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-The static dielectric constant ¢ of KTaO; has been measured from 4 to 300K and at pressures
up to 26kbar. The temperature T, at which e deviates from a Curie-Weiss law, attributed to
quantum effects, is found to increase with increasing pressure with a slope d InT;/dP=3%/kbar.
At zero pressure, Ty is 53 K. The pressure dependences of the Curie constant and Curie tem-
perature were obtained also. The Curie constant decreases at the rate of 0.9%/kbar, and the
Curie temperature decreases at the rate of 4.8 K/kbar. The reason for the increase of T,

with pressure is discussed.

INTRODUCTION

It has long been known that ferroelectrics with
very low Curie temperatures show deviations from
the Curie-Weiss law for their dielectric response
at temperatures much greater than the Curie tem-
perature. 2 As the temperature of a paraelectric
sample is lowered, a temperature (defined as 7))
is reached below which the static dielectric con-
stant € changes less rapidly than predicted by €
=B/(T - Ty). At temperatures much less than T,
€ becomes temperature independent. A more pre-
cise definition of 7, will be used later, but it is,
in effect, the temperature at which the Curie-Weiss
law fails. SrTiO; and KTaO; are examples of
materials which exhibit this behavior. They both
have a T, below 35 K, and start deviating from the
Curie-Weiss law at a temperature of about 50 K.
This behavior is usually attributed to quantum
effects. Slater treated an ion in an anharmonic
potential well classically in order to derive the

ionic polarizability of a ferroelectric crystal in its
paraelectric phase,® In 1952, J. H. Barrett ex-
tended this theory by carrying out a quantum-me-
chanical treatment of the ionic polarizability. In
his theory, the lowest quantum level for the ion
has an energy equal to 27Ty, so that for tempera-
tures less than Ty all ions are in their lowest en-
ergy states and further reduction in the tempera-
ture causes no change in the dielectric response.
Barrett derived the relation

€=B/[4 T, coth(T,/2T) - Ty] , )

and this seems to fit experiments quite well, if
Ty, T, and B are treated as empirically determined
constants. Barrett was not successful in deter-
mining these constants from first principles.
Pressure experiments have been made on many
ferroelectrics in order to find the volume depen-
dence of T, and the Curie constant B, effects which
are now fairly well understood.® However, ap-
parently no study of the volume dependence of Ty
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has been undertaken. We have measured the di-
electric constant of KTaO; from 4-300 K and 0-26
kbar, in order to find the dependence of Ty on
pressure. The pressuredependences of B and T,
for KTaO, were obtained as well. KTaO; was
chosen because it undergoes no phase transition
and remains paraelectric to 4 K. The series of
(nonferroelectric) phase transitions in SrTiO, at
low temperatures could possibly make measure-
ments on this substance more difficult to interpret.
Dielectric anisotropies which depend on the con-
ditions under which the sample is cooled have been
observed for SrTiO,. °

EXPERIMENTAL TECHNIQUE

Measurements were made on two single-crystal
samples from the same boule, 7 one in a piston-
cylinder cell and one in a helium-gas bomb. Each

sample was about 1.3 mm thick and 7 mm diam
and had aluminum electrodes evaporated on each
face. The capacities of the samples were mea-
sured by means of a three-terminal technique with
a General Radio type 1615A capacitance bridge,
using a measuring frequency of 100 kHz. The
frequency dependence of the sample capacity was
checked at room temperature and found to be
negligible. The samples had very low conductiv-
ities; the loss factors were less than 0.01 at 100
kHz.

The first sample was completely surrounded by
AgCl, which served as the pressure transmitting
medium, and loaded into a 9. 5-mm-diam piston-
cylinder pressure cell, with care being taken to
keep all tolerances very close in order to minimize
nonhydrostatic stress. . Thin copper tabs were used
to put the sample faces into electrical contact with

€1 109

T
26.3 kbar
22, 8 kbar

16.7 kbar
13.9 kbar ]

1.9 kbar -

— FIG. 1. Inverse dielectric
constant ¢~! vs temperature at
various pressures. The zero-

. pressure data were obtained from
sample II. All others were from
sample I. The solid lines are

- fits of the expression € =A + B/
[T, coth(T,/2T) — T ).
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the two pistons, which were insulated from the
cylinder with mica and used as electrical leads.
This piston-cylinder cell was then placed in a high-
pressure cryostat similar to one described by
Lyon et al.® The cell was cooled to 4 K while a
constant load was maintained on the pistons. The
load was measured by a strain-gauge load cell.
The capacity was then measured as a function of
temperature as the device warmed, still at con-
stant load. Pressure was assumed to be pro-
portional to the load. The constant of proportion-
ality was determined from measurements of the
Bi I-II transition in a similar piston-cylinder ap-
paratus. The pressure thus obtained is probably
accurate to +5%, although the precision with which
the load was held constant during a given run was
much greater than this. Pressure was changed
only at temperatures greater than 270 K, to keep
it as hydrostatic as possible. A total of six runs
was made, at pressures ranging from 3.8 to 26. 3
kbar. Temperatures were measured using Cu-

constantan thermocouples above 40 K and Cu-AuFe
thermocouples below 40 K. Both thermocouples
were calibrated against platinum and germanium
resistance thermometers. The results are shown
in Fig. 1.

