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The synthesis and structural properties of Mg1�xMn2�xO4, for
04x41 are described. Complete miscibility in the solid state
exists for this system. For the material with the correct
stoichiometry, i.e. MgMn2O4, the e4ect of temperature on the
cation distribution was investigated: above 6003C the inversion
degree (m) starts increasing. The electrical conductivity shows
a small dependence on P(O2) which is consistent with the small
oxygen non-stoichiometry determined by means of thermog-
ravimetry. The main contribution to the transport properties
arises from the inversion equilibrium. Two distinct conductivity
regimes, below and above the inversion threshold, can be as-
sumed to explain the electrical conductivity and thermoelectric
power results. � 2002 Elsevier Science (USA)

Key Words: MgMn2O4 spinel; X-ray di4raction; inversion;
electrical conductivity.

1. INTRODUCTION

In recent years, manganese-containing oxides have re-
ceived renewed interest after the discovery, in lanthanum
manganites, of extremely high magnetoresistance values.
Many other phases, such as layered manganites, have been
also studied since the presence of manganese ions with
di!erent oxidation states introduce novel and interesting
properties. We started a systematic characterization of
structural, transport and magnetic properties of manganese
spinel oxides of the general formula AMn

�
O

�
(A"Cd, Mg,

Zn, Mn) that are materials of interest both for fundamental
and industrial research. In particular, some compounds of
this class turned out to be promising materials for mixed
potential oxygenic gas (such as NO

�
) sensors (1}3). From

a structural point of view, AMn
�
O

�
(A"Cd, Mg, Zn, Mn)

spinels, in contrast to the cubic LiMn
�
O

�
spinel, show

a tetragonally distorted structure (hausmannite-like struc-
ture) due to the cooperative Jahn}Teller distortion asso-
ciated with the Mn(III) ions that "ll the octahedral sites of
the oxygen ion closed packed arrangement.
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In a previous investigation (4, 5) we studied in detail the
transport properties of Cd

���
Mn

�
Mn

�
O

�
spinel. By means

of X-ray absorption spectroscopy (XAS) we could show that
cadmium de"ciency is compensated by Mn(II) ions in the
tetrahedral sites of the spinel structure. For applicative
purposes (i.e. as sensor material), anyway, less toxic com-
pounds should be considered. For this reason we started
a deep characterization of the Mg

���
Mn

���
O

�
system, for

04x41, which has been scarcely studied in the previous
literature. There are indeed, some papers dealing with the
study of cation distribution in MgMn

�
O

�
. For this spinel, in

contrast to ZnMn
�
O

�
and CdMn

�
O

�
, there is a greater

tendency for the inversion process to occur. In the present
case, part of the magnesium ions can be found in the
octahedral sites already at room temperature. The inversion
degree is usually expressed by a parameter, m, and following
the spinel formula is written as (A

���
B
�
)���[A

�
B
���

]���O
�
.

However, there are some con#icting reports about the inver-
sion degree for this spinel. In fact, while neutron di!raction
data point to an inversion degree at room temperature close
to 0.2 (6), X-ray di!raction experiments could reveal only
a much smaller "gure, close to 0.02 (7). It is therefore clear
that further experimental investigations are highly desir-
able.

In this paper we present an experimental study of the
synthesis, structure, defect equilibria and transport proper-
ties of MgMn

�
O

�
. In addition, the structural properties of

the Mg
���

Mn
���

O
�

solid solutions (with 04x41) were
also considered in order to de"ne the homogeneity range of
the solid solutions and to study the e!ect of magnesium
replacement in Mn

�
O

�
, which has the same tetragonal

distorted spinel structure.

2. EXPERIMENTAL

Mg
���

Mn
�
Mn

�
O

�
samples were synthesized by solid-

state reaction of stoichiometric amounts of Mn
�
O

�
(Al-

drich, 99.999%) and MgO (Aldrich, 99.9%). Pellets were
prepared from the thoroughly mixed powders and allowed
to react at 12003C for a total time of at least 6 days during
which they were re-ground and re-pelletized at least twice.
1
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FIG. 1. Indexed XRDP pattern of MgMn
�
O

�
.

172 MALAVASI ET AL.
X-ray powder di!raction (XRPD) and electron microprobe
analysis (EMPA) inspections were performed to check the
phase purity of the obtained materials. Samples employed in
the electrical conductivity measurements have been slowly
cooled down to room temperature (103C/min).

