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a b s t r a c t

For the first time by X-ray method two phases of the solid solutions LaCoxGa1�1.2xMg0.2xO3�d and LaCox-

Ga1�1.5xMg0.5xO3�d (x = 0.01–0.10) with different structure were found – rhombohedral and orthorhombic
phases. On the basis of the data on evaporation of the components a synthetic procedure was advanced
allowing the losses of cobalt to be minimized. The study of magnetic characteristics of obtained solid
solutions showed the formation of high nuclearity clusters containing cobalt atoms, and also magnesium
and associated vacancies even in diluted solid solutions. Clusters are characterized by a competition
between ferro- and antiferromagnetic exchange interactions, whereas the long order exchange is
antiferromagnetic.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Solid electrolytes, ionic, electron–ionic conductors based on
oxide matrices are of great practical importance in the technologies
of solid oxide fuel cells (SOFC). Doped lanthanum gallate is one of
the well-accepted subjects used in SOFC owing to a high mobility
of oxygen ions and low coefficients of thermal expansion [1].

A number of works is devoted to the study of the structure and
conducting properties of doped lanthanum gallate [2–5], to the
search for the compositions providing a maximal ionic conductivity.
Introduction of strontium and/or magnesium into lanthanum gal-
late often gives rise to secondary phases of the LaSrGa3O7, LaSrGaO4

and La4Ga2O9 oxides, which decreases the conductivity and life
spans of the material. At the same time the introduction of transi-
tion metal cations along with strontium and magnesium was noted
to result in single phase samples, i.e. is in aid to the stabilization of
the structure of doped lanthanum gallate. Moreover, the concentra-
tion and nature of the dopants drastically affect the conductivity.
Nickel and cobalt containing systems are considered to be the best
conductors and chromium and manganese containing systems –
the worst [2,6–18]. The reasons of the influence of the dopants, as
a rule, are not discussed. The influence of the nature and concentra-
tion of inserted strontium and magnesium on the valence state of a
transition element and interatomic interactions remains an enigma.
Lanthanum gallate doped with bivalent elements and cobalt is
much investigated owing to a sufficiently high ionic conductivity
[9,10,14,16–18]. In this case the data on conductivity appear to dif-
fer significantly, strongly depend on the content of diamagnetic
additions and cobalt, and are badly reproduced. The authors of
[16,17] specify with good reason that only a thoroughly selected
concentration of a transition element can provide for a high con-
ductivity and the transport number of oxygen ions close to a unit.
We can state with assurance that the same is valid for diamagnetic
additions.

It is obvious that the fundamental role in the formation and
migration of vacancies in the doped lanthanum gallate belongs to
its electronic structure – the state of transition element atoms and
interatomic interactions. Systematic study of magnetic properties
of the systems containing strontium, magnesium, and d-elements
as dopants [19–23] showed that a simultaneous doping with a para-
magnetic and a diamagnetic element results in an essential cluster-
ing in the structure, clusters incorporating transition element
atoms, strontium and magnesium, and also the vacancies in the oxy-
gen sublattice. In the case of doping with cobalt and strontium two
problems aroused requiring to be solved.

The first problem is associated with the stoichiometry of the
solid solution being obtained. The ceramic procedure of the synthe-
sis of complex oxide materials is conventional on obtaining any
kinds of construction and functional ceramics. However it has a
number of substantial drawbacks associated with the duration of
thermal treatment resulting in the batch depletion in volatile
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components and in the composition of the final product differing
from the composition of the batch. In particular, in [24] the concen-
tration of cobalt in the system was found to decrease substantially
during high-temperature sintering compared to the equation of the
solid state reaction. We emphasize that in all the works devoted to
the study of cobalt containing systems [9,10,14,16–18] the analysis
of the cobalt content after sintering was not carried out, which, to
some extent cast some doubt on the quantitative data on optimiz-
ing the composition of electron–ionic conductors. Gallium oxide is
known to be characterized by a sufficiently high volatility under
vacuum [25], which can result in its selective evaporation from
the batch and in substantial discrepancies between the composi-
tion specified for the synthesis and the obtained composition, and
also in the emergence of additional phases.

