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Raman scattering and optical-depolarization measurements have been employed in investiga-
tions of the ferroelectric phase transition in KTa;_,Nb,O; in the limit x < 0.05. The critical
niobium concentration for which T, =0 K was found to be x. =0.008, in agreement with previ-
ous acoustic resonance results. Electric-field-induced Raman scattering and disorder-induced
Raman scattering were used to study the zone-center TO frequency as a function of x and tem-
perature. At a given temperature, the TO frequency decreases with increasing x, and no new
low-frequency vibrational features due to the Nb are observed. The Raman spectra as a func-
tion of temperature are indicative of a soft-mode-dominated displacive transition to a rhom-
bohedral ferroelectric phase. The soft-mode frequencies in both phases, however, remain finite
(~10 cm™) in the immediate vicinity of T,. Disorder-induced scattering features in the
paraelectric phase in all of the samples (including pure KTaOj3) are attributed to first-order
scattering from the coupled TO and TA branches. The TA peak has previously been associated
with a resonance mode of lithium impurities. The observed TA scattering was modeled using
parameters obtained previously from neutron scattering investigations, and good agreement was
found for the frequency of this feature as a function of the soft-mode energy. The presence of
Nb has no effect on the intensity of any of the disorder-induced features, and the exact source
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of the disorder is currently undetermined.

I. INTRODUCTION

Potassium tantalate is a cubic perovskite-structure
material that exhibits the characteristics of a fer-
roelectric whose transition temperature is near abso-
lute zero. In the purest KTaO; samples investigated
no transition to a ferroelectric phase has been ob-
served at temperatures as low as 1.6 K. Potassium
tantalate and strontium titanate are currently the only
two known substances which exhibit this type of
behavior, and the term ‘‘incipient ferroelectric’’ has
been applied to these special materials. For both
KTaO; and SrTiO;, deviations of the behavior of the
dielectric constant from a Curie-law dependence have
been attributed to the presence of a paraelectric phase
that is ‘“‘quantum stabilized.”” This means that a
transition to the distorted ferroelectric structure
would lead to an increase in the quantum-mechanical
zero-point energy of the lattice which more than
compensates for the decreased classjcal potential en-
ergy of the ferroelectric phase.

The presence of even small concentrations of cer-
tain impurities induces a ferroelectric phase in KTaO;
at low temperatures, and this effect proved to be a
hindrance to an accurate delineation of the unique
properties of pure KTaO; in the earliest studies of

this substance. This effect is of interest in itself, and
affords the opportunity for investigations that can
lead to answers to a number of questions of current
interest. These questions include: First, what are
the mechanisms by which low impurity levels can
drastically modify the bulk properties of a crystal?
Second, can different impurities induce ferroelectrici-
ty by means of totally different mechanisms? Final-
ly, what are the key features characterizing a given
impurity and how do these features influence the fer-
roelectric phase induced by the impurity? Addition-
ally, studies of controlled impurity levels can provide
information on the nature of defect-induced central
peaks and the manner in which central peaks reflect
either the coupling of a defect to the order parameter
or other perturbations of the lattice.

The existing body of work on KTaO;,
KTa;_xNb,O3, and related materials provides a basis
for the present studies of impurity effects and the as-
sociated phase transitions in these systems. The
available data for KTaOj; include determinations of
the dielectric response over a wide range of frequen-
cies,'? and measurements of the dielectric constant
as a function of temperature and pressure.*’ Dielec-
tric response measurements have been correlated
with thermal expansion and compressibility data ob-
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tained from x-ray-diffraction measurements,® and the
effects of uniaxial stress on the dielectric response of
KTaOj; at low frequencies have also been investigat-
ed.”® Most recently, the polarization moment and
elastic compliance were measured by Hochli and
Boatner! by means of ultrasonic flexure-resonance
spectroscopy.

Other investigations that are pertinent to the
present work include the dielectric constant measure-
ments for KTa,_,Nb,O; (KTN) which were made as
early as 1959 by Triebwasser,? and the more recent
determinations of the dielectric constant, spontane-
ous polarization, and elastic compliance of KTN
made by Hochli er al.'®'" Trivalent iron has been
used as a probe ion in recent EPR studies of the lat-
tice properties of KTN,!2 and the lattice dynamics of
KTN in each of its phases have been extensively stu-
died using neutron scattering techniques.’*~’* Neu-
tron scattering measurements were also made for
pure KTaO; by Shirane er al.'® and Axe et al.,'” and,
most recently, Comés and Shirane'® have considered
the anisotropy of the phonon dispersion in pure
KTaO;.

