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Murdochite-type (Ni,.,Mg };MnO; (0 = x = 0.6) was synthe-
sized at 873 K using the precursor method. The cell constants,
the (Ni, Mg)-0 distance, and the Mn-0 distance linearly increase
with increasing x. These increases depend on the difference be-
tween the ionic radii of the Ni** and the Mg?* ions. The results
of the magnetic measurement display a step in the 1/y-T curve,
which corresponds to the Néel temperature (). This step is caused
by the mixture of the antiferromagnetic cluster due to the 90°
superexchange interaction (NiZ*, Mg?*)}-0-(Ni?*, Mg?*) and
paramagnetic spins for the (Ni2*, Mg?*)-O-Mn** bond. o 199
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INTRODUCTION

NigMnO, (or Mg,MnOy) has the cubic murdochite-type
structure with space group Fm3m (1-3). This structure
is considered to be derived from the rock-salt structure
of NiQ (or MgO) by the replacement of one-eighth of the
Ni2* (or the Mg?*) ions with Mn** ions and one-eighth
with vacancies. The Mn** ions and vacancies occupy
(1 1 1) alternate lattice layers and are ordered within
the layers.

Porta et al. synthesized NigMnOy at low temperatuee
using the precursor method (1). The cell constant of
NigMnOy is 8.306 + 0.003 A. From the magnetic measure-
ment of NigMnQOy in the temperature range from 100 to
300 K, they reported that NigMnOy is antiferromagnetic
and the 1/x-T curve is linear within the temperature range
from 168 to 294 K. The following values have been deter-
mined: The Curie constant (C) is 1.35, the effective mag-
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netic moment (u;¢) is 3.28 g, and the paramagnetic Curie
temperature (73) is —65 K.

Porta and Valigi reported that the cell constant of
Mg MnOyq is 8.381 = 0.002 A 3). MgsMnO; has a weak
antiferromagnetic interaction with T, = —20 = 5 K, and
U.rin the paramagnetic regionis 3.94 * 0.08 pg. Mg, MnO,
is generally synthesized at high temperature (over 1173 K)
under a flow of oxygen using a solid-state reaction. The
X-ray diffraction pattern shows that the sample fired at
high temperature is a mixture of Mg,MnO; and MgO
(2, 3). Recently, Taguchi and Nagao synthesized
MgMnQy from the stoichiometric molar ratio of Mg/Mn
by using a sol-gel process (4).

Cimino and Indovina measured the catalytic activity of
Mg MnOj; and a-Mn,0, for N,O decomposition (5). Since
the catalytic activity of MgsMnQy is lower than that of a-
Mn,0,, the Mn** ions are more active in N,O decomposi-
tion than the Mn** ions. Taguchi et al. synthesized
murdochite-type (Mge_ Al )MnQOy, in which both the -
Mn’* and the Mn** ions coexist and the ratio of Mn**/
Mn** changes linearly with x (6). The cell constants of
(Mg,_.Al)MnQ, monotonically decrease with increasing
x, and this decrease depends on the ionic radii of the
Mg?* and the AI** ions. The result of the magnetic mea-
surements suggests that both the low-spin and high-spin
states of the Mn®* ions coexist in (Mg,_ AlYMnO;. In
the present study, murdochite-type (Ni,_Mg);MnO;
(0 = x = 0.6) was synthesized in order to study its crystal-
lographic and magnetic properties.

EXPERIMENTAL

(Ni,_,Mg,)MnO, was prepared using the precursor
method reported by Porta et al. (1}). The powders (3 g)
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FIG. 1. X-ray powder diffraction patterns for (Ni,_ Mg );MnO;.

of Ni(CH,;COGH),-4H,0, Mg(CH,COOH), - 4H,0, and
Mn(CH,COOQOH}), - 4H,0 were weighed in the desired pro-
portions and dissolved in 100 cm?® of 0.25 N acetic acid.
Then, the 0.15 N aqueous solution (100 cm®) of oxalic
acid was added. The resulting solution was mixed and
evaporated to dryness in a rotary evaporator at
323-343 K. The powder obtained was fired in air at 873 K
for 3 hr. The heating rate was 3 K/min.