The second problem is associated with the possibility of various
spin states for trivalent cobalt, which must influence interatomic
interactions and, consequently, the conductivity of the ceramics.

This work is devoted to a complex study of lanthanum gallate
doped with cobalt and magnesium with the ratio Co:Mg = 5:1
and 2:1 (LaCoxMg0.2xGa1�1.2xO3�d and LaCoxMg0.5xGa1�1.5xO3�d,
x = 0.01 � 0.10). On the basis of mass spectroscopy data a synthetic
procedure was developed minimizing the losses of cobalt and gal-
lium oxides during high-temperature sintering. The main aim of
the work was to study the states of cobalt atoms and interatomic
interactions in the structure and also to reveal their dependence
on the relationship between cobalt and magnesium in the systems
under study.
2. Experimental

Solid solutions of composition LaCoxMg0.2xGa1�1.2xO3�d and LaCoxMg0.5xGa1�1.5x

O3�d (x = 0.01 � 0.10) were synthesized by ceramic procedure. As starting
substances we used special pure grade La2O3 (99,999%), MgO (99,995%), Ga2O3

(99,999%), and analytical pure grade CoO (9999%). During the high-temperature
sintering (1723 K) of the samples containing strontium and cobalt, as was found
in [24], an essential decrease in the concentration of cobalt was observed. This
can result from a rapid, during about 2 h increase in temperature to 1723 K. A selec-
tive evaporation of cobalt oxide seems to occur during the high-temperature
synthesis.

With the aim to exclude or at least substantially decrease the loss of cobalt it is
necessary to select the temperature and time conditions of the synthesis on the
basis of the X-ray and quantitative analysis of the end product. The control over
the ratio of the components in the solid solution may be carried out with the help
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Fig. 1. Result of the Rietveld refinement for the pattern recorded at room temperature
Rp = 3.95%, GOF = 1.23%, R-Bragg = 1.74.
of quantitative chemical analysis of both the batch and the obtained end product.
This method takes a lot of time, though it is quite efficient. The method of mass
spectroscopy control over the losses in the mass of a sample owing to a selective
evaporation of the solid solution components that we advance makes possible
the determination with a high accuracy: (1) the temperatures of the beginning of
the transfer to vapor of all the components of the system under study; (2) the quan-
tity of a component of the system transferred into vapor during a certain period of
time.

Therefore, the high temperature mass spectroscopy appears to be the only
direct method of analysis making possible the determination of the qualitative
and quantitative composition of the vapor with a high accuracy.

The mass spectroscopy experiments were carried out using Knudsen effusion
technique combined with mass spectrometric analysis of vapor composition,
described in details elsewhere [26], on the mass spectrometer MS 1301 (Construc-
tion Bureau, Academy of Science, St. Petersburg). Testing the instrument was con-
ducted by measuring the vapor pressure of calcium fluoride and subsequent
comparing the values obtained with reference data [27].

X-ray diffraction experiment for the polycrystalline samples of investigated sys-
tem have been performed in air at a temperature of 25 �C using a Bruker ‘‘D2 Pha-
ser’’ diffractometer (Cu Ka radiation, Ni filter). The powder data were collected in
the 2h range of (10–130�) with a step size 0.01� 2h and counting time 1 s per step,
sample rotation rate of 30 rpm. The phase identification was carried out using the
Powder Diffraction File database (PDF-2, 2011). Quantitative phase analysis has
been performed by the Rietveld method using the TOPAS software complex and
the structural data for each of the phases according to the Inorganic Crystal Struc-
ture Database (ICSD 2012). The chemical analysis of the content of cobalt and mag-
nesium was carried out by the method of atomic emission spectroscopy on a
SPECTRO CIROS, type ISP spectrometer. The error of the analysis did not exceed
4% from x in the solid solution formula. The preassigned Co:Mg ratio was shown
to be preserved by and large as the result of the synthesis. The magnetic suscepti-
bility was measured by Faraday method in the temperature range 77–400 K at 10
fixed values of magnetic field strength. The accuracy of measuring vg is 1%.
3. Discussion