The earliest investigations of KTaOj; involving the
use of optical techniques consisted of measurements
of the infrared reflectivity at various temperatures!® 2
and the Raman scattering studies of Nilsen and
Skinner?! and Perry et al.?*> More recently Fleury and
Worlock?*?* have used Raman scattering techniques
to measure the soft-mode position in pure KTaO; by
applying an ac electric field and observing the result-
ing field-induced scattering component. Yacoby and
Linz? have measured the Raman spectra of both
pure KTaO; and samples containing either Nb or Li
impurities. The first study of KTN using Raman
scattering was made by Manlief and Fan.?® Changes
in the Raman spectra due to applied pressure have
been studied by Yacoby ef al.,?” and changes due to
uniaxial stress were investigated by Uwe and Saku-
do.2 Yacoby?® recently studied the Raman spectrum
of KTN in a sample containing 6 at.% Nb and con-
cluded that the individual distorted Nb centers pro-
duce fluctuations whose amplitudes decrease for
T>T..

In the present work, Raman scattering techniques
have been used to investigate the characteristics of
impurity-induced phase transitions in potassium
tantalate—niobate crystals with Nb concentrations in
the range from 0.25 to 5.0 at.%. By employing
samples with varying compositions within this range,
it was possible to test whether or not some of the
features reported in the previously noted studies were
associated directly with the presence of Nb or with
the induced phase transitions.

Since every atom in the unit cell of the perovskite
structure occupies a site with inversion symmetry,
one-phonon Raman scattering is forbidden in the
paraelectric phase. Therefore, any inelastic light

scattering is due either to two-phonon processes,
impurity-induced scattering, or scattering induced by
any disorder in the crystal which breaks the wave-
vector selection rules. To determine the effects of
Nb impurities on the lowest TO branch at k =0,
electric-field-induced Raman scattering was measured
in samples with different Nb concentrations. Mea-
surements were also made of the birefringence and
optical depolarization of KTN single crystals as a
function of temperature, in order to obtain an in-
dependent determination of the transition tempera-
ture of each sample.

II. EXPERIMENTAL METHODS

The Raman scattering spectrometer employed in
the present work consisted of a coherent radiation
model 52 argon-ion laser as the excitation source, a
Spex model 1400 double monochromator for disper-
sion, and a cooled L.T.T. FW 130 phototube for
detection. The system was arranged in the conven-
tional 90° scattering geometry. A PDP 11/03 micro-
computer was used for digital collection of the data,
which were transmitted to a PDP 11/34 minicomput-
er and stored on a floppy disk.

KTN and KTaOj single-crystal samples were
mounted in a copper enclosure provided with en-
trance and exit holes for the laser light and a slot for
transmission of the scattered light image. A thin
layer of silicone vacuum grease was used to enhance
the thermal contact between the sample and the
copper enclosure. The sample assembly was placed
in a Janis stainless steel liquid-helium Dewar, in
which the sample temperature could be controlled by
varying the exchange gas pressure and by heating the
copper enclosure with an attached resistance element.

- Sample temperatures were measured using an Fe:Au

vs Chromel thermocouple mounted near the crystal
in a small hole in the copper enclosure. A conserva-
tive estimate of the accuracy of the temperature mea-
surement is 0.5 K over the range from 4.2 K to
room temperature. The samples employed in studies
of electric-field-induced scattering were prepared by
depositing a gold film on two major opposing faces of
the crystal. The sample was then mounted in the
holder by means of a Teflon strip with the high vol-
tage lead inserted between this strip and one of the
gold-coated faces. In this arrangement, the opposite
gold-coated face of the crystal was held in close con-
tact with the copper enclosure to form both the
ground connection and a good heat sink for the sam-
ple. Possible charging effects due to photocurrents
were minimized by employing a circuit which allowed
the application of a large-amplitude sinusoidal voltage
with no dc component.

Phase-sensitive detection at twice the frequency of
the applied voltage was used to enhance detection of
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the electric-field-induced component of the scattered
light. By monitoring the input to the lock-in amplif-
ier, the total scattered Raman signal could be record-
ed simultaneously with the electric-field-induced
component. '

Measurements of the birefringence or depolariza-
tion were made with a low-power defocused beam in
order to minimize local heating effects. The incom-
ing beam was polarized along a cube axis, and mea-
surements were made of the intensities of the com-
ponents of the exiting beam which wére polarized
parallel (/) and perpendicular (/) to the incoming
beam polarization. The depolarization ratio, defined
as

- Ill_ll
1||+11

was then plotted as a function of temperature.

