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Abstract—The effect of substitution of Cr’* and Mn** ions for tin in bismuth pyrostannate on the magnetic
properties of the compound has been investigated. The interrelation between the magnetic, dielectric, and
electrical properties has been established. Qualitative dependences of the temperature behavior of the permit-
tivity and magnetic susceptibility on the substituent ion have been obtained. A change in the conductivity type

from hopping to tunneling has been found.
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1. INTRODUCTION

At present, the compounds with a pyrochlore
structure are explored owing to their intriguing ferro-
electric and dielectric properties, superconductivity,
colossal magnetoresistance, photocatalysis, and
metal—semiconductor transition. In most pyrochlore
compounds with the general chemical formula
A2B2060', A and B cations form a sublattice of ver-
tex-sharing tetrahedra, which can lead to the intense
frustration of the magnetic interactions. Apparently,
for this reason, many pyrochlore compounds exhibit a
lack of long-range magnetic order and demonstrate
the spin-glass state. Substitution of 3d-metal magnetic
ions is intensively studied with the prospect of using
these compounds as multiferroics and spintronic
materials. The interaction of the ion subsystem with
the electron subsystem characterized by the spin and
orbital magnetic moments is reflected in a variety of
physical properties.

Bismuth pyrostannate Bi,Sn,0; is a representative
of the pyrochlore family. Its crystal structure under-
goes a series of polymorphic transformations: at room
temperature, it is a distorted pyrochlore structure,
which at 390 K passes from the low-symmetry mono-
clinic o phase (sp. gr. Plcl) to the orthorhombic 3
phase (sp. gr. Aba2). This transition [1] is accompa-
nied by the generation of a second harmonic [2].
Above 900 K, one more polymorphic transition to the

gg phase (sp. gr. Fd3m) occurs [1-3].
The electronic configuration of bismuth ions

5d"°6s%6p" contains an unshared s electron pair. The
effect of the unshared bismuth pair causes the high

mobility of bismuth and oxygen atoms in the Bi,O' tet-
rahedron and their strong shift from the centers of the
sites characteristic of an ideal pyrochlore structure.
Oxygen ions have two types of environment: one of
them is located in the nearest surrounding of bismuth
ions and the other is surrounded by tin and bismuth
ions.

The aim of this study is to investigate the magnetic
properties and establish the magnetic order and inter-
relation of the magnetic, dielectric, and electric char-
acteristics of the Bi,(Sn, _ ,Me,),0, (Me = Mn, Cr,
x=0.05, 0.1) compounds.

2. EXPERIMENTAL

The compounds were fabricated by the solid-state
reaction method [4]. The synthesized samples corre-
spond to a monoclinic Pc cell in the Bi,Sn,O; o phase [3].

The magnetic properties of the synthesized com-
pounds were examined on a high-temperature device
using the Faraday method at temperatures of up to
1100 K in magnetic fields of up to 0.86 T and on a
Quantum Design PPMS-9 facility at temperatures of
up to 300 K in the field range of -6 T< H< 6 T.

The I-V characteristics were obtained with a
Kemeterley 6517b electrometer in electric fields from
—800 to 800 V/cm.

The capacitance and dissipation factor were deter-
mined on an AM-3028 component analyzer in the fre-
quency range of 0.1—-1000 kHz at temperatures of
300—750 K.
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Fig. 1. Temperature dependence of the magnetic suscepti-
blllty (a) Bi2(Sn0'95MeO'05)207 (MC = Mn, CI')Z
(1) Biy(SnggsMng 5),07 and (2) Biy(Sng 95Cry 95),07-
Inset: temperature dependence of the inverse magnetic
SUSCCptibﬂity: (]) Biz(SHO.gsMno_05)207 and
(2) Biy(Sng 95Cry ¢5),07. (b) Temperature dependence of the
inverse magnetic susceptibility of Biy(Sny9Mng;),05:
(1) experimental results in the sample heating mode; the
solid line shows the theoretically calculated 1/Ypeor(T)

curve; C = —-200 K; (2) experimental results in the sample
cooling mode; the solid line shows the theoretically calcu-

lated 1/Yheor(T) curve; C= —150 K.