The phases of the samples were identified by X-ray
diffraction (XRD) with monochromatic CuKe radiation.
XRD data were collected by step scanning over an angular
range 15° = 28 = 95° in increments of (.02° (26). The
structure refinement was carried out by Rietveld analysis
of the X-ray powder diffraction data with the “RIETAN™
program written by Izumi (7).

The magnetic susceptibility of the samples was mea-
sured by a magnetic torsion balance in the temperature
range from 80 to 623 K. Differential scanning calorimetry
(DSC) of the sample was performed in the temperature
range from 300 to 573 K.

RESULTS AND DISCUSSION

XRD patterns of (Ni;_ Mg,);MnO; (0 = x = (.6) were
completely indexed as the cubic murdochite-type struc-
ture. Figure i shows the XRD patterns of (Ni,_,Mg,)¢
Mn-0;. Since the firing temperature was relatively low,
the XRD peaks of the samples (x = 0.7) were broad, so
it was difficult to be certain that the sample (x = 0.7) has
a single phase. We carried out the structure refinement
of (Ni,_ Mg JMnG; (0 = x = 0.6) by Rietveld analysis of
XRD data. The space group of NigMnO, and MgsMnO,
is Fm3m (1-3). In the present study, isotropic thermal
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parameters (B) for Ni, Mg, Mn, O(1), and O(2) ions were
fixedat0.2,0.2,0.1,0.1, and 0.3 A?, respectively. Refined
structure parameters and residuals, weighted pattern R
factor (Ryp), pattern R factor (Rp), expected R factor (R,),
and integrated R factor (Ry) are listed in Table 1. The final
R, of all samples was less than 3.06%. The present result
suggests that the structure model for (Ni,_ Mg, j;MnOq
is good.

Figure 2 shows the relation between the cell constants
(a-axis) and the composition of x in (Ni;_ Mg)MnQ,.
The cell constants increase linearly with increasing x. The
cell constant for NigMnQOy (x = 0) is 8.3200 (2} A, which
is slightly larger than the value reported by Porta et al.
(1). Since the structure of (Ni,_ Mg,)MnQ, is derived
from the rock-salt structure, the coordination number
(CN) of the Ni®*, the Mg?*, and the Mn*" ions is 6. The
ionic radii of the Ni** and the Mg®” ions are 0.70 and
0.72 A, respectively (8). Therefore, the linear increase in
the cell constants is explained by the difference between
the ionic radii of the Ni** and the Mg?* ions.

Table 2 shows the (Ni, Mg)-0O and the Mn-0 distances
of (Ni,_ Mg ). MnQ; calcuiated from the refined structure
parameters. In the murdochite-type structure, the (Ni,
Mg)-0(1) distance is equal to the Mn—O(1) distance. Both
the (Ni, Mg)-O and the Mn-0Q distances increase with
increasing x. Figure 3 shows one-eighth of the crystal
structure of NigMnOjg. There are two types of NiOg octa-
hedrons (A and B). The NiO, octahedron (A) has four
O(1) and two O(2) ions, and the NiQg octahedron (B) has
two O{1) and four O(2) ions. In this structure, the NiQO,
octahedra (A) and (B) share edges with each other. The
MnQ, octahedron has two O(1) and four O(2) ions. O(1)
ions exist on (0 0 1) planes, while O(2) ions exist on (0 0
0) and (0 0 %) planes.
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FIG. 2. The cell constants (a) vs composition (x) for (Ni,.,
ng)ﬁMrIOB.
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TABLE 1
Refined Structure Parameters for (Ni,_ Mg, ) MnO,

x=0 a=832002) A

x=03 a=2833962 A

Ryp =1032% Rp=7.16% R,=633% R =297% Ryp = 10.11% Rp=7.20% R,= 6.54% R;= 2.58%

Atom Position x ¥ z B Atom Position x ¥ 2z B
Ni 24(d) 0 0.25 0.25 0.2 Ni, Mg 24(dy 0 0.25 0.25 0.2
Mn 4a) Q \] ! 0.1 Mn ) 4 L) a 0.1
o) 8(c) 0.25 0.25 0.25 0.1 O 8(c) 0.25 0.25 0.25 0.1
o 24{e) 0.231(2) 0 i} 0.3 0O 24{e) 0.2312) Q0 4] 0.3

x=01 a=83:262 A =04 a=8.344203) A
Rup =9.04% Rp=645% R.=791% R, =298% Ryp = 10.62% Rp=7.94% R, =6.64% R;=2.69%