3.1. X-ray study

The powders of sintered samples at 1723 K, were identified as
single-phase with structure of orthorhombic LaGaO3 (S.G. Pbnm)
and rhombohedral LaGaO3 (S.G. R-3c), which resulted from Rietveld
refinement (the profile of the X-ray pattern are given in Fig. 1). As
can be seen in Fig. 1 there is a line in the region of 2h � 29�, which
is a Kb line. It appears due to the special features of the experiment
upon using Ni filter; a shoulder in the most intensive line at 2h � 32�
is an edge of the absorption line of Ni filter. Kb lines were taken into
account automatically on treating the patterns in TOPAS software. It
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LaGaO3_Pbnm 79.75 %
LaGaO3_Rc-3H 20.25 %

for the system LaGa1�1.2xCoxMg0.2xO3, x(Co) = 0.0845, y(Mg) = 0.0197. Rwp = 5.02%
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Fig. 3. Mass fraction of rhombohedral phase (R-3c) vs the doping element content
for both systems. In inset: changes in the unit cell volume of orthorhombic and the
rhombohedral phases.
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is interesting that we were the first to observe the coexistence of
two phases of LaGaO3 with different symmetry. In Fig. 2 the
calculation of the pattern from Fig. 1 by Rietveld method is shown,
which was carried out using Pbnm, R-3c, and upon their joint pres-
ence. It is seen that the best results are obtained for the last case.

For both systems Co:Mg = 5:1 and Co:Mg = 2:1 the solid solu-
tions with low concentrations of doping elements have orthorhom-
bic structure. The mass fraction of rhombohedral phase increases
nonlinearly as the quantity x(Co) + y(Mg) increases (Fig. 3). It is
seen also that for the system with lower quantity of magnesium
LaCoxMg0.2xGa1�1.2xO3�d (Co:Mg = 5:1) the content of rhombohe-
dral phase attains �60% at x(Co) + y(Mg) � 0.11, whereas for the
LaCoxMg0.5xGa1�1.5xO3�d (Co:Mg = 2:1) the quantity of rhombohe-
dral phase at this concentration remains at the level of �15%.
The introduction of greater quantity of magnesium seems to stabi-
lize the low symmetry orthorhombic phase owing to distortions of
the structure. This is associated with the difference in the sizes of
Mg2+ and Ga3+ atoms (r(Mg2+)VI = 0.74 Å vs r(Ga3+)VI = 0.62 Å) [28]
and the emergence of greater number of oxygen vacancies.
The changes in the unit cell volume for both phases are given in
Fig. 3 (in inset). For the Co:Mg = 5:1 system the unit cell volume of
orthorhombic and rhombohedral phases decreases nonlinearly as
the quantity of doping elements increases. For the Co:Mg = 2:1
system we observe almost linear decrease in the unit cell volume
of orthorhombic phase, and nonlinear – for rhombohedral phase.

The changes in the unit cell parameters for the Co:Mg = 5:1 and
Co:Mg = 2:1 systems for orthorhombic phase are given in Fig. 4,
and for rhombohedral phase – in Fig. 5. The trends in the changes
of parameters are similar – in the orthorhombic phase a, b, c
monotonously and linearly decrease as the dopant concentration
increases, and for rhombohedral phase a parameter decreases non-
linearly and c parameter increases nonlinearly. These data are in
good agreement with the data of [29], where the LaGa1�x�yCoxMgy

O3�d (x = 0.6, y = 0.1; x = 0.4, y = 0.2) solid solutions were studied.
The obtained values (a = 5.469 Å, c = 13.175 Å; a = 5.492 Å,
c = 13.249 Å) are lower than in our work since the level of doping
in [29] is essentially higher.

