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Synthesis and Magnetic Properties of (Mgg_,ALIMnQOg {0 < x < 0.3)
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Murdochite-type (Mg, -, AlJMnO, (0 = x = 0.3) was synthesized at 1073 K using a solid state reaction.
The celt constants of (Mg, _ AL IMnOy monotonously decrease with increasing x. From the results of
the magnetic measurement, both low-spin and high-spin states of Mn'* ions coexist. The binding energy
of Mn 2p,,; determined from XPS measurement is independent of the composition. But the full width
at half maximum (FWHM) of the Mn Zp,, peak increases with increasing x. The presence of both low-
spin and high-spin states of the Mn®' ion causes an increase of the FWHM of the Ma 2p,; peak.
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Introduction

‘The crystal structure of murdochite-type
Mg MnO, is cubic with ¢ = (.8381 = 0.0002
nm and space group Fmdm (I). Mg,MnO,
is considered to be derived from the rock-
salt structure of MgO by replacement of
one-eighth of the Mg?* ions with Mn** jons
and onc-cighth with vacancies. Mn** jons
and vacancics occupy (111 alicrnate lattice
bayers and are ordercd within the Jayers.
Both Mg and Mn** ions are octahedrally
coordinated by six oxygen ions (2).

Mg MnO; is generally synthesized at high
temperature {(over 1173 K} in the flow of
oxygen gas using a solid state reaction. Al-
though the molar ratio of Mg/Mn in the start-

' To whom correspondence shouid be addressed.

ing materials was stoichiometric {6/1), the
X-ray powder diffraction pattern shows that
the sample fired at high temperature is a
mixture of Mg,MnOy and MgO (7, 2). For
this reason, excess magnesium oxide or
magnesium acetate is generally used to syn-
thesize Mg MnQy (the molar ratio of Mg/Mn
> 6f1), and excess MgO in the sample is
removed by washing with a hot 1092 solution
of NH,Ci. By using a sol-gel process, Ta-
guchi er al. synthesized MgcMnOy, from the
stoichiometric molar ratio of Mg/Mn (3).
Porta and Valigi measured the magnetie
susceptibility of MgiMnOy in the tempera-
ture range 98-294 K (2). MgMnOy has a
weak antiferromagnetic interaction with
paramagnetic Curie temperature (T = —20
+ 5 K. The effective magnetic moment (i)
in the paramagnetic region is 3.94 = (.08
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iy, and this value agrees with the spin-only
value calculated for a 3d” ien in the octahe-
dral configuration (3.87 pg).

Cimino and Indovina measured the cata-
lytic activity of Mg,MnQ; and o-Mn,0; for
N,O decomposition (4). Although Mg.MnOy
can decompose N,O, the catalytic activity
of MgMnQy is lower than a-Mn,O,. This
result shows that Mn?" ions are more active
in N,O decomposition than Mn** ions.

In the present study, we tried to synthe-
size (Mgq_ Al )MnQy at low temperature us-
ing the solid state reaction. As the valence of
Alions is 3+, Mg, _, Al }MnOj; has a mixed
valence of Mn (3+ and 4+) and the ratio of
Mn**/Mn** changes linearly with increasing
x. From crystallographic, magnetic, and X-
ray photoelectron spectroscopy (XPS) mea-
surements, we made clear the electron con-
figurations of both Mn** and Mn’** ions.
These results provide some information for
improving the catalytic activity of Mg,MnQOy
in N,O decomposition.

Experimental

Mg,_ AloMnO; (0 = x =< 0.3) was syn-
thesized by solid state reaction. Powders of
Mg(CH,COO), - 4H,0, AlL,O(CH,COO0), -
4H,0, and Mn(CH,COQ), - 4H.,O were
weighed in the proper proportions and
milled with acetone. After the mixed pow-
ders were dried at 373 K, they were calcined
at 673 K for 6 hr in a flow of pure oxygen
gas. Then they were fired at 873 K for 6 hr,
at 973 K for 6 hr, and finally at 1073 K for 6
hr in a flow of pure oxygen gas.

The phases of the samples were identified
by X-ray powder diffraction with mono-
chromatized CuKe radiation. The cell con-
stants of the samples were determined from
high-angle radiation with Si as a standard.

