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The stress-induced ferroelectricity in KTaOj is investigated by means of Raman scattering at 2 K. In the (010)-
stress-induced ferroelectric phase, the transverse soft 4;,, B, and B, modes have been observed as a first-order
Raman scattering and are found to increase their frequencies with the stress in accordance with the Lyddane-
Sachs-Teller relation. The 4, Raman line is found to broaden as the stress approaches the transition stress.
From the stress dependence of the soft-mode frequencies, the transition stress is estimated as 5.25 kbar in
agreement with a previous dielectric observation. Values of the nonlinear dielectric susceptibilities are obtained
from a comparison of a phenomenological theory to the experimental results. Furthermore, the effective
charge of the soft mode is evaluated and the value is compared with previous data. From the first- and second-
order Raman spectra up to 1200 cm™', zone-center phonons and pairs of phonons at critical points in the
Brillouin zone are identified, and their stress dependence, especially for the 2TA overtone, is investigated.

1. INTRODUCTION

Recently it was found that incipient ferroelec-
trics such as KTaO, and SrTiO, undergo ferro-
electric phase transition under a uniaxial pres-
sure.!"® Low-frequency dielectric measurements
at liquid-helium temperatures showed that, under
the uniaxial pressure, the dielectric constants of
these materials become highly anisotropic, and
one of these diverges at a critical pressure,
where the second-order ferroelectric phase
transition takes place. Raman-scattering study
of SrTiO, under the uniaxial pressure revealed
various aspects of the soft phonon modes, espe-
cially pressure characteristics of the frequencies
and the linewidths of the ferroelectric phonons.?
On the basis of Landau-Devonshire phenomenolog-
ical theory, this phase transition is well described
by the free-energy function including the electro-
strictive effect.”® In a lattice-dynamical view-
point that the anomalously low frequency of the
soft phonon originates from the balance between
the short- and long-range forces,* this induced
phase transition may be understood as a result of
the reduction of the short-range restoring force
between ions owing to the lattice expansion in the
plane perpendicular to the stress axis.

In this paper we investigate the uniaxial stress-
induced ferroelectricity of KTaO, by observing
phonon behaviors under the stress by means of
Raman scattering. For the induced ferroelectric
phase transition, we have determined the crystall-
ographic direction and magnitude of the induced
spontaneous polarization, and values of nonlinear
dielectric coefficients. Although the linewidth of
the total symmetric soft mode has been found to
anomalously increase near the transition pressure,
the line shapes are well described by a simple
damped harmonic oscillator with a small damping
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factor. Thus this phase transition will provide a
typical example of the ferroelectric phonon con-
densation in the perovskite oxides. In addition,
we investigate the stress dependence of higher-
frequency phonons, involving other zone-center
phonons and pairs of phonons at critical points
in the Brillouin zone.

II. THEORY

Previously we showed that, under the uniaxial
stress along the pseudocubic axis, values of
dielectric constant decrease along the stress axis
but increase in the plane perpendicular to the
stress axis,! and thus the crystal symmetry be-
comes tetragonal D,, from cubic O,. The pres-
sure coefficient of the inverse dielectric suscept-
ibility gives the electrostrictive coefficient value.
Further application of the stress leads to the
ferroelectric phase transition which is indicated
by the fact that the dielectric constant in the plane
perpendicular to the stress axis takes a peak value
near the transition pressure 0,=5.6 kbar. The
direction of the spontaneous polarization in this
phase, however, could not be determined in the
previous study of the dielectric measurement.!
The present Raman-scattering study will show
that the polarization develops along the (100)
direction, and symmetry of this ferroelectric
phase should be orthorhombic C,,.

A. Symmetry of the phonon

In the cubic O, phase, there are three F,,- and
one F, -type modes. The F,, modes are infrared
active and therefore split into TO and LO modes.
Experiments (Sec. IIIA) will show that only the
lowest-frequency TO modes remarkably change
their frequencies under the pressure. In Table
I are shown symmetry changes of these soft modes
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TABLE I. Symmetry of the soft ferroelectric modes under the (010) stress.

