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Temperature and frequency dependences of the real and imaginary
parts of the complex dielectric permittivity e*(w) of Mn-doped
Bi12Si0O9¢ crystals in the thermoelectret state have been studied
in the audio-frequency range and the temperature interval
300+ 800 K. Dielectric anomalies of the quasi-resonance type were
observed. The corresponding Cole-Cole diagram demonstrates a
section, which is close to linear.

1. Introduction

Photorefractive crystals of the silenite family Bi;oMOqq
(BMO, where M = Si, Ge, or Ti) are successfully
applied as active media to various branches of functional
electronics. Silenites are characterized by the rather
high dielectric permittivity ¢ (¢ = 30 =+ 160 at
about room temperature [1-3]), the sensitivity of
their dielectric properties to the presence of intrinsic
defects [3-5] and impurity centers [6-8], and the
formation of the electret state [7,8]. Defects govern the
features of the temperature and frequency dependence
e(v,T) and the tangent of the dielectric loss angle,
tand(v,T), both in the low (v = 10 = 10* Hz
[1,3,5-7]) and ultra-high frequency ranges [4]. Some
peculiarities are associated in the literature with the
processes of relaxation quasi-dipole polarization [5, 7,
8].

Further researches of the dielectric properties of
silenites and the possibility of a controlled influence
on them by doping seem expedient. We consider
the doping of silenites with multivalent ions of iron-
group transition metals to be challenging. The latter
substitute both M** and Bi*T ions in the lattice
(in oxygen tetrahedra and octahedra, respectively);
they are capable to create the centers of strong
localization and substantially affect the local level
structure in the energy gap and the run of polarization
processes.

In this work, we report the results of our study
of the dielectric properties of Mn-doped BijaMOsgg
crystals (BSO:Mn) converted into the thermoelectret
state.
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2. Experimental Technique

Optically homogeneous BSO:Mn crystals were grown by
the Czochralski method. The content of Mn was varied
from 0.01 to 0.3 wt.%, the content of uncontrollable
impurities did not exceed 10~ wt.%. Specimens were
fabricated in the form of (0.5 + 1.5) x 3 x 7-mm?
polished ingots. Pt-electrodes were deposited by cathode
sputtering in vacuum onto the (001) faces 3 x 7 mm?
in size. Before experiments, specimens were heated up
to a temperature of 800 K and slowly (for about 2
days) cooled down to room temperature in order to
establish their electron subsystem into the equilibrium
initial state which provided the reproducible results of
measurements.

The temperature and frequency dependences of the
real, ¢/, and imaginary, &”, parts of the complex
dielectric function £* were studied. The measurements
of the dependences &' (v,T) and &”(v,T) were carried
out within the frequency interval v = 10% + 2 x 10* Hz
and the temperature range 7" = 300 + 800 K with the
help of an E8-2 bridge, a GZ-118 generator of sine-wave
voltage, and a C1-64A null indicator-oscilloscope. The
temperature of the specimens was varied linearly at a
rate of 0.16 K/s, making use of a computer-assisted
control system. Preliminary polarized and non-polarized
specimens were studied. Polarization conditions were
varied within the following limits: the voltage U, =
10 + 10® V and the temperature 7, = 300 + 600 K;
the polarization time of 30 min was constant. Such
conditions ensured the formation of a persistent (near
room temperature) thermoelectret state [9,10].