3.2. Mass spectroscopy investigation

Partial vapor pressures of the gaseous species were calculated
by the ion current comparison method, Eq. (1), using Au as internal
pressure standard [30].
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p1 ¼
p2T1I1r2c2

T2I2r1c1
ð1Þ

here Ii is the total ion current, Ti is the temperature, ri is the ioniza-
tion cross section, ci is the secondary electron multiplier gain factor,
which is known to be proportional to the square root of the molec-
ular mass of the corresponding molecule, pi is a partial pressure of
the i species, while ‘‘1’’ and ‘‘2’’ indexes mean the sample and the
standard correspondingly. Molecular cross sections were obtained
by the additivity method, atomic cross sections being taken from
[31].

The system of heating the effusion cell with the samples allows
the operation temperature (1700 K) to be attained during 2–3 min.
Upon rapid heating the mixture of Ga2O3, MgO, CoO and La2O3 oxi-
des taken in the necessary stoichiometric ratios the Ga2O+ ion
appeared in the mass spectra above the mixture starting from
the temperature of about 1450 K. As the temperature increased
to the operating 1700 K a substantial increase in the intensity of
the Ga2O+ peak was observed, and the following isothermal expo-
sure resulted in a rapid decrease in the intensity of the ion current
of Ga2O+. This testifies for a sufficiently high rate of depleting the
composition of the condensed phase with gallium oxide. Since
under real conditions of the synthesis the temperature increases
from room to the operating temperature during 1.5–2 h we
decided to carry out the experiment in two stages. In the first stage
the effusion cell with the samples was heated to 1400 K and
exposed for 2 h. In the second stage we increased the temperature
to 1700 K and studied the evaporation of the batch and sample.

In the mass spectra above the batch containing 15 mol% of
cobalt oxide and preheated at 1400 K the peaks of Ga+, Ga2O+

and Co+ were detected in the temperature range 1674–1697 K. In
order to determine vapor composition, appearance energies of
the ions were measured using vanishing current method with Au
as energy standard, ionization energy of which is known to be
9.2 eV [32]. The appearance energies obtained were (±0.3 eV):
6.0 ± 0.4 (Ga+), 7.6 ± 0.2 (Ga2O+), and 7.7 ± 0.4 (Co+). The measure-
ment of appearance energies of these ions showed that they are the
products of direct ionization of corresponding molecules, since the
measured values agreed within the errors with the ionization
energies of atomic gallium, of Ga2O molecule, and of atomic cobalt
respectively [32]. Therefore we can state that on heating the oxide
mixture containing 15 mol% of cobalt oxide at the temperature of
about 1700 K atomic gallium and cobalt, and also Ga2O and oxygen
are evaporated according to Eqs. (2)–(4).

Ga2O3 ðsolÞ ¼ Ga2O ðgasÞ þ O2 ðgasÞ ð2Þ

Ga2O3 ðsolÞ ¼ 2Ga ðgasÞ þ 3=2O2 ðgasÞ ð3Þ
CoO ðsolÞ ¼ Co ðgasÞ þ 1=2O2 ðgasÞ ð4Þ

The partial pressure of oxygen, according to Eqs. (2)–(4), may be
calculated from one of Eqs. (5)–(7), which take into account the
fact that there is an aperture in the effusion cell, and the system
is in the state of dynamic equilibrium a condensed phase – vapor.

pðO2Þ ¼ pðGa2OÞ½MðO2Þ=MðGa2OÞ�0:5 þ pðO2Þ

¼ 0:75pðGaÞ½MðO2Þ=MðGaÞ�0:5 þ pðO2Þ

¼ 0:5pðCoÞ½MðO2Þ=MðCoÞ�0:5 ð5Þ

Here M is the molar mass.
We stopped the experiment after the partial pressures of Ga,

Ga2O, and atomic cobalt decreased substantially, which resulted
in the changes in the mole ratios in the sample. We emphasize that
upon isothermic exposure at the temperature of about 1700 K the
ratio of the intensities of ion currents Ga+/Ga2O+ gradually
increased, which testifies for an increase in the partial pressure
of atomic gallium relative to the partial pressure of Ga2O.