The second sample was loaded into a BeCu pres-
sure bomb, and the capacitance was measured as
a function of pressure with the temperature held
constant. Helium gas was used as a pressure
transmitting medium. The He pressurizing de-
vice was made after a design by Schirber.® Sev-
eral runs were made, holding the temperature
constant at temperatures ranging from 50 K to
room temperature. Measurements at 4 K were
made after pressurizing at temperatures above the
helium freezing temperature and then freezing the
helium from the bottom of the bomb up, under
constant pressure. For each pressure at 4 K, the
bomb was warmed and this procedure repeated.
We were able to get reproducible results provided
the cooling rate was kept sufficiently slow. Pres-
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TABLE I. Pressure derivatives of the parameters
B, Ty, and T, for KTaO;. These parameters are defined
in the text. Their values at 1bar are B=5.52x10K,
T,=11.8K, and T;=53.3K.

Sample I
(piston and
cylinder -Sample II
apparatus) (helium-gas bomb)
L8B  (~0.92:0.05)%/kbar  (~0.81£0.05)%/kbar
% (—4.8 £0.2) K/kbar (—4.6+0.2) K/kbar
i;-IT-;‘ (1.49£0.05) K/kbar®  (1.940.3) K/kbar
dd“;fl (2.8+0.1)%/kbar (3.5 £0. 6)%/kbar

2nitial value, for comparison with sample II. The
value of dT/dP is not constant over the range of pres-
sures under which sample I was measured.

sure was measured using a Heise gauge. Pres-
sures for the 4-K data were corrected for effects
of the thermal contraction of the solid helium by
using the data of Dugdale.!® Temperatures for
all runs except the 4-K isotherm were measured
using Cu-constantan thermocouples. The lowest
temperature run was made in liquid He at a vapor

J
(/€)1 -A/¢)

de" (1)= ( %1)dlnB'+

dP 1T, coth(T,/2T) - T,

pressure of 620 mm Hg.

RESULTS AND DISCUSSION

It was found that the data from each run on
sample I and the zero-pressure data on sample II
could be fitted to the following expression:

€=A+B/[} Tycoth(T,/2T) - T,] . (2

The parameter A is the temperature-independent
contribution to the polarizability and is small but
nonnegligible in KTaQ,;. It is 48. 3 and independent
of pressure, at least within experimental error.

B, Ty, and T, all depend on pressure. These
parameters are plotted vs pressure in Fig. 2. The
zero-pressure values are in good agreement with
the dielectric constant measurements of Wemple. !
From the plots of B, T,, and T, the derivatives
dInB/dP, dInT,/dP, and dT,/dP can be found.
These are tabulated in Table I.

The dielectric-constant-vs—pressure data from
sample II were treated in the following way. At
each temperature, 1/€ (see Fig. 3) was found to be
linearly proportional to pressure, so that de~!/dP
is independent of pressure at least up to 3.5 kbar.
Our measured value of de~!/dP at room temperature
is 7.6x%10°5/kbar, which agrees closely with the
value of 8.1X107%/kbar measured by Wemple et al.!?
If € is described by Eq. (2), then

dT daT,
_1 __1 - 2__1 221 22 .
{[ coth + ( coth!' JdP P }
(3)

In order to find dInB/dP, dInT,/dP, and dTy/dp from the de™'/dP, let us form from Eq. 3 the following

expression:

{(%T,—To)e(o) de! (0)_[2T,coth(Tl/2T) T,o]e(T) de‘

[1-A/€(0)] dP [1-A/€(T)]

If the zero-pressure values for the parameters A,
B, T,, and T, are used, then the left-hand side
consists only of measured quantities and is a func-
tion of temperature only. This analysis assumes
that € fits Eq. (2) to zero temperature. If this is
so, then € is very nearly temperature independent
below 4 K, and the quantities evaluated at 7=0 can
equally well be evaluated at 4 K. Let us denote
the left-hand side by F(T). Then a plot of F(T) vs
{[1 +coth(T,/2T))/2T} - 1/T, should give a straight
line with a slope d7T,/dP and intercept d InB/dP.
The data from sample II are plotted in this way in
Fig. 4. Equation (3) evaluated at T=0 then gives

(T)}( TlcochT -%T,)-1

_dnB +( 1+ coth(T,/27) L) a1y

@)

dP 2T ~T,)adp
r
dT, _1dT dlnB
Lo -1 (1
ap g ap - #T-T) g5
€0 de!
- G- Ty =) © . ®

[1-A/€(0)] dP

The values for dInB/dP, d1nT,/dP, and dTy/dP
thus found are also shown in Table I. As can be
seen from Table I, the agreement between the
measurements on the two different samples is quite
good, with the possible exception of the value of
dInT,/dP. The determination of d1nT,/dP is quite
sensitive to the measured value of de“!/dP(0), and
the indicated error limits correspond to a 2%
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FIG. 3. Representative data for the inverse dielectric
constant of sample II vs pressure, taken in the helium-
gas apparatus at constant temperature.