The magnetic susceptibility was mea-
sured by a magnetic torsion balance in the
temperature range 80 to 550 K. XPS mea-
surement was carried out for the Mg 2s, Mn
2p, and O ls levels of the samples using
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FiG. 1. Cell constant vs composition for the system
(Mg Al)MnO;.

Mg Ko radiation at room temperature, The
energy calibration was made against the C
s peak from the usual contamination.

Results and Discussion

X-ray powder diffraction patterns of
(Mge_ AIMnO; (0 < x < 0.3) were com-
pletely indexed as a murdochite-type struc-
ture. As (Mg, Al )MnO; was synthesized
below 1073 K, we could not find MgO at all.
In the range x > 0.3, the samples had both
murdochite-type oxide peaks and extra
peaks. The relation between the cell con-
stants and the composition is shown in Fig.
1. The cell constants decrease monoto-
nously with increasing x. The coordination
number of Mg>", AP, Mn**, and Mn®* ions
is 6, because (Mg,_ Al MnQOy is derived
from the rock-salt structure. The ionic radii
of Mg**, AP, Mn*", Mn*" (low-spin state),
and Mn** (high-spin state) ions are 0.072,
0.053, 0.054, 0.058, and 0.065 nm, respec-
tively (5). We calculated the rate of increase
for the icnic radius of (Mge_ Al)MnQy as
foliows. Equations (1)-(3) are for the Mg
site and for two Mn-sites (Mn*" and low-
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spin state of Mn*" ions, Mn'* and high-spin
state of Mn?" ions), respectively:

(rug — Fad )y = —264% (1)
=74% (2

(’.Mnﬁ - rMnh (high-spin .‘.lale))/‘rl\dlf1+ = 2'04% (3)

(Pan®* = FMo®* tlow-spin sate)Fin*

In these equations, r is the 1onic radius.
Though the rate of increase for the Mn site
is positive, the absolute value for the Mn
site is smaller than that for the Mg site. From
these results, the monotonic decrease of the
cell constants is explained by the difference
in the rate of increase for the 1onic radii of
the Mg site and the Mn site.

The magnetic susceptibility (x) of
(Mg,_ Al)MnO; was measured in the tem-
perature range from 80 to 330 K. (Mg _ Al )-
MnO; is antiferromagnetic with paramag-
netic Curie temperature (T,) = —23 £ 6 K,
T, is independent of the composition. The 1/
x-T curves for 0 = x = 0.3 are linear and
follow the Curie-Weiss law, We calculated
the effective magnetic moment (w.y) from
the linear portion of the 1/y-Tcurves. Figure
2 shows the relation between gy and the
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FiG. 2. Effective magnetic moment vs composition
for the system (Mg, _ AldMnOg. Line i is for the high
spin-state of Mn*", line 2 is for the low spin-state of
Mn**, and line 3 is for the coexistence of the low-spin
and high-spin states of Mn** ions.
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Fii. 3. XPS spectira of the Mg 25 and Mn 2p levels
for the system (Mg,_ Al )MnOy.

composition. In Fig, 2 the open circles indi-
cate the observed p . The observed p . for
x = 0is 3.87 £ 0.05 py and is nearly equal
1o the value reported by Porta and Valigi
(2). The observed u, is independent of the
composition. Mn** ions (34°) have only one
type of electron configuration with
(de)(dv)". On the other hand, Mn*" ions
(3d°) have two types of clectron configura-
tion: One is the low-spin state with
(dey*(cdy)®, and the other is the high-spin
state with (de)X(dy)'. Lines 1, 2, and 3 are
drawn for the theoretical values calculated
under the following assumptions of the spin
state of Mn** ions: Line | is for the high
spin-state of Mn’*, line 2 is for the low spin-
state of Mn**, and line 3 is for the coexis-
tence of the low-spin and high-spin states of
Mn** ions. As seen in Fig. 2, the observed
o agree with line 3. According to Raccah
and Goodenough, both the low-spin and
high-spin states of Co*" ions coexist in the
perovskite-type LaCoO; (6). The ratio of
the low-spin and high-spin states of Co*”
ions changes with increasing temperature.
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Therefore, the coexistence of the low-spin
and high-spin states of the Mn** ions in
(Mg, Al MnGOy is not unusual,