Oy Dy, (0<0y) Cyy (0>0,) Polarizability tensor?
Fyy Ag(y) By(y) Ay, Oy QxyQyxQyzQzy
E(x,2) Aq(z) Qg Uy Uy Ay xUyyQzz
By(x) Qgy Oz Oxx0Ozz

2Small letter subscripts refer to crystallographic pseodocubic axes, and capital letter sub-
scripts refer to the coordinate axes rotated around the stress Y axis by 45° (see Fig. 1).

under the uniaxial pressure along the pseudocubic
y direction. The direction of the polarization of the
mode is denoted in parentheses. At the critical
pressure o, the frequency of the E (x,z) mode will
vanish and the spontaneous polarization will
develop along the pseudocubic [100] or [001] di-
rection. In the ferroelectric phase, we denote the
direction of the spontaneous polarization by z.
Then the frequency of the total symmetric A,(z)
mode in the C,, phase will become harder with
increase of the pressure. All the modes become
Raman active in this C,, phase. In our experi-
ments, directions of the incident laser and scat-
tered light are confined in the xz plane perpendi-
cular to the stress y axis, which allows Raman-
scattering observation of the B,(y) and A, (2)
modes, but not of B,(x) mode, which could be ob-
servable only in the back-scattering geometry of
the laser beam along the stress y axis. But by
some reasons mentioned in Sec. IIIA, we were
able to observe the B, (x) mode. It is noted that the
“silent” F,, mode in the cubic O, phase turns to
the Raman-active A4,, B,, and B, modes inthe C,,
phase.

B. Frequency of the soft ferroelectric phonon

The vibrational displacement associated with the
lowest-frequency TO phonon was determined by a
neutron experiment® as a “Slater-type” one, in
which the Ta ions move against the oxygen octahe-
dra along a pseudocubic axis. Then, we take the
amplitude of the Ta ions as wq, =3m (M4, + 3my) w,
andthat of the oxygen ions asu, = —m., (4, + 3m) " w,
where m., and m, denote the mass density of the
Ta and O ions. The polarization P and the
harmonic energy density U associated with this
mode can be written as follows:

vP=Z u;Q;=e*w, (1)
U=3" m;wiuZ =m, ww® (2)
where

e* = [SmoQTa— mTa(Qoll + 2Q01) ]/(m’ra"' 3m0) s

®)

My=3Mp o/ (Mg, + 3m,) . (4)

Here Q’s denote the apparent charges of the ion
defined by Cochran® and v is the unit-cell volume.
Equations (1) and (2) indicate that the ferroelectric
mode is regarded as an oscillator with character-
istics of the amplitude (v/e*)P, the mass density
m,, and the effective charge e*. Hence, we can
derive the expression of the ferroelectric mode
frequency w; from Helmholtz’s free energy A ex-
pressed as a power series® of P (the explicit
forms of the free-energy functions A and G are
written in the Appendix):

P — e*\?/0%A
i v ) \oP?

=Zz')’i (i=’x,y,z), (5)

eq

where y; =47 /(€;~ 1) denotes the inverse dielectric
susceptibilities in the clamped state and Z?
= m;'(e*/v)®. This expression (5) is in accordance
with the Lyddane-Sachs-Teller (LST) relation.
v; is given as a function of the uniaxial pressure
load o as follows:

For the paraelectric phase (¢<0,),

Ya,2= Yo+ 2Q,50=2Q,(0-0,) (E, mode),
Yy=Yo+2Q,0 (A,, mode), (6)
0. == vy/(2Qy,);

and for the ferroelectric phase (0>0,),

y,=8D"P2 (A, mode),

¥.=(2D¥+g%,/c,) P> (B, mode), 7

Vo= Yo+ 2Q1,0+ (4D*+2D}+&%,/c,)P2 (B, mode),

where the magnitude of the spontaneous polariza-
tion P, is

P§=(_ Q12/2DX) (U“oc)7 (8)

and @,, and g,, denote the electrostrictive co-
efficients in the Gibbs and Helmholtz free-energy
functions, respectively. D and D,, respectively,
denote the coefficients of the spherical and aniso-
tropic quartic terms of P in the free energy, and
superscripts ¥ and X mean that the coefficients
are observed under the “clamped-" and “free-"
crystal conditions, respectively. c,, denotes the
elastic stiffness (see the Appendix).



