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Experimental dependences of permittivity for undoped PbWO, single crystals at 1 kHz
frequency in 290-550 K temperature range are considered. The &(T) curve runs under
heating and cooling are different. The &(T) function under heating is characterized by
groups of narrow maxima at 290-330 K and 330-400 K, the former being predominating.
At 400-470 K, the &(T) dependence is linear, while above 470 K, the function is nearly
exponential. After the high-temperature heat treatment of a sample, a multistage relaxa-
tion process of & values within limits of 25 to 30 is observed at 290 K. The features of
e(T) at low temperatures are defined by the dipole polarization and hopping mechanism of
the charge exchange between complex dipole associates. The pairs of lead and oxygen
vacancies (dipolons) are predominating intrinsic defects of the crystal structure; those
defects form more complex dipole associates.

IKCIIepUMEHTAJbHbIE 3aBUCHMOCTH [HUIJIEKTPUUECKON MNPOHHIAEMOCTH HEJIernPOBAHHBIX
kpucranios PbWO, ma uwacrore 1 kI'm pacemarpusaiorca npu temnparypax T = 290-550 K.
Xonm wpupoit &(T) mpu HarpeBaHwu W OPU OxJaKaeHuu pasauuedH. Pyuruusa &(T) npu
HArPEeBAaHUU XapaKTepuayeTcs HaJudueM Ipymnil y3kux makcumymos mnpu 290-330 K u 330—
400 K ¢ gomunuposanuem mepBbix. IIpu 400-470 K nabGaromaercsa JuHEHHAd 3aBUCHUMOCTH
&(T), Boime 470 K 3akoH maMeHeHHus € OJIMB0K K 9KCIHOHEHIMaJbHOMY. Ilocie BrICcOKOTEMIIE-
paTypHOro HarpeBaHusa obpasia Habmozaetca npu 290 K mHorocraguilHbIil mpoliecc BoccTa-
HOBUTEJBLHON pejlakcanuu sHaueHuii ¢ B mnpegenax 25—30. [umoabHasg MHOJAAPU3ALUAA U
MIPLIMKKOBLIM MeXaHHU3M OOMeHa 3apaJaMN MeAy CJAOMKHBIMU JUIOJbHBIMHU aCCOIMAaTAMUI
omnpeneadoT ocobennoctu £(T) mpM HUBKHUX TeMmIieparypax. OMUHHPYIOIIUMU AedeKTaMu
CTPYKTYPHI SBJISIOTCS I[APbl BAKAHCHM CBHUHIA M KHCJIOPOJA — IUIIOJOHBLI, Ha OCHOBAHUU
KOTOPBIX 00pasyroTcsi 00Jjiee CIOMKHBIE AUIIOJbHEIE KOMILIEKCHI.
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Lead tungstate PbWO, (PWO) crystals
are under intense study in connection with
the use thereof in high-energy photon and
elementary particle physics as an effective
self-activated scintillation material with
short afterglow time [1]. The luminescence
properties of PWO crystals and their time
characteristics depend on the structure de-
fects, the nature of the latter is complex
and is not established unambiguously to
date. The electric and dielectric studies of
that compound are fragmentary and insuffi-
cient, in spite of the fact that such data are
highly informative as to the defects and
state changes thereof during the crystal
heat treatment.
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Our works [2—4] on the studies of PWO
crystals by thermostimulated polarization
and depolarization currents within the tem-
perature range of 290 to 600 K under a
constant external field have revealed a se-
ries of local energy levels and relaxation
processes of various nature. The previous
studies [5] of the permittivity € under vari-
ations of the PWO ecrystal temperature
within the 290-600 K range have shown a
close connection of such dependences with
the depolarization processes in the com-
pound.

The work [6] aimed at the study of lead
tungstate and molybdate in variable and
constant electric fields has provided some
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dielectric characteristics of those crystals at
temperature above 540 K. In [7-11], the
regularities of Nb, Y, La, Gd, and F enter-
ing into PWO matrix have been elucidated
by dielectric response method at frequencies
ranging from 10 to 105 Hz in 413-673 K
temperature region. The frequency depend-
ences of dielectric losses in PWO crystals
are considered in [12] basing on the vacancy
dipole model. The temperature dependences
of dielectric characteristics have been deter-
mined for CuWO, [18]. The permittivity
and dielectric losses at 1 kHz frequency for
some polycrystalline tungstates are reported
in [14]. Recently [15], a relaxation charac-
ter anomaly of the permittivity has been
found for ceramic PWO samples near 650 K
at 1 kHz frequency.