3. RESULTS AND DISCUSSION
Magnetic Properties

Figure 1a shows the magnetic susceptibility of the
Bi,(Sn, _ ,Me,),0, (Me = Mn, Cr; x = 0.05) compound.
The magnetic susceptibility of Bi,(Sn,¢sCrs),0; at a
temperature of 150 K changes its sign from positive to
negative. The paramagnetic Curie temperature
obtained from the inverse temperature dependence of
the magnetic susceptibility (see inset in Fig. 1a) in the
range of 0 K < 7' < 40 K is described by the Curie—
Weiss law and has a value of 6 = 2 K. The field
dependence of the magnetic moment in the field
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range of —6 T < H< 6 T at T = 4.2 K is nonlinear.
When it is described by the equation M(H) =
N 1pSBs(gSUp H/kBT), where Bg(x) is the Brillouin
function, the best agreement with the experimental
data is obtained at a chromium ion spin of S = 3/2.
Here, U is the Bohr magneton, N, is the Avogadro
number, kis the Boltzmann constant, and the g factor
has a value of g = 2. In the Bi,(Sn,,Cry;),0; com-
pound, the magnetic moment increases. The recipro-
cal magnetic susceptibility curve in the cooling mode
changes its slope at the transition from the o to 3 phase
near 7= 370 K. The paramagnetic Curie temperature
increases by a factor of 3; for the o phase, we have 6, =
50 K in the range of 150 K < 7'< 300 K, and for the 3
phase, 63 = 150 K at 7 > 400 K. The temperature
dependence of 1/ is hysteretic in the temperature
range of 400—900 K corresponding to the region of
existence of the 3 phase.

The temperature dependence of the Bi,(Sn ¢5Cr; 45),0-
magnetic susceptibility (Fig. 1a) measured in a mag-
netic field of 0.05 T has a singularity near 155 K. Using
the temperature dependence of the inverse susceptibil-
ity (inset in Fig. 1a) described by the Curie—Weiss law,
the paramagnetic Curie temperature was found to be
0 = —0.7 K. The M(T) curve at a temperature of 7' =
4.2 K is nonlinear, and at 7'= 50 K, the linear depen-
dence described by the Brillouin function is observed.

An increase in the concentration of Mn ions led to
an increase in the antiferromagnetic exchange. Figure 1b
shows the temperature dependence of the inverse
magnetic susceptibility for Bi,(Sn;oMn,;),0; in the
sample heating (curve /) and cooling (curve 2) modes.
These curves have two points of intersection at tem-
peratures of 270 and 700 K. The nonlinear tempera-
ture dependence of the inverse magnetic susceptibility
of Bi,(Sny¢Mn,),0; is determined by a sum of two
(paramagnetic and diamagnetic) contributions. The
inverse magnetic susceptibility 1/Yuco(7) satisfacto-
rily describes the experimental results at C=1.36 K for
the heating and cooling modes. The paramagnetic
Curie temperature is 6 = —200 K in the low-tempera-
ture phase and 6 = —150 K in the high-temperature
phase. The effective magnetic moment with a g factor

smaller than 2 calculated using the formula L = Js8C =
3.3, is 13% smaller than its theoretical value W.o, =
3.8 found from the relation L., = gpS(S + 1) (Sis the
Mn™*ion spin, S = 3/2, and g = 2). The distortion of
the Bi,O tetrahedron decreases the g factor.

Permittivity

The spectral and temperature dependences of the
permittivity can be used to detect the electric dipole
moment and determine its characteristics, even when
it concerns the local dipole moment in small clusters
without long-range order.
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The frequency and temperature dependences of the
permittivity of the Bi,(Snyg¢sMego5),0; (Me = Mn,
Cr) compound contain no noticeable anomalies. With
an increase in the substituent ion concentration, the
anomalies in the form of broad maxima of the dissipa-
tion factor arise, the temperature of which increases
logarithmically with frequency.

The temperature dependence of the Bi,Sn,0O; per-
mittivity exhibits the anomalies described in the model
of martensitic phase transitions [5, 6]. The real and
imaginary parts of the Bi,(Sn,¢Cry,),0; permittivity
as a function of temperature at different frequencies
are shown in Fig. 2. The €(7) dependences contain
inflection points in the real part (Fig. 2a) and broad
maxima of the dissipation factor (Fig. 2b), the tem-
perature of which increases with frequency from T\, =
370 to 560 K according to the logarithmic law. The
dipole moment relaxation time obeys the Arrhenius
law T = Tyexp(AE/kT) with an activation energy of
AE = 0.4 eV, which describes the relaxation in disor-
dered systems. When tin is replaced by 3d ions, bis-
muth ions shift from the ring center with the formation
of electric dipole moments. In the glass state, the sys-
tem of dipoles randomly distributed over a rigid isotro-
pic matrix is disordered and unpolarized, but this state
is not paraelectric either, since each dipole remembers
its initial orientation. Further heating led to a sharp
increase in the permittivity upon approaching the
temperature of the phase transition 3 — .

A criterion of the transition of the system to the
dipole glass state is the specific dependence of the dis-
persion of the real (Re(¢')) and imaginary (Im(g"))
parts of the complex permittivity near the temperature
of the transition to the glass phase [7].

