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Electrophysical investigations of CdWO, crystals have been carried out by thermo-
stimulated polarization and thermoelectret state depolarization in interrelation with tem-
perature dependences 290-550 K of DC conductivity and permittivity at 1 kHz frequency.
The depolarization currents are correlated with activation of the dipole defect complex
reorientation processes (current peaks at 308, 319, 338 and 365 K) and with development
of spatially heterogeneous of the volumetric charge which as a result of localization of the
current carriers on capture levels (the wide non-elementary intense maximum at 400-
550 K). The basic parameters of the main relaxators and conductivity have been esti-
mated. The explanation of the electrical properties and polarization effects are based on
the assumed predominance of intrinsic structural defects that may be probably the cad-
mium and oxygen vacancies and also defect complex based on these vacancies. The experi-
mental data on conductivity do not contradict to small-polaron theory.

IIposenens! anexTpodusuuecKre ucciaesoanua kpucramaos CdWO, merogamu TepmocTH-
MYJUPOBAHHON MOJAPUBAIUU, NENOJAPUSAIUN TEPMOJIEKTPETHOrO COCTOSHUSA BO B3aMMO-
cBaA3U ¢ TeMIepatrypHbIMu 3aBucuMocTaMu 290-550 K npoBoguMocTu Ha MOCTOAHHOM TOKe
U quajieKTpudecKoii mpoHuitaemoctu Ha dactore 1 kHz. Toku gemonapusanuy cBA3LIBAIOTCA
C aKTHBUBAIMEH PEOPUEHTAIIMOHHBIX IIPOIIECCOB AUMIOJbHBIX KOMILIEKCOB AedeKToB (IUKU
Toka npu 308, 319, 338 u 365 K) m obpasoBaHmMEM NIPOCTPAHCTBEHHO HEOTHOPOJHOTO pac-
mpejeeHUs OOBLEMHBIX 3apAJ0B BCJIEACTBUE JIOKANIU3AIUU HOCUTejeil 3apAfa Ha YPOBHAX
sdaxBaTa (IMIUPOKUil HeaneMeHTapHBIN mHTeHcUBHBIN MakcumyMm 400-550 K). Omenensr oc-
HOBHBIE IIapaMeTphl IJIAaBHBIX pPeJlaKcaTopoB U IpoBogumocTu. OOGbACHEHUSA B3JIEKTPOIPOBOJ-
HBIX CBOIMCTB U 3(0(PeKTOB MMONAPU3ANNN 0a3UPYIOTCSA Ha AOTYIIEHUUW JOMUHHPOBAHUA COOCT-
BEHHBIX Te(EeKTOB CTPYKTYPHI, KOTOPBIMH MOTYT OBITh BaKAHCUM KaJMUA U KUCJIOPOAa, a
TakiKe 0oJjiee CIOKHBIE KOMILIEKCHl AedeKToB Ha MX ocHoBe. IlosyueHHbIE SKCIIEPUMEHTAJb-
HBble 3aKOHOMEPHOCTH IIPOBOJMMOCTH He IIPOTUBOPEUAT TEOPUU IIOJAPOHOB MAaJjIoro paguyca.

© 2006 — Institute for Single Crystals

Cadmium tungstate crystals, CdAWO, (CWO)
of the wolframite type structure are used
widely, in particular as scintillators in to-
mography and high-energy particle spectrome-
try [1, 2]. Such materials should meet the ap-
propriate requirements like sensitivity, reli-
ability and stability of their characteristics.
The technical characteristics of CWO are de-
fined to a great extent by the structure de-
fects. At present, the nature of point defects
in this compound is under discussion.

The electrical properties provide an im-
portant information on structural defects
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and their nature. But such investigations in
case of CWO are fragmentary. Several
works [38—5] contain experimental conduc-
tivity data at temperatures exceeding
650 K for undoped CWO crystals [4, 5] and
those doped by different impurities [3]. In
[5], it is concluded that as the oxygen pres-
sure is reduced, the CWO electrical condue-
tivity is changed from mixed ion-electron to
electron n-type one. In this case, it is just
the Cd and O vacancy pairs that must be
the dominating defects. The appearance of
these vacancies is caused by the deviation
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from stoichiometry during the crystal
growth. The intrinsic defect concentrations
in CWO can be changed by means of the
purposeful technology variations [1, 3] (in
particular, by controlling CdO evaporation).
Electrical parameters in case of such tech-
nological variation are sensitive to small
change in the defect structure of CWO crys-
tals. These parameters can be used to con-
trol the required properties in the improve-
ments of the CWO crystal technology.

