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Doping Effect of Co at Ag Sites in Antiperovskite MngAgN Compounds *
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Antiperovskite compounds MnsAgi—Coz N (x = 0.2, 0.5 and 0.8) are synthesized and the doping effect of the
magnetic element Co at the Ag site is investigated. The crystal structure is not changed by the introduction
of Co. However, with the increase of the content of Co, the spin reorientation gradually disappears and the
antiferromagnetic transition changes to the ferromagnetic transition at the elevated temperature when x = 0.8.
In addition, all of the magnetic phase transitions at the elevated temperature are always accompanied by the
abnormal thermal expansion behaviors and an entropy change. Moreover, when x = 0.8, the coefficient of
linear expansion is —1.89 x 107° K=t (290-310K, AT = 20 K), which is generally considered as the low thermal

expansion.

PACS: 75.50.Ee, 75.50.Gg, 65.40.De

Mn-based antiperovskite MngAX (A= Zn, Cu, Ag,
Ni etc. X= N, C etc.) series with cubic structure and
Pm3m space group symmetry have attracted consid-
erable attention due to their interesting physical prop-
erties derived from the relationship between magnetic
properties and crystal lattices, such as magnetocaloric
effect,['] giant magnetoresistance,”! abnormal thermal
expansion,* ") giant magnetostriction,!%" and shape
memory effects.[®] In addition, these compounds have
a number of advantages, e.g. they are stable in air,
have good mechanical properties,[’~'? and high elec-
tric and thermal conductivity.['”!

In these compounds, the magnetic Mn metallic
atoms are located at the face-centered positions in
a cubic lattice; the A atom lies at the cubic cor-
ner and the nonmetallic X atom occupies the body-
centered position. Antiperovskite manganese nitrides
are strongly electron-correlated materials. In MngAX,
narrow bands are formed near the Fermi level by the
strong hybridization between X 2p and Mn 3d orbitals.
The occupation of these narrow bands is changed sen-
sitively with the number of the valence electrons on
the A site due to the fact that the A atoms provide
the itinerant electrons at the Fermi level. Hence, the
element A plays an essential role since it contributes
directly to the electronic states near the Fermi level
that exert a dominant effect on the physical proper-
ties.

In this work, the antiperovskite MnzAg;_,Co,N
(z = 0.2, 0.5 and 0.8) compounds were successfully
synthesized and the doping effect of the magnetic ele-
ment Co at Ag sites on the physical properties of an-
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tiperovskite MngAgN compounds was investigated by
means of magnetic, lattice and specific heat measure-
ments. The results show that the spin reorientation
gradually disappears with the increase of the content
of Co. Moreover, the antiferromagnetic transition be-
comes ferrimagnetic at an elevated temperature when
x = 0.8 accompanied by the negative thermal expan-
sion behaviors and an entropy change.

Polycrystalline samples with nominal compositions
of Mn3Co;_,Ag,N (0< x <1) were prepared by a
solid-state reaction in a vacuum (107°Pa) by using
MnsN, Co (99.99%), and Ag (99.99%) as starting ma-
terials. Initially, the binary precursor MnyN was pre-
pared by firing Mn powder (99.99%) in nitrogen gas
at 750°C for 60 h. The stoichiometric amounts of the
precursors corresponding to the desired x values of
0.2, 0.5, 0.8 were mixed together, milled and pressed
into a pellet by using a hydraulic press. The pellets
were wrapped in a tantalum foil, sealed in vacuum in
a quartz tube, sintered at 800°C for 80h, and then
cooled to room temperature. The procedure was re-
peated until a pure single phase was obtained.

The crystallinity and phase of the obtained sam-
ples were studied by using powder x-ray diffraction
(PANalytical X’Pert Pro multipurpose XRD) analysis
performed at room temperature by using monochro-
matic Cu K, radiation in the 20 range 20°-~110°. Then
the lattice parameters were determined by the Ri-
etveld analysis, which was performed by using the
Fullprof program. For the lattice variation with tem-
perature, i.e., thermal expansion properties, variable
temperature x-ray diffraction ranging from 220 to
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360K was carried out on an X’Pert PRO powder
diffractometer. The sample was heated to the de-
sired temperature at a rate of 10 K/min and kept for
10 min for the XRD measurement. The XRD patterns
at different temperatures were recorded, and then the
lattice parameters were determined by the Powder
X software.l'"] The temperature dependence of mag-
netic susceptibility was measured between 5K and
350K in an applied magnetic field of 30 kOe, by using
the quantum design magnetic property measurement
system (Quantum Design MPMS-XL). The measure-
ments were conducted under both zero-field-cooling
(ZFC) and field cooling (FC) conditions by using a
specific quantity of loosely gathered powder of each
compound.
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Fig.1. (Left) Rietveld analysis of the XRD patterns for
MnzAg 1-CorN observed at room temperature. The
cross marks and solid lines show the observed and calcu-
lated patterns, respectively. The difference between them
is shown at the bottom of each panel. The positions of the
Bragg reflections are marked by ticks. Excluded regions
are the diffraction peaks of copper. The plot in the inset
shows the schematic crystal structure of MngAg;_Co,N.
(Right) Variations of the cubic lattice parameter and lat-
tice volume versus  (Co content). The error bars are
smaller than the data markers.

