperature. The fitting result based on Eq. (3) gives the values of
parameters, C=1.62K, 0,=—20.10K, respectively. The effective
magnetic moment per Co atom, Ly is estimated as 3.44 pp. The
negative value of 0, indicates antiferromagnetic (AFM)
interactions in the sample. The fitted curve is shown in the inset
of Fig. 7. However, at low temperature, a bifurcation between the
ZFC and FC curve at the freezing temperature Ty=10K is observed.
Such a bifurcation could be an indication of spin glass behavior,
which is similar to that reported in compounds LiysCogsN,
LaNi1/2Rh]/203 and YQ'SSTO'5MH03 [30—32]

The SGL behavior observed in InNNi3 and InNCosz might be
attributed to competition between ferromagnetic and antiferro-
magnetic interactions. Nevertheless, the magnetic properties of
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Fig. 7. Temperature dependence of the zero-field-cooling (ZFC) and field-cooling
(FC) dc magnetization curves in an applied magnetic field of 20 Oe for InNCos. The
inset shows inverse susceptibility curve with the fitting of Curie-Weiss law in the
temperature range 50-200 K.

InNNi3 and InNCos are rather complex and additional studies are
needed to elucidate the mechanism for their SGL behaviors.
Recently, a similar behavior has been observed in an antiper-
ovskite compound GaNMns; by Song et al. [33]. A variety of
magnetic behavior has been reported for GaNMns in the prior
literatures [34-39]. Song et al. attribute these differences to the
differences in the various synthesis routes employed for this
compound and the resulting variation in compositions. We
suspect a similar variation in magnetic behaviors may also be
found in the InNM3; (M=Ni, Co) compounds. The compositional
sensitivity of the magnetic behavior in these nitrides should be
studied in greater detail.

4. Conclusion

In summary, two ternary nitrides InNM; (M=Ni, Co) were
synthesized by solid-gas reactions of metal powders with NHs.
Both InNNis; and InNCos adopt the antiperovskite crystal struc-
ture, and their lattice parameters are 3.854 and 3.844A,
respectively. These two compounds show metallic behavior in
temperature dependence of the resistivity from 5 to 300K, and
exhibit a Fermi liquid behavior below 70K. Measurements of
magnetization indicates that they have spin-glass-like properties.
InNNi3; and InNCos are two new members of the larger category of
antiperovskite nitrides and the synthesis route employed in this
work may be used to prepare other nitride-containing antiper-
ovskites. The synthesis and systematic study of these types of
antiperovskites are important in identifying and understanding
new structure-property relationships. Studies on new nitride-
containing antiperovskites by substituting In and Ni with other
metals are well under way in our laboratory.
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