In [4-6], the electrical characteristics of
CWO ceramics have been studied. In [7],
some electrical and dielectric parameters of
CWO crystals and other tungstates at room
temperature are presented. The photocon-
ductivity of CWO in the 220-400 nm spec-
tral region was observed in [8]. The ther-
mally stimulated polarization (TSP) and de-
polarization (TSD) currents in CWO were
not investigated to date.

In this work aimed at the study of CWO,
we investigate the total DC conductivity o,
TSP currents (Ipgp), TSD currents (Ipgp),
and dielectric permittivity €. The behavior
of electrically active defects in undoped
CWO crystals of wolframite type is dis-
cussed basing on experimental data. The
measurements were done in the temperature
range 290-550 K. The peculiarities of po-
larization in CWO, temperature evolution of
the active dipolar centers and probable in-
teraction between the defects are estab-
lished considering the efficiency of the po-
larization charge accumulation.

The CWO single crystals used for inves-
tigation were grown from melt by Czochral-
ski technique using high purity initial com-
ponents. The obtained crystals were color-
less. The level of non-controlled impurities
did not exceed 0.001 at. %. The samples
were selected from high-quality (free of in-
clusions, cracks and other macrodefects)
single-phase part of the boule. Monoclinic
crystals CWO belong to wolframite struc-
ture type (space group P2/c [3]). The sam-
ples for the investigations were cut along
the cleavage plane (010), perpendicular to
the crystal growth axis (along axis b). The
graphite electrodes with guard ring were
deposited on the cleaved surfaces of 0.5 mm
thick disc-shaped samples of 10 mm in di-
ameter. Measurements in the thermostatic
quartz cell in air were carried out using
V7-30 type voltmeter-electrometer. Tem-
perature was varied linearly at the rate of
0.1 K/s both at heating and cooling. The
conductivity current, TSP and TSD of ther-
mal-electret states were studied using the
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procedure used recently [9] for lead tung-
state study. The vector of the external DC
electrical field in the experiments was per-
pendicular to the (010) plane. The efficiency
of the polarization charge accumulation was
studied by varying the polarization condi-
tions, i.e. the polarization voltage Up, tem-
perature T, and time t,. The polarization
nature was established considering the di-
pole and space-charge mechanisms [10] of
charge formation, taking into account the
presence of the blocking electrodes. The in-
tensities I, of the current peaks, their posi-
tions in the thermogram (temperature max-
ima values T,) and half-widths of TSD
peaks in the spatially polarized heterogene-
ous charge model were analyzed for the in-
vestigated crystals.

Simultaneously with the DC investiga-
tions, the permittivity was measured in the
same temperature range by the capacitor
method [11, 12] at 1 kHz frequency using a
CLR E7-13 measuring device. The &(T) de-
pendences were measured for the initial
non-polarized and previously polarized CWO
crystals under different polarization condi-
tions. For CWO, in contrast to PWO [11, 12],
no additional specific features of the &(T)
curve were observed. The experimental data
processing and the expansion of non-elemen-
tary experimental curves into Gaussian com-
ponents were made using the Origin software.
The external DC field value did not exceed of
10° V/m, which fall within the linearity
range of the voltage-current characteristic.

The investigated CWO crystal at room
temperature exhibits low DC conductivity of
c~1071% to 10714 Ql.em™l. This corre-
sponds to the Maxwell relaxation time [10]
(taking into account the £ values obtained in
this work) in the range 103 to 102 s. The
o(T) dependences in the Inc (103/T) coordi-
nates are presented in Fig. 1. Typical TSP
currents spectra are shown in the inset in
Fig. 1. A relatively intense current peak of
the TSP curve with maximum at about 360 K
is observed upon the first heating of consecu-
tive measuring cycles. At subsequent meas-
urements (Fig. 1b, curve 2), after thermal re-
moving of relaxation processes, this TSP peak
is not observed. The mentioned behavior of
TSP currents is typical for solids at the di-
pole reorientation [13].

