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Abstract—The effect of replacing manganese ions on the structural, dielectric, transport, and magnetic prop-
erties of Bi2(Sn0.9Mn0.1)2O7 has been studied and the correlation between them has been determined. The
change in the type of thermal processes and the thermopower sign upon polymorphous transitions were
detected by differential scanning calorimetry. The paramagnetic Curie temperature and the antiferromag-
netic interaction were determined in the martensite and austenite phases. The type of current carriers has
been established.
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1. INTRODUCTION
Compounds with the pyrochlorine structure

exhibit various physical properties, including the fer-
roelectric properties. For example, the phase transi-
tion in cadmium pyroniobate Cd2Nb2O7 from the par-
aelectric cubic phase to the pseudo-cubic phase at T =
205 K is accompanied by an anomaly of the permittiv-
ity and the appearance of spontaneous polarization
[1]. This transition is considered a nonintrinsic ferro-
electric transition [2] and sometimes an impurity fer-
roelastic transition [3]. A doping with iron ions
increases this effect [1].

Bismuth pyrochlorine Bi2Sn2O7 belongs to a family
of pyrochlorine. The crystalline structure of Bi2Sn2O7
undergoes several polymorphous transitions, and the
monoclinic α-phase is observed to a temperature of
90°C [4]. In [5], it was shown that the polycrystalline
samples underwent the α → β transition at 135°C;
domains were detected using the second harmonic
method. The results enabled one to suppose that the
α-phase and the α → β transition are ferroelectric.
The study of bismuth pyrostannate by the neutron dif-
fraction method showed that the β → γ transition at
626°C occurs as a result of displacements of Bi3+ ions.
The analysis of X-ray diffraction and neutron diffrac-
tion data showed that the α phase is stable below 137°C

and belongs to space group Pc( ). The crystal struc-
ture of the α-phase is very complex and contains
176 atoms. At the temperature corresponding to the
first phase transition, the unit cell is distorted [6]. The
β-phase structure was determined by neutron and syn-
chrotron X-ray diffraction and is cubic with space
group F 3c( ) [7].

The Bi2Sn2O7 compound is used in gas sensors and
multisensors operating in a temperature range to T =
400°C [8]. A possible method of solving the problem
of increasing the thermal stability of bismuth stannates
limiting possibilities of their practical application and
also a change in their electrophysical properties the
doping of these compounds with atoms of transition
elements [9, 10], which can be promising from the
standpoint of their application as multiferroics. Sub-
stituting of manganese for tin ions leads to a magnetic
ordering and, it is possible, to the appearance of ferro-
electric properties. For example, substituted bismuth
titanates based on the known ferroelectric Bi4Ti3O12
are promising as lead-free ferro- and piezoelectric
materials [11] and multiferroics. The substitution of
titanium for tin ions in the Bi2Sn2 – xTixO7 increases the
permittivity and, thus, enhances the electroinsulation
characteristics [12].
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The aim of this work is to estimate the value of the
exchange interaction and the influence of magnetic
manganese ions on the structural transitions and the
dielectric properties of Bi2(Sn0.9Mn0.1)2O7. This work
continues the series of the studies of the influence of
doping of bismuth stannate with chromium ions on
the physical properties [9, 10, 13].

2. EXPERIMENTAL

The Bi2(Sn0.9Mn0.1)2O7 compound was synthesized
by the solid-phase reaction method by the following
reaction:

−

− + +
→

2 2 2 3

2 1 2 7

2(1 )SnO 2 MnO Bi O
Bi (Sn Mn ) O .x x

x x

High-purity oxides Bi2O3, SnO2, and MnO2 were
used as initial materials. The initial mixture of the
oxides pressed into pellets were placed in a furnace and
held at temperatures from 700 to 950°C; the holding
time was varied from 8 to 24 h.

