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By means of dielectric measurements and a Raman-scattering experiment, the uniaxial
stress dependence of the ferroelectric and structural phonon modes in SrTiO; crystal has
been studied at liquid-helium temperature. The ferroelectric phase transitions were in-
duced by a stress normal to the (100) or (110) face. The inverse dielectric susceptibilities
were found to change linearly with applied stress, and the phonon frequencies of corre-
sponding ferroelectric modes were found to vary following the Lyddane-Sachs-Teller rela-
tion. These characteristics were analyzed by using the phenomenologlcal free energy which
contains as interaction terms @), X,(PP), +RMX)\(¢><I>) +t)\“(PP x(‘i"l’) From the be-
havior of the dielectric constants below the critical stress and that of the soft-phonon-mode
frequencies above the critical stress, the coupling coefficients Q)\u’ R)\u, tku and other
parameters in the free energy have been determined consistently. Anticrossing between
the ferroelectric and structural modes was observed for an oblique-wave-vector phonon.
Anomalous increase of the damping of the total symmetric ferroelectric mode near the
transition stress has been found and discussed.
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I. INTRODUCTION

SrTiO, crystal has been a convenient stage for
the lattice-dynamical study of the displacive phase
transitions, involving both ferroelectric and struc-
tural ones. In this crystal, the F,, (T,;) zone-
boundary phonon mode condenses at 7, =105 K and
the structural phase transition from O, to D,, takes
place.'™ On the other hand, the F,, (T ) zone-
center phonon mode responsible for the ferroelec-
tric (FE) transformation has been found not to con-
dense at any temperature. When the temperature
is lowered the dielectric constant increases by as
much as 10* in the liquid-He temperature range.®’®
However, deviation from the Curie-Weiss behavior
is manifest below about 60 K, which is understood
as due to a quantum effect of the polarizabilities
of constituent ions in the crystal,” or the stabiliza-
tion of the bare phonon by the phonon cloud owing
to zero-point fluctuations.®? Characteristics of the
FE phonon mode have been directly observed by
means of neutron inelastic scattering® and electric-
field-induced Raman scattering'® to demonstrate
that the phonon frequency at 2 =0 varies with tem-
perature following the Lyddane-Sachs-Teller (LST)
relation and the phonon mode indeed tends toward
but never reaches zero frequency on cooling. This
highly polarizable state due to the lingering soft
FE mode is conventionally called as “incipient
ferroelectric” state.

Recently, it has become well recognized that
external pressure, either hydrostatic or uniaxial,
is a useful variable in the study of the properties
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of phase transitions due to lattice instabilities.
Hydrostatic-pressure experiments have shown,
generally for the displacive transition, that the
ferroelectric transition temperature decreases,
whereas the structural transition temperature in-
creases with decreasing lattice volume.'' As for
the uniaxial stress effect for the dielectrics, Burke
and Pressley'? have found in fluorescence spectra
of the Cr®*-doped crystal that uniaxial stress ap-
plied to a (111) face can produce a pressure-in-
duced structural transition from tetragonal to
trigonal symmetry. Raman'®”'® and ESR'® studies
on the pressure-induced change of the relevant
soft phonon mode and the spontaneous order pa-
rameter were made and compared with a phenom-
enological theory.” Next, Burke and Pressley
have found in their dielectric observation'® that
the ferroelectric phase can also be induced by ap-
plying mechanical stress above some critical val-
ues along the pseudocubic (100) or {110) direction.
Evidence of the stress-induced piezoelectricity
above the critical stress was provided by the op-
tical-second-harmonic generation experiment.*®
Stress-induced ferroelectricity was also found in
the case of KTaO,, which is also incipient ferro-
electric.?0*2!

Properties of the displacive phase transitions
can generally be analyzed by the phenomenological
theory employing a thermodynamical free ener-
gy,*"'7*2122 though the situation is rather com-
plicated in the case of SrTiO, at low temperatures
because the two kinds of soft phonon modes coexist
in this crystal. That is, the two kinds of order
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parameter, one represented by the polarization
P; and the other one by the rotation of oxygen
octahedra ®;, should be involved in the free ener-
gy. Interaction between them and also with the
lattice strain x;; must be taken into account.

In this report we present the study of the pres-
sure behavior of these soft phonon modes in SrTiO,
under a stress normal to the (100) or (110) face,
at liquid-He temperatures, by means of dielectric
measurements and a Raman-scattering experi-
ment. It will be shown that stress-induced ferro-
electricity can be understood as due to the elec-
trostrictive effect in the incipient ferroelectric
crystal, and that the FE mode frequency varies
with stress toward zero value as expected, but
with the characteristic divergence of the damping
constant of the mode as the transition stress is
approached. Comparing the experimental results
with a phenomenological theory based on the free
energy which contains P;, ®;, and x;; as arguments,

2
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we can obtain a self-consistent set of coefficients
for the crystal. Employing the uniaxial stress as
an external variable seems to be indispensable for
determining separately these many coupling pa-
rameters which appear in the free energy.

II. PHENOMENOLOGICAL THEORY

A. Free energy

As mentioned above, the free energy we are
going to deal with should involve the three different
sets of thermodynamic variables: the electric
polarization P; and the magnitude of the staggered
rotation of oxygen octahedra ®; which correspond,
respectively, to the amplitudes of the two soft
phonon modes F, and F,, in the crystal, and an
additional variable which represents the lattice
strain x;; or stress X;;. We write the Helmholtz
free energy A (P;, ®;, Xi;) per unit crystal volume
as follows:

Z¢?+A’<Z¢§>2+§A:E #e

i=j

+% Z CipiXijXpy— Z (gijklxiij P1+bin1xuq’k¢‘t +t:]klPi PJ‘I’kd’x) s (1)

ijri ijkil

where ¢, j, B, and I =1, 2, and 3 are referred to
the pseudocubic axes. The coefficients in Eq. (1)
are generally regarded as insensitive to tempera-
ture except those of the quadratic term, y, and
KoY, should vary as T - T, with Tc~31K and
k,as T - T, with T,~ 105 K. However, owing to
the quantum effect mentioned in Sec. I, the inverse
dielectric susceptibility y, becomes almost con-
stant over the liquid-He temperature range we are
concerned with in the present experiment.® The
value of ¥, is unusually small as implied by the
incipient ferroelectric nature. The form of the
fourth rank tensors appearing in Eq. (1) is dictated
by the symmetry consideration.?® Since the high-
temperature phase of the crystal is of point sym-
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metry O,, the nonvanishing elements of the fourth
rank tensors are, in the contracted notation for the
suffix, (11), (12) and (44) components. The con-
dition that b,, +2b,,=0,"7*%2 is not adopted in this
paper.