III. EXPERIMENT

Raman-scattering experiments were done with
an Ar* laser source (4880 A), employing the same
method as was used for the analogous experiment
on SrTiQ,, the details of which are described in
Ref. 3. The crystal used in the present experi-
ment was grown by the top-seeded solution-growth
method. The sample was cut from the same boule
as was used for dielectric measurements. Uni-
axial stress was applied to the (010) faces. In
the right-angle scattering geometry for observing
the pure and oblique TO phonons, we cut and
optically polished the (101) and (I01) faces and the
(100) and (001) faces, respectively (see Fig. 1).
The polished surfaces were prepared by grinding
successively with finer grits of alumina followed
by finishing with a polishing machine (the AB
vibromet polisher, Buehler Ltd.). The size of
the sample was ca. 1.5X 1.5 X 7 mm3, The sample

and the pressing blocks were directly immersed in

liquid helium below 2 K for avoiding helium-gas
bubbles.

A. Ferroelectric modes

Figure 2 shows low-frequency parts of Raman
spectra (0-100 cm™) as a function of the (010)(Y)
pressure load with the incident laser beam
directed along [101](X) and scattered light along
[101](Z). At the stresses larger than o, (5.6 kbar
from the dielectric measurements?!), the Raman
lines due to soft phonons can be seen. Just above
0, (6 kbar), this appears as only a shoulder of
the exciting laser line. With increasing pressure,
this shoulder shifts to higher frequency to grow
into an intense Raman line (6.9-7.7 kbar), which
decomposes into two lines at higher pressure
(8.7 kbar). One can find another stress-sensitive
line (60 cm™ at 8.7 kbar) in the ferroelectric

z (001)
oblique phonon
P p:re phBonon (001) A, +B,
x (100) 10 B
. 4 X Ks
xoon (o (1on
Ks Ko (100)
—_— L
R’
-2"(100)
(a) (b) (c)

FIG. 1. Right-angle scattering geometries for ob-
serving the pure and oblique phonons: (a) two possible
directions of the spontaneous polarization; (b) scattering
by pure (nonoblique) phonon; (c) scattering by oblique
phonon.
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phase. We can assign these lines as due to the
ferroelectric B,(x), A,(z), and B,(y) modes in
order of frequency by using the LST relation and
the values of dielectric constants.! The scattering
geometry X(YY)Z, however, allows only observa-
tion of A,(z) mode, as can be seen from Table I.
The appearance of the B (x) and B,(y) modes in
these spectra might be attributed to the symmetry
lowering due to the lattice imperfection or to the
small misalignment of the sample. More intense
B,(y) mode scatterings were observed in the
X(ZY)Z and X(YX)Z geometry in accordance with
the Raman selection rule (Table I). These Raman
profiles can be reproduced by a superposition of
scatterings of damped harmonic oscillators®

I(@) < Ty0/[(@? - w3,)*+ T5e?], ©)

over the background scattering due to the skirts
of the laser and the 2TA peak. Through a course

35
|
KTaO3
o’ L(010), 2K
X(YY)Z (23) | 87kbar
(60) |
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FIG. 2. Variation of the Raman spectra in the low-
frequency region as a function of the (010) stress load.
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of the least-square-fit method,” we could obtain the
undamped frequency w,; and the damping constant
T'; of the respective modes. Figure 3 shows an
example of the Raman spectrum separated into
three modes and the background, where the
spectrometer slit function is assumed as a tri-
angle one. The obtained values of w,; are plotted
in Fig. 4 as a function of pressure. At the pres-
sure below 7 kbar, it was difficult to separate the
lowest peak into the A, and B, modes, since near
o, they get closer and linewidths broaden. The
solid lines in Fig. 4 represent the best-fit results

of Egs. (5) and (7):
w[Ax(z)]= (19.0+0.2) (o - 00)1/2 ,

w[B,(x)]=(12.5+0.2) (0 — 0,)*/2, (10)
w[By(¥)]=(20.0£1.1) (0+0.15+ 0.86)"/ 2,
0,=5.25+0.07 kbar, (11)

where units of ¢ and w are in kbar and cm™, re-
spectively. The value of o, coincides with the
value of the dielectric measurement (5.6 kbar)
within experimental errors. The damping constant
of the A,(z) mode are shown in Fig. 5, where an
abrupt increase of T" near o, can be seen. The
solid line represents the best fit of T" to the form
I'=A(c-0,)™"+B, where A=30, B=6.9, and n