In this work, considered are experimen-
tal temperature and isothermal dependences
of the permittivity in undoped PWO crys-
tals (at the sample transition into a quasi-
equilibrium state in the latter case) with
the purpose to elucidate the regularities of
defect formation and ion-electron processes.
The &(T) study results are compared with
the measured thermal depolarization cur-
rents for the same crystals.

The PWO (scheelite structure) crystals
were prepared by Czochralski technique.
The samples were cut out perpendicular to
the growth axis [001] and shaped as plane-
parallel plates of 10x10x0.4 mm3 size.
Aquadag electrodes were used in the stud-
ies. A quartz cell thermostated to within
1 K was used in the experiments. The ¢
values were calculated assuming negligible
edge effects under the flat condenser approxi-
mation using the known relationship [16]:

g = Cd/¢,S, (1)

where C is the sample capacity to measure;
d and S are the sample thickness and area,
respectively; g3, is the dielectric constant.
The sample capacity was recorded using a
CLR E7-13 instrument (the working fre-
quency 1 kHz). The r.m.s. value of voltage
drop across the sample did not exceed
0.2 V. For correctness sake, the correction
for the connecting system capacity was
taken into account. Other features of the
experiment did not differ substantially
from those described before [17]. The tem-
perature was measured using a
chromel/alumel thermocouple. The measure-
ments were done under linear heating or
cooling at the rate of 0.1 K/s within the
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Fig. 1. Temperature variations of dielectric
permittivity of PWO crystals under heating
(1, 3, 5) and cooling (2, 4, 6) depending on
the maximum measurement temperature T,
within one heating/cooling cycle. T}, (K) val-
ues: 335 (1, 2), 405 (3, 4), 515 (5, 6). Meas-
urements in each heating/cooling cycle were
done after the sample keeping in normal con-
ditions for at least 24 h. The components
I;y—IIL;y; (dotted lines) have been obtained by
expansion of curve (3).

290-550 K range. The sample transition
into quasi-equilibrium state at room tem-
perature following heating was monitored at
time steps ¢ by measuring its capacity. To
establish the influence regularities of the
previous excitation in an external field, a
constant voltage Up (up to 50 V) was ap-
plied to the crystal for ty of 5 to 15 min at
various fixed temperatures Tp of the sample
holding in the field. The thermostimulated
depolarization (TSD) currents Ipgp were
measured under linear heating using a V7-
30 voltmeter and the procedure described in
[2, 17]. The experimental data processing
and the complex maxima expansion into
Gaussians were carried out using the Origin
standard software.

Temperature dependences of permittivity
for PWO crystals and the effect of the
maximum sample heating temperature T,
thereon in each experiment are shown in
Fig. 1 (curves 1 through 6). The &(T) de-
pendences under heating (1, 3, 5) and cool-
ing (2, 4, 6) within one heating/cooling
cycle are presented or for several sequential
cycles. To discriminate the individual com-
ponents of the relaxation process in the
320-400 K range, the curve 3 was ex-
panded into its components Iy—III}y. The
temperature T, was selected taking into ac-
count the TSD currents of the same samples
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Fig. 2. TSD curves of PWO crystals at differ-
ent polarization conditions. Curves 1, 2: T =
335 K and 320 K, respectively, U =50V,
t =5 min in both cases; Curve 3: T
2P90 K, Up =50V, t, = 5 min. Inset: expan
sion of the 38560—-380 K TSD peak into elemen-
tary components: circles denote experimental
values, elementary components are shown by
dotted lines, thin solid line is envelope of
I'-III" components. Similar notation for
expansion of curves 1 and 3 into I-VIII com-
ponents.