At x = 0.05, dipole clusters with short-range order
and a thermodynamic mean zero dipole moment p; =
0 are formed. The effect of the short-range order man-
ifests itself in the change in the frequency dependence
of the complex permittivity, which can be approxi-
mated by the power function € = 4/®" to 10° Hz, and
at higher frequencies, the permittivity decreases more
abruptly. The dispersion of the real part of the permit-
tivity in the monoclinic phase is no more than 10%
and the dielectric loss decreases by several times.
Upon the transition to the trigonal phase, the disper-
sion increases and the exponent grows from # = 0.05
to 0.4.

In the Bi,(Snj¢Cryj,),0, compound, the real and
imaginary parts of the permittivity have a broad maxi-
mum, which shifts toward higher temperatures with
increasing frequency (Fig. 2). The e(®w) dependences
are not described in the Debye and Cole—Cole mod-
els. If we introduce the frequency dependence of the
relaxation time, then, using the Debye expression for
e(w, T), we can describe the experimental results.
Along with indefinitely long relaxation times in
glasses, the system has a large set of finite relaxation
times; i.e., the relaxation time range is wide. In bis-
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Fig. 2. Temperature dependence of the permittivity of
Bi,(Sng 9Cry 1),07 at different frequencies. (a) Real and
(b) imaginary parts: (/) 1, (2) 5, (3) 10, (4) 50, (5) 100, and
(6) 300 kHz.

muth pyrostannates, there is a relaxation time spec-
trum caused by the ion- and electron-relaxation
polarization. A change in the relaxation mechanism is
observed around 100 kHz.

Above 600 K, the imaginary part of the permittivity
is well described by the dependence In(/m(e)) =
A+ AFE / T with the activation energy which is almost
frequency- and concentration-independent and
amounts to AE = 0.82(2) eV. The contribution of car-
riers to the dielectric loss can be ignored, since the
relation w/m(e) = ¢ is invalid. For the composition
with x = 0.05, this is fundamentally different from the
temperature behavior of the dc resistance, which
weakly changes at these temperatures. This allows us
to conclude that the dielectric loss and the permittivity
growth are caused by the ionic subsystem and result
from the high mobility of bismuth ions in the pyros-
tannate structure in the region of the transition oo — f3.

The real part of the permittivity Re(e) of
Bi,(Sny ¢Mn; ),0, (Fig. 3a) has a small minimum in
the vicinity of the phase transition oo — 3, above which
the permittivity sharply increases. These anomalies
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Fig. 3. Temperature dependence of the permittivity of
Bi,(Sng gMn 1),07 at different frequencies. (a) Real and
(b) imaginary parts: (1) 1, (2) 5, (3) 10, (4) 50, (5) 100, and
(6) 300 kHz.

are consistent with the differential scanning calorime-
try data; there is a small singularity on the DSC curve
at 7= 420 K [8]. The real and imaginary parts of the
permittivity exhibit a broad maximum at 7" > 500 K
(Fig. 3), which are not observed in the DSC curve. A
similar temperature dependence of the permittivity
above T = 550 K is observed in the Bi,(Sn,¢Cry),0,
compound.

The high-temperature behavior of the permittivity
is related to the electronic structure because of the
high electron polarizability of the Bi—O bond. It is
well known that oxygen ions have significant polariz-
ability, which increases with the formation of a cova-
lent bond (the presence of covalence and anisotropy).
The polarizability of bismuth ions arises from
unshared 6s2 valence electron pairs. The effect of a sin-
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gle pair enhances the mobility of oxygen ions in the
Bi,O tetrahedron and their great shift from the sites of
the ideal pyrochlore lattice. The absence of significant
structural changes in Bi,Sn,0O; in the temperature
range of 500—600 K gives us grounds to assume that
the observed features of the dielectric susceptibility are
caused by the charge transfer processes and the sharp
change in the polarizability of ions [8]. A similar
behavior of the permittivity was observed in o-Bi,0;
[9]. Substitution of Cr and Mn ions for Sn ions leads
to the deformation of the oxygen—bismuth bond and
an increase in the dipole moment because of the dif-
ference between the ionic radii. The heterovalent sub-
stitution of chromium for tin ions causes the electronic
contribution to the dielectric susceptibility and an
increase in the Re(€) value as compared with the sub-
stitution of manganese ions with the ionic contribu-
tion. According to the experimental data, the
Bi,(Sny 4Meg ),0; (Me = Mn, Cr) compounds exhibit
the properties of a dipole glass.