The single crystals of KTN used in these investiga-
tions were grown in a Pt crucible from mixtures of
K,CO3, Ta,0s, and varying amounts of Nb,Os. An
excess of K,CO3 and minute traces of CuO or TiO,
were added to facilitate the growth of optical quality
single crystals. The data are reported using concen-
trations calculated from the molar ratio of Nb,Os to
Ta,0s in the initial mixture. Details of the crystal
growth process can be found elsewhere.’® Observa-
tion of the cut and polished single crystals between
crossed polarizers indicates a considerable variation in

internal strain distribution from one sample to another.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Low-frequency features in the Raman spectrum
of pure KTaO;

The Raman scattering observed for pure KTaO; at
T =4.2 K is shown in Fig. 1 on a scale that em-
phasizes the low-frequency features. The sharp peak
at 90 cm™! was identified previously?! as two-phonon
scattering that arises from a peak in the density of
states of the transverse-acoustic branch at the zone
boundary. The inset in Fig. 1 shows that this peak
softens when the temperature is lowered from 77 to
4.2 K. The shoulder evident on the low-frequency
side of the 2TA peak in Fig. 1 is most pronounced at
lower temperatures; it becomes less well defined and
moves up in frequency with increasing temperature.
Due to its broad nature and possible assocation with
the 2TA peak, this shoulder has always been identi-
fied as arising from two-phonon scattering. As indi-
cated by the arrows in Fig. 1, however, the position
of the onset of the shoulder correlates remarkably
well over a wide temperature range with the energy
of the lowest transverse optic mode at the zone
center as determined from neutron scattering. This
correlation, which is more clearly demonstrated by

the electric-field-induced scattering results discussed
in Sec. IIIC, leads to the conclusion that the shoulder
is due to first-order scattering from the soft TO
branch. Such scattering could be induced by intrinsic
disorder or by remanent impurities which can be
present in even the purest available crystals. This
possibility will be discussed further in Sec. IV. The
small peak which is shown just below the shoulder in
Fig. 1(a) represents the third major feature in the
low-energy spectrum. This peak increases in energy
with increasing temperature, and remains below the
onset of the shoulder. The peak broadens and loses
intensity as the temperature increases and cannot be
observed above 77 K. The intensity of this line was
enhanced by the addition of a few tenths of an atom-
ic percent of Li as discussed elsewhere.’! A signifi-
cant aspect of all of the low-frequency features ob-
served for pure KTaOj; is that they are strongly polar-
ized along the direction of the incident laser light po-
larization.
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FIG. 1. Raman scattering spectra of pure KTaOj; at vari-
ous temperatures. The arrow for each temperature indicates
the energy of the zone-center TO; phonon as determined
from neutron scattering experiments (Ref. 16). The dotted
curve indicates the shape of the TA peak at 4.2 K derived
from the theory described in Sec. IV. Inset: The energy of
the three low-frequency features vs temperature.
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B. Raman spectra of KTaO3:Nb

The major change in the properties of KTaO;
resulting from the introduction of Nb impurities is
the appearance of a transition to a low-temperature
ferroelectric phase. The critical temperature of this
transition can be controlled by varying the Nb con-
tent, and changes in the Raman spectra are to be
correlated with the transition temperature. Two
methods were used in order to determine the transi-
tion temperatures for crystals with different Nb con-
centrations. One method was based on the observa-
tion of changes in the Raman spectra that occur as
the lattice symmetry changes. Such changes are illus-
trated in Fig. 2 for a KTag¢gNbg,03 sample. As the
temperature is lowered below T, (about 28 K in this
sample), an intense peak appears. This peak, which
can be seen in Fig. 2 near 20 cm™! at 16.5 K, in-
creases in intensity and moves up in energy as the
temperature is decreased below 7,. In the samples
containing more than 3 at. % Nb, the peak splits into
two peaks when the temperature is lowered to 4.2 K.
These peaks correspond to the lowest transverse
optic modes, which are Raman active in the
rhombohedral-symmetry ferroelectric phase. In a
true soft-mode phase transition, the Raman-active
soft-mode energy should approach zero as the tem-
perature approaches 7, from below. In all of our
samples containing Nb impurities, this mode was
resolved with energies as low as 10 cm™! near 7, but
the square of the energy as a function of temperature
cannot be extrapolated linearly to zero at T, as would
be expected from the results of mean-field theory.

In the cubic paraelectric phase, first-order Raman
scattering is symmetry forbidden and these features
disappear as expected. )

It should be noted that in all of the present mea-
surements both the Raman and the depolarization
results are consistent with a ferroelectric phase that
has rhombohedral symmetry. This symmetry would
be expected in KTN with a Nb concentration below
the multicritical concentration, as discussed by
Boatner et al.* At the multicritical concentration,
the two phase transitions (i.e., from cubic to
orthorhombic and from orthorhombic to rhom-
bohedral symmetry) become a single transition from
cubic symmetry directly to the rhombohedral phase.
All of the samples have Nb concentrations below the
multicritical point of the phase diagram, and we see
no evidence which would suggest that the ferroelec-
tric phase has anything but rhombohedral symmetry.