When measuring partial pressures of the vapor species the
method of complete isothermal vaporization can also be used.
The pressure inside the effusion cell is associated with the mass
loss and is expressed by Hertz–Knudsen transformed Eq. (6):

pi ¼
qi

stL

ffiffiffiffiffiffiffiffiffiffiffiffi
2pRT

Mi

s
ð6Þ

where p is the partial pressure; q the mass of a substance evapo-
rated through the effusion aperture of area s with Clausing factor
L during the time t; R is the universal gas constant; T the tempera-
ture, K; Mi the molecular mass of an I component in the vapor.

Hertz–Knudsen equation may be rewritten as Eq. (7):

m
st
¼ pL

2285
ffiffiffiffiffiffiffiffiffiffiffi
T=Mi

p ð7Þ

The value 2285 is associated with the fact that partial pressures
are measured in Pascal. The left part of Eq. (5) is nothing but the
rate of i-component evaporation. In our case, given a known area
of the effusion aperture equal to the area of evaporation, we can
calculate the rate of atomic cobalt evaporation recalculating the
value obtained from Eq. (9) per the evaporation area equal to
1 cm2 and the evaporation time – 1 h.

Since the synthesis of a sample from the batch is carried out at
atmospheric pressure, not in vacuum, the obtained values may be
recalculated with respect to the partial pressure of oxygen in air
being 21,275 Pa. For reactions (2)–(4) we wrote the expressions
for the equilibrium constants as Eqs. (8)–(10),

Kpð2Þ ¼
pðGa2OÞpðO2Þ

aðGa2O3Þ
ð8Þ

Kpð3Þ ¼
p2ðGa2OÞp1:5ðO2Þ

aðGa2O3Þ
ð9Þ

Kpð4Þ ¼
pðCoÞp0:5ðO2Þ

aðCoOÞ ð10Þ

where a(Ga2O3), a(CoO) are the activities of gallium and cobalt oxi-
des in the condensed phase respectively.

The plots of evaporation rates of Ga2O3 and CoO in air vs the
time of evaporation at the temperature 1700 K is given in Fig. 6.
The starting composition of the batch is La2O3–Ga2O3–xCoO–
yMgO, x = 0.15, y = 0.5[. On synthesis in the air atmosphere the rate
of cobalt oxide evaporation (given 15 mol% of CoO in the batch)
more than twice exceeds the rate of Ga2O3 evaporation. The plots
of the evaporation rates of Ga2O3 in air vs the evaporation time
at the temperature 1700 K are given in Fig. 6 (in inset). The starting



Fig. 6. The plots of evaporation rates of Ga2O3 and CoO in air vs the time: 1 – Ga2O3,
2 – CoO. In inset: the plots of the evaporation rates of Ga2O3 in air vs the time at the
temperature 1700 K.
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composition of the batch is La2O3–Ga2O3–xCoO–yMgO, x = 0.01,
y = 0.5[.

Cobalt oxide is less volatile, which at the temperature of the
synthesis of doped lanthanum gallate can transfer to vapor as
atomic cobalt and molecular oxygen. Oxygen of the air shifts the
‘‘condensed phase – vapor’’ equilibrium in such a manner that on
heating in air it is cobalt oxide that appears a more volatile
component.