3. Results and Their Discussion

The doping of BSO crystals with Mn ions and the
formation of the electret state lead to a specific
complicated character of the dependences ¢’'(v,T) and
e'(v, T) with a lot of features (peaks) that are caused
by the contributions of a certain amount of various
dielectrically active centers (Fig. 1). In addition, Mn ions
induce a 2—5 times reduction of high-temperature losses.
The temperature and frequency behavior of the
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Fig. 1. Temperature dependences of the real €’ (panels a and c) and imaginary € (panels b and d) parts of the complex dielectric
permittivity €* of BSO:Mn crystals at various frequencies of the measuring field v = 1 x 10® (panel a, curve 1; panel b, curves I and
1), 3 x 103 (panel a, curve 2; panel b, curves 2 and 2’ ), 8 x 10% (panel a, curve 8; panel b, curves 3 and 3’ ), 10* (panel a, curve
4; panel b, curves 4 and 4’; panel ¢, curve 4; panel d, curves 4 and 4’), 7 x 102 (panel ¢, curves 1 and 4; panel d, curves 1, 1’,/,
and 4’), and 5 x 103 Hz (panel c, curve 2; panel d, curves 2 and 2’ ). Curves 1/, 2/, 8’, and 4’ in panels b and d are related to the
right-hand-side axes. The conditions of preliminary polarization: U, = 100 V (panels a and b; panel ¢, curves 1-8; panel d, curves 1-3
and 1'-8"); T, = 300 (panels a and b) and 520 K (panel ¢, curves 1-3; panel d, curves 1-8 and 1'-8’). Non-polarized specimens of

BSO:Mn crystals (panel ¢, curve 4; panel d, curves 4 and 4')

parameters ¢’, €”, and tand of BSO:Mn also has
peculiarities and differs from that known for BSO,
BSO:Al, BSO:Ga [6,7], and BSO:Cr [8]. The functions
e'(T,v) and €”(T,v) are composed of two components
each. One of those components hardly depends on
the preliminary polarization conditions and forms a
monotonous background which determines the crystal
(matrix) in whole. Another component consisting of
peaks, whose intensities, number, and temperature
positions depend on the conditions, under which the
electret state of the crystal was formed, is imposed
onto this background. In particular, an increase of
the preliminary polarization temperature 7, leads to a
shift of the temperature spectra &'(T,v) and &”(T,v)
towards lower temperatures, whereas the general range
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of their variations remains the same (Fig. 1). In
general, the dependences of the dielectric parameters
of BMOs on the formation conditions of their thermo-
or photoelectret states require additional researches.
As an attribute of some universality, we note that
similar dependences were also observed for BSO crystals,
both undoped and doped with Al, Ga, and Cr ions
[7,8,11].

3.1. Temperature and frequency behavior of
dielectric parameters

The temperature behavior of the real and imaginary
parts of the complex dielectric permittivity, &' (T") and
e”(T), was examined in the temperature ranges
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Fig. 2. Temperature (a) and frequency (b) dependences of
the conductivity of the BSO:Mn crystals converted to the
thermoelectret state at T, = 300 (1) and 520 K (2)

ATy = 300 — 550 K and ATy, = 550 — 750 K. Within
the former, a Il-shaped peak with an abrupt slope on
the low-temperature side was observed for the &'(T')
dependence, as well as a group of peaks with a poorly
structured envelope for &'(T") and £”(T") ones. Intensive
peaks in the dependences &'(7') manifested themselves
in the range ATy. The dependences &”(T) were close
to exponential and revealed no intense peaks (Fig. 1),
in contrast to BSO:Cr crystals [8]. The temperature
behavior of the dielectric parameters of BSO:Mn crystals
was inherent to systems with high conductivity, which
contributes to ¢”(T), but does not affect '(T). Hence,
the high-temperature losses in BSO:Mn occur most likely
due to conductivity. This assumption is confirmed by
the fact that the crystal electroconductivity calculated
making use of the loss factor o = ¢”’¢,w, where g, =
8.85 x 107!2 F/m is the vacuum dielectric constant and
w = 27v is the circular frequency, grows exponentially
with temperature (Fig. 2,a); and the activation energy
of the crystal conductivity AE, = 0.9 eV practically
coincides with that found for BSO:Mn crystals in dc
and ac measurements [12]. We also note the power-law
growth of the conductivity as the frequency increases,
o~ ~ w® (s = 0.2, see Fig. 2,b), which evidences for
the hopping mechanism of charge transfer in BSO:Mn
crystals [12].