An alternate method for determining the transition
temperature in these samples is to measure the depo-
larization of light as it passes through the crystal. In
the cubic phase, the optical properties are isotropic
and there is no depolarization. In the ferroelectric
phase, however, the optical constants are anisotropic;
for a multidomain sample, this anisotropy will pro-
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FIG. 2. Raman spectra at various temperatures for a
KTaOj; sample containing 2 at.% Nb. The gain in the 23.5-
and 16.5-K traces is reduced by approximately a factor of 5.

duce a depolarization of the transmitted light due to
multiple alterations of the polarization by the various
domains. This behavior is apparent from the data
presented in Fig. 3. For the 5 and 3.2 at.% Nb sam-
ples, the depolarization is complete and occurs in a
relatively narrow temperature interval. The transition
is substantially sharper in the 3.2 at.% sample

(AT ~1 K) than in the 5 at.% sample (AT > 5 K).
In the 5, 2, and 0.8 at. % samples, the small oscil-
lations above and below the transition are associ-
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ated with the presence of a relatively small number

- of domains across the sample thickness of 2 to 4 mm.
In the sample with an 0.8 at.% Nb concentration (the
critical concentration for ferroelectricity at 0 K), the
depolarization is not complete even at 4 K. This sug-
gests either that there is a small anisotropy in each
domain or that only a small number of regions of the
sample are ferroelectric. These conclusions are rein-
forced by the fact that the depolarization data below
the phase transition in the 0.8 and 2 .at. % are not ex-
actly reproducible. The oscillatory depolarization ef-
fects are observed at reproducible temperatures in
each sample, but the exact values of the depolariza-
tion ratio are not duplicated from one measurement
to another. In summary, these depolarization mea- -
surements imply that domains exist which are large
compared to an optical wavelength and that there are
substantial differences in the transition temperature
in different regions of some samples.

An indication of the modifications to the two low-
frequency features of the pure KTaO; spectrum
resulting from the addition of Nb impurities is illus-
trated in Fig. 2. The shoulder is observed to soften
considerably as the phase transition is approached
from high temperature, and the peak remains just
below the shoulder as long as it can be distinguished.
The position of the peak as a function of temperature
for several Nb concentrations is plotted in Fig. 4, and
the temperature of the phase transition onset is noted
for each case. It can be seen that there is a notice-
able softening of the peak (and shoulder) energies
from their value in pure KTaO3; when the sample in-
corporates only 0.25 at.% Nb, which is less than half
the concentration required to induce a ferroelectric
phase transition.

The most important characteristic of the low-
frequency features in KTN is that there is no intensi-
ty change as the Nb concentration is increased to
over 5 at.%. This indicates that the low-energy peak
is neither a resonance mode nor any other impurity
effect induced by the presence of the Nb. Also, if
the shoulder is a manifestation of impurity-induced
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FIG. 3. Depolarization ratio of light (A =514.5 nm) after
passing through KTN containing various Nb concentrations,
measured as a function of temperature.

x=0 KTa,__Nb,O
x=0.0025 =x X
x=0.008
x=002

TA peak from
theory

3

S
T
x P D OO

Energy (cm ')

o

1 [ 1 1 1 1
10 20 30 40 50 60 70 80

Temperature ( K)

FIG. 4. Energy of the low-frequency scattering peak vs
temperature for KTN containing several Nb concentrations.
The points labeled x are calculated for a pure sample from
the TA scattering model of Sec. IV. The lines are drawn as
a guide to the eye. For x =0.008, 7, =17 K and for
x =002, T,=28 K.

scattering from the TO, branch, the Nb impurity is
not a major contributor to the mechanism which
breaks the lattice symmetry.

The question then arises: Are there any other
features which vary with Nb concentration and which
could conceivably provide information regarding the
effect of Nb impurities on the lattice? A comparison
of the Raman spectra for three Nb concentations at
77 K, as shown in Fig. 5, indicates that there are two

KTaO3 :Nb
77K

5at.% Nb

INTENSITY

1
200
Energy Shift (cm™)

(¢} 1Cl)0 3(50 460
FIG. 5. Raman spectra of KTaO; with 0.0, 2, and S at. %
Nb at 77 K. The dashed lines show the baseline in each trace.
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possibilities for impurity-induced features. First, as
indicated by the arrows at low energy, there is a very
broad background that appears to increase with in-
creasing niobium concentration at constant tempera-
ture. This background persists at temperatures far
above the transition temperature. In order to deter-
mine whether this background is proportional to Nb
concentration, the spectra obtained for a pure KTaO;
sample at various temperatures were subtracted from
the spectra of samples containing various Nb concen-
trations at the same temperatures. A comparison of
such ‘‘subtracted’ data for the 2 and 5 at. % Nb sam-
ples at nearly equal reduced temperatures,
[(T/T.)—11=1.5, is shown in Fig. 6. There are
three main components in each of these traces.
First, the TO disorder-induced shoulder appears near
50 cm™! because it shifts with Nb concentration and
increases in intensity near 7.. Second, a sharp dip or
derivative shape due to the broadened or shifted 2TA
peak appears near 90 cm~!. The third feature is the
background, which is more clearly defined in the sub-
tracted spectra, and is approximated by the dashed
lines. This background is clearly larger for the S at.%
Nb sample, and the difference would be even greater
if the comparison were made at identical tempera-
tures above the phase transition. Although there is
some uncertainty regarding the effects due to the
proximity to the differing transition temperatures in
samples with varying Nb concentrations, it is possible
that this background is due to some type of excitation
involving the Nb ions.