In order to deal with the physical quantities under
the condition of variable external stress, it is
more convenient to employ the Gibbs free energy
G which involves, other than P; and ®;, stress
components X;; instead of x;;. The elastic Gibbs
function for 7> T,, G°, can be derived as follows.
By minimizing A -3 , x, X, with respect to x,,
one gets equilibrium values of x,. They are, for
instance,

%, =X, +X, + X, +(g,, +28,,) P2 +(b,, +2b,)#?]/3(c,, +2¢,)
+[2X, - X, - X, +(g,, - &,,) 2P} - P} - P3) +(b,, ~-b,) (2% - -8)]/3(c,; - ¢},) , (2)

Xy = (X, +84 P, Py +0,,8,8,)/c,y -

Putting X, into A =) y %, X, we obtain the free energy as a function of P;, ®;, and X, as follows:
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The superscripts x and X indicate that the symbols
stand for the coefficients under the condition of
constant strain and constant stress, respectively.
The superscripts ¢ and f mean that the symbols
refer to those of the cubic and the tetragonal state.
The relations between the corresponding param-
eters in A and G° are given in the Appendix.

The equilibrium value of the structural order
parameter ®; is given by solving the equations

aG°

= =0 (i=1,2,3). 4
5 a5, 0 ¢ ) (@)

The cubic state ($; =0) is no more stable below T,
as kK,<0. For SrTiO, under free stress, thetetrag-
onal state with &; =(0, 0, +®;) is known to be

stable, because AX >0, with the spontaneous value

&= (- Kk,/44%) /2 (5

J

(3)
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In the presence of applied stress and/or electric
polarization, it is not generally possible to get
the analytical solution of Eq. (4). However, if we
assume that (a) X, =X, =0, which is valid for a
stress normal to the (010) or (110) face, and (b)
$,>3,,8, we may put tJ, =0 in G° for solving Eq.
(4). Then, we get an approximate solution as fol-
lows:

$,=%,=0,
2=, +[R, (X, +X,)+R | X, (6)

+tX(P2 + P2) + 1% P2](2A%)7" .

1
Substituting these ®; values into Eq. (3) we obtain

as the Gibbs function G’ to be used in the tetrag-
onal phase the following form:
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where 92 Gt (i=12.3) (10)
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Yo=Y - 21, %,

and the realtions between Q'M and @3, are as fol-
lows:

11.12 :Qil,lz +(R12tf2)/2AX ,
tm = iz +(Ry, tfl)/ZAX ’

Q;1=chz+(R“tf2)/2Ax s (9)
bs = Q5 +(R,, 1) /24%
Qetssz e -

B. Dielectric susceptibilities

A set of dielectric constants €; along the prin-
cipal directions is derived for the “free” crystal
state from the Gibbs function by the relation

€ =4my; ' +1

where y; denotes the inverse dielectric suscepti-
bility and f’i stands for the component of the elec-
tric polarization along the principal axis of the di-
electric tensor concerned. It is readily seen from
Eq. (7) that for crystals without the external stress
and below T,

{vit=(vay ey 7o) (11)

with P; along the (100) directions. In passing, we
note that the dielectric anisotropy in Eq. (11) orig-
inates from the interactions of the structural order
parameter ®; not only with the electric polariza-
tion but also with the lattice strain [see Eq. (A4)].
In the following, we will focus our attention to the
cases of the tetragonal phase and of the uniaxial
stress applied normal to the pseudocubic (010) or
(110) planes. Hereafter, we designate them as the
(010) or (110) stress.
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1. (010) stress

In this case, the principal axes of the dielectric
tensor are along the pseudocubic (100) axes. For
convenience, we take the directions of stress and
tetrad ¢ axes, respectively, along the 2 and 3
axes, i.e., X, =-0 and other X; equal to zero,
where 0 represents the magnitude of the uniaxial
compressional stress per unit area. Furthermore,
we employ the notation x, y, z instead of 1, 2, 3 for
the suffix of y. Then, from Eqs. (7) and (10) we
find

Yx=7’a+2Q§20 ’
Yy=Ya+2Q},0 , (12)
'Vz:'}’c+2Qt130 .

These equations indicate that the electrostrictive
constants can be known from the slope of Ay/Ao.
From experimental observations described below,
we find @,, @, <0 for this crystal. Then, Eq. (12)
may predict that the vanishing of y;, or the induced
ferroelectric phase transition, should take place
at the critical stresses

001 E_Ya/zQizy 002 E_Yc/thlg . (13)

Experimental observations indicate that 0., <0,.
Then, we expect that y, will vanish at 0 =0, and
the spontaneous polarization Py will develop in
the direction perpendicular to both the stress and
the structural tetrad axes. The magnitude of Py
will vary as

P;:—é‘Qiz[Dx—(té)Z/MX]_l(O‘—U“) . (14)

In the ferroelectric phase, the dielectric suscepti-
bilities are expected to vary as

Yx :_2(7a+2Qlt.20)v
Yy=Ye+2Q:, 0+ [4D¥ +2D¥ - ¢ %)2/A* | P2, (15)
Y=V +2Q 0+ (4D* +2DX — ¥ 1% /A% P2,

2. (110) stress

When the uniaxial stress is applied normal to
the (110) face, X, =X, =X, =-30 and others are
equal to zero. In this case, P,, P,, and P, have
to be taken respectively along [110], [110], and
[001], which we denote by an X, ¥, Z suffix on y.

Then, from Egs. (7) and (10), we find
YX =Ya + (Q)‘,l +Q1€2 - %Qés)os
Y=Y, +(Q1 +QL+2Q )0, (16)
Yz=Y. +2Q % 0.

The induced ferroelectric transition is expected
to occur along the Z direction (parallel to the
structural ¢ axis) at the critical stress 0., of

Eq. (13). For ¢>o0,,, the spontaneous polariza-
tion P, along [001] should vary as

P2, == 3Q[ DX = (t1)?/44% | Mo =0y,),  (17)

and the dielectric susceptibilities vary in the
ferroelectric phase as

Yx,r=7x,r(0<0g)

+(4D¥ + 2Dy — 1%, t1,/A*)P?

529
yz==2(y, +2QL,0). (18)

Experimental observations indicate that @}, + @,
+3Q%,> 0, which guarantees that the above solution
is unique.

C. Soft-mode frequencies

The ferroelectric and the structural soft modes
can be regarded as the vibrations of the relevant
normal-mode coordinates around their equilibrium
points determined above. These phonon frequen-
cies, Qp, and Qd,', are given by the equations

v\?2 824
Y gz_-22
m"(e*> 2, ap2

’

“ (19)

)
2?2

1

2 _
mg§d =

L‘q’

where m, and m4 stand for mass densities of the
corresponding modes, ¢* is an effictive charge,
and v is the unit-cell volume. Equation (19) should
be evaluated at the equilibrium point, x, =x,,

¢, =%, and P; =P,, using Eqgs. (2), (6), and (14)
or (17). Since the homogeneous strain oscillation
can generally not follow the internal strain oscil-
lation, the Helmholtz function A, instead of G,
should appear in Eq. (19). Here, it is to be noted
that: (a) the equation indicates that the square

of the ferroelectric mode frequency Qﬁ'_, should
be proportional to the inverse dielectric suscep-
tibilities in the clamped state, which are the same
as those in the free state for 0<o,; (b) the state-
ment in (a) implies, in view of the LST relation
which involves all the ir-active phonon branches,
that Eq. (19) postulates the invariance of the pho-
non frequencies of ir-active modes other than the
ferroelectric one. This was experimentally veri-
fied, as described below. (c) In the stress-in-
duced ferroelectric phase where both P; and &
coexist, a coupling between the ferroelectric and
the structural modes may arise owing to a bi-
linear coupling with a coefficient {3, P;®,. The
example will be shown in Sec. VB.