The crystal structures of the MnzAg;_,Co,N (z =
0.2, 0.5 and 0.8) compounds were analyzed by XRD
using the Fullprof software. Figure 1 shows the XRD
patterns for the MngAg;_,Co,N compounds observed
at ambient temperature and pressure. An initial anal-
ysis of all the patterns was carried out by assuming a
Pm3m unit cell with N, Ag/Co, and Mn atoms at the
la site (0, 0, 0), 1b site (1/2, 1/2, 1/2), and 3d site
(1/2, 0, 0), respectively. As a result, all the diffraction
peaks could be fitted well with this model, indicating
that the Pm3m model is suitable for Mn3Ag;_,Co,N
compounds. It is worth noting that peaks related to
impurities were not noticeable in any of the patterns,
indicating the excellent quality of the compounds pre-

pared.

The cubic lattice constant was calculated by the
analysis of the XRD patterns and is displayed on the
right of Fig.1 along with the cubic unit cell volume
as a function of the cobalt concentration. The data
of MnzAgN and Mn3zCoN were previously measured
by our group!'”! (the work about Mn3zCoN is submit-
ted). The lattice constant decreases linearly with the
increase of the cobalt content, which is due to the fact
that the atomic radius of silver is larger than that of
cobalt. The plot also indicates that cobalt does indeed
replace silver in the cubic structure as designed.

Most of the interesting changes in the physical
properties of antiperovskite compounds are caused
by the magnetic phase transition, thus we investi-
gate the magnetic properties of the MngAg;_,Co,N
compounds, as shown in Fig.2. For each curve, a
bifurcation exists between the ZFC and FC curves
at low temperature, implying the appearance of the
magnetic frustration.l') When = = 0.2 and 0.5, i.e.,
MI’lgAgo_SCOOAQN and MH3Ag0_5COO_5N, the magnetic
transition curves M (T') exhibit two cusps. The mag-
netic transitions at the elevated temperatures are
caused by the antiferromagnetic transition. Accord-
ing to Fruchart et al. and our previous work about
the Mn3Ni;_,Ag,N compounds, it can be speculated
that the low-temperature magnetic transition should
be ascribed to a spin reorientation,!'”'" which is of-
ten observed in the antiperovskite MngXN (X=Ag,
Ni, Sn, etc.) compounds.!'” 1]
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Fig. 2. Temperature dependence of the magnetization for
MngAgi—4CozN compounds: (a) z = 0.2, (b) x = 0.5 and
(¢) # = 0.8. (d) Temperature dependence of the inverse
magnetization of the Mn3Agj_,CozN compounds. The
dashed lines correspond to a linear fit.

Fruchart et al. reported that the magnetic struc-
ture of MngAgN below 55K is the combination of
two triangular AFM structures, i.e., I'sy and I}g.
MnzAgN between 55 and 290K, an entirely triangu-
lar AFM I, exists. That is, the presence of trian-
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gular AFM in Mn3AgN is based on the symmetry
of I'yy and I, or their combination of these mag-
netic structures, i.e., rotation of the triangular mag-
netic moment in the (111) crystal plane. As the tem-
perature decreases, the rotation occurs and the axis
changes with no changes in the magnitude of mo-
ments or in the lattice, and then the spin reorien-
tation occurs. For the MnzAg;_ ,.Co,N compounds,
when z = 0.2 and 0.5, as the temperature decreases,
the paramagnetic-antiferromagnetic (PM—AFM) tran-
sition occurs. With a further decrease in the temper-
ature, the spin reorientation occurs like the MngAgN.
However, details of these complicated spin structures
should be further investigated. With the increase of
magnetic element Co content, the transition at the low
temperature becomes increasingly inconspicuous, and
there is just one magnetic transition at the elevated
temperature when z = 0.8.

To further determine the essential of the magnetic
transition properties at the elevated temperature, the
Curie-Weiss law is used to analyze the data. The ex-
pression x(T) = C/(T — Ow), where C is the Curie
constant and Gw is the Weiss temperature, is ap-
plied to the paramagnetic phase region as shown in
Fig.2(d). For x = 0.2 and 0.5, Ow is negative in-
dicative of dominant AFM interactions. However, for
xz = 0.8, a positive O is obtained, suggesting that
the AFM interactions are no longer dominant and the
ferromagnetic phase appears in the compounds.
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Fig. 3. Temperature dependence of the lattice parame-
ter for Mn3Ag;_;CozN (a) 2 = 0.2, (b) x = 0.5 and (c)
z=0.8

Antiperovskite compounds Mn3AN are typically
strongly correlated electron materials. Narrow bands
are formed by the strong hybridization between N 2p
and Mn 3d orbitals, whose energy levels are close to
the Fermi surface, based on the Labbe’-Jardin tight
binding model.””) The A atoms provide the itinerant
electrons at the Fermi level, therefore, the occupation
of these narrow bands changes sensitively according
to the number of valence electrons on the A site. In

addition, a critical distance d. between the Mn atoms
has often been stated as being a major parameter in
the characterization of the magnetic order due to the
fact that the density of states at the Fermi level varies
considerably at d.. The number of valence electrons
and atomic radius are different between Ag and Co,
thus the occupation of these narrow bands and the
critical distance will change after the substitution Co
at the Ag site.?!??]