The second possibility for a Nb-related feature in

(O)KTQO'% Nb(msO3 data
IS minus KTaOjy data
T=125 K

(b)KTa, g Nbg 0,04 data
minus KTaO, data
T=77 K
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FIG. 6. Result of subtracting the Raman scattering data
taken with a pure KTaO3 sample from data taken with sam-
ples containing (a) 5 at.% Nb at 125 K and (b) 2 at.% Nb at
77 K.

the upper trace of Fig. 5 is a very weak, sharp peak
near 200 cm™!, which corresponds to first-order
scattering from the zone-center TO, branch. This
line is allowed in the ferroelectric phase and seems to
persist, although with rapidly diminishing intensity,
as the temperature increases above T, until it ap-
proaches a nearly constant value for 7 >> T,. Yaco-
by?® has argued that this feature is evidence for fluc-
tuations induced by the Nb defects. His analysis is
based on the assumption that each Nb independently
polarizes a large number (>10) of unit cells. This
seems unlikely in view of the Nb concentration of 6
mole % used in Yacoby’s work. Furthermore, the
data presented here for samples with different Nb
concentrations show no evidence of a correlation
between the Nb concentration and the intensity of
the TO, scattering. In view of the gradual changes in
depolarization observed for most of these samples
near the ferroelectric transition temperature, it seems
most likely that the gradual disappearance of the TO,
scattering is related to a distribution of transition
temperatures in various regions of the sample. It is,
therefore, primarily a property of the ferroelectric
phase and not the paraelectric phase. Yacoby? re-
jects this possibility on the grounds that the TO,
feature persists up to much higher temperatures than
would be expected for such a mechanism. For the
present samples, however, it was found that the re-
sidual TO, intensity observed far above 7. was not
connected with the Nb concentration, but was essen-
tially constant in all of the crystals, including those
which were nominally pure. It is likely that this ef-
fect is a result of the same disorder mechanism that
produces the first-order scattering from the TA and
TO branches discussed in Sec. IV. If the constant
background is added to the TO, intensity calculated
for an assumed distribution of 7., the discrepancies
in Fig. 5 of Ref. 29 can be accounted for.

C. Electric-field-induced scattering

Softening of the low-frequency features of the Ra-
man spectrum as the temperature approaches 7,
could be an indication that the transition induced by
Nb impurities is a classic soft-mode phase transition,
in contrast to the transition observed in KTaO;:Li
samples.’! In order to examine the validity of this
hypothesis and to attempt to understand the low-
frequency features in the Raman spectra of pure
KTaO0;, electric-field-induced Raman scattering ex-
periments were undertaken. The électric-field-
induced component of the Raman scattering in a 0.8
at.% Nb sample above the phase transition is shown
in Fig. 7(a). For purposes of comparison, the input
to the lock-in amplifier with zero applied electric field
is shown on the same scale in Fig. 7(c). This com-
parison represents the best evidence that the shoul-
der corresponds to impurity-induced first-order scatter-



23 RAMAN SCATTERING STUDIES OF THE IMPURITY-INDUCED . . . 227
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FIG. 7. (a) Electric-field-induced Raman scattering of
KTaO;: 0.8 at.% Nb; (b) complete Raman spectrum taken
simultaneously with (a); and (c) Raman spectrum under
same conditions as (b) with no applied electric field.

ing from the soft mode.

The solid line in Fig. 7(a) represents the fit of a
Lorentzian to the data, with a frequency wg of 18.5
cm™! and a width T of 8.8 cm™'. The values of w,
which. best fit the data at each temperature are given
in Fig. 8. The observed soft-mode widths are essen-
tially independent of temperature. These data were
taken for the smallest amplitude of the electric field
which would produce a reasonable signal-to-noise ra-
tio (S§/N) at each temperature. At 18 K, the max-
imum applied electric field was 300 V/cm, which is
far less than the value of 1000 V/cm at which Fleury
and Worlock failed to observe a change in the mode

frequency due to the applied electric field. When the

maximum applied field at 18 K was reduced by a fac-
tor of 2, the signal-to-noise ratio decreased, but
changes in either the frequency or line shape were
not observed. As the temperature was increased
above T,, the S/N ratio decreased even when the
maximum applied field was increased to 2500 V/cm
at 50 K. The width of the lines which fit the data
changed from 8 cm™ at 18 K to 10 cm™! at 50 K with
an uncertainty of 1 or 2 cm™!. One interesting

pure KTaOz (Fleury and Worlock)

pure KTa 03 (from Neutron Scattering)