Irreducible representations of both ferroelectric
and structural phonon modes under various con-
ditions are summarized in Table I. For instance,
low-lying infrared-active F,, -mode (triply-de-
generate) in the cubic perovskite lattice (0}) de-
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TABLE I. Correlation table for soft phonon modes.

T>T, T<T,
free stress (010) stress (110) stress
Ok Df Dyp (@0 <049 Cyy (0>0.y) D Dyy (0 <0)) Cyp (0>0.7).

F 4 (Ty5) Ay, (2) By, (2) B(2) Ay (2) B, (2) 0——A,(2)
(ferroelectric) E,(x,y) By, (y) B,(y) E (X,Y) B,, (Y) B,(Y)

By, () 0 Ay x) By, (X) B, (X)
Fy, (Tys) —0 .XAU A, A lx) Agg A, Ay(2)
(structural) E, B,, B (2) E, B,, By(X)

B3, A, Bj,——————————— B,(Y)

composes in the tetragonal phase below T, (D3)
into the A,, and E, modes. Under the (100) stress,
the crystal symmetry changes from D,, into D,,,
and the E, mode splits into nondegenerate B,,

and B;, modes, the latter of which condenses

at the critical stress o, and becomes the A, mode
of the induced ferroelectric phase (C,,). Straight-
forward calculations using Eq. (19) lead to the
following expression for the respective phonon
frequencies.

1. Free stress

Both 4,, and E, modes remain Raman inactive
for the D,, and the D,, states until the crystal
becomes piezoelectric in the C,, state. On the
other hand, the E, and the A, modes, which
stemmed from the F,, mode, become Raman
active in the tetragonal phase below 7,=105 K.
We find

mp(v/e*PQRE(E,)=7,,
mP(U/e *)ZQ%(Azu ) :Yc ’

(20)
m Q2 (E,) == ko(2A% +82,/c,,) /4 A%,
m yQ3(A,,) = = 2k, A% /AX,
2. (010) stress
Y. o<o
m U/e*)ZQZBu—A)={ r’x cL
P( P( 3 1 8D ng 0>0c1 (21)

mP(v/e *)ZQ%(Bzu - Bz) =Yyt (g?m/cu)Pil ’
mP(v/e *)2Q§’ (Bl.u - B].) =Yzt (gia/Cq«;)Pi]..

It is to be noted in Egs. (21) that the contributions
proportional to P2 (<o ~o,,) also come from
y; [cf. Eq. (15)]. The expression for Q2 to be
shown below is apparently complicated by the

presence of the correction term proportional to
P2 which, however, proved to be negligibly small
by the observation.

M Q% (Byy = By) == (Ko + 2R ,0)(24% +82,/c,,) /4 A¥
- 2[ f}fx - tfz
-(2A% + b§4/044)(tf1/4Ax)]P§1s
Mm%, (Byy —A,) =maQ (B = B,)+2(Ry, —Ry,)0
+(2A% +82,/c,, )t 5 /2A%)P2
ms 9%, (A, -A,) = - (247 /A% )k, - 4R 0
+(44% 15, /A% P2, . (22)

3. (110) stress

Yz,0<0
m (u/e*)zﬂz(B —A)=§ Z) c2
P P\ DBy 1 8DXP2, 0>0,,

mp(v/e*)?Q5(By, = B,) =vx +(854/C) P,
mp(v/e*FQ%(By, — B,) =7 ¢+ (g%4/C1)P3,
msQ3 (By = B) =me Q5 (E, ) +A _(0, Pyy),
M, (By, = B,)=maQ2(E, ) +A,(0, Py),  (24)
myQ%, (A, —A,) =msQ3(A,, ) - 447 /AVR 0

+ 4(A /AR P,

(23)

where
A (0, Py,)
=[R,, ~R,(2A*¥ +2AF +b3,/c,))/2A*F 3R]0
+[(4A% +2A% + 02, /c ¥ /2 A% = 2t],] P3,.

III. EXPERIMENTAL

SrTiQ, crystals grown by the flame-fusion meth-
od were supplied from the Nakazumi Crystals
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Corp. Samples were cut from the boules in a
parallelepiped with (100) or (110) faces, typical-
ly 1.5x2x7 mm?® in size, with a stress being ap-
plied along the 7-mm dimension. For the experi-
ment on the compressive-stress effect, care has
to be taken to reduce the inhomogeneity of the
stress in the sample and to prevent the fracture
of samples under heavy stress. End planes to be
pressed were polished as accurately parallel as
possible, and stress was applied to the sample
via thin sapphire disks which were glued with
epoxy resin. This procedure proved to be effec-
tive against the fracture of samples. As an in-
homogeneous stress was expected to be localized
near the pressed faces, we contrived to observe
only the middle part of the long sample where a
good homogeneous stress was ensured.?!

The dielectric constant was measured with a
capacitance bridge which employed the three-term-
inal method at frequencies of 1-100 kHz far below
the mechanical resonance frequencies of samples.
Figure 1 shows the experimental arrangement for
the Raman-scattering measurement. Linearly
polarized light of 0.3 W at 4880 A from an Ar*
laser was focused into the sample sandwiched be-
tween the pressing blocks in the optical Dewar.
By rotating a half-wavelength plate and an analyz-
er, four components of the Raman-scattering ten-
sor were examined. The 90°-angle scattered light
passed through a Dove prism and was focused on
the slit plane of a double monochromator (Spex,
Model 1401), which was followed by a photomulti-
plier (EMI-6256S, dry-ice cooled) and a photon
counting circuit (dark current: 10 counts/sec).

As shown in Fig. 1, the length of the slit was ad-
justed so that the image of the illuminated sur-
faces of the sample was out of the slit, which
served to reduce stray scattering light. Slit widths

i7" V! UP TO 200kg
( LOAD CELL =l
BLH STRAIN GAUGE)
== a7 SAMPLE(~2 x15x7mm’)
PULLING RoD- I ][ [
SAPPHIRE PLATE—~ /

SAMPLE IMMERSED IN
L!Q He BELOW 2K

—IMAGE OF FOCUSED LASER BEAM

FIG. 1. Experimental arrangement of the Raman
scattering for application of stress. Shaded parts of
the sample holder are movable and connected to one end
of the lever through which the stress load is applied.

were chosen as narrow as 0.5-2 cm~. This opti-
cal arrangement limited the observed scattering
volume to a region (0.1 mm diamx1 mm), which
was much smaller than the whole specimen (2x1.5
X7 mm?). This enabled us to prevent the effect of
the inhomogeneity of the stress.