The interesting information concerning the origin of
dielectric features (peaks) in the spectra of BSO:Mn
crystals is given by the research of their frequency
behavior. In both intervals, AT} and AT5, the intensities
of &(T,v)-peaks do not fall down monotonously as
the frequency v grows, but pass through a maximum;

1092

the temperature positions of the peaks almost do not
shift at that. The intensities of &’ (T, v)-peaks, which,
by their positions, correspond to &’'(T, v)-peaks, become
redistributed within the AT} interval, so that they
decrease with growth of the frequency. Such a behavior
of the &”(T,v)-peaks would be typical of the peaks
of the relaxation origin, but for the absence of their
progressive shift towards high temperatures (Fig. 1).
Therefore, by their response to the growing frequency,
the main features of the dependences &'(T,v) and
e’(T,v) for BSO:Mn crystals are different from those
of the relaxation origin and close to the features of the
quasi-resonance type, whereas in BSO, BSO:Al, BSO:Ga
[7], and BSO:Cr [8] crystals, on the contrary, they are
governed by relaxation processes.

3.2. Cole—Cole diagrams

The complicated character of the &'(T,v) and &”(T,v)
dependences prohibited us from obtaining the classical
diagrams for the &”(¢’) dependence in the form of
Cole—Cole semicircles at temperatures 7' > 380 K. At
temperatures 300 + 370 K, the monotonous sections of
the Cole—Cole diagram £”(¢’) were obtained. They are
considerably different from the classical ones, inherent
to the dispersion of the Debye type, and can be
approximated by a straight line &’ = k(¢ — enp),
similarly to what takes place for BSO:Cr crystals [§],
but with an essentially larger factor k = 3.8 = 4.2. The
magnitude epr; = 55.8 (¢’ of the matrix) was determined
from the diagrams &”(¢’) by putting ¢’ — 0. We note
that the quantity epg is the high-frequency part of the
dielectric permittivity; it is governed by the mechanisms
of dispersion that are not engaged in the frequency range
concerned.

To analyze the experimental dependences &”(e’)
further, we used the coordinates & and &’ which are
the ¢’ and €’ quantities, respectively, normalized by the
dielectric contribution: ¢’ = (¢/ — ex),/ (€0 — €c0) and
¢ = ¢&"/(eg — ex), Where gg is the static dielectric
permittivity, and e, is the high-frequency permittivity
which has the same sense as the quantity epp does.
Assuming that e, = eppg = 55.8 and ¢¢ = 70, we
obtained the dependences ¢ (£'), which were also close
to linear (see the inset in Fig. 3). Let us try to find a
good approximation in the framework of the classical
relaxation dependences.

In the Debye equation £* = £ — i£”, presented by
Cole and Cole as a semicircle

(€ —0.5)% +(¢")* =025 (1)
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on the complex-variable plane (¢',¢”), the variables
are ¢ = 1/(1 + 2% and & = 2/ + 2?),
where z = wr and 7 is the relaxation time.
Deviations from perfect semicircles of type (1) in
various empirical or model equations (Davidson—Cole,
Cole—Cole, Havriliak—Nagami, and others) are given
by the parameter y which determines either the
interaction between relaxators or their distribution over
the relaxation time. One of such equations is the
equation for lemniscate-like curves (Fig. 3) which possess
sections close to linear in the frequency range that
includes the range of our concern [13]:

) =0-2) (2)

If v = 1, expression (2) converts into the Debye
equation. After the separation of the real and imaginary
parts of £*, we obtain

f/(w) = cos(varctan z) /(1 + 22)0,57 )
and
¢’ (w) = sin(varctan z) /(1 4 22)%57, n

Taking the experimentally found value for the ratio
¢” /e’ into account, we used the numerical simulation
to determine the parameters of the lemniscate-like
approximation for the dependence &”(¢’). The best
parameter set turned out as follows: 7 = 7.7 x 1073 s
and v = 0.9 (the inset in Fig. 3). However, the relative
error of the approximation by a lemniscate was not
less than 20%, whereas it did not exceed 8% for the
linear approximation. Thus, the Cole—Cole diagram
£"(¢') does have a linear section in the range of sound
frequencies.

We note that the magnitude of 7 falls within the
interval of values, which follow from the Debye relation
& ¢ = &" /(¢ — enp1) = z. The assumption that
€00 = Enf1 = HH.8 was quite acceptable, because BMO
crystals are characterized by large values of ¢’ at high
frequencies, in particular, &’ = 43+45 for undoped BMO
at frequencies v = 106 + 10! Hz [4,14]. The assumption
o = 70 was based on experimental data.