KTa05 with 0.8 at.% Nb
KTa04 with 5.0 at. % Nb

>eoem o

40
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FIG. 8. Energy of the soft mode vs temperature deter-
mined from electric-field-induced scattering data. The lines
are drawn as a guide to the eye.

feature of these data is that, while the lowest TO
mode softened considerably and behaved very much
like the mode driving the ferroelectric phase transi-
tion, the energy of the soft mode did not completely
go to zero, nor did the mode become overdamped
just above the phase transition. The soft mode re-
tained an energy of about 10 cm™' at 18 K, but its
frequency did extrapolate to zero at about 0 K. This
is consistent with the previous measurements of 0.8
at.% Nb as the critical Nb concentration for a fer-
roelectric phase transition at 0 K.32 Since the curve
of T, as a function of Nb concentration has infinite
slope at this critical concentration, it is likely that in-
homogeneities in the local Nb concentration will give
rise to a large spread in T, for different regions of the
sample. In this case, features characteristic of the
ferroelectric phase transition appear at about 17 K.
Similar behavior is found for the elastic and dielectric
properties of a sample from the same growth run.'®!!
Data were also taken for a KTaO; sample contain-
ing 5 at.% Nb at temperatures varying from 55 to 85
K. The values of wy which best fit the data are plot-
ted in Fig. 8. The primary difference between these
data and the data obtained for the 0.8 at.% Nb sam-
ple is that, in the 5 at.% Nb sample, the soft mode
stops softening at about 24 cm™! at the phase transi-
tion. Furthermore, in the 5 at.% Nb sample, the"
linewidth of the soft mode increases as the transition
is approached from above (from 22 cm™' at 85 K to
36 cm™! at 60 K). These effects are not currently un-
derstood, but is is possible that the differences in the
data from the two samples are due either to coopera-
tive effects between impurities in the 5 at.% Nb sam-
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ple, or to a smearing of the phase transition in this
sample, which is evident in Fig. 3.

IV. DISCUSSION

Evidence obtained in the present experiments sug-
gests that the primary effect produced by adding low
concentrations of Nb to KTaO; is a gradual reduction
of the lowest zone-center TO frequency until the fer-
roelectric phase is stabilized at a given temperature.
The fact that the Nb does not contribute to the disor-
der leading to the 4 and B features shown in Fig. 1
or to the TO, scattering suggests that this impurity is
not in the categories of either ‘‘frozen’’ or ‘‘slowly
relaxing’’ defects as discussed by Halperin and Var-
ma.?3 Rather, it appears to conform to their classifi-
cation B3, described as an impurity in a symmetric
site which favors the low-temperature phase only
““‘weakly’’ in the sense that any local departures from
the symmetric phase occur on a time scale of the or-
der of the TO phonon period. There is still the possi-
bility of an odd-parity Nb resonance mode. Such a
mode would be unobservable in an ordinary Raman
scattering experiment and might be too weak or too
broad to appear in the electric-field-induced scatter-
ing. The only possible evidence for such a mode
might be the unexplained increase in the TO mode
linewidth in the 5 at.% Nb sample near 7, and the
broad background observed above T..

The observed decrease of the soft-mode frequency
and stabilization of the ferroelectric phase with in-
creasing Nb concentration occur despite the nearly -
identical size and much smaller mass of Nb>* as com-
pared with Ta’* (My, =0.5M+1,). These effects are
probably attributable to a larger polarizability of the
oxygen ion neighbors of the Nb. This increased po-
larizability will cause an increase in the long-range
electric fields associated with the soft-mode displace-
ments. Migoni et al.3* have emphasized the impor-
tance of oxygen polarizability in stabilizing the fer-
roelectric phase in oxide crystals, and the large
T. =700 K found® for KNbO; is evidence of a much
larger polarizability of the Nb—O coordination as
compared with that of the Ta—O system.

The behavior of the soft-mode frequency in
KTa;_,Nb,O; at the critical concentration x, =0.008
is of interest in connection with recent theoretical
results®>=37 for phase transitions in the ‘“‘quantum
limit’’ where T, =0.

Zero-point fluctuations modify the critical behavior
of measurable quantities such as the dependences on
x and T of T, the spontaneous polarization for
T < T, and the susceptibility for 7 > T;. In particu-
lar, the susceptibility has the form

€—€,x(T—-T,)"

for T > T,, with ¥ =2 in contrast to the classical

mean-field result, y =1. If the temperature depen-
dences of all modes but the TO; mode are neglected,
then the Lyddane-Sachs-Teller relation,

e(0) oo

,

E(°°) B w%‘o
leads to the form of wtg given by
Wt &« (T - Tc) .