The powder X-ray diffraction pattern of
Bi2(Sn0.9Mn0.1)2O7 was obtained at room temperature
using a Bruker D8 ADVANCE diffractometer, a
VANTEC linear detector, and the CuKα radiation. All
peaks, except several weak impurity peaks of an
unknown phase and reflections of impurity phase
Bi2O3 (3(1)%) corresponded to the Pc monoclinic cell
of α-phase Bi2Sn2O7 [6]. The crystal structure con-
tains 32 Bi3+ ion, 32 Sn4+ ions, and 112 O2– ions in the
independent part of the cell (Fig. 1). All Bi3+ ions have
eight O2– ions in the nearest environment and form
distorted cubes; Sn4+ ions are surrounded by six O2–

ions and form octahedral connected to each other by
tips. The Rietveld refinement was realized using the
TOPAS 4.2 program [14]. The coordinates of all
176 atoms were fixed, since the number of coordinate
528 alone is comparable to the number of observed
reflections. Nevertheless, even fixed atomic coordi-
nates enabled us to correctly describe all the existing
reflections, and the refinement resulted in low unreli-
ability factor (Table 1, Fig. 2). Because the atomic
coordinates and thermal parameters were not refined,
their values could be taken from [6].

The X-ray diffraction study of Bi2(Sn0.9Mn0.1)2O7
was carried out both before high-temperature mea-
surements at a temperature to 1000 K and after them.
No changes in the positions of the reflections were
observed.

The structural transitions were determined by dif-
ferential scanning calorimetry using a NETZSCH
STA 449 C Jupiter unit with a NETZSCH QMS 403 C
Aeolos quadrupole mass-spectrometer for analyzing
gases released during heating of the samples.

The measurements of the electrical resistance by
two-probe method and the thermoelectric coefficient
were performed in the temperature range 80–1100 K.
The studies were carried out in a continuous regime
without remounting the sample. When transiting from
the low-temperature to the high-temperature mea-
surements, the cryogenic system was replaced by a
heater of a resistance furnace.

The magnetic properties of Bi2(Sn0.9Mn0.1)2O7
were studied at the high-temperature unit by the Far-
aday method in the temperature range to 1100 K in
magnetic field to 0.86 T.

The dielectric properties of Bi2(Sn0.9Mn0.1)2O7
were studied using an LCR-829 METER in the tem-
perature range 300–750 K at a frequency of 100 kHz.

Fig. 1. Crystal structure of Bi2(Sn0.9Mn0.1)2O7. The inset
shows one of 32 independent polyhedrons BiO8 which
form the unit cell. The d1–4 bond lengths takes values 2.2–
2.5 Å, and the d5–8 bond lengths takes values 2.5–3.2 Å.

Table 1. Main parameters of Bi2(Sn0.9Mn0.1)2O7: experi-
ment and the results of the refinement

Parameter Value

Space group Pc
a, Å 15.097 (1)
b, Å 15.1080 (8)
c, Å 21.378 (1)

β, deg 89.983 (6)

V, Å3 4875.9 (5)

Range 2θ, deg 5−90
Rwp, % 13.06
Rp, % 9.57
RB, % 5.78

χ2 1.59
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3. EXPERIMENTAL RESULTS
3.1. Differential Scanning Calorimetry

Figure 3 depicts the results of differential scanning
calorimetry (DSC) as the DSC heating curves for
three compositions of Bi2(Sn1 – xMnx)2O7: x = 0, 0.05,
and 0.1. Curve 1 for Bi2Sn2O7 demonstrates three
endothermic effects at temperatures 370, 548, and
872 K, which indicate the existence of three phase
transitions. According to available data [4, 6, 15, 16],
Bi2Sn2O7 is in the α-phase to ~360 K; therefore, the
endothermic peak corresponds to the α → β transi-
tion. It is likely that the α → β transition passes
through two stages, and the transition to the single-
phase β-state takes place near T = 548 K. The endo-
thermic effect near T = 872 K is interpreted as the
structural transition to the cubic γ phase.

