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The comparative analysis of magnetic behavior of manganese-containing solid solutions
Bi3Nb1�xMnxO7�δ (x¼0.01�0.10) of cubic and tetragonal modifications was performed. Based on the
results of magnetic susceptibility studies paramagnetic manganese atoms in solid solutions of cubic and
tetragonal modifications were found to be in the form of Mn(III), Mn(IV) monomers and exchange-
coupled dimers of Mn(III)–O–Mn(III), Mn(IV)–O–Mn(IV), Mn(III)–O–Mn(IV). The exchange parameters
and the distribution of monomers and dimers in solid solutions as a function of the content of para-
magnetic atoms were calculated.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Solid electrolytes on the basis of bismuth oxide have a high
oxygen conductivity and are promising as materials for fuel cells,
oxygen sensors and oxygen-conducting membranes of catalytic
reactors [1–3]. Ionic conductivity, necessary for practical applica-
tion, in a cubic high-temperature phase of bismuth oxide (δ-Bi2O3)
is reached at 730 °С and is equal to 1.0 S/cm [4]. The area of
practical application of δ-Bi2O3 is limited by a narrow temperature
interval of its thermodynamic stability (730–825 °С) [5]. It is
possible to stabilize δ-Bi2O3 by partial iso- and heterovalent re-
placement of bismuth atoms by atoms of transition elements (Y,
Nb, Ta, W) or lanthanides (Gd, Er) [6–10]. It is found [11,12] that
such solid solutions show mixed electronic and ionic conductivity
and are promising for use in electrochemical devices.

In the binary Вi2O3–Nb2O5 system upon the mole ratio of
bismuth to niobium 1.0rn(Bi)/n(Nb)r5.3 the formation of four
types of crystal structures derivative from fluorite structure were
found [13,14]. Bismuth niobate Bi3NbO7 has two polymorphic
modifications – tetragonal (type III) and cubic (type II) [14]. The
tetragonal phase is formed in the temperature range from 800 to
900 °C and is stable on cooling to room temperature. Beyond this
temperature range (4750 °С) bismuth niobate crystallizes in
cubic syngony [14,15]. The phase transition from tetragonal
structure to cubic structure was found earlier to be reversible [16].
hezhina).
Cubic bismuth niobate has a defect fluorite-type structure (S.G.
Fm3m), the unit cell parameter is a¼0.548 nm. The atoms of Bi(III)
and Nb(V) are in the same system of crystal sites [8]. Niobium
atoms are located in distorted octahedra of oxygen atoms [9,14].
As a result of examining the crystal structure of bismuth niobate
and its solid solutions by the methods of neutron and electron
diffraction niobium atoms were found to be distributed in the
lattice in a non-statistic manner [9,10,14–21]. Niobium–oxygen
octahedra are combined in chains and blocks via oxygen atoms.
Layered structure of the tetragonal phase of bismuth niobate
Bi94Nb32O221 (I-4m2, а¼1.6380 nm, с¼3.8542 nm) is a hybrid of
fluorite and pyrochlore structures, niobium–oxygen octahedra
being combined by oxygen atoms into chains and tetrahedra,
those latter being the structural fragments of pyrochlore structure
[9,15,16].

Bismuth niobate has a lower conductivity than δ-Bi2O3 owing
to a decrease in the fraction of oxygen vacancies [4,5]. Hetero-
valent substitution of 3d-element atoms, of Zr, Y, W, Er for niobium
atoms results in an increase in conductivity [17–21]. The nature of
the current carriers and the mechanism of conductivity of bismuth
niobate are studied in [22,23]. The conductivity in bismuth niobate
was shown to be electron-ionic rather than purely ionic, the
electron-ionic conductivity is ascribed to the presence of a small
fraction of Nb(IV) ions located in the chains of niobium–oxygen
octahedra.

Recently the interest to bismuth niobate and solid solutions on
its basis increased markedly in the context of the discovery of its
photocatalytic activity in the UV and visual diapason of the
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spectrum [24,25].
As a result of our earlier studies of magnetic properties of cubic

Bi3Nb1�xNixO7�δ nickel atoms in the solid solutions were found to
be as Ni(II) and predominantly as low spin Ni(III) because of the
charge unbalance resulting from heterovalent substitution and
from a strong distortion of the octahedral surrounding of para-
magnetic atoms [26]. The structure is stabilized at the expense of
formation of clusters of Ni(III) with antiferromagnetic super-
exchange. Its realization is possible owing to an aggregation of
niobium–oxygen octahedral sites in the structure.