(Fig. 2). The thermal depolarization method
has shown that series of the depolarization
maximum currents are formed at certain
conditions in the temperature ranges 290—
350 (A), 350-380 (B), and 400-600 K (C).
As is seen in Fig. 2, those maxima are non-
elementary (expansion into components I—
VIII), thus evidencing the complex charac-
ter of the depolarization processes. The ex-
perimental maxima have been shown [2—4]
to be connected with the relaxation of a
polarization charge having dipole nature (A
and B regions) and with formation of vol-
ume charges in the sample by equilibrium
charge carriers (C region). The active re-
laxation processes of dipole nature seen in
the TSD spectra at 290-380 K are also of
importance for the features of &(T) curve
shape in the same temperature range.

It follows from Figs. 1 and 2 that for the
studied PWOQO samples, the maxima in &(T)
curves are due to polarization effects {re-
gions A-B}. At the same time, an usual run
of &(T) dependence is seen in the 400-550 K
region. The non-linear ¢ increase at high
temperatures is due to the exponential con-
ductance increase at the activation energy
of 0.7 to 0.9 eV [2—4] in the respective tem-
perature ranges. Thus, under heating, the
&(T) curves (Fig. 1) in the 290-400 K ex-
hibit complex maxima positioned close to
each other are observed that are grouped by
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Fig. 3. Capacity dependences of inverse tem-
perature for heating of a polarized PWO sam-
ple (Tp =500 K, t, = 5 min) (curve 1); heat-
ing of a non-polarized sample (2) and its cool-
ing (3).

the relative intensity wvalues within two
ranges, 290-330 K and 330-400 K. The
&(T) curves taken under heating and cooling
differ in shape. A considerable temperature
hysteresis is observed at T; > 400 K where
the values obtained under heating exceed
those obtained under cooling. No maxima
are observed in the g(T) curve under cool-
ing. The non-linear character of &(T) curves
taken under heating remains in repeated ex-
periments independent of T} or the sample
keeping in normal conditions prior to meas-
urements. At T, <400 K (Fig. 1, curve 1),
the ¢ values obtained under cooling exceed
those observed under heating, the tempera-
tures being the same.

At room temperature, ¢ value was as a
rule within limits of 25 to 30. These data
agree with those of [8, 18]. To restore fully
the € value (to attain the crystal quasi-equi-
librium state) after high-temperature treat-
ment, the sample should be kept in normal
conditions for about 24 h. During that
time, the initial conductance of the ecrystal
is restored, too [4]. In the range of 400 to
470 K, the &(T) function under heating is
linear (Fig. 1, curve 5)

£=10.72+1.67-10-3T. @

Under cooling, the g(T) is also linear in
the range of 470 to 320 K (Fig. 1, curves 4
and 6):

g=10.71+9.07 - 1074T. 3

The non-linear section of the experimen-
tal ¢(T) dependence both under heating and
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Fig. 4. Temperature dependence of permittiv-
ity for a previously polarized PWO sample
(Tp =300 K, t, = 10 min) (curve 1) and at its
subsequent (Tp =500 K, t, = 5 min) heating
(curve 2). Curves 3 and 4 show the measure-
ment results for the same sample but non-po-
larized in two subsequent heating/cooling cy-
cles. Dotted lines show elementary compo-
nents (I-IV) obtained by expansion of curve
(1) into Gaussians. Black squares denote ex-
perimental data and the solid line is the total
of components (I-IV).

under cooling is approximated satisfactorily
by an exponential law:

€ = const - exp(-AH /kT). (4)

The pre-exponential factor in Eq.(4)
amounts about 30 and about 29 under heat-
ing and under cooling, respectively. Thus,
the experimental C(T) curve can be approxi-
mated by one or two straight segments in co-
ordinates InC = f(1/T) at T > 470 K (Fig. 3),
the slopes of the segments defining the ac-
tivation energy AH. Under heating, AH at T
> 400 K is low (about 0.014 eV), while
under cooling, about 0.033 eV (T > 500 K)
and about 0.011 eV (T < 500 K).

