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Murdochite-type (Mg;_.Li,)MnOj; (0.0 < x < 0.3) was synthe-
sized at 973 K in a flow of pure oxygen gas using a solid state
reaction. The cell constants, the (Mg, Li)-O(1) distance, and
the Mn-O(1) distance monotonously decrease with increasing
x. The variation of the effective magnetic moment (u.¢) calcu-
lated from the magnetic measurement indicates that both the
Mn** and the Mn®* ions coexist in (Mg;-,Li,)MnO; (0.0 < x =
0.2). The binding energies of the Mg 2s,,,, Li 1s;,, Mn 2p;,
and O 1s,,, levels of (Mg,-,Li,)MnO; were determined by X-ray
photoelectron spectroscopy (XPS), and they are independent
Of the COHIpOSitiOl’l. [J 1996 Academic Press, Inc.

INTRODUCTION

MgsMnOg has the cubic murdochite-type structure with
space group Fm3m (1, 2). MgeMnOg is considered to be
derived from the rock-salt structure of MgO by the replace-
ment of one-eighth of the Mg?* ions with the 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. Both the Mg®* and the Mn*" ions are
octahedrally coordinated by six oxygen ions (1).

Porta and Valigi reported that the cell constant of
MgsMnOgis 0.8381 + 0.0002 nm (2). MggMnOg has a weak
antiferromagnetic interaction with 7y = —20 = 5K, and ey
in the paramagnetic region is 3.94 + 0.08 B.M. MggMnOgy is
generally synthesized at high temperature (over 1173 K)
in the flow of oxygen using a solid state reaction. Although
the molar ratio of Mg/Mn in the starting materials was
stoichiometric (6/1), the X-ray diffraction (XRD) pattern

! To whom correspondence should be addressed.

220

0022-4596/96 $18.00
Copyright 00 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.

shows that the sample fired at high temperature is a mixture
of MgsMnOg and MgO (1, 2). Recently, Taguchi and Nagao
synthesized MggMnOg from the stoichiometric molar ratio
of Mg/Mn by using a sol-gel process (3).

Taguchi et al. synthesized (Mgs_,Al,)MnOg (0 = x <
0.3) at low temperature using the solid state reaction (4).
(Mge_Al,)MnOg has a mixed valence of the Mn*" and the
Mn** ions. The cell constants monotonously decrease with
increasing x. From the results of the magnetic moment,
both low-spin and high-spin states of the Mn>* ions coexist.
The binding energy of Mn 2p;,, determined from x-ray
photoelectron spectroscopy (XPS) measurement is inde-
pendent of the composition. The full width at half maxi-
mum (FWHM) of the Mn 2p3,, peak increases with increas-
ing x. The presence of both low-spin and high-spin states
of the Mn** ions causes an increase of the FWHM of the
Mn 2p;,, peak.

In the present study, we tried to synthesize murdochite-
type (Mgs-,Li,)MnOyg at low temperature using the solid
state reaction. As the valence of the Liion is 1+, both the
Mn** and the Mn’>* ions must coexist in (Mgs_,Li,)MnOg.
We refined the structure refinement by Rietveld analysis,
and made clear the electron configuration of both the Mn**
and the Mn®" ions.

EXPERIMENTAL

(Mge-,Li,)MnOg(0.0 = x = 0.3) was prepared using the
solid state reaction. Powders of Mg(CH;COO), - 4H,0,
Li(CH;COO) - 2H,0, and Mn(CH;COO), - 4H,0O were
weighted in the desired proportions and milled with ace-
tone. After the mixed powders were dried, they were cal-
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FIG. 1. X-ray powder diffraction patterns for (Mgs-,Li,)MnOsg.

cined at 673 K for 3 hr in a flow of pure oxygen gas. Then
they were fired at 973 K for 6 hr in the flow of pure
oxygen gas.

The phases of the samples were identified by X-ray pow-
der diffractometer (XRD) with monochromatic CuK« ra-
diation. The cell constants of the samples were determined
from high-angle reflections. XRD data was collected by
step scanning over an angular range 15° =< 26 < 100° in
increments of 0.02° (26). The structure refinement was
carried out by Rietveld analysis of the X-ray powder dif-
fraction data with the “RIETAN” program written by
Izumi (5).