Using the results of mass spectroscopy analysis we carried out a
step by step synthesis of the solid solutions. Thoroughly ground
and pressed into pellets oxide mixture was fed into corundum cru-
cibles and put into the furnace. Its temperature was gradually
increased to 1073 K. Then we successively increased the tempera-
ture by 373 K each 5 h. As the temperature attained 1723 K, all the
samples were sintered for 52 h to reach the equilibrium. In such a
manner we were able to minimize the losses of cobalt. The chem-
ical analysis showed that in the obtained solid solutions the con-
tent of cobalt is closer to the predetermined content (x by the
batch 0.10; according to the analysis 0.845 for the Co:Mg = 5:1,
and 0.895 for Co:Mg = 2:1 system).

3.3. Magnetic measurements

The magnetic susceptibility of the solid solutions was found to
depend on the strength of magnetic field for both systems over the
whole concentration range. This dependence for magnetically
diluted systems seems to point to the existence of highly nuclear
clusters of paramagnetic atoms and must not be associated with
a long range order in the substance. An examination of the depen-
dencies of magnetization suggests a super paramagnetic behavior
of our systems. As can be seen from Fig. 7, where the dependence
of molar magnetization on H/T is given, the magnetization at vari-
ous temperatures and fields appears to be the same. The observed
dependence is typical for all the solutions under study. This is one
of two requirements for superparamagnetic behavior [33–36]. The
second requirement is the absence of hysteresis loop.

According to the theory of paraprocess in the ferromagnets
[37,38] the plot in the coordinates H/M – M2 must be linear and
obey Eq. (11):

H ¼ aM þ bM3 ð11Þ

In this case the deviations from the linear character are associated
with the special features of the spin system behavior in the mag-
netic field. The construction of Belov–Arrott curves allows a definite
conclusion to be made that the spontaneous magnetization is
absent in our systems, since the thermodynamic coefficient a is
positive for all the temperatures, which is also typical for all the sys-
tems under study (Fig. 7 (in inset)).

Therefore we may suggest the existence of highly nuclear clus-
ters of cobalt atoms in the systems under study.

To calculate the paramagnetic component of magnetic suscepti-
bility we used vg extrapolated to the infinitely large field strength
(1/H = 0). The matter is that we measure all the susceptibilities at
eleven values of applied magnetic field (from 9000 Oe to 300
Oe), and received linear plots vg = f(1/H). The plots of inverse para-
magnetic components of magnetic susceptibility vs temperature
are given in Fig. 8a and b.

These dependencies demonstrate a deviation from Curie–Weiss
law at low and high temperatures, the deviation in the region of
high-temperatures increasing as cobalt concentration increases.
Such deviations of magnetic susceptibility from Curie–Weiss law
at high-temperatures is typical for Pauli temperature independent
paramagnetism, i.e. the paramagnetism of free electrons. Pauli para-
magnetism can arise from the following: as was shown in [39], eg

electron levels in lanthanum gallate doped with 3d-elements are
located within the gap between the valence and conduction band
of LaGaO3. However, the deviations of the dependence of inverse
magnetic susceptibility from the Curie–Weiss law at high-tempera-
tures may arise also from the spin transitions low spin M interme-
diate spin M high spin states of Co(III). Therefore it would be
improper to estimate the values of Pauli paramagnetism since the
obtained values would bear no physical significance.

The deviations of the plot 1/vCo – T from Curie–Weiss law at low
temperatures are most probably determined by the character of
exchange interactions between cobalt atoms and as a rule are typ-
ical for ferrimagnetics. This is the first evidence for a competition
between ferromagnetic and antiferromagnetic exchange interac-
tions in the systems under study with those first being dominant.

Concentration dependences of paramagnetic component of
magnetic susceptibility and temperature dependences of the effec-
tive magnetic moment for both systems are given in Figs. 9 and 10
respectively. To show the run of the isotherms we plotted the
curves calculated as polynomials fitting them to the experimental
points by the least square method.