3.3. Frequency dependences of the dielectric
permittivity

The frequency dependences €'(v) and €”(v) in the log-
log scale have sections that are close to linear and almost
parallel to one another (Fig. 4,a). At low frequencies,
e” grows as v decreases. Such a behavior, which is not
inherent to the classical Debye spectrum, testifies once
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Fig. 3. Lemniscate-like dependence ¢/(¢') with the parameters
~ = 09 and 7 = 7.7 x 1073 s. The dashed curve denotes
the investigated frequency range v = 102 + 2 x 10* Hz. (Inset)
The experimental dependence £(¢) (insert, I, dark and light
points), linear approximation(insert, 2, solid line), lemniscate-like

approximation (insert, 3, dashed curve)

more that the dielectric response includes the
contributions from electroconductivity process. The
linear and parallel character of the dependences lge”
versus lgv and lge’ versus lgr allows both parts of
the complex dielectric function £* to be described by a
common power-law function of the frequency

('(v) —enp1) ~e"(v) ~ ", (5)

whose slope angle with respect to the frequency axis
determines the value of n. From Eq. (5), one can see
that the ratio of two parts of €* is a constant which does
not depend on the frequency:

& (1)/(€'(v) — enp) = cot(n/2), (6)

where 0 < n < 1 and cot(nn/2) = k, i.e. the angle
nm/2 determines the slope of the linear section of the
Cole—Cole diagram with respect to the &’ axis. The
values n = 0.15 + 0.2 were obtained. A relationship
between the dielectric parameters, similar to Eq. (6),
is interpreted in the literature as a universal behavior
of the dielectric system [15]. It is associated with
the hopping mechanism of charge carrier motion over
localized states. Such a kind of motion contributes not
only to the ac conductivity, but also to the frequency
dependence of the dielectric permittivity €’(v). In this
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Fig. 4. Experimental frequency dependences of the real &’ ( panel
a, curves 1 and 3; panel ¢, curves 1-3) and imaginary ¢” (panel
a, curves 2 and 4) parts of the complex dielectric permittivity
of BSO:Mn crystals, and the calculated frequency dependences of
the real e/, (panel b, curve 1) and imaginary €. (panel b, curve
2) parts of the complex dielectric permittivity of the same object
at various temperatures T' = 290 (panel a, curves I and 2), 360
(panel a, curves 8 and 4; panel b, curves 1 and 2), 470 (panel c,
curve 1), 600 (panel ¢, curve 2), and 675 K (panel ¢, curve 3).
Approximation of the dependences (¢/ — eyf1)(v) (panel a, curves
1" and 3’) and € (v) (panel a, curves 2’ and 4’) by power laws.
Curves 3, 8', 4, and 4’ are shifted by +1 along the ordinate axis,
while curve 2 in panel b by —0.1

case, the peak of dielectric losses must be absent from
the €”(v) spectrum.

Against the background of approximately linear
(in log-log coordinates) frequency characteristics, the
oscillations of experimental points &'(v) and €”(v)
were traced (Fig. 4,a). To isolate the contributions of
such oscillatory processes, we found the corresponding
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Cse v o(V), taking them as the
differences between the experimental (¢'(v) — epp; and
e”(v), respectively) dependences and the corresponding
calculated dependences of form (5) with n = 0.16
(€l c(v) and €7, (v), respectively). The curves e/.(v)
and e/ (v) demonstrate the absence of the significant
peaks of dielectric losses up to frequencies of about
5x 103 Hz and the presence of such a peak in the interval
v = 5x103+10* Hz (Fig. 4,b). On the other hand, on the
removal of the points £/, and £/, (light points in the
insert in Fig. 3) from the experimental set, the error of
the linear approximation of the dependence £”(£’) would
reduce to 3-4% (see the inset in Fig. 3).

Oscillator(quasi-resonance)-type anomalies in the
dependence &'(v) were observed for a number of
materials (these were structures with Schottky barriers,
based on GaAs crystals, and others) [16, 17]. In
the frequency dependences of electrocapacitance, the
anomalies revealed themselves as a negative capacitance
[17]. They are incompatible with the ordinary relaxation
process, where the dependences i(t) of the polarization
current on time are monotonous for static fields.
However, the nonmonotonic i(t) dependences with
sections, where the current falls down or grows
up, are compatible with the characteristics of the
¢’(v) and &”(v) dependences of the quasi-resonance
type in the frequency range which is determined
by the length and the slope of the current-growth
sections [17].