Conductivity

The conduction mechanism and the existence of
inhomogeneous electronic states can be determined
from the /—V characteristics of the Bi,(Sny Mg ),0,
(Me = Mn, Cr) compositions (Fig. 4). With increasing
temperature, the shape of the /—V curve changes. In
the temperature range of charge ordering, the conduc-
tivity is described by the model of space-charge-lim-
ited currents and obeys the quadratic Mott law [10]

_9 U’
J= éTpGOHFa (D
where J is the current density, T, is the Maxwell relax-
ation time, G, is the electrical conductivity in the bulk
of the material in the absence of carrier injection, L is
the carrier mobility, U is the applied voltage, and L is
the sample thickness. The experimental /—V charac-
teristics in logarithmic coordinates (Fig. 4a) are
described well by Eq. (1) for Bi,(SnyyMn;),0, up to
T =400 K and for Bi,(Sn, ¢Cr,;),0; up to 7= 500 K.
In the high-temperature region, starting with 7 =
450 K for Bi,(SnyyMny;),0; and 550 K for
Bi,(Sny ¢Cry),0,, the Poole—Frenkel conduction
mechanism prevails (Fig. 4b), according to which a
strong electric field applied to a sample changes the
form of potential barriers for carriers between atoms in
a crystal lattice. This leads to an increase in the num-
ber of electrons in a sample owing to overcoming the
potential barrier. In this case, the current exponen-
tially depends on the applied voltage and there is a
square root of the voltage in the exponent:
_ U B U’

I eu”o L exp kTLl/z ’ (2)
where e is the elementary charge, | is the carrier
mobility, n, is the electron density in the conduction
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Fig. 4. I-V characteristics of Biy(Sny9Me ),07 (Me =
Mn, Cr) at an applied positive voltage. (a) Dependence of
the current on the squared voltage: (1) Bi,(Sny gMng 1),07
at 7 = 350 K, (2) Biy(Sny¢Cry),07; at T = 300 K,
(3) Biz(SHO.gMHO'I)207 at T=400 K, (@ Biz(Sno.9CrO'1)2O7
at 7 = 350 K, (5 Biy(Sny9Cry),07 at T = 400 K,
(6) Biz(Sn0_9Cr0_1)207 at T = 450 K, and
(7) Biy(Sng ¢Cry 1),07 at T= 500 K. (b) /—V characteristics
in the Poole—Frenkel representation: (/) Biy(Sny gMny 1),07
at T = 450 K, (2) Biy(Sny9Mng),07 at T = 500 K,
(3) Bi2(SnO_9Cr0.1)2O7 at T=1550 K, and (4) Biz(Sn0_9Cr0_l)2O7
at 7= 600 K.

band in zero field, U is the applied voltage, L is the
sample thickness, k is the Boltzmann constant, B =

3 \/2
€ is the Poole—Frenkel constant, g, is the
TEE,

dielectric constant, and € is the permittivity of a semi-
conductor. The linearity of the portions in the depen-
dence of In(//U) on U"? in the Poole—Frenkel coordi-
nates indicates that the dominant carrier transport
occurs via both the hopping mechanism and tunnel
electron emission [11]. With an increase in the substit-
uent ion concentration in the Biy(Sn;ssCry;5),05
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compound [4], the conduction mechanism does not
change, but the transition to the Poole—Frenkel
mechanism is observed at a lower (I’ = 450 K) tem-
perature.

4. CONCLUSIONS

The Bi,(Sn, _ ,Me,),0; (Me = Mn, Cr; x = 0.05)
compounds with a monoclinic structure were synthe-
sized by the solid-phase reaction. The experimental
investigations showed the interrelation of their struc-
tural, magnetic, and electrical properties. The structural
transition oo — P is accompanied by anomalies in the
temperature behavior of the magnetic susceptibility. In
the Biy(Sn, _ ,Mn,),0; compound, the antiferromag-
netic exchange prevails, while in the Bi,(Sn, _ ,Cr,),0,,
the ferromagnetic exchange is dominant. In the high-
temperature phase, the exchange interaction in these
compounds increases. The magnetic measurements
confirmed that chromium ions are trivalent and man-
ganese ions are tetravalent. The magnetic susceptibil-
ity anomalies correlate with the data of the dielectric
and electrical measurements. The conduction mecha-
nism was explained using the Poole—Frenkel model
and the hopping type of conductivity. The electronic
transition with the change in the type of conductivity
from the hopping to Poole—Frenkel tunnel emission
type is accompanied by the maximum dielectric sus-
ceptibility. The temperatures of the transition related
to the change in the conduction mechanism from
Mott to Poole—Frenkel type are different for the
Bi,(Sng ¢Cry ;),0- and Bi,(Sn, ¢Mn, ;),0; compounds.
An analysis of the frequency and temperature depen-
dence of the dielectric susceptibility revealed the spin
glass state of the Bi,(SnyoMe;;),0; (Me = Mn, Cr)
compound. The polarization relaxation is described
by a power and logarithmic dependence.
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