Nickel containing solid solutions are known only for high
temperature cubic modification and are formed in a narrow con-
centration range, hence it appears impossible to analyze the in-
fluence of special features of the crystal structure and the nature of
transition element atoms on the properties of solid solutions of
cubic and tetragonal modification. Moreover, it is noted in [22,27]
that the unit cell parameter of cubic bismuth niobate and solid
solutions on its basis depends on the temperature of synthesis,
which is associated with a redistribution of oxygen atoms in the
anion sublattice and, as a consequence, a change in the total
conductivity of the samples.

The solid solutions based on bismuth niobate and containing
manganese appear to be stable in both modifications and over
rather a wide range of concentrations. This is promising from the
point of view of examining the chemical structure of both phases,
of revealing the influence of the phase transition on the intera-
tomic interactions. Therefore the aim of this work is to study
magnetic properties of bismuth niobate and Bi3Nb1�xMnxO7�δ
solid solutions. An important special feature of our study was that
cubic phases of pure bismuth niobate and of the solid solutions
were obtained by sintering the tetragonal phase at the tempera-
tures higher than the temperature of the phase transition.
Fig. 1. (a, b, c) X-ray patterns for bismuth niobate of various modifications: (a) low-
temperature cubic; (b) tetragonal; (c) high-temperature cubic.
2. Experimental

We synthesized Bi3NbO7 and the Bi3Nb1�xMnxO7�δ solid so-
lutions (x¼0.01–0.10) by ceramic procedure from special pure
grade Bi2O3 (99.998%), Nb2O5 (99.990%), and Mn2O3 (99.995%)
oxides. Thoroughly ground oxide mixtures were pressed into
pellets and sintered successively at 750, 850, 1000 °С for 40 h at
each temperature, they were quenched in air. Thus at 750 °C and
1000 °C we obtained the samples of cubic modification and at
850 °C the samples of tetragonal modification resulted. The ob-
tained samples were single phase, which was attested by the
methods of X-ray analysis (a DRON-4-13 diffractometer, CuKα
emission) (Fig. 1) and electron scanning microscopy (a spectro-
meter of LINK firm). The unit cell parameters were calculated
using the CSD program package [28].

The quantitative analysis of the fractions of metal cations in the
samples was carried out by the method of atom-emission spec-
troscopy (a SPECTRO CIROS ISP spectrometer). The accuracy of
relative measurements was 5%.

The magnetic susceptibility of the samples of cubic and tetra-
gonal modifications was measured by Faraday method in the
temperature range 77–400 K at 16 fixed temperatures and at the
magnetic field strength 7240, 6330, 5230, and 3640 Oe. A semi-
commercial installation created in the laboratory of magne-
tochemistry of St. Petersburg State University and consisting of an
electromagnet, an electronic balance, and a cryostate was used for
magnetic susceptibility measurements. The accuracy of relative
measurements – 1%. Diamagnetic corrections for calculations of
paramagnetic component of magnetic susceptibility ( Mn

paraχ , emu/
mol) were introduced with respect to the susceptibility diamag-
netic matrices of both modifications measured over the same
temperature range.
3. Results and discussion

We studied the magnetic susceptibility of pure bismuth niobate
of cubic and tetragonal modifications. Magnetic susceptibility of
both samples being diamagnetic moderately depends on tem-
perature, which could be expected since it is impossible to obtain
absolutely pure compounds. However the susceptibility of tetra-
gonal modification exceeds the susceptibility of cubic modification
at low temperatures and has a more pronounced dependence on
temperature. We believe this to be due to the presence of a frac-
tion of Nb(IV) in both phases, its quantity being greater in tetra-
gonal bismuth niobate. A decrease in its quantity in the cubic
phase seems to be associated with oxidation of Nb(IV) to Nb
(V) during high temperature sintering. An approximate estimation
of the mole fraction of Nb(IV) in the tetragonal phase showed that
its content exceeds the fraction of Nb(IV) in the cubic phase by
0.38%, moreover these atoms are bound within the tetrahedral
niobium octahedral clusters by antiferromagnetic superexchange
interactions [29]. Such a small content of Nb(IV) in the tetragonal
phase must not have a substantial impact on electrophysical
properties [23].

The Bi3Nb1�xMnxO7�δ solid solutions are obtained in a rather
wide concentration range, up to x¼0.10. The unit cell parameter of



Table 1
Comparison between the paramagnetic components of magnetic susceptibilities of
low-temperature (1073 K) and high-temperature (1273 K) cubic solid solutions.

x Temperature of synthesis, K
Mn
paraχ , emu/mol

90 K 180 K 240 K

0.014 1073 0.0116 0.0065 0.0048
1273 0.0115 0.0065 0.0050

0.020 1073 0.0118 0.0064 0.0049
1273 0.0120 0.0067 0.0052

0.048 1073 0.0096 0.0054 0.0042
1273 0.0105 0.0058 0.0045

0.061 1073 0.0104 0.0055 0.0042
1273 0.0103 0.0054 0.0041

Table 2
The effective magnetic moments of manganese atoms in Bi3Nb1�xMnxO7�δ of cubic
(μ1) and tetragonal (μ2) modifications at х-0.