It should be noted that the work function amounts
to 4.3 eV for BSO crystals [18] and 5.32 eV
for Pt electrodes. Therefore, there must emerge a
Schottky barrier at the crystal-electrode interface. But
the former cannot be responsible for peaks in the
e/(T) and &'(v) dependences, because the thermally
induced depopulating or filling of the local levels
in the energy gap is accompanied solely by the
step growth or reduction of the &'(T) dependence;
the maxima in the dependences ¢'(v) are also
absent [19].

In undoped BSO crystals, a nonmonotonic variation
of the polarization current in time was observed [20],
which could stimulate the oscillatory behavior of the
¢'(v) dependence. However, the period, for which the
current varies, was of about 10?2 s, i.e. oscillations with a
frequency of about 1072 <+ 10~3 Hz should be expected.
Doping BSO with Mn ions leads to the modification of
the energy spectrum of local levels in the energy gap,
which can reduce the time interval of the nonmonotonic
behavior of the i(t) dependence and make &'(v) to
oscillate at sound frequencies.

dependences ¢/ .(v) and €/
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The presence of quasi-resonance processes confirms
that the frequency dependences &’(v), which have been
measured at those temperatures of the high temperature
range T' > 450 K where the curves ¢'(T') peaked, have a
maximum (Fig. 4,¢). These processes do not contribute
to polarization at frequencies of about 10* Hz, and the
magnitude of the dielectric permittivity falls down to the
value epp = 52.7.

4. Mechanism of Polarization Processes

In the course of polarization processes in BSO:Mn
crystals, dielectrically active can be quasi-dipoles of
the impurity (i.e. Mn-ion) origin. The research of the
optical absorption spectra showed that Mn ions exist
in either the Mn3* or Mn** charged state and occupy
mainly the positions of Bi3T ions [21]. In the former
case, charge compensation is not necessary, and the
difference between ionic radii (1.16 A for the Bi** and
0.79 A for the Mn3t ion) gives rise to a deformation
of the surrounding oxygen octahedron and can induce
dipole moments in Mn—O complexes. In the latter case,
a similar situation becomes complicated owing to the
necessity of charge compensation. This compensation
can take place, e.g., in the second coordination sphere,
where “structure-destroying” Big;r ions substitute Si**
ones. Such ions are the well-known intrinsic defects of
silenites. The dipole complex made up of Mn‘];"7 0?2,
and Big?‘ ions will be even more complicated. Similar
quasi-dipoles in BSO:Cr crystals provoke the existence of
peaks in the temperature dependences of internal friction
[6] and the classical relaxation behavior of dielectric
parameters in the temperature range 7" = 400 <+ 700 K
[8]. However, the behavior of quasi-dipoles in BSO:Mn
crystals does not correspond to the classical mechanism
of the thermal relaxation polarization.

At this stage of researches, it seems possible to
describe the obtained diagrams e”(¢’), which are close to
linear, and power-law dependences ¢”(v) and &’(v) in the
framework of the universal model proposed by Jonscher
for insulators [15]. In this model, the mechanism of
polarization is related to the discrete motions of particles
in a solid: the jumps of dipoles (quasi-dipoles) between
the positions of prevailing orientation or the jumps of
charge carriers (electrons and holes). Such a behavior
is distinct from that of Debye dipoles and from that
given by the band mechanism of conductivity. Another
important point in the polarization dynamics is the
screening of a dipole (a charge carrier) in a new state of
its equilibrium by other dipoles (charge carriers) of the
insulating medium. Every jump of a dipole (a charge
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carrier) under the action of an external electric field
is coupled with the emergence of a polarization which
is reduced afterwards by the following slower screening
processes to some extent. The screening efficiency is
determined by the parameter p and the power n in the
frequency dependences of the real, ¥/, and imaginary,
X", parts of the dielectric susceptibility x* through the
relation
1