The magnetic susceptibility of the samples was measured
by a magnetic torsion balance in the temperature range
from 80 to 600 K. XPS measurement was carried out for
the Mg 2s, Li 1s, Mn 2p, and O 1s levels of the samples
using MgKa radiation at room temperature. The energy
calibration was made against the C 1s peak from the usual
contamination.

RESULTS AND DISCUSSION

XRD patterns of (Mgs-,Li,)MnOg(0.0 = x = 0.3) were
completely indexed as the cubic murdochite-type structure.
Figure 1 shows the XRD patterns of (Mge-,Li,)MnOg
(0.0 =x=0.3). As (Mg¢_, Li,)MnOg was synthesized below
973 K, we could not find MgO at all. In the range x > 0.3,
the sample had both murdochite-type oxide peaks and
extra peaks. The cell constants of (Mgs_, Li,)MnOg (0.0 =
x = 0.3) are shown in Table 1, and slightly decrease with
increasing x. The cell constant of MggMnOyg is 0.83818 *
0.0004 nm, which is equal to the value reported by Porta
et al. (2). Since the structure of (Mgq_, Li,)MnOQOgy is derived
from the rock-salt structure, the coordination number
(CN) of the Mg?*, Li*, Mn**, and Mn>" ions is 6. The ionic
radii of the Mg?*, Li*, Mn*', and Mn°" ions are 0.072,
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0.074, 0.053, and 0.045 nm, respectively (6, 7). The rate of
increase for the ionic radius of (Mge_, Li,)MnOg is calcu-
lated as follows. In this calculation, we assume that the
MnOyg octahedron in (Mge_,Li,)MnOg has no distortion.
Equations [1] and [2] are for the Mg site and for the Mn
site, respectively:

(ri" — rm ) rmt = 2.8% (1]

(I"MnS+ - rMn4+)/rMn4+ = _80% [2]
In these equations, r is the ionic radius. The rate of increase
for the ionic radius of the Mn site is negative, and the
absolute value for the Mn site is larger 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 ionic radii of the Mg site and the Mn site.

We carried out the structure refinement of (Mgs_,Li,)
MnOg (0.0 = x = 0.3) by Rietveld analysis of XRD data.
The space group of MgeMnOy is Fm3m (1, 2). Therefore,
it can be concluded that (Mge_,Li,)MnOg has the same
structure with space group Fm3m. Isotropic thermal pa-
rameters (B) for the Mg, Li, Mn, O(1), and O(2) ions were
refined assuming that they had the same values. Refined

TABLE 1
Refined Structure Parameters for (Mg, Li,)MnOg
Atom Position x y b4 B
x =00 a = 0.83818(4) nm
Mg 24(d) 0 0.25 0.25 0.005(2)
Mn 4(a) 0 0 0 0.005(2)
o(1) 8(c) 025 0.25 025 0.005(2)
0(2) 24(e) 0.230(2) 0 0 0.005(2)
x =01 a = 0.83781(2) nm
Rwp = 12.36% Rp = 8.70% Ry = 2.09% Rr = 1.99%
Mg, Li 24(d) 0 025 0.25 0.006(2)
Mn 4(a) 0 0 0 0.006(2)
o(1) 8(c) 025 025 025 0.006(2)
0(2) 24(e) 0.228(2) 0 0 0.006(2)
x =02 a = 0.83774(1) nm
Ryp = 1310%  Rp = 896% R, = 1.96% Ry = 227%
Mg, Li 24(d) 0 0.25 0.25 0.006(2)
Mn 4(a) 0 0 0 0.006(2)
o(1) 8(c) 0.25 0.25 0.25 0.006(2)
0(Q2) 24(e) 0.228(2) 0 0 0.006(2)
x=03 a = 0.83748(1) nm
Rwp = 14.79% Rp = 10.61% Ry = 2.46% Rp = 2.42%
Mg, Li 24(d) 0 025 025 0.006(2)
Mn 4(a) 0 0 0 0.006(2)
o(1) 8(c) 025 0.25 0.25 0.006(2)
0(2) 24(e) 0.229(2) 0 0 0.006(2)
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TABLE 2
(Mg, Li)-O and Mn-0O Distances (nm) for (Mgs_,Li,)MnOg
x (Mg, Li)-0(1) (Mg, Li)-0(2) Mn-O(1) Mn-0(2)
0.0 0.20955 0.2102(1) 0.20955 0.1925(16)
0.1 0.20945 0.2102(1) 0.20945 0.1912(14)
0.2 0.20943 0.2102(1) 0.20943 0.1912(14)
0.3 0.20937 0.2101(1) 0.20937 0.1918(17)

