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Measurements of acoustic attenuation in SrTi03 reveal critical scattering behavior near
the structural phase transition at T~ = 105 K. Power laws for the frequency and tempera-
ture dependences have been found. By these measurements the behavior of the soft mode
frequencies could be studied in a temperature range one order of magnitude closer to T~
than by other methods so far.

It has recently been demonstrated' ' that the
structural transition taking place in SrTiO, at
T, =105 K has associated with it a soft optical
mode at the R corner of the Brillouin zone for
T &T,. The mode in question represents a dy-
namic rotation of the oxygen octahedra. Below
the, transition temperature this dynamic rotation
is superimposed on a net static rotation4 ' y giv-
ing rise to a tetragonal distortion and a splitting
of the soft mode. The rotation angle y is the or-
der parameter of the low-temperature phase.

Although the experiments' ' have established
significant lowering of the soft-mode frequencies
ez(T) when approaching T„ they have not re-
vealed the very low frequencies that are to be ex-
pected in the range T, + 5 K if the condition is
truly second order.

This work was undertaken because one expect-
ed ultrasonic attenuation to be appreciably more
sensitive to the temperature dependence of eq(T)
in the region where these frequencies become

really low: In the presence of coupling' ' be-
tween optical and acoustic phonons the expected
high density of optical phonons when e~(T) «kT
strongly suggests critical scattering of ultra-
sound at the transition.

In the present note we report the first observa-
tions of such critical scattering in SrTiO, . The
measurements were performed on a pure Ver-
neuil-grown single crystal obtained from the Na-
tional Lead Company. Acoustic propagation was
chosen along a [100j direction. Double-ended
operation with separate transducers for the gen-
eration and detection of ultrasonic waves was
employed. The sample was mounted in a probe
that was in thermal contact with liquid nitrogen
through a copper rod. The temperature of the
sample could be controlled by adjusting the tem-
perature gradient in the rod. The runs were
made using a chart-recording technique by which
the ultrasonic signal was continuously monitored
as a function of the thermocouple voltage repre-



V UME 23, NUMBER HYSICgAL REVIEW LETYERS 15 SEPTEMBER 1969

sentin th'
g e sample temperature relati

p 6
p e were less than 0.01 aF dth

er han 0.05 K. Re
t dere made at ei ht dif

bt 30n and 300 MHz w'

polarization.
, with longitudinal

InFl . 1'g. 1 we have plotted the dat
325 102, 163, and 214 MHz.

curves for the high t t
z. The

d 1 1 1 th
ig est three of the

r y e critical atten
th e transition: a stron 1s rongly peaked attenu-

a ing off rapidl to b
— emperature side, the rem '

g

T On the low-temp t ' e
e o a few per cent at -6 K
- emperature side the

ture region avail bli a e for observati
non scatteriv

ion of soft-pho-
'vg is more restricte'p ed because of the

'
ing a sorption ed e. W

d 'th hi p onon scatteri ng o
in ormation is known to

i ion rom cubic
ture. " Th

bic to tetragonal str
e lower curve in Fi . 1

s ruc-
p

e ransition very clearl .
pp iable coupling to theow or appreciabl

mo e, so the peak at T, is mis '

ever well below T th
strongly. Eviden

w, e attenuatiotion increases
vi ently, the domain sc

coming effeetiv h

ain scattering is be-
ive ere. The tern

dence of the ed e
mperature depen-

temperature vari t'
e ge probably reflects d's irectly the

size. In this conn
variation of the aver e dage omain
connection it should be n

'
uous y defined in the hi

I k'ooking back at the
th do tta ering edge is al ' i-

eso te atae. e qualitative featu
are erefore readil und

dition, we ca t
a i y understood. In ad-

can extract the followin
information: Th

owing quantitative
e frequency and te

pendence of the
y temperature de-

c attenuation of lo itu
'

oIlg
or &T, is given by

n ~+ (T-T,)

where n = 1.9+ 0.15 and g = 1.25 + 0.1. T
aw for the frequenc d

duced temperatu
uency dependence is fo
ures t = (T-T ' ~T

und for re-
, between 0 and

ture dependence is ou
i e he power law for th e tempera-

ce is ound for 9&&10 '& t& 3
These results are dedu

surement tn s a seven fre u
re educed from mea-

300 MHz.
quencies between 90 and

It is of interest to corn are
&T, with th

compare the results for T
j ose obtained by P tte '

y o a '

i onian. In the temperature e region

I75—

7Q—

I

I

I

I

I

6Q—

50-
Eo 45—

Kl
40—

35—
O

30

Z25—
hl
I—20

15—

10—

T I

-4 -2
I I

2 4 6
(T- T~)'K

I T
10 12

FIG. 1 Critical attenuation of ion '
g o

1 30

where we found a power-law dep
s give n = 2, q = 1.5 for int

o modes. On the
mo es in this model ce o espond to

the ultrasonic fr
oth cases it is asassumed that

less than theic requency is much

temperature dep- d
n amping parameter 1". While the

ependence of aco

t' t th
'ft'"d f
e is sensitive to the value

,--,."-d"' '-mo e frequency e. T
ence ~ will alwa s

a er condition ma be a
qrequency re ion

, the situation is more corn
expei'imentally and th eoreticall .
of domain scatt

y. The presence
ering obscures the

picture in the
the experimental

'n e region where onene might attempt
ou an analysis similar

Also, simple o
ot b ct dec e to hold here sine

predicts an additi
since the theory"

in the attenuation.
a i ional resonant int'n eraction term

It should bebe mentioned that the
ll ak a, in the 32.5-MHz d

what unexpected A
have been anticipated here P

e . trace of the sin ul

h ldb ar e as connected with
ves in the range T, +0.9 K: The

590



VOLUME 23, NUMBER 11 PHYSICAL RKVIKW LKTTKRS 15 SEPTEMBER 1969

frequency dependence tends to be somewhat
stronger in the rounded region than in the region
where a power-law temperature dependence is
found. As to the cause of the rounding, it is felt
that the quality of the sample is directly respon-
sible. First of all, from EPR linewidth measure-
ments of impurity present, Fe" ions, we have
estimated that the order of magnitude of the built-
in strains may locally be as high as 100 kg/cm'
in samples of this type. This may cause a cer-
tain smearing of the transition. Furthermore,
it has been found in magnetic transitions" that
impurities have the effect of producing statisti-
cal variations in T, over the sample. Such im-
purities are present in the Verneuil-grown SrTiO,
crystals in appreciable quantities.

We conclude that our results give evidence for
strong mutual interaction between acoustic pho-
nons and soft modes in SrTiO„below as well as
above T,. The frequency dependence for T &T,
being ~' rather than linear in ~ shows that the
soft modes are indeed damped (I'» ru). Further-
more, the temperature dependence for Bx10
& t & 3 &&10 ' is close to that predicted for an over-
damped soft mode. " Our measurements strongly
indicate that the transition is not of first order,
since hysteresis beyond 0.05 K has not been
found. We should also like to point out that the
measurements were made in a temperature re-
gion where other methods like neutron and Ra-
man scattering and ESR measurements are not
easily made with sufficient resolution. This
makes ultrasonic measurements even more valu-

able. The agreement between theory" and exper-
iment, in fact, provides the first direct experi-
mental verification of the extreme softness of
the optical modes. This occurs down to T, +0.5
K. Earlier the temperature dependence had only
been studied to T, + 5 K." Further results will
be given elsewhere. "
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