X/(w) zﬁzlipzcot@:const, (7)
X' (w) Wy D 2
where W7 and W5 are the energies that were expended
and accumulated, respectively, during the period of
oscillations; and 0 < p < 1. If p = 0 (n = 0), the
screening is complete and corresponds to the case of the
screening by free charges. If p = 1 (n = 1), the screening
is absent altogether, which corresponds to the case of
immovable charges. The introduction of the parameter
p is the simplest manner to take the interaction between
charges or dipoles in the insulating medium into account.
It follows from general considerations that the screening
in dipole systems is weaker than that in systems,
where the polarization is induced by charges. Really,
the value n = 0.46, which was obtained for BSO:Cr
crystals with the predominantly quasi-dipole mechanism
of polarization [8], is higher than n = 0.16 + 0.2 for
BSO:Mn. Nevertheless, one should bear in mind that the
screening efficiency depends also on the concentration
of dipoles (charges) and characterizes the force of their
interaction with the crystal lattice.

From the Jonscher model, it follows that n
corresponds to the exponent power s in the frequency
dependence of the ac conductivity:

on(w) ~w™. (8)

This corresponds to the results obtained (Fig. 2,a),
provided s = 0.2. An analogous power law was obtained,
while considering the conductivity in percolation theory
[22]. Tt characterizes the mechanism of conductivity as
the electron (hole) hopping between localized energy
states in the vicinity of the Fermi level. In such a
context, the value of n is governed by the spatial and
energy distributions of those states, the localization
radius of their wave functions, and the hopping
multiplicity, i.e. the number of links in the electron-
hopping chain. The reduction of n is associated with
the increase of the hopping multiplicity (e.g., if n = 0.8,
jumps occur between the pairs of localized states [22]).
Therefore, the magnitude n = 0.16 = 0.2 evidences for
a higher-than-double hopping multiplicity in BSO:Mn
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crystals and testifies that it is larger than that in BSO:Cr
crystals [8, 23].

All the temperature and frequency dependences
of ¢ and &” (Figs. 1 and 4) testify that the
quasi-resonance polarization with the participation of
substantially hindered oscillators (quasi-dipoles) makes
up a mechanism that is supplementary to the Jonscher
one. Low-temperature measurements revealed such
oscillators in the frequency range of (6 + 10) X
103 Hz, their hinderness gives rise to the smearing of
the frequency dependences of both the real and the
imaginary part of the complex permittivity, as well as
to a shift of the maxima of the curves e/, .(v) and £’ (v)

osc
with respect to the curves e .(v) and (¢'(v) — efg)

0osc

(Figs. 4,a and b). The transition of BSO:Mn crystals
into the thermoelectret state invokes the situation,
where quasi-dipoles are located in the internal field
of the electret, which reduces their interaction with
the nearest environment. This scenario can explain the
low-temperature shift of the quasi-resonance peaks in
the dependences &'(T) and &”(T), which accompanies
the growth of the temperature of the preliminary
polarization 7T}, owing to the strengthening of the
electret field. Therefore, two mechanisms of polarization
— hopping (Jonscher) and quasi-dipole ones — dominate
in BSO:Mn crystals at sound frequencies.
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AIEJIEKTPUYHI BJTACTUBOCTI KPUCTAJIIB Bi12SiO20:Mn

T.B. Ilanvenxo, JI.M. Kapnosa, B.M. /lyda
PezwowMme

Y niamasoni 3BykoBuX YacToT i B obsjacti Temneparyp 300—800
K nmocmijgzkeHo TemMmepaTypHO-4aCTOTHI XapaKTEPUCTUKU JiHCHOT
Ta ysIBHOI YaCTHH KOMIUIEKCHOI JieJIEKTPUYIHOI IIPOHUKHOCTI £ (w)
kpucranis Bij2SiOg0:Mn y Tepmoeniekrpernomy crani. Criocrepe-
JKEHO JIieJIeKTPUYHI OCOOJMBOCTI KBa3ipe30HAHCHOIO TUILY, OIEP-
2KaHO OJIM3bKY 10 JiiHiiiHOI minsHKy B niarpami Koyin—Koyia.
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