The magnitude of the applied stress was mea-
sured by the calibrated strain gauge in a load cell
(Baldwin-Lima-Hamilton Electronics, Inc., sen-
sitivity: 107° V/dyn) placed at the opposite side of
the lever.

1IV. DIELECTRIC MEASUREMENT

In the low-temperature phase, the crystal be-
comes comprised of multiple domains with the ¢
axis oriented along one of the different (100) di-
rections. The boundaries of these structural do-
mains can be moved by an external stress in such
a way that the domains whose ¢ axes are mostly
perpendicular to the applied compressive stress
expand at the expense of domains with unfavorable
¢ directions.?*'*> By using this effect, anisotropic
dielectric susceptibilities below T, were also mea-
sured as a function of temperature for the stress-
treated crystals.® The previous measurement of
the stress-induced dielectric anomaly for the case
of the (010) stress was not free from the ambigu-
ity due to the presence of multidomains.'®* A sim-
ilar experiment on KTaQ, provided us with a simp-
ler example, since in this case there is no am-

5x10.31 7 T T !
SrTi0, 4.2K ?551(010),5//[0101

- 001/
,0}01(110). (70l
(101

INVERSE SUSCEPTIBILITY (cgs)

8 9x10°

0 10, 3 4 5 0y 7
O (dyn/cm? )

FIG. 2. Inverse dielectric susceptibilities vs stess
load o for SrTiO; at 4.2 K. ¥, and v, are for the (010)
stress, and vy, Yy, and v, for the (110) stress. Broken
lines for i and y, are theoretical ones (see the text).
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biguity due to the structural domain.?®?* In the
case of both crystals, however, the observation
of the spontaneous polarization in the induced
ferroelectric phase was unsuccessful, as the
stressed crystals can exhibit only a rounded hyster-
esis loop even far above the critical stress.'®:?°
In the present study, we have extended the ob-
servation of the stress-induced change in the di-
electric constants of SrTiO,, paying attention to
the lateral effect as to the ferroelectric direction.
The observed characteristics are summarized in
Fig. 2 which is the plot of the inverse susceptibil-
ities y; versus the stress value ¢. In this figure
one notes that most y;’s vary in general linearly
with o up to the critical stress where the y; for
polar directions show minima and the ones for
lateral directions exhibit upward kinks. These
features are in accord with the theory described
in Sec. IIB. On closer inspection of the figure,
however, one notes the following points: (a) De-
parture from the linear relationship is observed
in the lower-stress region. This is probably due
to the domain-reorientation process. The lines
extrapolated from the higher-o region converge
to either y, or y, at zero stress [see Egs. (8), (12),
and (16)]. The ratio of y,/y,~4 (€,=41900, ¢,
=9380) is appreciably larger by a factor of 2 than
the one previously reported.® (b) For both the
(010) and (110) stresses, the values of the critical
stress corresponding to the minima in the polar
directions [0.99X10° dyn-cm?® for the (010) stress'®
and 6.6x10° dyn/cm? for the (110) stress]| are sub-
stantially different from those corresponding to
the kinks in the lateral directions [(1.6+0.2)x10°
dyn/cm? for the (010) stress and (5.8+0.2)x10°
dyn/cm? for the (110) stress|. For the following
reasons we believe that the latter ones represent
the true critical-stress values 0, and 0,,. For
the (110) stress, the stress value at the kink in
¥x [0 =(5.8+0.2)x10° dyn/cm?] agrees with both
the extrapolated vanishing point in y, and the criti-
cal stress [(5.4+0.2)x10° dyn/cm?] deduced from
Raman data discussed in Sec. V A (see Fig. 6).
For the case of the (010) stress, the kink in y,
coincides with the extrapolated vanishing point in
the Raman data, which indicates a critical-stress
value 0., =(1.6£0.1)x10° dyn/cm®. Further, as
two types of domain with ¢ axis perpendicular to
the (010) stress may still remain, the result of
the dielectric measurement along the direction in
which the P, is developing (the measured “v,”
curve) might be related to some average of y, and
v. in Egs. (12) or (15). Hence, the reported criti-
cal-stress value'® (0.99x10° dyn/cm?) should be
discarded. (c) The linear characteristics above
the critical stress observed for y, and yx are in
accord with the theory which predicts that the

deviation y -y, should be proportional to P2,
(cco -0,), though the magnitude of the deviation
for vy seems to be a little larger than expected as
compared with that of y,. The behavior of y, above
g, also differs from the theoretical anticipation
which expects a much steeper change above the
transition stress. A similar phenomenon was ob-
served also in the case of KTa0,.?° This might be
ascribed to some mechanism due to the appearance
of ferroelectric domains.

We now evaluate the electrostrictive coefficients
Q‘MJ by comparing the values of the gradient 8y,;/80
cbserved below the transition stress with the cor-
responding equations in Sec. IIB. From the ob-
served y, and Eq. (12), we obtain Qf, =(5.9+£0.4)
x10-* in cgs (henceforth we use these units). The
observed values of y,=3.0X10"* cgs and 0,
=(1.6+0.2)x10° cyn/cm? give Qf,=~3v,/0,,
=(=0.94+0.07)x10-*%, From the gradient of y,
and Eq. (16), we get @!,=(-1.15+0.08)x10-'3,
Using the data for yy and yy and taking the values
of @, and Q‘, determined above, we obtain @},
=(2.1+0.6)x10-!3, Previously the measured val-
ue Q% =—-1.26x10"'% cgs at T>T,, which nearly
agrees with the present result, was reported.?®

For the ¢, coefficients, we get from Eq. (8),

tE =t =3y —ve)/ 8. (25)

With the experimental values of y,, y., and &,%%
t¥X —t%,=-1.10x10* cgs.?” These values are re-
produced in Table II.

V. RAMAN-SCATTERING EXPERIMENT AND DISCUSSION

A. Ferroelectric soft modes

This section deals with various aspects of a
Raman-scattering experiment and the related dis-
cussion for the SrTiO, crystal. For technical rea-
sons, the measurements were always done at about
2 K, whereas the dielectric constants were mea-
sured at 4.2 K, the variation of temperature being
of no consequence for properties of the crystal in
the liquid-He temperature region.