X-ray powder di!raction patterns were acquired on
a Philips 1710 di!ractometer equipped with a Cu an-
ticathode, adjustable divergence slit, graphite mono-
chromator on the di!racted beam and proportional
detector. The lattice constants were determined by minimiz-
ing the weighted squared di!erence between calculated and
experimental Q

�
values, where Q

�
"4 sin� �

�
/��

�
and

weight"sin (2�
�
)��. Instrumental aberrations were con-

sidered by inserting additional terms into the linear least-
squares "tting model (8). EMPA measurements were carried
out using an ARL SEMQ scanning electron microscope,
performing at least 10 measurements in di!erent regions of
each sample. According to EMPA and XRPD, the above
synthetic procedure gave single-phase materials; in addi-
tion, for each composition the prepared materials were
found to be homogeneous in the chemical composition,
which was met in fair agreement with the nominal one.

Thermogravimetric measurements were performed under
di!erent atmospheres (obtained by #owing into the appar-
atus certi"ed mixtures of oxygen in nitrogen) with a TA
2905 thermal analysis system. Electrochemical experiments
were executed in a home-made apparatus that permits
measurements to be taken up to 10003C and under selected
atmospheres. Impedance spectroscopy (IS) measurements
were carried out by means of a Solartron 1170 frequency
response analyzer, equipped with an active guard for min-
imizing noise and capacitive e!ects of cables (9). For the
measurements, samples were prepared in the form of disk-
shaped pellets and platinum electrodes were sputtered on
the #at surfaces. DC conductivity measurements were per-
formed by means of a Solartron 1286 galvanostat/voltmeter,
using the four-probe DC method, on samples shaped in the
form of parallelepipeds. The samples employed in the elec-
trical conductivity measurements have been sintered in or-
der to achieve a densi"cation greater than 90%.
Thermoelectric power measurements were carried out by
means of the electrochemical cell described in a previous
work (10) on disk-shaped samples.

A direct Rietveld re"nement on the acquired XRPD pat-
tern for obtaining the inversion degree did not give sensible
results. This is at least partly due to the huge amount of
correlation between the inversion degree and the De-
bye}Waller factors. Thus, for obtaining the m parameter as
a function of temperature, we used the following procedure.
We started a FullProf (11) re"nement of the XRPD patterns
acquired at di!erent temperatures with an arbitrary inver-
sion degree which was kept "xed and in addition was
arbitrarily assumed to be equal for all the temperatures.
This has been done since whatever was the actual value of
the inversion degree, its variation with temperature is quite
small. In this step, we use as re"nement parameter one
isotropic thermal factor (B) arbitrarily assumed to be equal
for all the atoms. We repeated this procedure for di!erent
inversion degrees. This step, therefore, gives a mean inver-
sion degree (with respect to temperature) and for each tem-
perature a mean Debye}Waller factor. Then using this
thermal factor, we simulated the XRPD patterns for di!er-
ent inversion degrees. Simulation of XRPD patterns was
accomplished by means of PowderCell 2.2 (12). Then we
used the ratio between the intensities of (211) re#ection, the
re#ection which is relatively independent of the inversion
degree, and the (101) re#ection which, on the contrary, has
a large dependence on the inversion degree. A comparison
between these calculated ratios and the experimental ones
gives the inversion degree, m, as a function of temperature.
We can estimate the error in m obtained by this procedure
to be around 5%.

3. RESULTS

Figure 1 reports the indexed X-ray powder pattern for
MgMn

�
O

�
. All the synthesized samples of the

Mg
���

Mn
���

O
�

system, for 04x41, can be indexed as
the tetragonal distorted spinel structure of Mn

�
O

�
(13); this

clearly indicates the existence of a complete miscibility in
the solid state between Mn

�
O

�
and MgMn

�
O

�
. Figures

2 and 3 present the lattice constant, cell volume and tetrag-
onal distortion for the samples prepared. The lattice con-
stant values are reported in Table 1. The tetragonal

distortion is expressed as c/a� where a�"a�2, thus referring
to the face-centered pseudocubic unit cell constructed along
the diagonal of the tetragonal one. As can be clearly seen, by
increasing the magnesium content the lattice parameters,



FIG. 2. Lattice constants in Mg
���

Mn
���

O
�

for 04x41. White
diamonds: c; black squares: a, b.