It follows from the shape of isotherms of magnetic susceptibility
that the exchange interactions are antiferromagnetic in the solid
solutions under study – the magnetic susceptibility decreases as
the content of cobalt increases. It must be emphasized in this case
that the isotherms are located substantially higher than the iso-
therms for LaCoxGa1�xO3 containing no magnesium and they lie
the higher, the greater is the content of magnesium in the system.



Fig. 8. (a) and (b) Temperature dependencies of 1/vpara for: (a) LaGa1�1.2xCoxMg0.2-

xO3 system; (b) LaCoxMg0.5xGa1�1.5xO3 system.
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Fig. 9. Plot of vpara vs cobalt concentration (x) for various Co-containing systems.

Fig. 10. Plot of leff vs temperature at the infinite dilution for various Co-containing
systems.
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Of greatest interest for judging about the interatomic interac-
tions in the solid solutions under study are the temperature depen-
dences of the effective magnetic moment extrapolated to the
infinite dilution and their comparison with cobalt containing systems
studied previously – LaCoxGa1�xO3 and La1�0.2xSr0,2xCoxGa1�xO3

[24]. Fig. 10 gives also theoretical dependences of the effective
magnetic moment for single cobalt atoms in the degree of oxida-
tion +2 and +3, and also for Co(III) in the state with an intermediate
spin S = 1, 3T1 g. The matter is that Co(III) in an octahedron of oxy-
gen atoms can be in three ground states: S = 0, 1A1g – low spin;
S = 2, 5T2g – high spin, and substantial distortions of the nearest
surrounding, which may be expected in our systems owing to
the oxygen vacancies and greater magnesium atoms in the same
sites as cobalt, may result in a state with intermediate spin S = 1,
3T1g [40,41].

It is seen from Fig. 10 that for the ratio Co:Mg = 2:1 the effective
magnetic moment cannot be ascribed to single cobalt atoms, what-
ever valence state they were in. The effective magnetic moment
exceeds the only spin value especially at high-temperatures. For
the ratio Co:Mg = 5:1 leff is lower and almost coincide with leff

obtained for strontium containing systems Co:Sr = 5:1 [24] and
were interpreted as fitting single cobalt atoms partially in
the low spin state and partially in the state of spin equilibrium
(1A1g M

5T2g). However we cannot describe the systems containing
magnesium within the same approach as in [24], since we found
that in our solid solutions the magnetic susceptibility depends on
the magnetic field. In other words, the dependence of magnetic
susceptibility on the magnetic field strength and the values of
effective magnetic moment at infinite dilution testify for the fact
that even in much diluted solid solutions there remain the
high-nuclearity clusters containing also magnesium atoms and
vacancies in the oxygen sublattice along with cobalt atoms.

We emphasize that in the studies of lanthanum gallate doped
with cobalt only and lanthanum gallate doped with cobalt and
strontium – LaCoxGa1�xO3 and La1�0.2xSr0.2xCoxGa1�xO3 [24] no
dependence of magnetic susceptibility on magnetic field was
observed, whereas such dependence appeared also in the systems
containing chromium and magnesium [20]. This fact allowed us
to suggest that in both kinds of the systems (containing chromium
and cobalt) we have large clusters of paramagnetic atoms. A sub-
stantial difference in the magnetic characteristics of the systems
doped with paramagnetic atom only and doped in addition with
bivalent element points to the fact that the atoms of bivalent ele-
ment are included into these clusters, since their concentration is
small compared to the concentration of paramagnetic atoms and
otherwise they could not so drastically influence the magnetic char-
acteristics of diluted solid solutions. But the presence of a bivalent
element in the lattice results in vacancies in the oxygen sublattice,
and these vacancies must be located in the vicinity of bivalent
atoms. Therefore, they also must be included into the clusters.

