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Dielectric properties of SrTiO; single crystals
subjected to high electric fields and later
irradiated with X-rays or y-rays

B. K. CHOUDHURY, K. V. RAO, R. N. P. CHOUDHURY
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The dielectric constant (K'), loss (tan ), and hence conductivity (¢), of SrTiO; single crystals
have been measured in the frequency region 10>-10’ Hz and in the temperature range 30°-
350° C. Quenching, subjecting the crystals to high electric fields (a.c. or d.c.) and X-ray or
v-ray irradiation, or a combination of these treatments, is found to bring about interesting
changes in these properties. An attempt is made to understand the results,

1. Introduction

A study of the dielectric properties of alkali halide
crystals which are subjected to high electric fields (a.c.
or d.c.) and later irradiated with X-rays or y-rays
gave interesting information regarding the defect pro-
cesses that occur in them [1, 2]. Such studies were
subsequently extended to some other ionic crystais
yielding useful results {3].

SrTiO, belongs to the perovskite group of materials
having a number of industrial applications, such as
photochromic and cathodochromic material which is
also used in memory devices, optical processors, etc.
[4, 5]. Though the presence of even a small concen-
tration of barium, lead and other similar impurities
make SrTiO, a ferroelectric [6], pure SrTiO; is not
ferroelectric down to liquid helium temperature [7].
The dielectric constant has been reported to increase
with decreasing temperature (below room temperature)
[8]. The electrical transport properties and the influ-
ence of oxygen on the electrical conductivity of SrTiO,
have been well studied [9, 10].

It is the aim of this communication to report the
data of our measurements on the dielectric constant
(K) and loss (tan 8) of SrTiO; which' have been
subjected to high electric fields (a.c. or d.c.) and
later irradiated with X-rays or y-rays. The dielectric
measurements have been carried out in the frequency
region 10°-10” Hz and in the temperature range 30° to
350°C.

2. Experimental techniques
The high quality SrTiO, single crystals used in the
present work were a gift from Professor A. Smakula,
Director of Crystal Physics Laboratory, MIT, Camb-
ride, USA. The samples have been cut from boules
and their final dimensions are 1.0cm x 1.0cm with
thickness varying from 0.07 to 0.1 cm. The samples are
quenched from a temperature of 800°C.

For the application of the electric field, the samples
carried thin aluminium foils on large area faces to
serve as electrodes. Then the crystals were subjected to
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the field for 1/2h. The a.c. field was applied with
a step-up transformer of 33kV. The d.c. field was
applied by an electronically controlled conventional
power supply, the voltage of which can be varied
between 0 and SkV. The field across the sample was
calculated. These electrodes were removed after the
field application was complete.

X-ray irradiation of the samples was carried out
with Philips tube operating at 35kV, 10 mA keeping
the samples at a distance of 2cm from the window.
The samples were irradiated for 2h (half the time on
either side of the sample.) y-ray irradiation was carried
out with a Co® source of strength 10° curie giving a
dose of 78 kradh™'.

The dielectric measurements are taken on a GR716
type capacitance bridge in the frequency region
10°-10° Hz [11] and on a Marconi circuit Magnifi-
cation Meter type TF329G in the range 10°-10" using
a resonance curve principle [12]. The accuracy of
measurement of K is 2% and of loss (tan §) it is
about 5%. Measurements have been taken on at least
two samples under the same conditions and the agree-
ment between data has been found to be within the
accuracy mentioned.

3. Results

Figures la and b present the variation of dielectric
constant (K) and loss (tan §) at room temperature
(30°C) with frequency for SrTiO, crystals under dif-
ferent conditions. K of SrTiQ;, having larger values at
lower frequencies, decreases with frequency attaining
a constant value beyond 3 x 10° Hz; similar behaviour
is exhibited by tan 4. The values of K and tan § of
SrTiO;at 30°Cand at 10° Hzare 276 and 3.4 x 1072,
respectively. Quenching or field treatment (a.c. or d.c.)
is found to decrease the low frequency K and tan §
values significantly but has no appreciable effect on
the high frequency values. (It may be mentioned here
that K and tan 6 of field treated SrTiO, samples were
found to decrease slightly up to about an hour before
attaining steady values; the data reported in this paper
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Figure | (a) Dielectric constant (K) and (b) loss (tan J) at 30°C as a function of frequency for SrTiO; crystals under different conditions.
(®) As-cut; (v) quenched + 60kVem™' ac. + y-rays (72h); (O) quenched; (m) quenched + 60kVem™' ac. + X-rays (2h); (x)
quenched + 30kVem™' d.c. field; (a) quenched + 30kVem™ a.c. field; (0) quenched + 60kVem™' a.c. field. (c) K at 10> Hz against a.c.