=2.7 (T in em™, o in kbar). This divergencelike
phenomenon was also found in cases of the stress-
induced ferroelectricity in SrTiO, and many other
phase transitions, and the discussion was given in
Ref. 3. The I values of the B, and B, Raman lines
were found, though the observed results rather
scattered, to be essentially constant with the stress

T T T T T T

l A(z)
© KTaOs ! 12°
a1 (010)

7.74kbar 2K
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RAMAN INTENSITY (relative)

I L 1
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FREQUENCY SHIFT (cm'")

FIG. 3. Decomposition of the low-frequency Raman
spectrum into three damped harmonic oscillators and
the background. The solid line is the experimental
curve and thin lines are the decomposed ones. Open
circles represent the sum of the decomposed compon-
ents.
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FIG. 4. Frequencies of the soft ferroelectric 4 ,(z),
B (x), By(y), and oblique A;+B modes as a function of
the (010) stress load. Solid lines are due to the least-
square fit for experimental nonoblique phonons (open
circles) and a broken line represents theoretical fre-
quencies of the 4 {+B; mode. Open squares are the
observed frequencies of the A;+B; mode.
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FIG. 5. Stress dependence of the damping constant
for the A mode. The solid line represents an empirical
formula described in the text.



15 RAMAN-SCATTERING STUDY OF STRESS-INDUCED... 341

(b) 9.0 kbar, X(YY)Z

580

I
1200 1000 800

I I
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R
0
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FIG. 6. Raman spectra at 2 K (a) for the free stress and (b) for the stress of 9 kbar. The first-order Raman lines
are indicated with an asterisk. The spectra were taken with the slit width of 2 em-! at 4880 A.

change.

Foregoing analyses are based on the assumption
that the spontaneous polarization develops not
along the (101) but along {100) directions in the
plane perpendicular to the stress-axis direction.
The evidence for this assumption is given by the
fact that we have observed two Raman lines of the
A,(z) and B, (x) types due to phonons directed along
(100). Observation of the oblique phonon propaga-
ting along the [101] direction [see Fig. 1(c)] will
provide a further evidence for the assumption.

In this case we have found only one soft Raman
line with its frequency?®

WPy = (@5 +0%). (12)

The obtained frequencies are plotted as a function
of pressure in Fig. 4, where a broken line shows

TABLE II. Frequencies of zone-center phonons in cm™.

the value from Eq. (12) and the experimental
frequencies of the A,(z) and B,(x) modes. The ex-
perimental values of w, fall between w A and w B,
and near the theoretical estimate. The discrepancy
between the experiment and calculation might be
ascribed to the misorienting of the sample.

B. Other zone-center modes

Raman spectra up to 1200 cm™ for the para-
electric and stress-induced ferroelectric states
are shown in Fig. 6. The spectra include, other
than the lines due to the ferroelectric soft modes
(cf. Fig. 2), first-order Raman lines due to the
zone- center phonons and two-phonons addition
band (see Sec. IIIC). Data of the zone-center-
phonon frequency by various experimental methods
are shown in Table II. We observed lines at 184,

1

Electric-field- Differential Stressed-induced
IR? induced Raman®  Neutron® Raman ¢ Raman ©
(12 K) (10 K) (6 K) (80 K) (2 K)

TO;4 25 18 25 21+ 31
LO, 183 188 184
TO, 196 198 202 198
LO,/TO; 282 274
LO; 421 422
TO, 547 556 554 544
LOy 837 830 829

2Reference 10.
bReference 19.
¢Reference 16.
dReference 9.