Within the clusters the exchange interactions are predomi-
nantly ferromagnetic with a certain contribution of antiferromag-
netic exchange, i.e. by and large we deal with ferrimagnetic
behavior. The conclusion about the domineering ferromagnetic
component in the interaction between cobalt atoms is associated
with the fact that the character of temperature dependence of
the effective magnetic moment and its high absolute values cannot



D.A. Korolev et al. / Journal of Alloys and Compounds 624 (2015) 53–59 59
be ascribed to antiferromagnetic type of interactions. Strong ferro-
magnetic exchange may be associated with the fact that rather
strong local distortions of cobalt surrounding appear near a
vacancy within a cluster. It is magnesium that seems to provoke
the formation of highly nuclear clusters of paramagnetic atoms
owing to the special features of its location in the structure of lan-
thanum gallate – magnesium atoms are in the same crystallo-
graphic sites as gallium atoms and paramagnetic atoms. In such
a case not only large magnesium atoms but also the vacancies in
the oxygen sublattice immediately connected to magnesium atoms
result in a stronger local distortion of the structure (compared to
strontium containing systems) and, in their turn, to a destabiliza-
tion of doped lanthanum gallate. Cobalt atoms seem to help in
the stabilization of the whole system at the expense of cobalt atom
clustering round the vacancies to give highly nuclear clusters with
cobalt atoms linked by magnetic superexchange interactions.

In a distorted crystal field the probability of the realization of
intermediate spin state increases [40,41]. The exchange interactions
between cobalt atoms with different spins must be ferromagnetic
[42]. As the concentration of cobalt increases, paramagnetic atoms
appear in the vicinity of clusters and interact antiferromagnetically
between themselves and with the clusters, which results in a shape
of magnetic susceptibility isotherms typical for antiferromagnetics.

We emphasize also that clustering in the solid solutions
increases as the fraction of a diamagnetic component with respect
to cobalt increases. It is definitely more pronounced for magne-
sium containing systems than for the systems with strontium,
which seems to be associated with magnesium location in the
structure of lanthanum gallate and its stronger effect on the orbi-
tals of oxygen atoms.

4. Conclusions

By the data of X-ray for the first time different modifications of
LaGaO3 were found in the systems under study – orthorhombic
and rhombohedral depending on the level of doping. As the con-
tent of doping elements increases, the unit cell volume decreases,
which can be associated with the emergence of oxygen vacancies
and the transfer of cobalt(III) atoms from high spin state to the
intermediate and low spin states. The study of evaporation in the
CoO–La2O3–MgO–Ga2O3 system resulted in the conclusion that
under the conditions of ceramic high-temperature synthesis in
air gallium oxide almost does not evaporate. Taking into account
the fact that gallium oxide comprises the greater part of perovskite
structure we may state that the stoichiometry of the obtained
doped lanthanum gallate is fairly influenced by the loss of gallium.
At the same time the losses of cobalt during the synthesis may
appear significant. The chemical analysis of the obtained solid
solutions illustrated emphatically that varying the conditions of
the synthesis the samples may be obtained differing to a particular
extent from the preassigned composition. This allowed us to
develop the synthetic procedure diminishing the losses of cobalt.
Since it is completely evident that the changes in the composition
influence all the physical and chemical characteristics of the sys-
tems under study, in the conductivity among them, we must
strongly recommend that the researches of cobalt containing sys-
tems carry out the chemical analysis of its content after sintering
for obtaining reproducible results.

The study of magnetic properties of lanthanum gallate doped
with cobalt and magnesium proves once more that heterovalent
doping results in strong cluster formation, the clusters including
paramagnetic atoms, the atoms of bivalent element, and vacancies
in the oxygen sublattice associated with them. Clustering seems to
stabilize the defect structure, and the formation of a certain electron
structure providing for an unusual rigidity of such clusters favors
the realization of paramagnetic ground states of trivalent cobalt
even though the presence of magnesium in the neighboring sites
increases the strength of the crystal field.
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