In the absence of external stress, the Raman
spectra for the tetragonal SrTiO, are mostly due
to either the second-order two-phonon modes?® or
the structural phonon modes that originate from R-
point phonon modes above T, and become Raman-
active modes at the zone center below T,.* The
infrared-active FE soft modes are not observable
in the paralectric phase, unless they are made
Raman active by an external electric field.!® Upon
application of the mechanical stress with load high-
er than the critical stress, a new group of Raman
lines corresponding to the FE soft modes emerges
in the low-frequency region. An example of the
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stress-induced change of Raman spectra is typical-
ly shown in Fig. 3. The weak line at 172 cm™ in
the figure is identified as due to the LO, or TO,
modes which may be Raman-activated by the in-
ternal stress owing to some lattice defects. By
comparing the two traces in the figure, the 172-
cm™! line will be seen not to change position with
applied stress. The insensitivity to stress of the
“hard” polar modes was generally confirmed also
for the (110) stress. This fact validifies the as-
sumption that only the lowest-frequency TO modes
should vary with pressure following the LST rela-
tion. Characteristics of the FE modes are quite
sensitive to the applied stress, as is clearly dem-
onstrated for the A,(x) mode under the (010) stress
in Fig. 4. In this figure, one notes that both the
mode frequency and the line intensity increase and
the line becomes sharper as the stress increases
away from o, .

In order to analyze the Raman profiles of the
FE modes, we employ the damped-harmonic-os-
cillator model taking into account, however, the
present condition that the observed spectra extend
much higher than 27~2 cm™! [i.e., n(w)+1~1].
Then, the theoretical curve for the spectral den-
sity should take the form,

Hw)=Tw/[(w?* - w?)? +T%w?] , (26)

where w, is the undamped mode frequency and T’
is the damping constant that corresponds to the
full width at half-maximum in the Lorentzian

T0 TO
SrTi0;, 2K y 36 20
G 1 (010), x+zlyx42)ExFz
R, 2TA
238 233 -
3.1 kbar
AW:1em™
10 l_0145 aw:
230 172 R
49 U

R R
TOLO 145 Free stress R |

5
172 | aw:2em %2

L |
200 100 0
FREQUENCY SHIFT (cm™)
FIG. 3. Raman spectra of structural multidomain
SrTiO; at 2 K under free or (010) stress, without analy-

zer. Symbol R in the figure denotes that the lines are
due to the R-point structural modes.
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TUNETARO SAKUDO

SrTiOs , 2K
0 1(010), Ay(x)-mode

11.2

46.8

14.8
1.9 kbar
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2.5 kbar
20.9
3.4 kbar -
485
| | | ] |
40 20 0

FREQUENCY SHIFT (cm™1)

FIG. 4. Variation of the Raman spectra of the total
symmetric ferroelectric mode as the applied (010) stress
load approaches the critical stress (1.6 kbar).

SrTi0,, 2K

G1(110),65 x 10° dyn/cm?

i I L
40 30 20 10 0
FREQUENCY SHIFT (cm)

FIG. 5. Raman line shape for the ferroelectric A(Z)
mode under the (110) stress. The open circles are the
results of the best fit of the theoretical curve [Eq. (26)]
by adjusting w, and I".
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limit. It is worth noting that Eq. (26) predicts the
spectral density curve with a peak even for the
case of an overdamped mode at the classical lim-
it [n(w)+1~kT/Kw]. In the present experiment,
however, the observed FE modes were found to
always remain underdamped except very near the
critical stresses (see Fig. 7). In Fig. 5 an exam-
ple is shown for the case of (110) stress, where
the Raman profile of the ferroelectric A,(Z) mode
is fitted to Eq. (26). The open circles in the fig-
ure are the best fit of the theoretical curve by
adjusting both w, and I'. We have applied this
curve-fitting procedure to various phonon modes
under the (010) or (110) stress. The results are
summarized in Figs. 6 and 7. The square of the
undamped phonon frequency w? and the damping
constant I' thus obtained are plotted in these fig-
ures, respectively, as a function of the magnitude
of the applied stress.

In Fig. 6 one may note that the linear relation-
ship between w? and 0 holds for every FE mode ob-
served. Measurements were always done for right-
angle scattering with the observed phonon wave
vector along the (100) direction. In this geometry,
the B,(z) mode is forbidden by the Raman-tensor
symmetry,?® which is observed in the case of the
oblique phonon, as described in Sec. VB. The
transition stresses (0,,=1.6+0.1 ando_,=5.4+0.2
in units of 10° dyn/cm?), defined as the vanishing
points of the extrapolated lines of the total sym-
metric A, mode, are found to agree within experi-
mental error with those of dielectric measure-
ments. As the stress approaches the transition
points, the Raman lines become broader and at
the same time the integrated intensities of these

10? :
SrTio, 2K /
B2 o7
el
/ -
Bay. -~ .
T 0 1(110)
ol e
AX) e
-
~=~-_By(2)
4 Oz 6 8x10°
O (dyn/cm2)

FIG. 6. Squared frequencies of the ferroelectric modes
as a function of the (010) or (110) stress load. Broken
lines below 0,4 and 0., are calculated ones using Eq.
(27¢) and the electrostrictive constants obtained from
the dielectric measurements. Dots at =0 are also
theoretical ones using Eqs. (27a) and (27b).

modes decrease in rough proportion too -0, so
that an accurate determination of w, and I' could
not be done in the vicinity of 0.

Below the critical stress, these polar FE modes
become Raman forbidden and could not be observed
in the present experiment. However, we can lo-
cate the positions of these modes in the paraelec-
tric phase with the aid of the following relations
that are derived from Eqgs. (20), (21), and (23).

Q3 (E,)o=0/2(Bz,)o= o, =1 Q121 /(@1 +1 QLD , (27a)
05450020/ Vp(E )o=0=Yc/Vas (2b)
as2(B{™?) 2Q*(B) 8 0*(B{L?)
2oz : :Xos : o0
=2Q1:2Q1: Q1 +QL +2 Q. (27¢)

By using the dielectric data described in Sec. IV,
Eqgs. (27) yield the theoretical curves shown as
broken lines in Fig. 6, which seem to be consis-
tent and reasonable. Consequently, the FE mode
frequencies under free stress have to be Qp(E,)
=9.1:+0.6 cm™ and Qp(4,,)=19+1 cm~'. Previous-
ly, many investigations involving neutron inelas-
tic scattering® and electric-field-induced Raman
scattering®''® reported only one Cochran mode
whose frequency lies around QP(EH). This appreci-
able splitting of the Cochran mode by the structur-
al transformation has not been confirmed, nor has
the existence of the A,, mode been reported yet.

A search by various means for the A,, mode is
desirable, though this mode will probably be rela-
tively weak in intensity compared with the E,
mode.*® Other aspects of the behavior of FE
modes, such as the characteristics of the damp-
ing constant, etc., will be treated separately in
the following subsections.

1/] L T T 1T
" !
/) SrTi0; 2K
101 ) _ v _
i i 0 1(010) V/, 0 1(110)
7
=1 20
5ol I &
[ 5 ey
b 3
10
L A | | |
0 0
0 10y 3 4 50,6 7 8 9x10°

O (dyn/cm?)