¢ Present work.

fvalue estimated at the free stress by the method described in the text.



342 HIROMOTO UWE AND TUNETARO SAKUDO 15

TABLE III. Interpretation of the second-order Raman structures for the free or stress-
loaded (9 kbar) states in terms of phonons at two critical points. Frequency values for the
stressed crystal are written in parentheses. After Yacoby and Linz (Ref. 9), phonon fre—
quencies are separated into two sets (frequency unit in cm™?).

Yacoby and Linz Present work

(77 K) (2 K) 45 (52) 172 (172) 191 (203) 517 (528)
55 45 (52) 89 (104) 217 (224) 236 (255) 562 (528)
173 172 (172) 364 (370) 687 (695)
195 191 (203)
520 517 (528) 1033 (1048)
294 (302) 441 (441)
296 294 (302) 735 (743)
444 441 (441) 881 (881)

198, 544, and 829 cm™, even in the spectrum of
the paraelectric state, which might be a result

of scattering from regions with local dislocations
around impurities.® In the stress-induced ferro-
electric phase, these lines grow more intense, and
one of the lines appreciably changes the frequency
(from 544 to 547 cm™ at 9 kbar). The contribution
of this frequency change to the dielectric constant
in the LST relation is estimated as 1%, so that

we can safely ascribe the change of the dielectric
constant only to the lowest-frequency TO modes.
In addition, we find at 274 cm™ a new line, which
did not change the position in the ferroelectric
phase. Since the frequency of the line falls be-
tween the frequencies of TO, and LO, phonons,
this line can be identified as due to the “silent”
F,, mode in the cubic symmetry. The silent mode
was found in the mixed-crystal system [255 cm™
in'® Na,, K, ,Ta0,, 279 cm™ (E) and 275 cm™ (B,)
in'! KTa,, ;,Nb, 3,05, and 282 em™ in® KTa, /Nb, ,0,
and 5-at.%- Li-doped KTaO,]. The present result
nearly agrees with the B,-mode frequency of
KTay, 6sNby, 3605

C. Second-order spectra

Let us now turn to the second-order spectra in
Figs. 2 and 6. In Fig. 6, one can note well-defined
Van Hove critical points of the two-phonon energy
density of states, though the spectrum in the ab-
sence of the stress is found to be essentially the
same as the previous result at 8 K.!? Since the
measurements were done at enough low tempera-
tures, the Raman spectra should correspond to
only the two-phonon-emission peaks and bands.
Yacoby and Linz® investigated in detail the critical
points of one- and two-phonons density of states
by together using differential fluorescence and
Raman techniques. We found eight critical
points (in their notation S1, S5,56,58,513, S14, S15,
§16) and two more critical points above 1000 cm™,
Frequencies of these critical points can bhe

analyzed in terms of pairs of phonons in the Bril-
louin zone,® as shown in Table III. We find that
all the critical-point frequencies become soft
with lowering temperature as well as for the case
of the zone-center phonons.

Under the uniaxial pressure at 9 kbar, all the
critical-point frequencies are found to increase.
These values are tabulated in Table III in paren-
theses. The stress-sensitive change of the
critical-point frequencies is in contrast with the
slow change of zone-center hard phonons. Yacoby
et al.'® reported hydrostatic pressure dependence
of these critical-pointfrequencies at room tempera-
ture. Itisnoted thattheir pressure coefficients of the
frequencies are considerably small by factors of
2-5 in comparison with the present results.

Next, we discuss the stress change of the 2TA
overtone, which can be seen in Fig. 2. In the
absence of the pressure, the 2TA overtone appears