Upon the first heating, the In o=
f(103/T) dependence in temperature range
of TSP current peak differs from the de-
pendences recorded in the next measure-
ment cycles (Fig. 1a). The curve at repeated
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Fig. 1. Temperature dependences of electrical
conductivity (a) and thermally stimulated po-
larization currents (b) for CdWO, crystal.
Curves I — measurements upon the first
heating, 2 — the same in repeated measure-
ments, 3 — measurements upon cooling. Ver-
tical dotted lines show the points of the Inc =
f(108/T) slope changes and relatively separate
linear intervals I, II and III.

measurements may be approximated by
three linear segments in temperature ranges
(I) 290-320 K, (II) 320-390 K and (III) at
T > 3890 K. The activation energy values AE
at corresponding temperatures, derived from
In 6 = f(103/T) curves and the pre-exponen-
tial factor o values in o = cgexp(—AE/ET)
dependences (where £ is the Boltzmann con-
stant) are presented in Table 1. Experimen-
tal points in temperature range III give
straight line in the ln ¢ = f(103/T) plot in-
dependently from number of heating cycles.
The In 6 = f(103/T) curve at cooling differs
from the same at heating. Values of AE and
oy for this case are also listed in Table 1.
The activation energy at cooling is seen to
be higher than that at heating.

The correlation between the charge
transfer and polarization effects was inves-
tigated by studying the TSD current. The

Table 1. Activation energy AE and pre-expo-
nential factor o©, in various temperature
ranges of 6(T) dependence for CAWO, crystals

T, K AE, eV 6, Q@ lem™!
heating | cooling | heating | cooling
290-320| 0.42 - 6.0-10°8 -
320-390| 0.82 0.95 [1.2.101 1.2
390-550| 0.71 0.80 |4.5103|1.810°2
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Fig. 2. Thermally stimulated depolarization
currents in CdWO, crystal. Curves (a) show
dependence of the full TSD spectra on the po-
larization temperature: I — T =400 K, 2 —
420 K, 3 — 440K, 4 — 470 K, 56 — 500 K,
6 — 520 K; curves (b) — Tp = 390 K; curves
(c) — Tp = 360 K. Dotted line depicts the com-
ponents obtained after the expansion of non-
elementary maxima; solid curves, envelope of
the expanded components; dots, experimental
points. Tests at Up =450V, T, = 5 min.

TSD spectra of CWO crystals in the tem-
perature range 290-550 K are presented in
Fig. 2a—c. Optimal values of the voltage and
the polarization time were found experimen-
tally and amount Up= +50 V and tp = 5 min,
respectively. At polarization temperatures
T, > 450 K, considerable changes occur in
the high-temperature region of the TSD
curve. As is seen from Fig. 2a, an intense
and broad high-temperature TSD peak (HT-
peak) is formed in such conditions. Increas-
ing T results in linear shift of the HT-peak
(Fig. 3d) towards higher temperatures. The
Im(Tp) function (Fig. 8¢) is nonlinear and
close to the exponential one.

In Fig. 38, the behavior of other CWO
TSD current maxima is shown depending on
the sample polarization conditions. The
evaluated values of main relaxation parame-
ters (maxima 1-8, respectively) are pre-
sented in Table 2 as calculated using the
well-known relation [10]. To calculate the
activation energy, we used the expres-

sion Ey = 80kT,, (column "a” in Table 2)
and the "initial increase” method when
this was possible (column "b", Table 2).

Basing on the criterion of functional de-
pendence maximum (the first derivative
should be equal to zero), d[Iygp(T)]/dT = 0,
the frequency factor was estimated using
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Fig. 3. Dependences of thermally stimulated depolarization currents maximum intensity (a—c) and
maximum temperature (d) on the CdWO, crystal polarization temperature. Curves (a) correspond to
peaks 1, 2; (b) — 3; (¢, d) — high-temperature (HT) peak. The numeration and designation of TSD

maxima according to Fig. 2.