FIG. 7. Variations of the damping constant I" and the
undamped frequency w, of the total symmetric FE mode
as a function of stress load. Shaded parts near the
critical stresses indicate the overdamped (I >2 wg) re-
gion. For experimental points of w, see Fig. 6.
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B. Structural soft modes and the anticrossing phenomenon

In Figs. 8 and 9 are summarized data on the
squared phonon frequencies of the structural soft
modes as functions of (010) and (110) stresses,
respectively. The linear relationship between
w? and o is found to hold well for all R-point soft
modes. At the respective transition points, how-
ever, no appreciable change was observed, which
indicates that the contributions to % from the
term proportional to P2, represented by the last
terms in Egs. (22) and (24), can be neglected. On
the other hand, the observed gradients of 8Q%/60
can give the information about the free-energy
parameters R, ,, as will be shown in Sec. VC.

We now turn to the anticrossing effect which is
brought forth for the case of (010) stress and of
phonon wave vector along the [101] direction. In
this geometry, a ferroelectric B,(z)+A,(x) mode
is present, as depicted in the inset of Fig. 10.
This hybridized oblique mode has been found to
anticross with the structural B,, - B,(z) mode, as
demonstrated in Fig. 10. This behavior of the
anticrossed branches is analyzed as follows. Let
the amplitudes of the oblique FE mode and the
structural mode denote, respectively, (v/e*)P and
® .. Then the kinetic-energy density 7 and the

1
potential-energy density U are given by

2 T T T T
26110

24| ,,/

- .{ .

22f e .
Aml ® B
T 20t SrTiOz, 2K =
IE | 61(010) -

0 | L Ji | ] |

1
0 1 2 3 4x10°

O (dyn/cm?)

FIG. 8. Squared frequencies for the structural soft
modes as a function of the (010) stress load.

T =3mp(v/e* PP + sm o2, (28a)
U=3mp(v/e*)Q%, P?+ 3m Q3%(B,)®?2, (28b)
where

Q%) = 3[Q5(A,(x)) + Q4 B,(2))].

The bilinear interaction U;, between P and @, is
deduced from the Helmholtz free energy A [Eq.

@]l

Uim = an?l ’ (28C)
where
o= 92A _ =t3.® Py,
ad, 8P eq NE) .

By solving the equation of motion constructed from
Eq. (28), one gets the expression of the coupled-
mode frequencies,

2t = 4|0k + 2B

) . . 4le*/v)2a?\ 12
+ <[Qobl - Q%(B)]%+ W> }
(29)

Using the experimental curve for Q,(A4,(x)) and
the theoretical one for Qy(B,(z)), one can locate
the Q ., branch as shown by the broken line in Fig.
10. Here we assume that the increase of the

e e e
26X*1’O ]
- ./
-
= L SrTio; 2K i
© L — L
- T o 1(110) ?’
3 gl ve
6 ./
L _— B
Bzg ./.
41 /‘ e® ]|
° o—e
Eq %‘ﬁo—’"’./ |
21_ ® B3g .
L
L 1 1 | I i 1 1
% 1 2 3 4x10°

O (dyn/cm?)

FIG. 9. Squared frequencies for the structural soft
modes as a function of the (110) stress load.
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FIG. 10. Anticrossing of the ferroelectric [ A (x)
+By (2)] and the structural [B, (z)] soft modes in the (010)

stress-induced FE phase. Inset shows the Raman-
scattering configuration.

squared frequency in proportion to P2, for the
B,(z) mode is nearly equal to that for the B,(y)
mode [see Eq. (21)]. Then, through a curve-
fitting procedure of the experimental data by
adjusting o in Eq. (29), one obtains o?/(0 - o,)
=3.45x 10" cgs. Figure 11 shows how Raman
profiles of the coupled modes vary with stress.
One can see that their relative intensities inter-
change as the stress traverses the anticrossing
region 0 ~2.8X10° dyn/cm?. Since the intensity of
the FE oblique mode will vary as ¢ - o, and that
of the structural B, mode will stay constant but
for the mutual interaction, this stress dependence
in Fig. 11 can be understood only as a result of
mode coupling. The anticrossing phenomenon can
also be expected for the case of nonoblique FE
modes, however, at higher stress load [~1.5x10*°
dyn/cm? for the (010) stress and ~4x 10*° dyn/cm?
for the (110) stress] far from the region examined
in the present study. The first observation of the
anticrossing phenomenon in SrTiO, was previously
reported by Fleury, Scott, and Worlock,? who
employed electric field biasing to allow interaction
of the different kind of soft modes. Our earlier
report on the Raman spectra in pure SrTiO,
should also be explained by the anticrossing ef-
fect.3!

C. Evaluation of free-energy parameters

The coefficients R,, appearing in the interaction
terms XX@;@)“ of the free energy can be deter-

SrTi0; 2K
G1(010)

COUPLED MODES

f-'g'\

3.8 kbar B,(Y) X1

x(yy)z
2.8 kbar

X2

X2

2.2 kbar

| | 1 | | |

40 20 0
FREQUENCY SHIFT (cm™)

FIG. 11. Change of the Raman-line profiles of the
coupled modes in the anticrossing stress region.

mined by analyzing the stress dependence of the
structural mode frequencies shown in Figs. 8 and
9. For the (010) stress, we use Eq. (22), which
gives

2
m¢M=_4R

90 12

(30)
m ¢:_(,'[92<1~3(33g) - Q% (By)1=2(R,; - R,p),

where and henceforth we neglect the last terms
involving P2,. Then, taking m 4=0.897 g/cm?®,"’
the measured gradient values yield R,,=-7.8
+0.6 and R,,=8.7+0.7 in units of 10'* cgs. For
the (110) stress, the following relations are de-
rived from Eq. (24):
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99%,(A,) .S

*" 30 ax e

m ¢:~0[Q§,X(Bzg) + Q% (By) | (31)

=2R,, - R, A% +2A¥ + B2,/ c,) /AT,
9
m ¢£[92¢X(Bzg) - Q%Y(Bag”: -Ry.

Then using the values of R,, and R,, obtained
above, comparison with experimental data gives
R, =(-1.84+£0.15)x 10" cgs, A"/A¥=1.1910.26,
(2AF +02,/c,)/A¥=0.9+£0.4. The observed 89%/d0
for the B,, — B, branch under (010) stress also
gives (24X +b2,/¢,)/A¥ =1.1+0.6, which thus
furnishes evidence for the internal consistency

of the analysis. Previously the B,, mode for the
(110) stress was observed at 8 K,'* which result
agrees with the present data. These R, values
somewhat differ from those obtained by the bi-
axial-pressure study,?? and also from those ob-
tained from spontaneous-strain data.3*'3* How-
ever, in view of the characteristic that the lattice
cell dimensions become nearly constant below
about 50 K,® this discrepancy might be attributed
to the difference in the measuring temperature.