T T T T T T T T T

105 -
© KTaO3

o 1 (010), 2K
2TA OVERTONE

100 N
=
L
3 95 N
S0 .
P ———— . . [ ]
. :. ”_lh‘~:"‘7"
L]
] | | | | ! ]
0 2 4 6 8
o’ (kbar)

FIG. 7. Stress dependence of the critical-point fre-
quencies corresponding to the 2TA overtone.
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at 89 em™. A plateau between 20 and 80 cm™
might be due to the TA branch, but the origin of
the peak at 14 cm™ is not certain at present.'*
With increasing pressure, the peak of 2TA over-
tone shifts to higher frequency and a shoulder
appears at the lower-frequency side (89 cm™ at
6.9 kbar), which might reflect the change of TA-
phonon branches under the uniaxial pressure. The
frequencies of the 2T A overtone obtained from the
peak and the critical point in the shoulder are
plotted as a function of the uniaxial pressure in
Fig. 7. The pressure coefficients of the split
overtones frequencies exhibit a distinct difference
(dw/do=1.68+0.08 and — 0.17+0.12 cm™/kbar
for the upper- and lower-frequencies overtones,
respectively). We find no significant change in
slope on passing through the phase transition at
5.25 kbar. Neutron scattering experiments for '°
KTaO, and isomorphouse'®* KNbO, revealed that
the phonon energies of the TA branch with the
(100) polarization stay nearly constant in the sub-
stantial regions of the Brillouin zone, which gives
rise to the intense scattering of the 2TA overtone.
Furthermore, for'® KNbO, the vibrational dis-
placement was found to consist of essentially the
vibration of the B-site atom along the pseudo-
cubic (100) axis, which might be the case for
KTaO,. Therefore, the effect of the uniaxial pres-
sure along the [100] direction should be in two
ways: the Ta-ion vibration along the stress axis
(case 1) and the Ta-ion vibration perpendicular

to the stress axis (case 2). Taking into account
of the positive pressure coefficient of the 2TA-
overtone frequency in the hydrostatic pressure
experiment,'® the higher-frequency line in Fig. 7
might correspond to the overtone due to the vi-
bration of the case 1, hence the lower-frequency
overtone to that of the case 2.

=17

D. Discussion

In this section, we analyze experimental results
of the soft ferroelectric phonon on the basis of the
phenomenological theory in Sec. II, in order to
deduce values of various physical quantities in-
volving the free-stress value of the soft-phonon
frequency, the effective charge of the mode, and
the nonlinear dielectric coefficient in the free
energy.

The free-stress value of the soft-phonon fre-
quency w, can be estimated from the frequency of
the B,(y) mode at o, as

wo= wgz(oc)[_ le/(Qu— Q],z)] 12 ’ (13)

which is derived from Egs. (5) and (6). From the
results of Eqgs. (10) and (11), wg(0,)=46.5+6.6
cm™, so that by using values of Q,,=9.69 and

Q2=— 2.55 in 1073 cgs,' we get w,=21.2+3.0
cm™. This value is in good agreement with the
previous data,'®!®!® as can be seen in Table II.

Next, from Eq. (5), we can evaluate the value
of Z% [= m}'(e*/v)?] as (1.63+0.50) X 10° (cm™)?,
using the above-mentioned w, value and the v,
value reported previously as (2.85+0.1) X 1073 cgs.!
Since the quantity Z appears as an effective charge
in the expression of the infrared dielectric dis-
persion function, we can compare our result with
infrared experiments, 2! which gives Z =347 and
419 cm™ for the “diagonal force” and “diagonal
damping” models, respectively. Our result
is Z=400+64 cm™' in agreement with the
value due to the diagonal damping model.
Furthermore, with the values of m,=0.998 cgs
from Eq. (4), and v=6.35 %X 10"%% cgs, we get e*
=(4.8+0.8) X 10™° cgs. On the other hand, the
apparent ionic charge @’s can be evaluated by
using values of all the infrared-mode charges®?
(Q=1.2, @,=8.1, @, =-6.3, and Q,,=- 1.5 in
a.u.). Then, the e* value is estimated from Eq.
(3) as 4.34 x107° cgs, which as a matter of course
agrees with the present value.