The heating curve 2 for Bi2(Sn0.95Mn0.05)2O7 differs
from the experimental results for Bi2Sn2O7: there is no
endothermic effect at 370 K; a weak exothermal effect
is observed in this temperature range instead it. It is
known that oxygen ions in the pyrochlorine structure
are more mobile in the A2O' [17] (bismuth) sublattice
than in the B2O6 sublattice. The substitution of man-
ganese for tin ions is likely to change the oxygen partial
pressure that manifested itself in the exothermic
effect. The initial stage of the α → β transition
observed in Bi2Sn2O7 shifted to ~420 K. The tempera-

ture range of ~553 K for Bi2(Sn0.95Mn0.05)2O7 corre-
sponds to the single-phase β-state; in Bi2Sn2O7, the
polymorphic transformation to the β-phase is accom-
panied by heat absorption and is described by the
endothermic effect at temperature T = 548 K (curve 1,
Fig. 3). The proximity of the phase transition tem-
peratures for the compounds with the manganese con-

Fig. 2. Difference X-ray diffraction pattern of Bi2(Sn0.9Mn0.1)2O7.

Fig. 3. DSC curves: (1) Bi2Sn2O7, (2)
Bi2(Sn0.95Mn0.05)2O7, and (3) Bi2(Sn0.9Mn0.1)2O7.

↔
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centrations x = 0 and 0.05 suggests their similar
natures. When manganese doping of bismuth stan-
nate, the formed solid solution Bi2(Sn0.95Mn0.05)2O7 is
likely to be in a metastable state at this temperature
and contains an excess energy that releases during
transition to the equilibrium β phase. Because of this,
we observe the exothermic effect in this case.

The increase of the manganese concentration to
x = 0.1 led to still further suppression of the thermal
effects (curve 3, Fig. 3). Here, we observed a weak
anomaly near T = 420 K corresponding to the α → β
transition. At temperatures T > 843 K, the compound
is in the single-phase cubic state, i.e., γ phase.

3.2. Electrical and Magnetic Properties

Figure 4 shows the temperature dependence of the
electrical resistivity measured by the two-probe
method. The bulk electrical resistance has a semicon-
ductor character of the conductivity with a weak
anomaly of the temperature coefficient of the resis-
tance (1/R)dR/dT in the temperature range, where
anomalies were observed in the curves of differential
scanning calorimetry.

The activation energy ΔE1 = 0.4 eV calculated from
the dependence of log(ρ on the reciprocal temperature
in the range 215–675 K (inset in Fig. 4) was doubled as
compared to that of Bi2Sn2O7 [18], and it described by
a linear function lnρ = lnρ01 + (ΔE1/kBT), where kB is
the Boltzmann constant.

The temperature dependence of the thermoelectric
coefficient of Bi2(Sn0.9Mn0.1)2O7 (Fig. 5) changes its
sign form positive to negative two times at T = 680 and
1070 K, which indicates the transition from the hole
type of the conductivity to the electron type, and has
sharp anomalies at T = 435 K and 570 K and the wide

maximum in the temperature range 850–950 K. These
maxima are due to the electron–phonon drag near the
structural transitions, where f luctuations of the phase
density cause a shift of the potential and induce the
electron diffusion.

The phase transitions in Bi2(Sn0.9Mn0.1)2O7 are
accompanied by anomalies of the temperature behav-
ior of the permittivity (Fig. 6). The real part of the per-
mittivity Re(ε) (Fig. 6a) has the inflection point at
418 K and the sharp rise above 700 K. The temperature
dependence of the imaginary part of the permittivity
Im(ε) (Fig. 6b) has a maximum at T = 425 K and a rise
starting from T ~ 700 K. The anomaly temperatures
agree with the temperatures of the extremes in the
thermopower and DSC.