structure parameters and residuals, weighted pattern R
factor (Rwp), pattern R factor (Rp), integrated R factor
(Ry), and structure factor (Rg) are listed in Table 1. The
final Rg of all samples was less than 3.53%. The present
result suggests that the structure model for (Mge_, Li,)-
MnOy is good.

Table 2 shows the (Mg, Li)—O and the Mn—O distances
of (Mge_,Li,)MnOg calculated from the refined structure
parameters. In the murdochite-type structure, the (Mg,
Li)-O(1) distance is equal to the Mn—O(1) distance. Both
the (Mg, Li)-O(1) and the Mn-O(1) distances decrease
with increasing x. On the other hand, both the (Mg, Li)-
O(2) and the Mn-O(2) distances are independent of the
composition. There are two types of the MgOg octahedra
(A and B) in (Mg, Li,)MnOg. The MgOg octahedron (A)
has four O(1) and two O(2) ions, and the MgOg octahedron
(B) has two O(1) and four O(2) ions. The MgOg octahedra
(A) and (B) share edges with each other. Since the Mn—
O(1) distance is longer than the Mn-O(2) distance, it is
obvious that the MnOy4 octahedron has a distortion.

The magnetic susceptibility (y) of (Mge-,Li,)MnOg
(0.0 = x = 0.3) was measured in the temperature range
from 80 to 600 K. Figure 2 shows the temperature de-
pendence of the inverse magnetic susceptibility (1/y)
for (Mgsolip;)MnOg (x = 0.1). The 1/x-T curves for
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FIG. 2. Inverse magnetic susceptibility (1/x) vs temperature (7') for
(MgsoLip1)MnOg (x = 0.1).
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FIG. 3. Effective magnetic moment (u.r) Vs composition (x) for
the system (Mgg-,Li,)MnOg. The line indicates the theoretical values
calculated on the assumption of the coexistence of the Mn** ion with
(de)*(dy)° and the Mn>* ion with (de)*(dy)".

(Mges_,Li)MnOg (0.0 = x = 0.3) are linear and follow
the Curie—-Weiss law above 300 K. (Mgs-,Li,)MnOg
is paramagnetic with paramagnetic Curie temperature
(Ty) = 6.9 K for x = 0.0, 14.5 K for x = 0.1, 18.7 K for
x =0.2,and 33.1 K for x = 0.3, respectively. We calculated
the effective magnetic moment (w.g) from the linear por-
tion of the 1/y—T curves. Figure 3 shows the relationship
between the observed u g and x. In Fig. 3, the open circles
indicate the observed w.;. The observed we for x = 0.0
is 3.87 = 0.05 B.M.,, and this value is nearly equal to the
value reported by Porter and Valigi (2). The observed
et slightly decreases with increasing x. The line in Fig. 3
indicates the theoretical . that was calculated on the
assumption of the coexistence of the Mn** ion with the
(de)*(dy)° and the Mn>" ion with the (de)*(dy)°. As seen
in Fig. 3, the observed w.y in the range 0.0 = x = 0.2
agree with the theoretical w.¢. On the other hand, although
(Mgs;Lip3)MnOg (x = 0.3) has the murdochite-type struc-
ture, the observed p.g is 3.72 £ 0.05 B.M. and larger by
ca. 0.13 B.M. than the theoretical u.s. These results indi-
cate that both the Mn** and the Mn®" ions coexist in
(Mgg-,Li,)MnOg (0.0 = x = 0.2) and the ratio of Mn>*/
Mn*" increases linearly with x.