Furthermore, the metal A can modify the intra-
and (even more) the inter-atomic exchange integrals
and thus contributes to the diversity of magnetic
structures. Co, as a 3d magnetic metal element, not
only is involved in the magnetic interaction through
the above two methods, but also can be directly in-
volved in the interaction between the Mn—Mn mag-
netic atoms to participate directly in the role for form-
ing magnetic phases. Thus the introduction of Co in
the lattice will shift the energy levels close to the Fermi
surface, leading to different magnetic behaviors as a
function of temperature.

Figure 3 shows the temperature dependence of
the lattice constant for MnzAg;_,Co,N. All of the
MnzAg;_,.Co,N compounds present negative ther-
mal expansion behavior around the magnetic tran-
sition at the elevated temperature, while the cubic
structure remains in the whole measured tempera-
ture range. The line coefficients of the thermal ex-
pansion are —3.92 x 1075K~! (260-300K, AT =
40K), —4.96 x 107K~ (300-320K, AT = 20K)
and —1.89 x 107K~ (290-310K, AT = 20K),
which are generally considered as the low thermal ex-
pansion (LTE), for MngAgp sCog 2N, MngAg 5Cog 5N
and MngAg 2Coq gN, respectively. However, there is
no abnormal change in the lattice around the reorien-
tation magnetic transition when x = 0.2 and 0.5.
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Fig. 4. Temperature dependence of the specific heat Cp
of MngAgi_;CozN (z = 0.2, 0.5 and 0.8) compounds at
the high-temperature transition. The inset shows the es-
timation of entropy increments S.

To further investigate the nature of the magnetic
transitions, the specific heat C}, was measured over
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the temperature range 240-370 K, as shown in Fig. 4.
The peaks in the plot of C}, versus T' are separately
observed at 320K, 310K and 307K for x = 0.2, 0.5
and 0.8, close to the high-temperature magnetic tran-
sition. To estimate the transition entropy AS, the
polynomial function was first applied to the C,—1" data
above and below the transition, excluding the region
near the transition. We then subtracted the polyno-
mial function from the total C, and integrated the
result versus temperature. This procedure results in
an estimate of AS of approximately 0.49R, 0.64R and
0.60R for x = 0.2, 0.5 and 0.8, respectively, where R is
the molar gas constant. The entropy increments AS
and the enthalpy increments AH are shown in Table
1.

Table 1. The entropy increments AS and the enthalpy incre-
ments AH at the transitions.

Sample T (K) AS1/R AH; (J/mol)
Mn3zAgp.sCog.2N 321.40 0.49 1309.34
Mn3zAgp.5Cog.5N 311.97 0.64 1659.98
Mn3Ago.2Cop.sN 307.38 0.60 1533.33

The observed entropies may be ascribed to three
additive contributions AS = AS; + AS,, + AS.. The
contributions are caused by the volume, magnetic
and electronic changes, respectively. We can estimate
roughly by the relation where the thermal expansion
coefficient is obtained from the variation of the lattice
parameter with the temperature; x is the isothermal
compressibility estimated to be 0.5 x 10~ Pa—1[23]
and AV is the volume change at the transition. From
this, we obtain that AS;/R at the elevated tem-
peratures for MnsAgy gCop.oN, MnzAgy 5Cop.sN and
MnzAgy 2CopgN are ~ —0.51, ~ —0.26 and ~ —0.31,
thus AS,, + AS. ~ 1R, 0.9R and 0.91R, respectively.
However, independent AS,, and AS, cannot be ob-
tained from the present data only. Since the measure-
ments of heat capacity C, are affected by the nature
of the magnetic transition, additional studies are ex-
pected to make further quantitative analysis possible.

In conclusion, we have discussed the doping effect
of Co on the magnetic, thermal expansion properties
and heat capacity in the antiperovskite compounds
MnszAg,Co;_.N. When & = 0.2 and 0.5, the magnetic
transition exists due to spin reorientation as the tem-
perature decreases. As the content of Co increases, the
spin reorientation gradually disappears, moreover, the
antiferromagnetic transition at the elevated tempera-
ture becomes ferrimagnetic transition when = = 0.8.

Isotropic negative thermal expansion behavior is ob-
served around the magnetic transition at the elevated
temperature in all of the samples. Especially, when
x = 0.8, the coefficient of the linear expansion is
—1.89 x 1079 K=t (290-310K, AT = 20K), which
is generally considered as the LTE. Furthermore, all
the magnetic transitions at the elevated temperature
are accompanied by an entropy change, about 0.49R,
0.64R and 0.60R for z = 0.2, 0.5 and 0.8, respectively.
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