In fact, the data in Fig. 8 do show a linear variation
of wro down to 17 K for the x =0.008 sample. In
view of the broadening of the phase transition

in this sample, which prevented either measuring wto
at lower temperatures or obtaining an exact verifica-
tion that 7, =0, this result is not regarded as a defini-
tive test of the quantum-limit critical exponents.
Hochli er al.1®!! have examined this same series of
samples. They found that the dependence on x of
the spontaneous polarization Py, the dielectric con-
stant at 7 =0 K, and the transition temperature T,
as well as the dependence on temperature of

€(0) — e(o0) for x =0.008, were all consistent with
the nonclassical critical exponents appropriate to the
quantum limit. Thus, a variety of experiments, in-
cluding the present Raman results, support the validi-
ty of this model in describing the low-temperature
properties of KTaO;3:Nb.

The present studies also provide an increased
understanding of the nature of the Raman spectrum
observed for pure KTa0O;. As noted in the previous
section, a narrow peak is found at the energy of the
second transverse-optic phonon at the zone center,
even in the purest KTaO; samples. This peak must
be the result of disorder in the lattice that breaks the
translational symmetry leading to the wave-vector
selection rule. The question that arises is then: If
disorder-induced scattering is observed from the TO,
mode, why is induced scattering from the lowest TO
mode not observed. As has been shown, the should-
er B illustrated in Fig. 1 could easily be the result of
such scattering. This explanation exacerbates the
problem of accounting for the peak found below the
shoulder. The peak appears to be related to the same
disorder mechanism that induces scattering from both
the TO, mode and the shoulder. In fact, all three of
these features are enhanced by the addition of small
concentrations of Li or Na in otherwise pure
KTa0;.%! It has been suggested that the low-energy
peak found below the shoulder is due to resonance
modes of Li and Na impurities.’®* A more likely pos-
sibility, proposed here, involves disorder-induced
scattering from the coupled TA and TO branches.

Axe et al.'’ have found that the TA branch along
[00£] is strongly coupled to the soft TO branch, even
in the harmonic approximation, and, as a result, the
TA dispersion curve is modified to give a flat region
near ¢ =0.1. They have fitted this behavior using a
two-mode coupling theory in which the secular deter-
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minant with respect to the k =0 eigenvectors is given
by

o+ fu—w? [

Sz fzz—w2=0 ’ M

where wq is the zone center TO branch frequency. In
Eq. (1), the f; are approximated by the expansions

Su=(467x100)¢ - (2.4x109¢*
Fa=(1.83x10°) g2~ (0.8 x 10%)¢* @
S12=(2.80x10%)£2— (2.4 x 101 ¢*

where f11, f2, and fi, are in units of meV2. These
values give a reasonably good fit to the TA and TO
dispersion curves measured along [00¢].

To illustrate the effects of this type of coupling on
the disorder-induced scattering, the following approx-
imations are made:

(i) The disorder is localized in the sense that only
the displacements of atoms in at most a few unit cells
are responsible for the scattering. The assumption
can then be made that-the scattered intensity for the
TO branch is independent of wave vector and is pro-
portional to the phonon-mode density out to values
of £=0.2.

(ii) The scattered intensity for the TA branch
results solely from the admixed TO, eigenvector.
This approximation is reasonable since the usual in-
duced scattering from the TA branch is determined
by the strain field of the TA phonon and would be
negligible for ¢ = 0.1a*. The TO, eigenvector, how-
ever, is strongly admixed into the coupled TA branch
and has large relative displacements of the atoms in a
unit cell.

(iii) A one-dimensional dispersion is assumed for
the TA branch, i.e., along [00¢]. This amounts to
neglecting the scattering contributions from regions
of the dispersion curve for which g, and g, are
nonzero. This approximation is justified to a consid-
erable extent by assumption (ii) and by the rapid
decrease of f, for values of @ away from [00£] ob-
served in neutron scattering data. This can be seen
in Fig. 2 of Ref. 15.

(iv) Since assumption (iii) is not valid for the TO,
branch (an elliptical dispersion surface would be
necessary), an attempt was not made to fit the TO,
component of the scattering which produces the

“shoulder labeled B in Fig. 1.

From Eq. (1), the TA mode frequency is deter-

mined to be '

2040(8) =wi+ 1+ 2
= {(wo+f11+/2)?
+4l (@b +f11) = f212)2 . (3)

The eigenvector of the TA branch can be obtained

from the coupled mode equations
Uta =AUrog+A,Urs

where Ut and Urg are the uncoupled TA and TO,
eigenvectors at ¢ =0 and

Ai=(1—A})
= 1/ [(0f—wbs+fA) + 11212 . )]

Using Egs. (2), (3), and (4), the scattered TA inten-
sity can be obtained from

.5
(@) =c fJ" 420 S sw-orae . O

where c is a constant.