We measured the XPS spectra of the Mg 2sy,,, Li 1sy,,
Mn 2p;,,and O 1sy, levels of (Mgg-, Li,)MnOg. The bind-
ing energies of Mg 2sy,,, Li 1sy,, Mn 2p3,,, and O 1sy),
are independent of the composition; 50.1 = 0.1 eV for Mg
2812, 53.7 = 0.7 eV for Li 1sy,, 643.7 = 0.2 eV for Mn
2ps; and 530.6 £ 0.1 eV for O 1sy,. The XPS spectrum
of the Mn 2p;,, level is broad and asymmetric toward the
high binding energy site as shown in Fig. 4. Kowalczyk et
al. reported that the broad and asymmetric Mn 2p;,, peak
in MnF, is due to the multiple splitting (8). The binding
energies of Mg 2s1,,, Al 251, Mn 2p3,,, and O 1sy, in
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FIG. 4. XPS spectra of the Mn 2p;, level of (Mge-, Li,)MnOs.

murdochite-type (Mggs-, Li,)MnOg are also independent of
the composition (4). Taguchi et al. reported the binding
energy of Nd 4d;,, Ca 2p3,, Mn 2ps,,, and O 1sy in
perovskite-type (Nd;_,Ca,)MnO; g9 (9). The binding ener-
gies of Nd 4ds/,, Ca2p;),, and O 1sy, decrease with increas-
ing x. On the other hand, the binding energy of Mn 2p;,
is independent of the composition. The variation of the
binding energy is due to the partial ionic character of Nd
and Ca. The decrease of O 1s;,, is due to an increase of
the valence in the Mn ion. In the present system, the ionic
character of the cation in (Mgs-, Li,)MnOy is not strongly
affected by the substitution of the Li* ion for the Mg?* ion.

There are two types of chemical bonding in (Mge-,Li,)
MnOg. One is Mg?*'-0?"—(Mg?* or Li*) and the other is
Mg?*-0O?* —(Mn** or Mn>")-0O?*"—(Mg?>" or Li"). Since the
occupation rate of the Li* ion at the Mg?* ion sites is
less 5.3%, the binding energy of Mg 2s,,, in the chemical
bonding of Mg*'—-0?> —(Mg?" or Li") is not strongly af-
fected by the Li* ion. Carver et al. reported that the binding
energy of Mn 2p;,, for Mnl,, MnBr,, MnCl,, MnF,, MnS,
and MnO is 642.1, 642.2, 642.1, 642.8, 640.5, and 641.7 eV,
respectively (10). These results suggest that the binding
energy of Mn 2p3,, for Mn-X, or Mn-X (X = halogen or
chalcogen) increases with increasing the electronegativity
of A. On the other hand, the binding energy of Mn 2p;,,
decreases with decreasing the valence of the Mn ion; the
binding energy of Mn 2ps,, for Mn**O,, Mn*,03, and
Mn**O is 642.4, 641.8, and 641.7 eV, respectively (10). The
electronegativity of Li, Mg, Mn**, and Mn’* is 1.0, 1.2, 1.5,
and 2.3, respectively (11). From these values, it is obvious
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that the electronegativity of the Mn ion increases with
increasing the valence of the Mn ion. Therefore, the elec-
tronegativity of the Mn>' ion is larger than that of the
Mn** ion. Now, we consider the chemical bonding of (Mn**
or Mn>*)-0?". The binding energy of Mn 2ps,, decreases
with increasing the valence of the Mn ion. On the other
hand, the binding energy of Mn 2p;,, increases with de-
creasing the electronegativity from the Mn** ion to the
Mn>" ion. Both the increase and the decrease of the binding
energy of Mn 2p;,, occur simultaneously. Consequently,
we could not observe the variation of the chemical shift
of Mn 2p;,, with the composition.

CONCLUSION

The structure refinement of (Mge_,Li,)MnOg (0.0 =
x = 0.3) indicates that the cell constants, the (Mg, Li)-O(1)
distance, and the Mn-O(1) distance monotonically de-
crease with increasing x. From the results of the magnetic
measurement, the 1/y—T curve obeys the Curie—Weiss law
above 300 K. The variation of w.¢ indicates that the ratio
of Mn>*/Mn*" linearly increases with x in the range 0.0 <
x = 0.2. The binding energies of the Mg 2sy,,, Li 1515, Mn
2pss, and O 1sy,, levels of (Mgq_,Li,)MnOg are indepen-
dent of the composition. This independence is explained
by the decrease of the binding energy due to the increase
of the valence of the Mn ion and the increase of the electro-
negativity of the Mn ion.
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