The experimental data on the effect of
an external electric field on the tempera-
ture dependence of the PWO permittivity
are presented in Fig. 4 (curves 1, 2). For
comparison, the curves (3 and 4) for a non-
polarized sample are presented. At the mo-
ment of the external field switch-off at
290 K, fast relaxation processes are ob-
served with C decreasing in time. There-
fore, the C(T) measurements were carried
out after the relaxation was over. In the
290-430 K range, the g(T) curve for polar-
ized samples exhibits several maxima (I-V)
at 305, 314, 332, 362, and 400 K, respec-
tively (Fig. 4). The maxima I-III near
320 K form an intense relatively narrow

300

Table. Temperatures of the &(T) curve max-
ima (T,°) and the TSD current maxima
(T,,) for PbWO, crystals. The peaks are
numbered according to Figs. 1, 4, and 2,

respectively
&(T) T, F K TSD T,, K
- - I 295
I 305 II 309
II 314 II1 322
III 332 v 331
Iy 349 T 360
L, 370 I 369
11 384 IIr 375
A% 400 A% 435
- - VI 458
- - VII 500
- - VIII 532

complex peak. At the first measurement
under heating, this peak exceeds that for
non-polarized samples by several times. The
intensities of the I-IV peaks drop down to
the initial values after several heating/cool-
ing cycles followed by spontaneous relaxa-
tion of the sample in normal conditions for
4 or 5 days. A sample polarized at Tp =300 K,
when being not heated, restores high ¢ val-
ues (150 to 200) for a prolonged time. The
high-temperature capacity increase at T >
400 K for polarized samples is approxi-
mated satisfactorily in InC = f(1/T) coordi-
nates by two straight segments with a knee
at T = 450 K (Fig. 3, curve 1). In this case,
the AH values are low and amount 0.008 eV
at 400 K < T <450 K and 0.027 eV at T >
450 K.

The low-intensity blurred maximum V in
the &(T) dependence (Fig. 4, curve 2) is seen
only for PWO samples polarized at 400 K <
T <500 K. At the same time, the I-III
peaks are of low intensity. At T >420 K,

the & values for non-polarized samples in-
crease slightly as T rises. The sample po-
larization results also in a faster (as com-
pared to non-polarized sample) increase of
e at 400-550 K. A comparison of g(T) and
Ipgp(T) within the same temperature range
290-470 K (see Table) shows that the num-
ber of maxima and the temperature posi-
tions thereof are similar in both cases.

The non-polarized sample returns to the
quasi-equilibrium state after one or two
heating (T > 400 K) and cooling (to room

Functional materials, 12, 2, 2005



V.N.Shevchuk, I.V.Kayun / Dipole relaxation ...

temperature) cycles, the ¢ value being re-
stored. The kinetics of the crystal transition
to the initial state is illustrated in Fig. 5.
The measured results are presented here in
coordinates In[AC/(C,—C)]= f(t) where
AC = C,, — Cy is the capacity value by which
the initial capacity C changes as the sam-
ple attains the quasi-stationary state and
the C_ capacity becomes attained at ¢ — .
It is obvious that at ¢ = 0, the capacity is
C = Cy. That is, to describe the sample ca-
pacity variation in time the relation

C=Cy+AC(1 - e ) (5)

is used. Here, 1 is the time constant in the
model of a homogeneous electrically neutral
dielectrics with deep energy levels [19].
When several exponential relaxation proc-
esses take place, the In[AC/(C,, — C)] = f(?)
curve presents several linear segments with
slopes defining the corresponding 1 values.
As is seen in Fig. 5 (curve 1), the C(¢) de-
pendence is approximated in In[AC/(C_ — C)]
= f(¢) coordinates by at least two straight
segments (I) and (II). At the final stage, a
relaxation process with large 1 values is ob-
served (Fig. 5). At ¢t — 24 h, the quasi-equi-
librium state is attained and the C(¢) curve
becomes parallel to the time axis. The corre-
sponding time constants for the 1st and 2nd
components of the initial C reinstatement
kinetics at the initial relaxation stage (Fig. 1,
curve 5) amount approximately 1y =4.3 h
and 15 = 6.8 h. The repeated multiple heat-
ing/cooling cycles induce irreversible
changes in the sample that are equivalent to
its annealing at elevated temperatures. This
results in decreased ¢ values at 295 K and
the total relaxation time. In this case, one
straight segment with the time constant of the
initial relaxation stage about 6.9 h and close
to 15 predominates in the C(¢) plot of the rein-
statement relaxation (Fig. 5, curve 2).