TABLE 1
Lattice Constant Values for the Samples Considered

Samples a(As ) a� (As ) c (As )

Mn
�
O

�
5.767(1) 8.155(1) 9.474(2)

Mg
����

Mn
���	

O
�

5.763(2) 8.149(3) 9.470(3)
Mg

���

Mn

���

O

�
5.753(1) 8.134(1) 9.432(1)

Mg
���

Mn
��	

O
�

5.744(1) 8.122(1) 9.413(2)
Mg

��

Mn

��

O

�
5.739(1) 8.115(1) 9.397(1)

Mg
���


Mn
���


O
�

5.734(1) 8.109(1) 9.361(1)
Mg

���
Mn

���
O

�
5.730(1) 8.108(1) 9.321(2)

MgMn
�
O

�
5.724(1) 8.094(1) 9.306(2)

MgMn
�
O

�
, 4003C 5.734(1) 8.109(1) 9.359(1)

MgMn
�
O

�
, 6003C 5.736(1) 8.111(1) 9.373(1)

MgMn
�
O

�
, 8003C 5.746(1) 8.125(1) 9.381(1)
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unit-cell volume and the tetragonal distortion reduce. The
almost linear trend of the lattice parameters con"rms the
existence of a complete range of solid solutions between
x"0 and 1. This result is in agreement with electron para-
magnetic resonance (EPR) measurements that we per-
formed on this system (14). An analogous investigation
carried out on Cd

���
Mn

���
O

�
showed that all the EPR

signals at room temperature in CdMn
�
O

�
can be attributed

to Mn(III) in a distorted octahedral environment (15). It
should be noted that Mn(III) (d�) is a non-Kramers ion, and
an EPR signal can be obtained due to the Jahn}Teller
distortion of the coordination octahedron. The Mn(III)
EPR signal in CdMn

�
O

�
is completely analogous to that in

MgMn
�
O

�
, with the exception of a slight decrease in inten-

sity in MgMn
�
O

�
. This decrease in intensity can be at-

tributed to the migration of some Mn(III) from the
octahedral to the tetrahedral sites that is to the presence of
a partial inversion also for those samples slowly cooled to
RT. Concerning the inversion degree of MgMn

�
O

�
spinel,
FIG. 3. Cell volume and tetragonal distortion in Mg
���

Mn
���

O
�

for
04x41. Black triangles down: c/a�; white triangles up: V.
literature data of neutron di!raction experiments suggest an
inversion degree, m, around 0.2 (6) for annealed samples;
opposite, X-ray data incline (7) to a value one order of
magnitude lower. It should be noticed that the data re-
ported in Ref. (6) refer mainly to samples quenched from
temperatures above 5503C. Therefore, an investigation of
the dependence of the inversion degree on ¹ is desirable. We
have therefore performed in situ powder X-ray di!raction
experiments at high temperatures in the range
3004¹48003C. The XRPD patterns at di!erent temper-
atures are shown in Fig. 4. The main result is the increase in
intensity of some new peaks which can be attributed to
cubic MgMn

�
O

�
(see the indexed bars at the bottom of

Fig. 4. These bars refer to the cubic Mn
�
O

�
since no JCPDS

"le of cubic MgMn
�
O

�
is available). The coexistence of

tetragonal and cubic MgMn
�
O

�
has already been described

in the literature and attributed to a kinetic e!ect (7). We can
FIG. 4. XRPD patterns acquired at high-¹ for MgMn
�
O

�
. Reference

lines correspond to the cubic Mn
�
O

�
.



FIG. 5. Behavior of intensity ratio between (211) and (101) re#exes with
¹ for MgMn

�
O

�
(solid circles) and for simulated pattern with various

inversion degree values (open circles).