The existence of the austenite–martensite transitions
is confirmed by the data of magnetic measurements.
Figure 7 shows the temperature dependence of the
inverse magnetic susceptibility of Bi2(Sn0.9Mn0.1)2O7
measured on heating (curve 1) and cooling (curve 2)

Fig. 4. Temperature dependence of the resistivity of
Bi2(Sn0.9Mn0.1)2O7. The inset shows the temperature
dependence of logarithm of the resistivity.

lo
g ρ

  [
Ω

 c
m

]

Fig. 5. Temperature dependence of the thermoelectric
coefficient of Bi2(Sn0.9Mn0.1)2O7.

Fig. 6. Temperature dependence of the permittivity of
Bi2(Sn0.9Mn0.1)2O7: (a) temperature dependence of the
real part, (b) temperature dependence of the imaginary
part. Thin solid lines show the theoretical calculations of
the real and imaginary parts of the permittivity in the
Debye model.

(a) (b)
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of the sample. These curves have two intersection
points near temperatures of 270 and 700 K.

4. DISCUSSION

The substitution of manganese ions for tin ions
does not change the type of the crystal structure, and
the Bi2(Sn0.9Mn0.1)2O7 compound, as well as Bi2Sn2O7
is in the monoclinic Pc α phase. The ionic radii of
tetravalent tin and manganese are 0.067 and 0.052 nm,
respectively, and differ by 25%. The substitution of
Mn4+ for Sn4+ leads to a distortion of the crystal struc-
ture, and the structural transition temperatures are
shifted to higher temperatures. Manganese ions are in
the distorted octahedron of oxygen ions, and 3d elec-
trons of Mn4+ form an impurity subband.

The temperature dependence of the resistivity does
not qualitatively changes as compared to that of
Bi2Sn2O7. The resistivity of Bi2Sn2O7 increases by an
order of magnitude near the transition and passes
through a maximum at T = 450 K; in
Bi2(Sn0.9Mn0.1)2O7, the temperature coefficient of
resistance (1/R)dR/dT has a low maximum upon the
α → β transition. Electrons of the manganese ions
form potential wells, and the material is characterized
by the hopping mechanism of conduction over the
manganese ions. The chemical potential is in the
region of impurity states, and the change in the crystal
structure does not lead to a substantial shift of the
chemical potential.

The dielectric susceptibility has a maximum near
the structural transition. The relaxation time is

described by the Arrhenius function τ =
τ0exp(ΔE/kT), where ΔE is the activation energy and τ0
is the proper relaxation time of dipoles. The sample
undergoes two structural transitions at T1 = 420 K and
T2 = 843 K with the activation energies ΔE1 and ΔE2.

The permittivity can be written in the Debye model

(1)

(2)

where ε0 is the temperature-independent contribution
to the permittivity, χ0 is the static susceptibility of
dipoles, ω is the frequency, τ1 and τ2 are the relaxation
times at temperatures T1 and T2. The permittivity of
Bi2(Sn0.9Mn0.1)2O7 is well described by functions (1)
and (2) shown in Fig. 6 by solid lines with the relax-
ation times τ1 = τ01exp(ΔE1/kT) and τ2 =
τ02exp(ΔE2/kT) and the adjustable parameters ΔE1=
0.26 eV, τ01= 8 × 10–9 s and ΔE2 = 0.69 eV, τ02 = 9 ×
10–10 s.

The contribution of the conduction electrons to the
permittivity is absent; since Im(ε(ω)) = σ/ω, and the
conductivity σ exponentially in the temperature range
300–700 K, the dielectric loss must increase, corre-
spondingly.