The calculated distribution, allowing for experi-
mental resolution, is shown as closed circles in Fig. 1.
Values of w( used in these calculations were obtained
from the neutron scattering results of Shirane et al., !¢
and the fj; in Egs. (2) were assumed to be indepen-
dent of temperature, so that only c is adjusted in or-
der to scale the intensity distribution. The position
of this calculated peak as a function of temperature is
shown by crosses in Fig. 4. The agreement between
the calculated and measured positions is reasonable,
but the width of the calculated peak is substantially

"narrower than the observed one. Attempts were

made to improve this fit by adding a frequency-
independent damping to the TA branch, but the ex-
act shape of the peak could not be accounted for.
Other possible reasons for this discrepancy in peak
width include the effects of three-dimensional TA
dispersion, frequency-dependent damping, anhar-
monicity, or simply the inaccuracy of the fj; obtained
from the neutron scattering data (see, for example,
Fig. 4 of Ref. 17). In view of these uncertainties,
any further refinement of the calculation was judged
to be unwarranted.

Despite the lack of complete correspondence in fit-
ting the experimental spectra, the above explanation
of the low-frequency scattering peak A is consistent
with a number of its properties: its intensity is com-
parable to that of the TO-induced scattering, and it
has the same polarization characteristics; its shift with
temperature and Nb concentration are correctly
predicted on the basis of the corresponding TO,
mode shifts; its intensity increases when strongly
symmetry-breaking defects such as off-center Li and
Na are present. The remaining question, therefore,
concerns the origin of the disorder-induced scattering
observed for nominally pure KTaO;. It is possible
that this scattering is due either to intrinsic disorder
in the crystals or to impurities such as Li, Na, or
OH™ that might be present in the original starting
materials or could be introduced during the crystal
growth process. Of these impurities, OH™ is known
to be present’® in most “‘as-grown’’ samples at con-
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centrations up to 10'® cm™3. Recent evidence indi-

cates that if OH™ impurities are not present, the in-
tensity of the TA scattering peak is considerably re-
duced, but the TO, branch scattering is not noticeably
affected. Thus, there may be even more than one
type of disorder mechanism. It is of interest to note
that other evidence for large-scale disorder in the
paraelectric phases of KTaO3 and other oxide
perovskites has been found from neutron and Raman
scattering studies. For example, a strong, quasielas-
tic, 7 = 0 neutron scattering background has been
observed in both KTaO; (Ref. 17) and orthorhombic
KNbO;.% Like the disorder-induced scattering ob-
served in the present series of investigations, this
anomalous scattering is found at temperatures far re-
moved from T, and its intensity is relatively insensi-
tive to temperature. It has been suggested*! that this
disorder resuits from an intrinsic disorder mechanism
involving linear chains of static or dynamic ferroelec-
tric ordering along (100) directions. In fact, the po-
larization character of the disorder-induced Raman
scattering observed here for the TA and TO branches
is consistent with a disorder mechanism of this type,
which would produce a distortion of the same sym-
metry, T,,, as the g =0 TO branch. The TO pho-
non polarized along such a linear chain would
transform as a totally symmetric vibration in the re-
duced symmetry and would therefore appear only in
diagonal polarization geometries.

V. SUMMARY

A number of conclusions have been reached based
on the measurements described here. First, the in-
troduction of over 0.8 at.% of Nb impurities into
KTaO; induces a ferroelectric phase with a transition
temperature which increases monotonically with in-
creasing Nb concentration. While there are changes
in the Raman spectrum that are related to the pres-

ence of the phase transition, there are no sharp
features with energies greater than 3 cm™' which can
be related to the Nb concentration in a definitive
manner. However, a broad background of scattered
light in the paraelectric phase appears to be connected
in some way with the presence of Nb.

For any Nb concentration that induces the fer-
roelectric phase transition, the energy of the lowest
zone-center TO phonon is found to decrease with de-
creasing temperature, but the energy fails to exactly
reach zero at T,. As the temperature is decreased
below 7., the Raman-active TO phonon energy is ob-
served to increase from a low, but nonzero value
near T.. Thus, while the phase transition behaves
very much-like a simple soft-mode transition at tem-
peratures far from T,, there is a temperature range
that is larger than the traditional critical region in
which the dynamic behavior of the system is more
complex.

Since the soft zone-center TO mode decreases in
frequency at a given temperature as the Nb concen-
tration increases, the behavior of KTaOj is like that
of a one-mode mixed crystal system as far as the TO
branch energy region is concerned, and Nb shows no
evidence of being a symmetry-breaking defect.

Disorder-induced scattering is observed from the
coupled TA and TO branches. It is believed that this
mechanism accounts for the temperature-dependent
low-frequency features which have been attributed in
the past to an impurity resonance mode and to two-
phonon scattering.
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