Table 2. Temperature of maximum T,, ac-
tivation energy E( and frequency factor o
for CdWO, crystals as determined from
TSD curves

No. T, Egy, eV ©-10711,

peak K (a) (b) s1
1 308 0.80 0.82 1.17
2 319 0.83 0.84 1.03
3 338 0.88 - 0.96
4 365 0.94 0.94 0.89
5 435 1.13 0.62 0.83
6 463 1.20 - 0.73
7 493 1.28 - 0.72

o= (BEO/kTm2)~exp(E0/kTm) expression as-
suming that quasi-particles of a single type
are involved in the elementary relaxation

Functional materials, 13, 4, 2006

process. Energies E here correspond to the
values in the column (a) of Table 2. Thus,
when varying the polarization conditions,
two main groups of complex maxima have
been found in experiment in the TSD curve
within 800-390 K and 400-550 K tempera-
ture ranges. The TSD current maximum at
365 K is observed in TSP spectra (Fig. 1b).

The efficiency of the polarization charge
formation can be connected with the inten-
sity of maxima caused by the respective
kind of relaxators. The polarization of the
sample without contribution of the electri-
cally active centers corresponds to zero
value of I,. At the dipole polarization, this
corresponds to zero concentration of the
certain dipole centers or their inactivity at
the specified temperature. In the case of
space-charge formation mechanism of spa-
tially heterogeneous charge distribution in
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the crystal, the I,, = 0 value corresponds to
the empty charge trapping levels in the re-
gion of its localization.

The dependences of peak 1-4 intensity
(Fig. 2) on the polarization temperature,
their low intensities and small half-widths,
the constancy of T, found in experiments
are seen in Fig. 2 and Figs. 8a—b. According
to the criteria [10, 13] those facts evidence
the dipole nature of the peaks. The high-
temperature broad non-elementary peak in
the 400-550 K range (Fig. 2a) corresponds
to the space-charge polarization mechanism.
The dependence of this peak on polarization
condition is shown in Figs. 8c—d. The high-
temperature complex TSD maximum (HT-
peak) can be expanded into components 5-8
(Fig. 2a, curve V). This corresponds to four
space-charge trapping levels.

As to peaks 1, 2, some temperature
ranges of maximum intensities thereof are
seen in Fig. 3a. At Tp > 425 K, the I, val-
ues of peaks 1, 2 increase. Peak 3 (Fig. 3b)
is in the range 350 K < Tp< 450 K. As
well as in case of peaks 1, 2, the peak 3
intensity increases at T, > 490 K. A slight
scatter of points in tfl;e resulting Im(Tp)
curves (Fig. 3a) can be related to the inac-
curacy of the complex maximum expansion
into Gaussians (closely located components
1 and 2).

In the 290-550 K range, the &(T) de-
pendence (Fig. 4) is linear. As in the con-
ductivity case, an insignificant hysteresis in
&(T) dependences is observed at heating and
cooling (Fig. 1). For the investigated CWO
crystals at room temperature, ¢ =17 (ac-
cording to [8], ¢ = 14). A slight linear in-
crease according to the relationship e =
6.5-1073T + 11.2 gives ¢ =18 to 19 at

550 K. Such insignificant changes of ¢
when the temperature is changed in men-
tioned ranges may result from crystal con-
ductivity, which increases exponentially
with increasing temperature (Fig. 1). The
preliminary polarization of the sample, its
heating to the maximum temperature of
measurements, as well as the cooling condi-
tions (i.e. history of the sample) do not af-
fect the &(T) dependence of CWO crystals.
In PWO crystals [11, 12], the preliminary
excitation by the external DC field has re-
sulted in a non-elementary maximum in &(7)
curve near 320 K. The & values in this
maximum are one order higher as compared
to those at room temperature. The intense
relaxation processes were observed in PWO
crystals, too. In CWO crystals, such relaxa-
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Fig. 4. The temperature dependences of per-
mittivity of CdWO, crystal. Curves 1, 2 —
the first and following measurements upon
heating, respectively, 3 — measurements
upon cooling.

tion is absent. Under identical experimental
conditions, the respective parameters of the
TSD curves in CWO are on the average two
orders lower than in PWO. The obtained
experimental data suggest some notes on
the temperature behavior of electrically ac-
tive defects in CWO single crystals. Models
of intrinsic defects and charge transfer
mechanisms in the mentioned temperature
range for compounds of such structure are
not yet ascertained unambiguously. The main
attention of researchers was focused on lumi-
nescence and its kinetic and scintillation
properties (see, e.g., [1-3, 14, 15]) in CWO,
both undoped and doped with various impuri-
ties. The CWO local spectral levels were stud-
ied using thermoluminescence and thermally
stimulated conductivity methods at T <
300 K [16, 17].