Taguchi and Shimada measured the XPS
of perovskite-type CaMnO;_; and (Ca,_,.
La)Mn0,4; and discusscd the chemical
bonding of Ca-0, La-0, and Mn-0O from
the absolute values of thc binding energy
difference (ABE) of Ca 2p~-0 15, La 3¢-0
s, and Mn 2p-0 15 (7, 8). Figure 3 shows
the XPS spectra of the Mg 2s,, and Mn
2P levels of (Mg, Al JMnO,. The binding
energies of Mg 25, Mn 2py,, and O 15,
are independent of the composition: 88.4 =
0.1 ¢V for Mg 25,5, 643.0 = 0.2 eV for Mn
2psnp, and 530.2 = 0.2 eV for O 15, In
{Mge_ ALMnOy, there are two types of
chemical bonding: Mg-O-(Al, Mg) and
Mg-0O-Mn—-0O-(Al, Mg). As the occupation
rate of A** ions at Mg?" ion sites is less than
5%, the binding energy of Mg 25 in the
chemical bonding of Mg—O—-{Al. Mg) is not
strongly affected by the A’ ion. According
to Carver et al., the binding energies of Mn
2py, for Mnl,, MnBr,, MnCl,, MnF,, MnS.
and MnQ are 642.1, 6422, 642.1, 642.8,
640.5, and 641.7 eV, respectively (9). From
these values, obviously the binding energy
of Mn 2p;; for Mn—A, or Mn-A (A = halo-
gen or chalcogen) increases with the in-
creasing electronegativity of A. On the other
hand, the binding energy of Mn 2p,, de-
creases with the decreasing valence of Mn
ions; the binding energies of Mn 2p,, for
Mn**0,, Mn**,0;, and Mn**O are 642.4,
641.8, and 641.7 eV, respectively (9), In the
chemical bonding of Mg-0O-Mn-0O-(Al,
Mg)in (Mg, _ Al )MnOQy, the electronegativ-
ity of Al is larger than that of Mg (/0). With
increasing x, though the binding energy of
Mn 2p,5 in a part of the Mn 1ons increases
owing to the high electronegativity of Al,
the binding energy of Mn 2p,, in the rest of
the Mn ions decreases owing to the Mn**
ion. Consequently, the binding energy of
Mn 2p,, cancels and is independent of the
composition.
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The full width at half maximum of thc Mg
25> peak as shown in Fig. 3 is ca. 2.30 eV
and indcpendent of x. With increasing x,
however, the FWHM of Mn 2p,,, increases
from 3.12 to 3.37 eV. From the magnetic
measurement, the Mn** ion has both high-
spin and low-spin states. However, the Mn
2p,, peak is broad and asymmetric as shown
in Fig. 3. According to Kowalczyk er al.,
the Mn 2p,, peak in MnF, 1s broad and
asymmetric toward the high binding energy
site, and this asymmetry was discussed in
terms of multiples splitting (//). From these
resuits, the increase of the FWHM of Mn
2pynis explained by the presence of both the
low-spin and high-spin states of the Mn’*
ton, or by canceling the binding energy of
Mn 2p;,. However, we could not identify
the binding energy of the high-spin or low-
spin state of the Mn** ion from the Mn
2py; peak.

1t is concluded that (Mg, _ Al)MnOz (0 =
x = 0.3) was synthesized at 1073 K using the
solid state reaction. The cell constants of
(Mg._ AlJMnQ; monotonousiy decrease
with increasing x. This decrease depends on
the difference of the rate of increase for the
ionic radii of the Mg and Mn sitcs. From the
results of the magnetic measurement, the
low-spin and high-spin states of the Mn’*
ions coexist. Though the binding energy of
Mn 2p,, is indepndent of x, the FWHM of
thc Mn 2p;, peak increases with increasing
x. The presence of both the low-spin and
high-spin states of the Mn** ion causes an
increase of the FWHM of the Mn 2p,;, peak.
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