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Let us now discuss the dielectric behavior be-
low T~ associated with the I 25 soft-mode conden-
sation. We consider, within the framework of
phenomenological theory, a free enex gy G involv-
ing polax'ization I';, x'otation angles of oxygen
octahedxa p; as order parameter of the phase
transition, and elastic strains x;;. Adopting the
usual convention, we have

G = (~/C)(T-T, )QP, '

l~+ ~W& ~&i& ~ &»+ C y+ G.m

G, = (a/2)(T-T. )Q q

+(&«KV +(c/2)gq q, (4)

~in' = 2Z~&~ssi~ssP2Pl+&assl&ss Vstg
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FIG. 8. Inverse dielectric constants as function of
temperature. Between ~a and To~ both «c and «c
follow straight lines which are denoted as «~ t, ~. Inset:
{&s —61211 } Vel'8118 teIllpelRture, Opell Rnd 801M
circles corresponding to « and «c, xespectively.

become no longer equivalent, which indicates the
crystal structure below 7.', to be of an orthorhom-
bic or lowex' symmetx'y. The dielectric inverse
susceptibility" y; is plotted as function of temper-
Rtlll'6 111 Flg. 3, wllel'6111 we llotlce that (1) R sllgllt
but distinct knee is observed at T, in the y-T
characteristics; that is, the y value ceases to
follow the high-temperature Curie-%eiss law,
and the diffex ence is proportional to 7.',-T;
(2) t116 X-T clll'ves llegill 'to devlRte f1 0m tile
straight lines below 7.'&,' the amount of deviation
18 pl'opol'tlollR1 to {Ts-T) Rnd ls not 01'1611tatloll

dependent. These characteristics can be summa-
rized by the equation

}t, =C '(T-T,)+b.X;,
' 0, T&T„

Ay,. = A;(T,-T), T, )T)T»,
~A;(T, T) + B;{Ts T)",. -Ts) T, -

where subscxipts i = 1,2, 3 x efex to pseudocubic
axes and 3 refers to tetragonal e axis. The val-
ues of the parameters are 4, = O. 62 x 10' deg '
m/F, A, =1.58 &10' deg ' m/F, B,=B,=0.90
&&10' deg ' m/F, Curie constant C=0.726 &&10 '
deg F/m, T, =107+1 K, T, =65+ 2'K, T, =31
+1'K, and exponent n. =2,

+tssi 1 0'1 PsP2P11~

~,"'= (2./C)(T-T, )+~& „
~l 12+3s 2(~11 ~12) 3s&

X3 Il@3s (~11 @12) 3s '

Since both p„' and x„are proportional to T,

(7)

(6)

(9)

where the first two terms represent usual polar-
ization and elastic energy, and G~ is the configu-
rational energy due to internal strain «p;.

~ The
interaction energy among the three variables is
expressed by G;„,; the first term is the usual
electrostxictive term and the second term repre-
sents the interaction between the soft rotational
mode and the long-wavelength acoustic phonons. '
We intx"oduce a new interaction energy represent-
ed by the last term of E11. (5). This term should
be responsible for a direct coupling between the
two inter'nal strains y; and P;." Symmetry con-
siderations dictate that the nonvanishing elements
of the fourth rank tensor, for instance, t;,», ,
should be t», t», and t44 in contracted suffices.
Slonczewski and Thomas have derived, ' minimiz-
ing G with respect to x; and y;, an expression for
the spontaneous values of Q~ and &~ below 7 g as

P&8= @2s=o»

y„'= —,'a[2b-(c„—c„) 'r„(3 „—r„)] '

~ (T.-T), (6)

X3s = -2&ls = &12(c» c12) 'P3s-

Weak-field dielectx'ic invexse susceptibilities
below T, can be derived, through the relation &G/

&P; =bE; and y =lim(bE;/AP;), as



VOLUME 26, NUMBER 14 PHYSICAL REVIEW LETTERS 5 APRIL 1971

X, + EXs = (t»+ 2t»)q's (10)

and y„'=0.22 x $0 '(T,-T) rad' for T, &T &T„"
we obtain t»+2t»=1. 28 x10' rad ' m/F.

Let us now briefly discuss the dielectric behav-
ior below T,. The phase transition at T, seems
to be still debated, as the anomaly at T, was pre-
viously reported in several experiments, ' '
but no corresponding anomaly was observed in
many other measurements. "" The onset of
orthorhombic dielectric anisotropy below T„re-
ported here would give support for the phase
transition. It is difficult to decide, however,
whether the observed (T,-T)' term in Eq. (2)
would be a consequence of some soft phonon re-
sponsible for the T, phase transition'3 or might
be just another expression of the Barrett effect. '
Recently Saifi and Cross suggested' that the
crystal should be antiferroelectric below T,.
They observed for annealed crystals a double
hysteresis loop which was explained as due to the
forced transition from an antiferroelectric state
to a paraelectric one. In view of the previous
ESR evidence" that below T, the Sr site might be-
come antipolarized along the c axis, their inter-
pretation seems appealing. However, it should
be noted that the weak-field dielectric constants
for the antiferroelectric and the paraelectric
state are, numerically, the same as &, and &, in
the present study. Therefore, we are left with
another possibility that the reported double hys-
teresis loop might be due to the conversion of the
domain configuration in the sample from c plate
to a plate. Further observations and analysis are
desirable in order to clarify the nature of the T,
anomaly.

H. Unoki and T. Sakudo, J. Phys. Soc. Jap. ~23 546

—T, it is clear that ~y; should also be proportion-
al to T,-T, which is consistent with the observa-
tion. Further, we find that the electrostrictive
term should play a minor role, because (1) both

AX, and 4y, were found to be of the same sign,
and (2) the value of (q»-q»)x„estimated from
previous experiments" is about 3.7 x 10'(T,-T)
m/F which is rather small compared with the ob-
served values of 4y, . Then, as
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