The CWO crystal electron structure is
similar to that of PWO [18, 19]. The distri-
bution of the electron state density near the
band gap can be described in the framework
of oxygen-tungsten complexes. The valence
band is formed mainly by the corresponding
states of oxygen while the conductance
band, by the tungsten states. The crystal
chemistry features of divalent metal tung-
states are considered in [20], where it has
been shown, in particular, that in PWO
(scheelite), the close anionic packing is
more "loosened” than in CWO (wolframite).
These structural features (in CWO and
PWOQO) would no doubt effect the electrical
characteristics of both crystals. We have
considered the electrical properties of PWO
in detail in [9, 11, 12]. The temperature
changes of CWO electrical characteristics,
as noted above, are studied insufficiently.
In CWO crystals, the low conductivity in
the conditions of performed experiments is
of a mixed ionic/electronic character. At
high temperatures, this was shown in [4, 5].

Functional materials, 13, 4, 2006
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The weakly bound electrically active charge
carriers, which drift in a DC field toward
the near-electrode regions, form in these re-
gions spatially heterogeneous space charges.
An appreciable efficiency of such processes
was observed at T,> 400 K (Fig. 3c¢). At
T < 400 K, the re-orientation processes re-
lated to the complex defects of the dipole
nature are more effective. Basing on the
number of TSD maximums, several kinds of
dipole centers (TSD peaks 1-4) can be dis-
tinguished in CWO crystals.

The relaxation process caused by the di-
pole centers of type 3 (peak 3), is intensi-
fied when T, changes in 350-450 K range
(Fig. 3b). In these conditions, peak 1 is al-
most absent (Fig. 3a). At Tp > 490 K, the first
two TSD maxima decrease essentially, and the
intensity of the third maximum increases.
Such behavior of TSD peaks 1-3 intensities
and their relative similarity in the I, values
indicate a close genetic binding of the corre-
sponding dipole center types and the similarity
in their nature. Theoretical description of cur-
rent peaks 1-4 is consistent with the scheme
[10, 13] of interacting dipoles and complexes
where those are involved.

The low-intensity TSD peak is observed
at T, > 360 K. At T, > 400 K, the space-
charge polarization predominates. The HT-
peak at indicated T, has a high intensity
(Fig. 2a, Fig. 3¢), since high temperatures
favor an increased mobility and the effi-
cient migration of electron charge carriers.

The energy characteristics of relaxators
1-4, the possibilities of spatial orientation
change due to shifts of more mobile compo-
nent of corresponding dipole center types
are different. We can assert that the elec-
tronic processes in 290—400 K range influ-
ence less on the relaxation polarization,
than at T > 400 K. At high temperatures
(T > 400 K), the electrostatic interaction
between the dipole center components de-
creases, but the dissociation of defect com-
plexes predominates. At low temperatures
(T < 400 K), dipole associates are formed.
The indicated features of the ionic/elec-
tronic processes cause the slope change of
Inc = f(103/T) line with inflection points at
320 and 390 K (see Fig. 1 and Table 1).

The dissociation and association of defect
complexes is energy-asymmetrical. This re-
sults in hysteresis in o(T) dependence for
CWO (Fig. 1) and slightly different course
of ¢(T) curves (Fig. 4) at heating and cool-
ing. The relatively low activity of the elec-
tron processes does not stimulate noticeable
changes in ¢(T) curves for CWO.
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It follows from the performed experi-
ments that in the investigated undoped
CWO crystal, as well as in PWO [9, 11], the
intrinsic defect disordering is dominating.
The possible main structure defects are cad-
mium and oxygen vacancies. At high tem-
peratures, single vacancies predominate.
Near room temperature, the dipole com-
plexes are formed due to electrostatic ag-
gregation of vacancies with opposite signs:
the vacancy pairs (dipolons) and more com-
plex associates on their base. At the same
time, this does not exclude relatively iso-
lated tetrahedral oxygen-tungsten com-
plexes WO42‘ and processes of electron
charge carrier localization near such com-
plexes on corresponding vacancies.