Atom Position X ¥ z B Atom Position X y z B
Ni, Mg H(d) 0 0.25 6.25 0.2 Ni, Mg 24(d) 0 0.25 0.25 0.2
Mn 4(a) 0 0 0 0.1 Mn 4a) 0 0 0 0.1
o(i) &(c) 0.25 0.25 0.25 0.1 1) 8(c) 0.25 0.25 0.25 0.1
02) 24(e) 0.231(2) 0 0 0.3 O2) 24(¢e) 0.231(2) 0 0 0.3

x=02 g=8333YA x =05 a=2835064 A
Ryp = 10.82% Rp=720% R, =647% R, =29% Ryp = 11.86% R, = 8.89% R, = 6.76% R, = 2.99%

Atom Position X ¥ z B Atom Position x y z B
Ni, Mg 24(d) ¥] 0.25 0.25 0.2 Ni, Mg 24{d) 0 0.25 0.25 0.2
Mn 4(a) 0 0 0 0.1 Mn 4(a) 0 0 0 0.1
o 8(c) 0.25 0.25 0.25 0.1 (810} 8(c) 0.25 0.25 0.25 0.1
02 24(e) 0.23002) 0 0 03 0@ 24(e) 0.233(2) 0 0 0.3

x =106 a=83565d) A
Ryp = 1258% Ry =9.19% R,=691% R, = 3.06%
Atom Position x ¥ z B
Ni, Mg 24(d} 0 0.25 0.25 0.2
Mn 4a) 0 0 0 0.1
oy 8(c) 0.25 0.25 0.25 .1
O2) 24(e} 0.232(2) 0 0 0.3

The magnetic susceptibility () of (Ni;_ Mg, )sMnO; was
measured in the temperature range from 80 to 623 K.
Figure 4 shows the temperature dependence of the inverse
magnetic susceptibility (1/x). In the range 0 = x = 0.4,
the 1/x—T curve has a step at 460-480 K for x = 0, at
350-380 K for x = 0.2, and at 220-250 K for x = 0.4.
Above the step, each 1/y—T curve obeys the Curie—Weiss
law. Although Porta er al. reported that Ni;MnQ, is anti-
ferromagnetic and obeys the Curie—Weiss law in the tem-
perature range from 168 t0 294 K (1), we could not observe
the Curie—-Weiss law in the 1/x-T curve below the step.
As for x = 0.6, neither the step nor the Curie—Weiss
law has been observed in the temperature range from 80
to 400 K.

The effective magnetic moment (.5} was calculated
from the high-temperature region where the 1/x-T curve
obeys the Curie-Weiss law. Figure 5 shows the relation

between the observed u and x. The broken line in Fig.
5 indicates the theoretical p.; which was calculated on
the assumption of the NiZ* ions with the (de)¥dy)* and
the Mn** ions with the (de)’(dy)®. As for x = 0 and 0.2,
the linear portion obeying the Curie-Weiss law is narrow
in comparison with x = 0.4 and 0.6. Therefore, the ob-
served u.q for x =0 and 0.2 deviates from the theoretical
;. The decrease in the observed p.x is caused by the
substitution of the Ni’* ions by the Mg** ions with no
3d electrons.