field for quenched SrTiO,.

are these steady values.) Inset of Fig. la shows the
decrease of K at 10° Hz for SrTiO, which are quenched
and subjected to a.c. fields of different strengths. There
1s considerable decrease of K with a.c. field up to about
60kVem™! beyond which the decrease is not signifi-
cant. (As the dielectric behaviour of K and tan § of
SrTi0; subjected to d.c. fields is essentially the same as
that exhibited by a.c. field treated samples, the work
with d.c. fields has not been pursued further.) X-ray or
y-ray irradiation of quenched and a.c. field treated
samples has been found to increase K and tan ¢ values
at low frequencies (in comparison to the data of
quenched and a.c. field treated samples).
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Variation of K and tan 9 at 30° C with frequency of
SrTiO; crystals which are quenched and subjected to
60kV cm™ ' a.c. field and subsequently y-ray irradiated
for 72 h are shown in Fig. 2. Another sample of SrTiO,
was prepared from the same boule (so that this has the
same values of K and tan § at room temperature as
the other sample initially had (before quenching etc.)
for which data are presented in Fig. 2) it was then
quenched and subjected to a 60kVem ™! a.c. field,
X-ray irradiated for the dose when the K and tan ¢
values at 30°C and 10° Hz are the same as for the
other sample. Both these samples exhibited a decrease
of K and tan 6 with frequency, the changes in these
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Figure 2 Variation of (a) dielectric constant (K) and (b) loss {tan ) at 30° C with frequency of SrTiO, crystals which are quenched and

subjected to 60kV cm~! a.c. field and subsequently y-ray or X-ray irradiated for the dose at which K and tan § values at 10? Hz are the same.
(®) As-cut; (¥) quenched + 60kVem™! ac. field + y-rays (72h); (3) quenched + 60kVem™'ac. field + X-rays.

180 Figure 3 Variation of dielectric constant (K} with
temperature at different frequencies (f) for the

140 | | { ; ! ! L ! SrTiO; crystals. (—-) Quenched + 60kVcm™
30 70 110 150 190 230 270 310 350 ac. field + y-rays (72h); (---) quenched +

TEMPERATURE (°C) 60kVem™ ac. field + X-rays.
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Figure 4 Dielectric constant (K) and as a function of temperature at (a) 10 Hz and (b) 10° Hz for SrTiO; crystals under different conditions.
(®) As-cut; (¥) quenched + 60kVem™' ac: field + y-rays (72h); (M) quenched + 60kVem™' a.c. field + X-rays (2h); (x)
quenched + 30kVem™' d.c. field; (a) quenched + 30kVem™ a.c. field; (3) quenched + 60kVem™ a.c. field; (©) quenched.

parameters being larger in the sample which has been
quenched, a.c. field treated and X-ray irradiated.
The dielectric constant as a function of temperature
at different frequencies for the two SrTiO, crystals
under the above mentioned conditions is shown in

Fig. 3. K decreases with temperature up to a certain
temperature (depending on frequency, e.g. 170°C at
10* Hz) beyond which K increases with temperature
and is considerably frequency dependent. The inver-
sion temperature 7, (where the temperature coefficient

198

T T 17711

S0 , \

10

H 1
16 17 18 19 20 21
177 x103 (k™1

3472

Figure 5 Conductivity (o) as a function of tempera-
ture at 10° Hz for SrTiO; crystals. (@) As-cut; ()
quenched + 60kVem™' a.c. field + X-rays (2h).



TABLE 1 Summary of the dielectric properties of StTiO, single crystals subjected to various treatments

Material treatments at 30°C Kat30°C tan & at 30°C Inversion temperature 7, (°C) Activation
10°Hz 10°Hz 10°Hz 10° Hz 10 Hz 10° Hz energy (eV)

As-cut single crystal 330 276 70 x 1072 34 x 107° 175 300 0.80

Quenched sample 308 272 33 x 1072 26 x 1073 163 296 0.86

(800 to 30°C)

Quenched + 30kVem™! 278 250 1.5 x 1¢¢ 1.8 x 1073 146 290 0.95

d.c. field (1/2h)

Quenched + 30kVem™'a.c. 257 235 9.5 x 107* 145 x 1073 134 285 1.03

field (1/2h)

Quenched + 60kVem ™' ac. 236 224 5.6 x 107} 1.1 x 1073 119 278 1.15

field (1/2h)

Quenched + 60kVem~'ac. 296 264 2.5 x {07 23 x 1073 155 293 0.90

field + X-ray irradiation

(2h)

Quenched + 60kVem~™'a.c. 320 274 50 x 1072 29 x 1073 170 298 0.84

field + y-ray irradiation
{72h)

of dielectric constant changes sign) is found to have a
larger value at higher frequency and is also dependent
on the condition of the sample.