The quite close coupling of electron
charge carriers with the lattice causes the
formation of small radius polarons, as is
confirmed by the exponential character of
the o(T) dependence (Fig. 1) and by the val-
ues of charge transfer parameters (Table 1).
It is to note that the oscillation series in the
energy spectra of charge localization centers
in CWO crystals, revealed at the thermolu-
minescence measurements, is explained [21]
as a demonstration of the polaron effect.

Thus, the complex of electrophysical in-
vestigations of CWO single crystal (wol-
framite structure type) has been carried
out. For the first time, the TSD currents in
CWO along the crystal growth axis [010]
were studied. Two series of TSD maxima at
300-390 K and at 400-550 K (see Fig. 2
and Table 2) have been observed in 290-
550 K temperature range. These maxima
have dipole and space-charge (HT-peak) na-
ture, respectively. The elementary point de-
fects (particularly O and Cd vacancies) tend
to form complex associates, that accumulate
at temperatures close to RT. A relatively
better lattice temperature stability of CWO
crystals causes a lowered lability of the
electrically active defects as compared to
PWO. The preliminary excitation of CWO
by external DC electric field does not cause
noticeable changes in g(7T) curves. The elec-
tron component of the CWO electrical con-
ductivity may be described in the frame of
small-radius polaron theory. More accurate
nature definition of charge localization cen-
ters and electrically active defects of CWO
lattice requires an additional investigations.

It is to note that the proposed methods
are sensitive to small changes of structural
defect states in CWO ecrystals. Microscale
displacements of more mobile components of
defect complexes (the spatial orientation
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changes in the selected crystallographic di-
rection, the energy minimization), or their
association/dissociation produce noticeable
changes in the TSD spectra.

This work was supported financially by
the Ministry of Education and Science of
Ukraine within the frame of the Subject
No.Sn-71F under the State Budget.
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EjxexkTpuuHi Ta mMieJeKTPMYHi BJIACTHUBOCTI
kpucraxis CAWO,

B.H.llleéuwyx, I.B.Kawon

IIposeneno enexkrpodismuni gocrimxenna xpucraris CAWO, meromamu TepMoCTHMYJIBO-
BaHOI moJApmsallii, AemnoJApusalii TepMoeJeKTPEeTHOTO CTaHy y B3a€MO3B’fA3KY 3 TeMIlepa-
TypHUMu 3anexkHocTAMu 290-550 K mpomigHocTi Ha moctiifiHoMy cTpyMi Ta AieleKTpuduHOl
npoHukHocTi Ha uactori 1 kHz. Crpymm gemosnspmsaniii moB’A3yIOThCA 3 aKTUBisallieio
peopieHTaIiflHUX TPOIECiB AUMOJLHUX KOMILIEKCiB medexTiB (miku crpymy mpu 308, 319,
338 Ta 365 K) Ta yTBOpPEHHSAM IIPOCTOPOBO HEOTHOPiZHOrO POSHOAiNy O0’€MHUX 3apdangiB
BHACJiJOK JIOKaJisaIlii HociiB sapAxy Ha pPiBHAX 3aXOIeHHd (IIMPOKWI HeejleMeHTapHUI
inTencuBHUilt Makcumym 400-550 K). OmineHo ocHOBHI mapaMeTpu TOJIOBHUX DPeJIAKCATODIB
Ta npoBigHocTi. IlosicHeHHA eJIeKTPOIPOBIIHUX BIaCTUBOCTElH Ta edeKTiB mossgpusaiii 6asy-
IOThCS HA IPUIYIIeHHI TOMiHyBaHHA BJacHUX AedeKTiB CTPYKTYypU, AKUMU MOKYTb OyTHU
BakamHcil KaaMio Ta KHUCHIO, a TAKOM CKJAAHINII KoMIekcu medeKTiB Ha ix ocHoBi. OTpu-
MaHi eKCcllepuMeHTaJbHi 3aKOHOMIPHOCTI IIPOBiJHOCTI He cymnepeuaThb Teopil IOJAPOHIB Maso-

ro pagiyca.
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