T, K 90 120 180 240

μ1, mB 3.54 3.69 3.91 4.01
μ2, mB 2.76 2.97 3.25 3.42
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cubic solid solutions moderately decreases as the content of
manganese atoms increases from а¼0.5475 nm (х¼0.005) to
0.5462 nm (х¼0.08), which seems to be associated with iso-
morphous substitution of manganese atoms in the octahedra for
niobium atoms close in their sizes – rNb(V)¼0.064 nm; rMn

(III)¼0.0645 nm, rMn(IV)¼0.053 nm [30]. For tetragonal solid solu-
tions parameter a remains almost unchanged (at the average
0.5473 nm), parameter c slightly decreases from 0.5563 to
0.5542 nm.

We found that the dependencies of the inverse paramagnetic
component on temperature (1/χMn–T) are linear, i.e. the suscept-
ibilities obey Curie–Weiss law over the whole temperature range
under study. Weiss constant is negative, which points to anti-
ferromagnetic exchange interactions since the ground states of
manganese atoms in any stable valence state are either singlet or
dublet (Mn(II) 6A1g; Mn(III) 5Eg; Mn(IV) 4A2g), which means that
the effective magnetic moment of single atoms does not depend
on temperature, and Weiss constant may be associated only with
exchange interactions. The isotherms of magnetic susceptibility
[ Mn

paraχ –x] for the solid solutions of cubic and tetragonal modifica-
tions are given in Fig. 2. They are typical for the dilution of anti-
ferromagnets. As is seen from Table 1, the paramagnetic suscept-
ibilities for cubic samples synthesized at 1023 and 1223 K are al-
most identical, which points to the same electron state of man-
ganese atoms and superexchange interactions between them.
Since magnetic characteristics of the solid solutions are extremely
sensitive to the distortions of polyhedral surrounding, to the bond
parameters of paramagnetic atoms, the identity of magnetic
characteristics of the solid solutions testifies to the identity of
crystal structures of both cubic phases.

A comparison between the isotherms of magnetic susceptibility
of cubic and tetragonal solid solutions shows (Fig. 2) that tetra-
gonal solid solutions are characterized by lower magnetic sus-
ceptibilities over the whole concentration range, though are also
typical for the dilution of antiferromagnets. Taking into account
the fact that tetragonal solid solutions are obtained from the solid
solutions of cubic (low temperature) modification at the tem-
perature elevated by 100 K, the changes in the magnetic suscept-
ibility must be assigned to the special features of manganese atom
distribution and exchange interactions determined by the struc-
ture of tetragonal phase.

The effective magnetic moments calculated from concentration
dependencies of Mn

paraχ to the infinite dilution (meffx-0) for the solid
solutions of both modifications depend on temperature and are
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Fig. 2. Plots of paramagnetic components of magnetic susceptibility of the
Bi3Nb1�xMnxO7�δ solid solutions vs manganese content x for various temperatures.
given in Table 2. The values of the effective magnetic moments and
their temperature dependence point to the presence of clusters of
manganese atoms even at х-0 with antiferromagnetic super-
exchange between them. They can be Mn(III)–O–Mn(III) and Mn
(IV)–O–Mn(IV). Single Mn(III) and Mn(IV) atoms can also exist as
well as their ferromagnetically coupled dimmers Mn(III)–O–Mn
(IV).

As the concentration of manganese atoms increases, the de-
pendence of magnetic moments on temperature becomes more
distinct, which points to the development of antiferromagnetic
exchange (Fig. 3). The run of temperature dependencies of meff in
the tetragonal solid solutions have engaged our attention: up to
х¼0.04 meff is almost the same at low temperatures, which may be
determined by an approximately equal fraction of single manga-
nese atoms (monomers), their magnetic moment being in-
dependent on temperature.

As is noted in [31] the electron spin resonance (ESR) spectra of
Fig. 3. Temperature dependencies of the effective magnetic moments in the cubic
and tetragonal solid solutions with various concentrations of manganese.
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the solid solutions under study with х¼0.005 and 0.03 of cubic
and tetragonal modification obtained at 850 and 950 °C (recorded
with the help of a SE/X-2547, RadioPAN) are similar. There is only a
broad line with g�3.47, which is not typical for Mn(II) or Mn(IV).
The identity of ESR spectra for both modifications can point to the
same electron states of manganese atoms.