K as a function of temperature at 10> and 10° Hz for
SrTiO; crystals under different conditions (Fig. 4)
shows that the changes in K with temperature in both
the regions where K decreases (or increases) with tem-
perature are comparatively more prominent at the low
frequency.

By using, instead of dielectric loss, the dielectric
conductivity

o wK tan 6 K,

where K is vacuum dielectric constant, ¢ of the
S1TiO, samples under different conditions at various
frequencies and temperatures has been calculated.
Log o against 1/T plots have been drawn (Fig. 5) and
the activation energy for conduction in the high tem-
perature region (200 to 350° C) calculated.

A summary of the data is presented in Table I.

4. Discussion

The dielectric constant of a material is composed of
four contributions: electronic, ionic, dipolar and space
charge polarizations. All these may be active at low
frequencies. In fact, the behaviour of the variation of
dielectric constant with frequency indicates which
contributions are present.

The space charge contribution will depend on the
purity and perfection of the crystals. Its influence is
negligible at very low temperatures and is noticeable
in the low frequency region. The dipolar orientational
effect can sometimes be seen in some materials even up
to 10" Hz. The ionic and electronic polarizations
always exist below 10" Hz.

Considering our data, the larger values of K and
tan 6 of SrTiO; crystals at lower frequencies may
be attributed to charged lattice defects like oxygen
vacancies [13]. It is known that quenching of alkali
halide crystals and some other solids, or subjecting
these solids to high a.c. or d.c. fields, produces in them

lattice defects like vacancies [1, 3]. Similar defects may
be produced in SrTiO; crystals under these treatments.
These charged defects may be trapped at the defect
regions in the SrTiQ; crystals bringing about internal
field variations which may clamp the domain type
regions thereby decreasing the values of X and tan 8
at low frequencies [14]. These defects seem to be
produced up to a field strength of about 60kVcm™'
a.c. beyond which there is apparently no further
increase in the concentration of such defects.

It is also known that prolonged X-ray or y-ray
irradiation of alkali halide crystals or other solids
produces free electrons and lattice defects. Our results
showing an increase in K and tan & at low frequencies
in SrTiO, samples which are quenched, field treated at
60kVem™ and later X-ray or y-ray irradiated (over
the values exhibited by the quenched and field treated
SrTiO;) seem to indicate that lattice defects are pro-
duced (and some may be released) from the domain
type regions due to irradiation which increase the
space charge polarization (and hence X and tan § at
low frequencies). As X-ray irradiation will be a surface
effect involving a thin layer of material on the surface
of the SrTiO; crystals, the changes in K and tan 6 at
low frequencies will be less pronounced in quenched,
field treated and X-ray irradiated crystals compared to
those in quenched, field treated and y-ray irradiated
SrTiO, samples (as y-ray irradiation will produce
defects in the bulk of the crystal), compared to the
values of K and tan § exhibited by quenched and field
treated SrTiO, samples (Fig. 2).

Attempts have been made earlier to explain the
decrease in dielectric constant with temperature in
SrTiO; crystals {15]. From the present work, it is
found that beyond a certain temperature K starts
increasing with temperature and becomes consider-
ably frequency dependent (K having larger values at
lower frequencies) indicating that at sufficiently high
temperatures, space charge polarization (due to defects)
dominates [16]. Thus it is easy to understand the
existence of an inversion temperature (7T}) for the

3473



dielectric constant of these crystals and its increase to
higher frequencies for the same sample containing a
certain concentration of defects. But when the con-
centration of defects in a sample increases due to
irradiation, then the space charge polarization becomes
comparatively more dominant at low frequencies and
T:is also lowered, as observed in the present measure-
ments. These conclusions are borne out to be true
from the data presented in Fig. 4.

The activation energy for conduction in the high
temperature region for SrTiO; crystals (0.8eV) indi-
cates that oxygen vacancies seem to be responsible for
conduction [9, 10]. It is found that this activation
energy value is found to increase when SrTiO, is
quenched or quenched and a.c. field treated but again
decreases in these field treated samples if they are
X-ray or y-ray irradiated samples. Though further
experiments are in progress to throw some light on
this interesting behaviour of conductivity, in general it
appears that these changes in activation energy seem
to be connected with both the concentration and
mobility of the charge carriers which are apparently
oxygen vacancies in SrTiO; crystals.
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