We then discuss about the pressure dependence
of the soft-phonon frequencies. By comparing the
experimental results of Eq. (10) with the theoret-
ical equations of (5), (7), and (8), we get the
followings in a unit of (cm™)%/kbar:

- 47*(D*/D%)Q,,=(19.0£0.2)*> (A, mode) , (14)
- Z*(2D¥ + g2,/c,)Q,,/(2D¥) = (12.5 £ 0.2)?
(B, mode) , (15)
2Z%(Q, - Q) — Z°(2DF +834/¢40) @15/ (2D)
=(20.0+1.1)* (B, mode). (16)

From Egs. (15) and (16), Z%(Q,, - @,,) =122+ 24
(cm™)?/kbar, which is smaller than the value
Z%(Q,, - @,5) =199+ 61 (cm™)?/kbar? evaluated using
the Z value described above. This discrepancy
might indicate the existence of the saturation
frequency of the soft mode,* since the B,-mode
frequencies are sufficiently high. For the A,

and B, modes, substitution of the Z and @,, values
into Eqgs. (14) and (15) yields

D¥/D¥=2.4£0.8, _ an
(2D} +g%/c,)/D¥=8.4x2.8. (18)

Since the following relations hold between D}, DX,
D*, and DX}

DX=D* 2 (e +20,,)™ (g, +28,,)°
- ;1; (€= (81— 810)% (19)

DY =Dj+ (¢ = €15)7 (8, - £12)° = (20,9) g%, (20)
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we can get values of D’s and D,’s as
D¥=(1.9+1.0)x107%, D*=(3.6+1.1) x 10712 ,
D¥=(6.3+2.3)x 1072, D¥=(1.8+2.2) X 10",

in units of cgs, where we used values of g,,=3.5,
g1,=-0.2, g,,=0.4 cgs,! and c,, =4.31 X 10'%,
€,,=1.30%x 10" ¢, =1.09 X 10'* cgs.'” The positive
value of DX indicates that the stress-induced
phase transition should be of the second kind. The
positive value of DY indicates that the spontaneous
polarization should be along the pseudocubic {(100)
direction in agreement with the statement mentioned
in Sec. IITA. The D value can also be deduced from
the electric field dependences of the soft phonon
frequency'® or the dielectric constant.?* Recent
reports,?»2% however, describe the formation of
the surface layer under the strong electric field.
Previous data by these means (D¥=3.1% 1072,
D¥=3.1x10"'2 cgs at 10 K, and D¥=2.8 x 1072
cgs at?*4.2 K) are in rough agreement with the
present data, though the effect of the surface-
layer formation was not taken into account.

The value of the spontaneous polarization can
be estimated by using the following relation de-
duced from Egs. (5) and (7):

P§ = szl/anZZ .
Thus, at the pressure of 8.25 kbar (3 kbar above

A=Agt v, PP+ D*P* 4 D*(P2P2+ P2P%+ P2PY)

0,), we get P,=5.7+1.7 4 C/cm?.  This value is
about factor 3 larger than the remanent polariza-
tion P, measured previously.?

In summary, we have presented the Raman
scattering study of the stress-induced ferro-
electricity in KTaO,. Although the external param-
eter which changes the soft-phonon frequency is
the stress instead of the temperature, we have
found a typical example of the soft-phonon con-
densation as well as for the case of SrTiQ,. A
part of the present results has been analyzed in
terms of the phenomenological theory, but in
future, lattice-dynamical or microscopic studies
are expected to be done on the pressure effect to
this anharmonic KTaO, crystal, and on the problem
of the increment of the soft-phonon damping con-
stant near the transition point.
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APPENDIX

The Helmholtz’s free energy A of the cubic sym-
metry can be written with the electric polariza-
tion P; (¢=1,2,3) and the strain % (A=1,2...,6)
as follows!:

1
+3 0 (4 X2+ x2) 4 0,5 (0, %, + 2,0, + X3%1) + 3 Cog (G + 22+ x2) — g, (¥, P24 x, P2 + x . P?)

—gm[xl(Pg"'Pg)+x2(P§+Pf)+x3(Pf+Pg)]—g«(x:;PzPs"'stsPL+x6P1P2) .

The Gibbs function G under the stress X, is

G=GO+%yOP2+DXP4+Df(PfP§+P§P§+P§Pf)- Q. (X, P} + X, P + X, P?)
'le[X1(P§+P§)+X2(P§+Pf)'*‘Xa(Pf'*'Pg)] - Qu(X,P,Py+ X, PP, + X,P P,).
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