The austenite–martensite transitions are observed
in the magnetic characteristics. On heating above tem-
perature T = 300 K, the magnetic properties of the
martensite phase prevail; and on cooling from high
temperatures T = 800 K, the exchange interactions
between manganese ions in the cubic phase (austen-
ite). Similar martensitic transitions are observed in
manganites [19]. In the vicinity of 500 K, the magnetic
susceptibility measured on cooling is higher by 30%
the value measured on heating. The nonlinear tem-
perature dependence of the inverse magnetic suscepti-
bility is provided by the sum of two contributions:
paramagnetic and diamagnetic. We represent the
resulting susceptibility as

(3)

where x is the concentration of paramagnetic atoms
(manganese ions), C is the Curie constant, θ is the
paramagnetic Curie temperature, and χdiam is the dia-
magnetic susceptibility. The bismuth ions give the
largest diamagnetic contribution; therefore, the dia-
magnetic susceptibility does not dependent on the
heating conditions. The volume diamagnetic suscepti-
bility of bismuth crystals at room temperature is
χdiam = –12 × 10–5 cm3/g [20]. When theoretical com-
parative analyzing the complex susceptibility with the
experimental data, the value χdiam = –5 × 10–5 cm3/g
was used.

The value of the inverse susceptibility 1/χth(T) ade-
quately describes the experimental data with C =
1.36 K measured on heating and cooling. The effective
magnetic moment of Bi2(Sn0.9Mn0.1)2O7 calculated by

ε = ε + χ + ωτ + χ + ωτ2 2
0 0 1 0 2Re( ) /(1 ( ) ) /(1 ( ) ),

ε = χ ωτ + ωτ + χ ωτ + ωτ2 2
0 1 1 0 2 2Im( ) /(1 ( ) ) /(1 ( ) ),

χ = + θ − χdiam( ) /( ) ,T xC T

Fig. 7. Temperature dependence of the inverse magnetic
susceptibility of Bi2(Sn0.9Mn0.1)2O7: (1) experimental
results measured on heating of the sample; the solid curve
is the theoretical calculations of 1/χth(T), C = –200 K;
(2) experimental results measured on cooling of the sam-
ple; the solid curve is the theoretical calculations of
1/χth(T), C = –150 K.
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formula μ =  = 3.3μB is smaller by 13% as com-
pared to the theoretical value μtheor = 3.8μB found from
the relationship μtheor = g , where S is spin of
Mn4+ ions, S = 3/2, g = 2. The distortion of the octa-
hedron leads to a decrease in g factor. On heating,
when the low-temperature phase prevails, the para-
magnetic Curie temperature is θ = –200 K, and, in the
high-temperature phase, θ = –150 K. In this tem-
perature range, the electrical resistance of
Bi2(Sn0.9Mn0.1)2O7 varies within 104–108 Ω; because
of this, we can ignore the kinetic exchange of conduc-
tion electrons, and the exchange interaction is the
result of the indirect exchange of electrons via oxygen
anion Mn4+–O2––Mn4+. The bond angle in
pyrochlorines is changed (manganese ions make the
chain rectilinear) and is dependent on the crystal sym-
metry. The exchange value is exponentially dependent
on the length of the cation–anion bond. These two
factors determine the decrease in the antiferromag-
netic interaction in the high-temperature cubic
β phase.

5. CONCLUSIONS
The substitution of manganese ions for tin ions

changes the type of the thermal effects from the endo-
thermic to the exothermic upon the structural phase
transitions and their shift to higher temperatures. The
structural α → β and β → γ are accompanied by the
maxima in the temperature behavior of the permittiv-
ity. According to the data of the measurement of the
thermopower, the material has the hole type of the
conduction. The maxima of the thermopower during
the structural transitions are due to the electron–pho-
non drag.

The studies of the temperature behavior of the
magnetic susceptibility revealed the martensite-aus-
tenite transition accompanied with the temperature
hysteresis of the susceptibility. On heating, the low-
temperature phase with a higher paramagnetic Curie
temperature dominates as compared to the cooling,
during which the cubic phase prevails. It is found that
the exchange interaction has the antiferromagnetic
character and that the effective magnetic moment has
the g factor lesser than two.
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