With the aim of describing the experimental dependencies of

Mn
paraχ –x for both kinds of solid solutions we carried out the theo-

retical calculation of magnetic susceptibility.
The calculation was performed within the framework of the

diluted solid solution model [32]. Magnetic susceptibility is de-
termined as a sum of contributions of single paramagnetic atoms
(monomers) and of their various clusters. For diluted solutions
such clusters may be taken as dimers (M–O–M). In our case the
monomers may be Mn(III) and Mn(IV), and the dimers are Mn(III)–
O–Mn(III), Mn(IV)–O–Mn(IV) and Mn(III)–O–Mn(IV). With regard
to the above said the formula for calculating the paramagnetic
component of magnetic susceptibility is the following:

Mn a a

a

a

a a a

a

1

1

calc
para

Mn III Mn III
dim

Mn III Mn III
dim

Mn III
mon

Mn III
mon

Mn IV Mn IV
dim

Mn IV Mn IV
dim

Mn III Mn IV
dim

Mn III Mn IV
dim

Mn III Mn III
dim

Mn III
mon

Mn IV Mn IV
dim

Mn III Mn IV
dim

Mn IV
mon

χ χ χ

χ

χ

χ
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+ +

+

+ ( − − −

− ) ( )

( )− ( ) ( )− ( ) ( ) ( )

( )− ( ) ( )− ( )

( )− ( ) ( )− ( )

( )− ( ) ( ) ( )− ( )
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Here aMn III
mon

( ) – the fraction of Mn(III) atoms; aMn III Mn III
dim

( )− ( ),

aMn IV Mn IV
dim

( )− ( ), aMn IV Mn III
dim

( )− ( ) – the fractions of dimers of Mn(III) and

Mn(IV) atoms; Mn III Mn III
dimχ ( )− ( ), Mn IV Mn IV

dimχ ( )− ( ), Mn III Mn IV
dimχ ( )− ( ), Mn III

monχ ( ), Mn IV
monχ ( )

magnetic susceptibilities of Mn(III)–O–Mn(III), Mn(IV)–O–Mn(IV),
Mn(III)–O–Mn(IV) dimers, and Mn(III) and Mn(IV) monomers
respectively.

Formula (2) contains seven independent parameters: the frac-
tions of single Mn(III) and Mn(IV) atoms, the fraction of various
dimers, and the parameters of antiferromagnetic exchange be-
tween manganese atoms in the same valence state and ferro-
magnetic exchange JMn(III)–Mn(IV). The number of experimental va-
lues of magnetic susceptibility (the number of concentrations and
16 temperature points for each x) is sufficient for confident esti-
mation of the exchange parameters and fractions of various clus-
ters, as has been shown before [33–38].

According to Heisenberg–Dirac–Van–Vleck model [39], mag-
netic susceptibility of dimer clusters of paramagnetic atoms can be
calculated by formula (3):

g
T

S S S e

S e16

1 2 1

2 1 2 ,

S S S

S

dim

2
E J S

kT

E J S
kT

1 2

,

,χ =
∑ ( + )( + )

∑ ( + ) ( ) )

−
′ ′ ′ −

′ −

′
( )

′
( )

where S1, S2 – atom spins in the dimer; g – g-factor for Mn(III) and
Mn(IV); J the exchange parameter; energy of spin levels
E J S J S S S S S S, 1 1 11 1 2 2( ′) = − [ ′( ′ + ) − ( + ) − ( + )]; the total spin
S S S S S S S, 1, ... ,1 2 1 2 1 2′ = + + − − .

The agreement between calculated and experimental values is
achieved upon minimizing the i j ij

calc exp 2χ χ∑ ∑ ( − ) function, where i
means summing up by all the concentrations; j-summing up by all
the temperatures, ij

calcχ , ij
expχ – calculated and experimental values

of paramagnetic component of magnetic susceptibility of the solid
solutions under study.

The best agreement between experimental and calculated data for
cubic solid solutions was obtained for JMn(III)–Mn(III)¼�170 cm�1, JMn

(IV)–Mn(IV)¼�23 cm�1, JMn(III)–Mn(IV)¼þ40 cm�1. For tetragonal mod-
ification the exchange parameters were JMn(III)–Mn(III)¼�135 cm�1, JMn

(IV)–Mn(IV)¼�20 cm�1
, JMn(III)–Mn(IV)¼þ65 cm�1. The correlation
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between experimental and calculated magnetic susceptibilities is gi-
ven in Fig. 4(a,b).