FIG. 7. Thermoelectric power (�) as a function of temperature for
MgMn

�
O

�
in air.
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note here that: (a) this behavior is fully reversible, i.e.
a sample "red at 10003C and then cooled down to room
temperature showed no traces of the cubic phase; and (b) the
amount of the cubic phase is always quite small. From the
XRPD patterns of Fig. 4 it is possible to determine the
lattice constants as a function of ¹. It should be noted that
above 6003C, the c/a� ratio for the tetragonal phase reduces
progressively on increasing the temperature. This trend can
be explained by the progressive replacement of Jahn}Teller
Mn(III) ions on the octahedral structure sites by Mg(II)
ions. Moreover it is believed that, as the inversion process
takes place, charge compensation requires the formation of
a Mn(IV) ion on the octahedral sites for each Mn(II) placed
on the tetrahedral one (16). We may evaluate the progressive
increase of the inversion process by considering the intensity
of the re#ections that are more sensitive to the cation
exchange, that is (112), (321) and (101), and normalize them
to the intensity of the (211) peak which is relatively steady
with the inversion process. The normalized intensity of
FIG. 6. Weight change in pure oxygen for MgMn
�
O

�
.

those three peaks show similar temperature dependencies.
In Fig. 5, we presented the behavior of the integrated inten-
sity ratios between (211) and (101) di!raction as determined
by the X-ray di!raction patterns of Fig. 4 compared with the
calculated intensity ratios (see the Experimental section for
details). As can be seen, the inversion degree ranges from 22
to 30%; it is stable between 400 and 6003C and rises to
8003C.

The possible oxygen content deviations have been ex-
plored for MgMn

�
O

�
by means of thermogravimetry. We

measured the weight change of an MgMn
�
O

�
sample in

pure oxygen in the range 4004¹48003C. The results are
reported in Fig. 6. By means of reduction with hydrogen we
determined that the material contains four oxygen atoms
FIG. 8. Electrical conductivity (�) vs temperature for MgMn
�
O

�
at

di!erent oxygen partial pressures P(O
�
). Black squares: 1 atm; white

squares: 10�� atm; black triangles down: 10�� atm; white triangles down:
10�� atm.



FIG. 10. Logarithm of electrical conductivity (�) vs logarithm of the
oxygen partial pressure. Same data as Fig. 9.
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per formula unit at 7003C. As can be seen, the oxygen
content variation is detectable but small.

Electrical conductivity measurements have been carried
out extensively on the MgMn

�
O

�
sample. To check the

di!erent possible contributions to the electrical response the
sample underwent impedance spectroscopy (IS) analysis.
The spectra recorded in air at RT and in the frequency range
3.2�10��4�450,000 Hz show the presence of a single
semicircle which allows us to conclude that the only contri-
bution to the electrical conductivity is the bulk one. Ther-
moelectric power, �, measurements have been performed in
air in the range 4504¹48003C. The plot of � vs ¹ is
reported in Fig. 7. From the positive values of � we can
conclude that MgMn

�
O

�
is a p-type conductor in the whole

¹ range considered. The presence of the kink around 7003C
in the results suggests the presence of two distinct conduc-
tion regimes.

Four-probe DC electrical conductivity measurements
have been performed in the range 5004¹48503C and
14P(O

�
)410�� atm. The results are presented in Fig. 8.

The material displays a semiconducting-like behavior at all
P(O

�
) with conductivity increasing with increasing temper-

ature. In addition, the data show an almost negligible de-
pendence on oxygen partial pressure. This is a clear
indication that the main charge carriers are not produced by
defect equilibria involving oxygen defects. The activated
behavior of conductivity is well revealed by the Arrhenius
plots of the same data shown in Fig. 9. In all the isobaric
curves a change in slope is evident at around 6503C. This is
a further indication of a change in the conduction mecha-
nism at this temperature, in agreement with the results of
electric thermopower measurements. The activation ener-
gies (E

�
) determined by the slope of the interpolating curves

point out that the activation energies for the low-¹ regime
(under ca. 6503C) are very slightly P (O

�
) dependent, with an

average value of 1.1 eV. For the high-¹ regime the activa-
tion energy values are a little more P(O

�
) dependent with
FIG. 9. Logarithm of electrical conductivity (�) vs reciprocal temper-
ature (Arrhenius plots) for MgMn

�
O

�
. Same data as Fig. 8.
E
�

increasing on decreasing the oxygen partial pressure
from 1.3 to 1.6 eV. The log}log plot of conductivity data is
presented in Fig. 10. Each set of data can be nicely interpo-
lated by a straight line with a slope gradually changing from
positive to negative being null at around 7003C. The slope of
these curves is anyway very small, which to a greater extent
suggests a modest dependence of transport properties from
P(O

�
).