Figure 6 shows the differential scanning calorimetry of
NigMnO; (x = 0) in the temperature range from 300 to
573 K. The unit of heat flow in Fig. 6 is the milliwatt
(mW). NigMnO; gave a broad exthothermic peak at ca.
475 K. Because NigMnOj has the cubic murdochite-type
structure at room temperature, it is difficult to bring about
the phase transition from cubic to other symmetry at ca.
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TABLE 2
(Ni, Mg)-O and Mn-O Distance (&) for (Ni,_ Mg,)sMnO,

x {Ni, Mg)-0(1) {Ni, Mg)-0{2} Mn-0O(I) Mn-0(2)
0 2.080 2.086(1) 2.080 1.918(16)
0.1 2.082 2.087(1) 2.082 1.925(14)
0.2 2.083 2.090(1) 2.083 1.920016)
0.3 2.085 2.091{1) 2.085 1.925(15)
0.4 2.086 2.092(1) 2.086 1.931(15)
0.5 2.088 2.093(1) 2.088 1.943(17)
0.6 2.089 2.095(1) 2.089 1.940(18)

475 K. This broad exthothermic peak corresponds to the
step in the 1/x-T curve.

Menshikov et al. reported that rock-salt type (Ni,_,
Mg )O (0.37 < x = 0.6) is antiferromagnetic and has a
step in the 1/x-T curve (9). They considered that the step
was due to the mixture of the antiferromagnetic cluster
and paramagnetic spins. The total magnetic susceptibility,
x(T), is represented as (9)

x(T) = xae(T) + xp(T)

where y 45T} is the temperature dependence of the antifer-
romagnetic cluster which displays a common decrease in
x(T) below Ty, and xp(7) is the Curie-Weiss temperature
dependence of the paramagnetic spin susceptibility. In
(Ni,_Mg)sMnQ,;, the 90° superexchange interactions,
(Ni2+, Mg?*)-O-(Ni%*, Mg?*) and (Ni**, Mg?*)-O-
Mn** | play an important role with regard to the magnetic
properties. It is obvious from Fig. 3 that there is no
Mn**-O-Mn** bond in (Ni,. Mg,)¢MnQy; therefore, we
do not need to consider the 90° superexchange interaction

(1)
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FIG. 3.

One-eighth of the crystal structure of NigMnOj.
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FIG. 4. Inverse magnetic susceptibility (1/x) vs temperature (T) for

(Ni;_ Mg )MnO;.

(Mn**—O-Mn**). NiO exhibits antiferromagnetism with
Ty = 520K and the 90° superexchange interaction
(Ni**—0O-Ni*") is strong and negative (10). From the re-
suits of Figs. 4 and 6, the step in the 1/x—T curve of
NigMnOy is considered to be consistent with Ty. The 90°
superexchange interaction (Ni**—Q-Ni**) is strong and
negative, and corresponds to x,p(7}. On the other hand,
the 90° supercxchange interaction (Ni**-0O-Mn*¥) is
weak and positive (11). Thus, the interaction for
Ni?*—O-Mn** is paramagnetic above 80 K and corres-
ponds to xp(T), although the 1/x—T curve does not obey
the Curie—Weiss law below the step. With increasing x
in (Ni,_,Mg)MnQy, the Mg** ions with no 3d electrons
have increased and the (Ni, Mg)-0 and the Mn-0O dis-
tances have expanded. Consequently, both x,x(T) and
xp(T) decrease with increasing x. From these results, it
is considered that the step in the 1/y-T curve is due
to the mixture of the antiferromagnetic cluster ((Ni’*,
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FIG. 5. The effective magnetic moment () vs composition (x) for
(Niy._ Mg, )sMnQy;. Broken line indicates the calculated g g.
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FIG. 6. DSC curve for NigMnO;.

Mg2+)-O-(Ni**, Mg?*)} and paramagnetic spins ((Ni**,
Mg?*)-0-Mn**), and this step shifts to low temperature
with increasing x.

CONCLUSION

The structure refinement of (Ni,_ Mg )MnO; (0 =
x = 0.6) suggests that the cell constants, the (Ni, Mg)-O
distance and the Mn—O distance linearly increase with
increasing x, and that these increases depend on the differ-

TAGUCHI ET AL.

ence between the ionic radii of the Ni?* and the Mg?*
ions. From the results of the magnetic measurement, the
step is observed in the 1/xy-T curve, and shifts to low
temperature with increasing the number of Mg?* ions.
We consider that this step corresponds to Ty, and is caused
by the mixture of the antiferromagnetic cluster due to the
90° superexchange interaction, (Ni’*, Mg?*)-O—(Ni**,

Mg?*), and paramagnetic spins for the (Ni2*,
Mg?*)-0O-Mn** bond.
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