As the measurements have shown, the
studied PWO samples after cooling from
T > 500 K to room temperatures at rates
used in experiment (about 0.1 K/s) keep the
non-equilibrium state for a prolonged time.
This feature of the crystals causes the hys-
teresis phenomena (Fig. 1) that, as is known
[20] are explained by the "asymmetry” ef-
fects in the temperature-induced evolution
of electrically active defects under heating
as compared to the cooling. In particular,
the dissociation energy of complex neutral
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Fig. 5. Capacity relaxation of a PWO sample
at 290 K. Curve (I) has been obtained after
the first heating up to 550 K; (2), after sub-
sequent several measurements in the 290-
550 K range.

accumulations of defects may differ from
the association energy thereof. That is why,
even at low cooling rates, the crystal has no
time to attain the quasi-equilibrium (the in-
itial state of defects and initial concentra-
tion of the defect complexes are not re-
stored, so the sample return to the equilib-
rium requires a prolonged relaxation). Said
processes take place in the case when the
Schottky defects dominate [20, 21]. In PWO
that is a typical non-stoichiometric system,
the Schottky defects are mainly double-
charged vacancies of lead VPb27 and oxygen
Vo2'. The energy minimization and the
static interaction between Vg2t and Vp,2~
cause formation of neutral associates of
those vacancies called bivacancies or
dipolons. The latter form the base for for-
mation of more complex dipole complexes of
defects with electrons (holes) localized at
the oxygen (lead) vacancies, respectively.
The hole (p) localization at VPb2_ and elec-
tron (e) capturing by V2" weaken the elec-
trostatic interaction between the dipolon
components and this may results in the
binding breakdown. Thus, in the crystal,
there are centers formed due to processes
that can be written in simplified form as

VB +P=Vpys V& +e=Vo.  (6)

The electrically neutral associates Vpyp2~
+ 2p and V02+ + 2e are energetically hardly
probable at the experimental temperatures.
The concentration ratios between the double
vacancies (dipolons), isolated single vacan-
cies, the charged centers of (6) type, and
Vpp + Vo+) with zero effective charge will
be defined by the electric neutrality condi-
tion and the completeness measure of the
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corresponding quasi-chemical reactions in
the sample bulk under excitation. The con-
centration of uncontrollable impurities is
assumed to be insignificant. The above
schemes of the dominating disordering in
PWO crystals make it possible also to con-
sider in an non-contradictory manner the
electric conductance and the depolarization
currents [2—4].

The works aimed at the PWO examina-
tion using optical methods [22, 23], EPR
[24], and theoretical calculations [25] con-
sider various models of defects that may be
involved in the electron exchange. So, in
[22], it is assumed that the it is just the
centers of O, F, F*, Pb*, Pb3* induced by
irradiation and high-temperature annealing
due to the charge re-localization that are
responsible for the changes in the absorp-
tion spectra of PWO crystals. In [23], when
studying the additional absorption spectra,
the vacancy pairs Vp2T—Vp,2~ are consid-
ered as well as electron processes associated
with the transformation of those pairs due
to UV irradiation. The low-temperature
EPR made it possible to identify the elec-
tron centers formed by the complex anion

WOg3 that contains an oxygen vacancy and is

associated with a defect in the lead sublat-
tice [24]. The distribution of electronic
state density in PWO is modeled [25] when
Vo2 and Vo2 —Vp,2 -pairs are dominating.

The change in the charge state of the
defect associates at the crystal temperature
variation in an applied field is accompanied
by a jump-like displacement of holes (elec-
trons) from one defect site to an other. This
is confirmed by low AH values. That process
is equivalent to a change in the orientation
state and/or dipole moment of the associate
and causes an additional contribution to the
&(T) dependences due to polarization.

The polarization and other dipole effects
take place often in solids at the jump-like
electron transfer over the defect lattice
sites [12, 26, 27]. In particular, such proc-
esses may cause high intensity maxima in
the &(T) curve as the temperature rises; this
has been revealed in semiconductors [28,
29]. The localization of non-equilibrium
charge carriers at vacancy dipole associates
in gadolinium-gallium garnet single crystals
[30] causes the photoinduced reorientation
of such dipoles at Tp =80 K and the dipole
polarization and the depolarization current
peaks at about 320 and 450 K in those crystals.

The discussed jump-like mechanism of
the center recharging can be due obviously
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to ionizing radiation [23, 24] and cause
thermal glow; this has been studied in ex-
periment [21, 23]. It is to note that the
number of thermal glow maxima (see, e.g.,
[22, 24]), the temperature positions, the
half-width, and relative intensity thereof
within the studied temperature range are
close to both the same parameters of the
thermal depolarization maxima (290 to
470 K region) and to the maxima of &T)
curves presented in this work (see Table).