We next determine the A coefficients. We adopt
as the spontaneous value of the structural order
parameter the value  ,=6.89x107'° cm at 2 K
previously obtained from ESR?®' % and x-ray mea-
surements.® Then, from the measured frequency
QA ;) g=o, the values of A* and A* are determined
by using Eqgs. (5) and (20). Further, Af and AX
are derived from the value of Q4(E,),-, in Egs.
(20) and (A1), c,, and b,, being known as reported
below. The values of the coefficients thus ob-
tained are also listed in Table II. The values of
A*/AX and (2AX +b5,/c,,)/A¥ are calculated to be,
respectively 1.1 and 0.81, which agree with the
values obtained from those for 89Q%/80. At the
same time, we also get k,=-3.17x10%% cgs.
These A and k, values agree fairly well with those
cited in Ref. 17 (see Table II), in which the analy-
sis is made under the assumption b, +2b,, =0.

As was described in Sec. V A, the stress de-
pendence of the FE modes has given information
about the relative values of the electrostrictive
coefficients @,, which proved to be consistent
with dielectric data. Here we discuss the propor -
tionality factor which contains the effective charge
e*. From Egs. (12) and (21), we get

BQi,(BSu) _ <e*>2 -1t

T—Z —U_ m, le. (32)
Comparison of Eq. (32) with the observed gradient
gives (e*/vymp'=(1.0+0.2) x10%® cgs. Since the
mass density for this mode®® is evaluated as

mp=0.673 g/cm?, this results in e*/v=(8.1+0.8)
% 10® cgs, which agrees with 8.23 x10" cgs from
the infrared experiment.*’

For the lateral B,,- B, modes, let us consider
the difference of the gradients

2 9 2 9 2
aeme (S(52) ()]
e Ly 0> 0, 00 / o« ¢
From Egs. (21) and (23), we get

X, 2
(010) _ _9t Dy +8454/2C44 )
A Q12<1 +2[DX—(tf2)2/4AX] s

(33)

DE+g%/2¢c, -t 5% - t{;)/zAx>
2[D7 3, 7/447] |

Al110) _ —zQia (1 +

The experimental value is A9 ~A(110)~ 3 0 x 1013
cgs, which nearly agrees with the value of
-2Q%, or —2@*%,. This result indicates that the
anisotropic quartic term of P in the free energy
should be considerably small compared with the
spherical term, which is consistent with the be-
havior of the FE mode under the electric field'®
(in the notation of Ref. 10, £=¢').

For the total symmetric FE mode, the ratio of
the gradients above and below o, should follow the
equation

(—%;—"ﬂﬂm/[ D* — (15,2 /4A%], (34)

for the (010) stress. A similar equation holds
for the (110) stress, replacing ¢, by ¢,,. The
observed ratios were found to be 4.50+ 0.62 and
2.04+ 0.4 for (010) and (110) stresses, respective-
ly. This indicates that the correction terms in-
volving t’fl or tfz are not negligible. In fact,
(%, /4A* will amount to ~5x107!® cgs assuming
t¥,~ 10" cgs, which is the same order of mag-
nitude of D* reported previously.'®

The value of the spontaneous polarization in
the ferroelectric phase might be estimated from
the observed frequencies of the total symmetric
FE mode. Equations (21) and (23) indicate that
the squared frequencies should vary as D* PZ,
above 0.;. Hence, one needs to know the value
of D*. Accurate information for D* is difficult
to obtain, since previous reports give rather
scattered data without taking the dielectric an-
isotropy into account. When we adopt the value
D* =(2-5)x 1072 cgs,?® this gives P, =2—4 uC/cm?
at a stress 2 kbar higher than o,. This value is
one order of magnitude larger than the experi-
mental value of the D-E hysteresis observation.

The coupling parameters g, and b, , can be
calculatedfrom @,,and R, using relations (A2) and
(A3), where data on elastic constants are needed.
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TABLE II. Parameters for SrTiO; at liquid-He temperature.
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Slonczewski Bruce

Present work and Thomas 2 and Cowley P Units
Q4 5.9 17 1071 cgs
Q! -0.94
Q3 -1.15 -6.3
Qée 21
811 1.48 cgs
g1 0.36
844 0.27
Ry 8.7 10 cgs
Ry, -7.8
Ry, -18.4
by 1.3 3.36 1.76 10?7 cgs
by, -2.5 -1.68 -1.84
M -2.3 -2.51 -1.76
t¥ -t -1.10 10" cgs
[t 5-9
A* 1.94 1.95 1.4 10% cgs
AX 1.67 1.58
A% 0.08 —-0.24 0.04
AX 0.49 0.62
Ko -3.17 -3.08 10% cgs
exfv 8.1 10" cgs
m, 0.673 g/cm?
me 0.897

2 References 22 and 17.
b Reference 41.

We take ¢, =3.36x 10" ¢, =1.07x10*, and
€44=1.27X10' cgs, which are estimated from the
values observed in the cubic phase by extrapo-
lating them to liquid-helium temperature using
the empirical formulas in Ref. 26.'” The ¢}, value
can be estimated from the measured value of the
coupling constant o (see Sec. VB) between the FE
and structural modes, by using the above-men-
tioned P,, and ®, values.?*'3® The calculated values
are listed in Table II.

In passing, let us briefly comment on the rel-
ative magnitudes of the coefficients b,, and g,
which represent couplings of ; and P;, respec-
tively, withthelattice strain x,. Experimental ob-

servations have shown that b,,<|b,,|, |b,,| and
&£117> 812, &44- Lt us recall that the structural
order parameter ®; stands for the mode pattern
in which the displacements of the atoms are con-
fined to the plane perpendicular to the rotation
axes (in this case, the 1 axis) of oxygen octahedra.
In contrast, the ferroelectric order parameter
P; is known to be the Slater mode®® in which the
relative displacements of the atom are confined
along the polar axis. Hence, it seems probable
that the structural soft mode strongly couples
with the lattice strain in the 2-3 plane, whereas
the ferroelectric mode couples with the lattice
strain along the 1 axis. Therefore the dominance
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of b,, and g,, over b,, and g, is quite understand-
able.

In Table II are also cited values of parameters
estimated by Bruce and Cowley,* based on the
anharmonic-lattice-dynamical model, together
with those previously given by Slonczewski and
Thomas.'”"?? It is especially to be noted that the
theoretical condition b, = - b,, does not seem to
hold in the present results. This may probably
suggest that (a) the noncentral Ti-O and Sr-O
interactions are important, and/or (b) the O-O
and Ti-Sr interactions should not be negligible.

D. Divergence of damping constant

It was experimentally observed that the damping
constant of the ferroelectric A, modes is quite
sensitive tothe applied stress. In Fig. 7itis shown
how the damping constant I" and the corresponding
phonon frequencies vary with the stress. As the
stress approaches the critical stress, the I" value
of each mode was found to increase hyverbolically,
while the phonon frequency decreases toward
zero value. As can be seen in Fig. 7, however,
the phonon modes always remain undevdamped
over the measured stress region. The observed
linewidth can probably be regarded as the homo-
geneous one, because (a) the Raman line shape
can always be fitted to the theoretical curve of
Eq. (26): (b) the sampling volume for the Raman
observation is quite small as described in Sec. III.