4. DISCUSSION

A correct understanding of MgMn
�
O

�
transport proper-

ties requires one to think about all the possible defect
equilibria which could be involved as the two thermodyn-
amic variables, ¹ and P(O

�
), are varied. We observed from

di!raction, particularly from high-¹ data, that above 8003C
a cubic phase forms (minority phase) beside the main tetrag-
onal one. By indexing the di!raction patterns, a progressive
contraction of the c/a� value for the tetragonal phase arises
starting from 6003C. These "ndings can be understood by
considering the inversion process which takes place in the
MgMn

�
O

�
spinel. This can be described, within the

KroK ger}Vink notation, by the following quasi-chemical
equilibrium:

Mg�
��

#2Mn�
��

�Mg�
��

#Mn�
��

#Mn'
��

. [1]

This process starts at around 6003C and becomes progress-
ively more important as the temperature increases. If Eq.
[1] holds, as inversion proceeds, for each Mg ion placed on
an octahedral site a Mn(IV) ion forms for charge compensa-
tion. This re#ects the reduction of tetragonal distortion with



176 MALAVASI ET AL.
temperature caused by Jahn}Teller Mn(III) ions depletion
on the octahedral sites. Below 6003C, the inversion degree is
constant and corresponds to one of the as-prepared samples
that we estimated to be around 22%. The simultaneous
presence of Mn(III) and Mn(IV) ions and the activated
nature of charge carrier transport points out a hole hopping
mechanism between ions of di!erent oxidation states. This
is a plausible conduction mechanism in transition metal
oxides with large lattice distortions. Between 400 and
6003C, the amount of charge carrier is constant and the
activation energy (1.1 eV), which is dominated by the energy
required by the hopping process, is not in#uenced by P(O

�
).

Above the threshold of inversion process (at about 6003C),
the E

�
increases since now an additional activated term is

required to consider the formation process of Eq. [1]. This
activation energy varies with oxygen partial pressure. The
kink present in all the Arrhenius plots for the isobar curves
and in the thermoelectric power graph marks the transition
between the two regimes.

The e!ect of P (O
�
) on the electrical conductivity is not

the dominant process in de"ning the transport properties of
MgMn

�
O

�
as can be seen by the small slopes found in the

log}log plots (Fig. 10). In any case, the variation of slope,
from positive (¹(7003C) to negative (¹'7003C), may be
rationalized by coupling the thermogravimetry results and
the plausible gas}solid quasi-chemical equilibria for
MgMn

�
O

�
. Below 7003C, the material is slightly over-

stoichiometric in the oxygen content (cf. Fig. 6) and the
following equilibrium holds:

2O
�

(gas)�4O�


#V��

��
#2V���


��
#8h', [2]

where the subscripts Oct, Te and O denote octahedral,
tetrahedral and oxygen sites respectively. This extrinsic pro-
cess produces charge carriers (holes) and its positive slope
accounts for the progressive increase of conductivity by
increasing P(O

�
). At around 7003C the material attains the

correct oxygen content, i.e. four oxygen atoms per formula
unit. Above this temperature a small oxygen under
stoichiometry is present. Its e!ect on conductivity is oppo-
site to the previous one since now conductivity increases on
reducing P(O

�
). This can be written as

2O�


�O

�
(gas)#2<''



#4e�. [3]

It is clear that now the electrons produced, along with the
oxygen vacancies, reduce the amount of charge carriers
responsible for conductivity. The stronger E

�
dependence on

P(O
�
) in the high-¹ regime may be correlated with a P (O

�
)

dependence of inversion. By reducing P (O
�
), the activation

energy increases and the number of oxygen vacant sites
decreases according to [3]. Even though we have no in-
formation concerning the inversion mechanism, it is likely
that the cationic migration is favored by the presence of
vacant sites in the anion lattice.

5. CONCLUSION

In the present paper, we present the results of the charac-
terization of structure and transport properties of the
MgMn

�
O

�
spinel oxide. The electrical conductivity

measurements can be interpreted by taking into account
two defect equilibria involving (i) the inversion process and
(ii) oxygen non-stoichiometry. It can be argued that the
main contribution to the electrical conductivity arises from
the hopping of positive charge carriers generated by inver-
sion equilibrium. Oxygen non-stoichiometry plays a minor
role because, as evidenced by thermogravimetric determina-
tion, the actual value of oxygen non-stoichiometry is very
small or even negligible.
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