error in d€”'/dP(0). This agreement indicates
that nonhydrostatic effects in the piston-cylinder
device are not important. The values obtained for
d1nB/dP and dTy/dP are similar to those found in
other perovskite ferroelectrics. For example,
in BaTiO;,d InB/dP ~ - 1% /kbar and dT,/dP=—4.5
K/kbar.®

The static dielectric properties of the perovskites
can be understood in terms of a soft ferroelectric
(=0, TO) mode. This soft ferroelectric mode
has been studied by inelastic-neutron-scattering
techniques. ¥ The square of the soft-mode fre-
quency was found to follow closely the temperature
dependence of € from 15 to 300 K. It might also
be expected to follow the pressure dependence of
€!, The mode Griineisen parameter y may be
found for the ferroelectric mode from d€™!/dP. The
definition of ¥ is y =—dlnw;/d InV, where w; is the
mode frequency and V is the volume. Since w,%
el it follows that y = 3(€/k)(d€™Y/dP), where
k=—d1nV/dP is the volume compressibility. At
4 K and P=0, our results give ¥ = 380 for the ferro-
electric mode. The data in Figs. 1 and 3 reflect
variation of wf with pressure (except for a scaling
factor).

E
?’
>
w
=
|
[

Although there have been more recent lattice-
dynamical treatments of the low-temperature di-
electric constant, *'!° Eq. (1) from Barrett,* is
apparently the only simple analytic expression
derived to describe the low-temperature behavior.
Barrett’s theory does describe the observed tem-
perature dependence of €, but, as we shall see,
predicts relations between the pressure derivatives
which are inconsistent with our measurements.
Barrett’s model consists of independent ions (Ta
in our case) in potentials of the form

d@)=ar®+vrt | (6)

where 7 is the displacement of the ion from its
equilibrium position and a and b are constants.

He uses the fourth-power term as a perturbation to
the energies of a simple harmonic oscillator. The
energy of the lowest level is 2T,, and Ty and B

are derived in terms of ¢ and b. From his results
it is easy to show that the following relation should
hold:

dTy _ 5 dinB _ 2B dinT, -
dP dP C aP

where C is a model-dependent constant, but is
probably between 1 and 10. Clearly, the second
term on the right-hand side dominates since B is
on the order of 5x10* K and 7, is on the order of
10 K. Hence, we have

dT
==0( >~ 300 K/kbar . (8)
dpP
2 T T
o
1 4
g
-
o
]
E
of N
_l 1 1
0 5 10 15
1 + coth(T,/21)
I SR P I |
i A (107K ™

FIG. 4. F(T) is a measured quantity defined in the
text. The slope of the line gives dT/dP and the intercept
gives d1nB/dP.
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We measure dTy/dP~ -5 K/kbar.

Barrett’s model predicts the correct sign for
dInT,/dP. As the volume is decreased, the nearest
neighbors of the ion would confine it to a smaller
volume, thus raising the energy of the lowest
quantum level, and hence T,. However, as pointed
out above, either the measured value of d1nT,/dP
is too large, or that for |d7,/dP| is too small, to
be consistent with Eq. (8). Since dTy/dP is similar

2701

to that measured for other perovskites, one might
conclude that d1nT,/dP is anomalous and that T,
is not understood theoretically. Clearly more
theoretical work is required.
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Some electronic defects and the associated photoelectronic processes in ThO, are analyzed
by utilizing the data from thermoluminescence (TL) and EPR measurements on a number of

rare-earth-doped and undoped single crystals from various sources.

(The EPR measure-

ments were made by others.) Some fluorescence and absorption measurements are also
ultilized. Some TL glow peaks in the undoped ThO, correlate with the annealing of EPR spec-

tra which are associated with trapped electrons.

The similarity of glow curves for different

crystals, the lack of hyperfine EPR structure, and the dependence on rare-earth doping sug-
gests that some of the major electron traps are associated with oxygen vacancies, which may
be complexed. The TL and EPR were induced by uv excitation, which created electrons and
holes which are trapped. Some of the hole traps are identified as rare-earth ions in cubic
sites. The rare earths provide all of the TL and fluorescence observed in Li,O + 2WOjq flux~
grown ThO,, and the total TL at saturation depends on the doping level. The TL excitation
spectra and optical absorption measurements on Li,O - 2WO; flux-grown undoped thoria indi-
cate a band gap of 5.75 eV which is larger than previously reported. The thermal activa-
tion energies are given for electron traps, and some indications of relative cross sections
for electron or hole trapping or recombination processes are reported.

INTRODUCTION

We have measured the thermoluminescence (TL)
from a large number of ThO, single crystals. The
crystals represent several different methods of

growth and have a wide variation of impurity con-
tent that includes intentional rare-earth doping.
This paper deals primarily with the results and
conclusions derived from the measurements on one
group of crystals. More detailed data on these