Previously, the divergent nature of the damping
constant for the FE mode was reported in the
cases of*? PbTiO, and*® Gd,(MoO,),, and was de-
nied in the case of the structural phase transition
of SrTi0,.** At any rate, the theoretical interpre-
tation of this phenomenon does not seem to be
known, at least it is not settled, yet, as will be
briefly reviewed below. Tani developed his theory
of the lifetime of the soft phonon mode for the
one-dimensional case,45 and Pytte also treated
this problem using the Green’s function.* Dvorak
calculated the lifetime owing to the TO(k=0)
+TA - TO(k#0) process,*” and Silverman proposed
a TO(k=0)+TA — LA process.*® However, in the
low-temperature range we are concerned with
at present, as the thermal excitation of TA pho-
nons is expected to be negligibly small, the re-
laxation mechanism in which the above TA pho-
nons participate should be regarded as rather
ineffective. Barrett pointed out that the
TO(k=0)~ TA + LA process might be the dominant
relaxation precess for stress-free SrTiO, and
KTaO, crystals at lower temperatures.*® Further-
more, Nettleton argued that the three-phonon
process involving the TA phonon could give, at
best, a contribution of O(w,) to the inverse life-
time of the TO phonon mode, because this process

can scatter wave vectors only in a thin shell in

k space.”® Hence, it seems almost impossible

to explain the divergent damping constant in the
stressed SrTiO,; by a theory based on the three-
phonon process. Nettleton evoked a four-phonon
process to analyze the thermal conductivity of
SrTiO,,% though this scheme does not explain the
divergent nature of the damping constant of the
TO mode near 2=0. Bruce and Cowley* calcu-
lated the linewidth of the FE modes in SrTiO,
and BaTiO;, employing the anharmonic parame-
ters based on their lattice-dynamical model, and
they could explain the temperature dependence of
the linewidth in these cases. However, the inter-
action terms in the Hamiltonian, which consist
of three- and four-phonon processes, might not
give a divergent I" for the present case of the
PbTiO, crystal. In conclusion, the problem
should perhaps be ascribed to the more-than-four-
phonon process or to some other mechanism to
be considered from a different viewpoint.

VI. SUMMARY

In order to understand stress-induced ferro-
electricity in SrTiO,, we have done experiments
including measurements of dielectric constants,
and Raman-scattering experiments under uni-
axial (010) or (110) stress at liquid helium tem-
peratures, results of which have been analyzed
by using Landau-Devonshire-type phenomenologi-
cal theory. In the following we summarize the
obtained results. (a) From the free energy of the
crystal, which contains as arguments the electric
polarization, the staggered rotation of the oxygen
octahedra, and the homogeneous strain, and also
their mutual-interaction terms, theoretical forms
of the physical quantities involving the dielectric
constant and the frequencies of the ferroelectric
and structural soft modes have been derived as
a function of the stress. (b) The inverse dielectric
susceptibilities have been found to change linearly
with stress. (c) One of the components of the
dielectric constant has been found to increase
divergently as the stress approaches the critical
value. (d) By means of Raman-scattering mea-
surements, the ferroelectric soft modes have been
observed above the critical stress. Their fre-
quencies have been found to change concurrently
with the behavior of the dielectric constants fol-
lowing the LST relation. The frequency of the
total symmetric FE mode has been found to be-
come vanishingly small as the stress approaches
the critical value. (e) Frequencies of structural
soft modes have been found to exhibit remarkable
stress dependences. (f) The anticrossing phe-
nomenon between the ferroelectric and structrual
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soft modes has been observed in the stress-in-
duced ferroelectric phase, which has been ex-
plained by the coupled-mode formulation derived
from the free energy. (g) By comparing the ex-
perimental results with the phenomenological
theory, the respective parameters involved in
the free energy have been consistently determined.
(h) An anomalous increase of the damping con-
stant of the ferroelectric soft mode near the cri-
tical stress has been observed. This phenomenon
is discussed in connection with existing theories.
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APPENDIX

(i) When one uses the contracted notation for
the suffices of the quartic terms in the free energy,
care must be taken to avoid confusion about the
multiplication factor 2.2 The fourth rank tensors

J

285

in A and G° are converted to those of matrix no-
tation by the following relations:

C2323 = Cyqy

285323 = aa

C1111 =€ Criz2 =Chas
S =811y 81122 = 8129
b

i =011, Duiap =b1n, 205555 =0y,,

x _ 4% x _ X x _x
tuu‘tlv 11122’112’ 4t2323'[44"" ’
and

C _ C Cc — C
1111~ ¥11y 1122 7 ¥129

R =R, Rip=R,,

4Q;323 = Q:4’
4Ry5, =R,

For instance, the interaction term involving gy,
in A goes as

—gu(le';‘+x2P§+x3P§),
= Gl % (P2+ P2) + %,(P%+ P%)+ x, (P2 + P2)],
= 844X Py Py + X, P,P, + x,P P,).

(ii) The symbols appearing in G° are connected
with those of A by the following relations:

D* =p* - (811 +28,,)*/6(cyy +2¢,5) = (g4, — £12)°/3(cyy = C1),

Df =D; + (g, = g12)%/(cyy = €15) = 854/2C 4,

(A1)

A¥ =AY — (b, +2b,,)2/6(c,; +2¢,,) = (b, = 615)2/3(c,, = C1p),

AX =A% (b, =0, /(cyy =€) = 02,/2C .

@, = (g1, +281,)/3(cyy +2¢,,) +2(gy, — 812)/3(cy, = €15),
Q5, = (g1, +28,,)/3(c +2¢,,) = (g1, = 812)/3(cyy = €12),
Qs =814/ Caa-

R, =(b,,+2b,,)/3(c; +2¢,)+2(b,, = b,,)/3(c,; = €15),
R, =(b,,+2b,,)/3(c,, +2c,) = (b, = b,,)/3(c,, = ¢15),
R, =b,/Cyy.

t¥ =t + g, Ry, + 28R 5,

2=t + &R + £2R1y,

[§4 =l + 8aall sy

Note added in proof. After this paper was sub-
mitted for publication, the following paper ap-
peared: D. Heinman, S. Ushioda, and J. P.
Remeika, Phys. Rev. Lett. 34, 886 (1975). By
using a polariton-scattering technique, they found
increase of the damping constant for the FE mode
of PbTiO, as the polariton frequency was decreased

(A2)

(A3)

at room temperature. The attributed this anoma-
lous damping to the process of TO (k =0) + TA (zone
boundary) - LA (zone boundary), which can not,
however, be applied to our cases in SrTiO,, be-
cause TA-zone-boundary phonons are not excited
in the temperature range as low as 2 K.

*Based on work submitted to the University of Tokyo
in partial fulfillment of the requirements for the
Doctor of Science degree.
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