The results of our calculations showed that in the infinitely
diluted cubic solid solution there are single Mn(III) and Mn(IV)
atoms and their dimers with antiferromagnetic and ferromagnetic
type of exchange (Fig. 5). The induced oxidation of Mn(III) to Mn
(IV) partially levels the effect of the charge unbalance resulting
from heterovalent substitution for niobium atoms, which was
noted earlier in [33–38]. As the concentration of manganese in-
creases the fraction of oxidated Mn(IV) atoms as monomers and
dimers substantially decreases, which at first glance seems to be
contradictory: the number of oxygen vacancies due to Mn(III) in-
creases and destabilizes the structure. We may suggest that in this
case the structure is stabilized at the expense of exchange bound
clusters of manganese atoms, which are more rigid than for nickel
atoms [26]. Moreover, there is no signals of Mn(II) and Mn(IV) in
the ESR spectra.

The exchange between Mn(III) atoms located in the diagonals
of the unit cell faces is predominantly antiferromagnetic and is
effected by the exchange channels d p dx y x x y2 2 2 2|| ||− − , d p dxz x xz|| || ,
d p dxy y xy|| || and d p dxz z xz|| || .

Ferromagnetic exchange in the Mn(III)–О–Mn(IV) dimers is
effected by the channels d p p dxy y z xz|| ⊥ || , d p p dxy x z xz|| ⊥ || . Such a con-
clusion agrees with the assumption about clustering of niobium–

oxygen octahedra advanced as the result of examining the super-
structure in cubic and tetragonal bismuth niobate and in the solid
solutions [3,8,9,17–21]. The formation of dimers rather than more
complex clusters or chains of paramagnetic atoms seems to be
associated with a low concentration of paramagnetic atoms in the
solid solutions under study.

Antiferromagnetic exchange interactions result from over-
lapping of the orbitals of paramagnetic atoms with oxygen orbi-
tals. An increase in the absolute value of the exchange parameter
for Mn(III) atoms in comparison with Ni(III) atoms [26] must be
due to unpaired electrons in dxy, dxz, dyz orbitals of Mn(III).

In the solid solutions of tetragonal modification as distinct from
cubic modification the antiferromagnetic exchange is weaker (JMn

(III)–Mn(III)¼�135 cm�1, JMn(IV)–Mn(IV)¼�20 cm�1) and ferromag-
netic exchange, which is not associated with overlapping is
stronger (JMn(III)–Mn(IV)¼65 cm�1). This difference in the magnetic
behavior seems to be determined by different joining of niobium–

oxygen octahedra in the structure and by the changes in the angle
and the bond length between Nb(Mn)–O–Nb(Mn) atoms. The
distortions of coordination polyhedra due to oxygen vacancies
resulting from the substitution of Mn(III) for Nb(V) affect the M–

O–M bond angle, and in the tetragonal modification it appears to
deviate from 180° to a greater extent than in the cubic modifica-
tion, which decreases the overlapping of dx y2 2− orbitals with cor-
responding p-orbitals of oxygen atoms and also pπ–dπ-over-
lapping. This in its turn decreases the absolute value of anti-
ferromagnetic exchange parameter and increases the ferromag-
netic exchange parameter from þ40 to þ65 cm�1. We emphasize
that the direct overlapping of dx y2 2− orbitals with px(py)-orbitals of
oxygen is responsible for the greatest contribution to the anti-
ferromafnetic superexchange, therefore the deviation of the angle
Mn–O–Mn from 180° results in the most significant effect on ex-
change parameter.

We should concentrate our attention on the fact that in the
tetragonal structure in the infinitely diluted solution the fraction of
dimers of paramagnetic atoms is greater than in the cubic struc-
ture, and their number increases more rapidly as the concentra-
tion increases (Fig. 5). This can be accounted for by assuming that
aggregation of paramagnetic atoms first occurs in octahedral
clusters, which are present from the outset in the tetragonal
structure. This means that the rigidity of the aggregates of
paramagnetic atoms is determined by other interactions asso-
ciated with the bond energy rather than by the exchange.
4. Conclusions

The reversible phase transition low-temperature cubic 2 tet-
ragonal 2 high-temperature cubic modifications of the
Bi3Nb1�xMnxO7–δ solid solutions results in a decrease in strength
of antiferromagnetic superexchange on passing from cubic to
tetragonal phase, at the same time the fractions of clusters of
manganese atoms increases. Both cubic modifications have the
same magnetic characteristics, thus the same states of manganese
atoms and the degree of clustering. These results are the more
interesting that various modifications were obtained from the
same low-temperature cubic phase.
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