Thus, within temperature range of 290
to 550 K, three regions (290-380 K, 400—
470 K, and 470-550 K) can be discrimi-
nated where the changes in € (or C) of PWO
crystals are defined by domination of dif-
ferent components in the temperature-in-
duced and/or isothermal evolution of the
ion-electron processes. The weak &(T) de-
pendence of PWO crystals within the 400—
470 K range following the linear law (2) or
(3) under heating or cooling, respectively,
evidences the electron polarization with
characteristic time of 10713 to 10713 5. This
type of &(T) dependence is realized against
the background of an insignificant contribu-
tion to &(T) due to a weak conductance
increase. A significant conductance in-
crease of PWO has been observed only
at T > 470 K [2—4]. The difference between
the &(T) curves taken under heating and
cooling is minimum in the 400-470 K tem-
perature range (Figs. 1, 3, 4).

The large ¢ values of PWO crystals at
room temperature are thus seen to be de-
fined to a large extent by intrinsic electri-
cally active structure defects (vacancies and
associates including such vacancies) and by
the jump-like charge exchanges between
those defects. The temperature dependence
of permittivity is influenced also by ther-
mal polarization and elevated temperatures
(annealing at T > 500 K). The heating in
air can be used to vary the trend of PWO
crystals to a prolonged relaxation at room
temperature after the high-temperature
treatment, the relaxation time (the process
of attainment of quasi-stable ¢ values) being
shortened mainly due to elimination its fast
components. The latter seem to be associ-
ated with more mobile elementary electri-
cally active defects of p (or e) type, the
domination of one of those being defined, in
particular, by the operating temperature re-
gion. The heating of PWO crystals to ele-
vated temperatures favors the dissociation
of the point defect dipoles and provides an
increased concentration of free vacancies.

Functional materials, 12, 2, 2005



V.N.Shevchuk, I.V.Kayun / Dipole relaxation ...

The vacancies, when migrating towards dis-
locations or other crystal irregularities, be-
come fixed thereon and excluded from ac-
tive processes, thus defining in part the ir-
reversible changes in the samples under
study.
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JAunmosbHa peslakcalif, JieJJeKTPUUYHI Ta eJeKTPUYHi
BiIacTuBocTi kpucraixis PbWO,

B.H .llleéuwyx, I.B.Katon

ExcrnepumenTanbHi 3ajeKHOCTI mieleKTPHUYHOI NPOHMKHOCTI HeJeroBaHUX KPHUCTAJiB
PbWO, ma wacrori 1 kI'm posriagaiorsca mpu Temmneparypax T = 290-550 K. Xinx kpusoi

€(T) mpu HarpiBauHi Ta mpu oxojyioKeHHI Bimminuumit. @yuknia €(7) npu HarpiBaHHI Xapak-
TEPUBYEThCSI HASBHICTIO I'pyn By3bKMxX MakcumyMiB mpu 290-330 K ta 330-400 K 3 go-
mimyBauuam mepmwux. IIpum 400-470 K cmocrepiraerbca aimifina samesxuicts €(T), Buge

470 K 3axoH smMiHE €

Osm3pKuil 10 excroHeHriiiHoro. IIpomec BimHOBHOI penakcariii 3Ha-

uyeHb € y Mekax 25—30 mpu 290 K miciasa BucoKoTeMIepaTypHOTro HarpiBaHHS 3iHCHIOETHCH
B JeKinbKa craxiit. [JumosbHa moJsapusallia Ta cTPUOKOBUIT MeXaHisM OOMiHY 3apagaMu MiK

CKJIQIHUMHI IUIIOJBHUMH acolliaTaMu BU3HAUAIOTh ocobamBocTi €(7T) mpu HUBBKUX TeMIlepa-
Typax. Jominyounmu medeKTaMu CTPYKTYPHU € IIapd BAKAHCI CBMHIIO T4 KUCHIO — IHUIIO-
JIOHW, HA OCHOBI fAKHMX yTBOPIOIOTHCA CKJAAHIINI AWUIOJbHI KOMIIJIEKCH.
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