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Birefringence of SrTiO3 Produced by the 105'K Structural Phase Transition
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(Received ll May 1972; revised manuscript received 25 September 1972)

Accurate birefringence measurements on monodomain SrTi03 platelets give important
information about the fluctuations associated with the second-order structural phase
transition. Above the transition, the monodomain character is announced by a birefrin-
gence tail caused by anisotropic fluctuations. Because of these, a distinct cusp is ob-
served at the transition temperature T~. Below T~, the difference (q~2) —(y~2) between
mean-square rotations p~ associated with the order parameter and orthogonal rotations

ls obtained,

Structural phase transitions have been the sub-
ject of many recent investigations. This is par-
ticularly true of the cubic-to-tetragonal transi-
tion in SrTio, associated with alternate rotations
y, exp(-iq„R) of the Tio, octahedra around
their fourfold axes, (p, ) being the (generalized)
order parameter. Much static' and dynamic' in-
formation has already been obtained on this sys-
tem, and evidence for an extended critical region
presented, ' This Letter reports on accurate bire-
fringence measurements performed on a monodo-
main platelet. ' The birefringence is related to
the order parameter' and is sensitive to fluctua-
tions. ' Above and at T, it shows the fluctuation
anisotropy caused by the orienting mechanism
producing the monodomain character. Below the
transition it essentially probes the difference
(p,') —(y,') of squares of locz/ rotation angles
around and perpendicular to the c axis.

A thin (110)platelet of dimensions -7 x2x0.27
mm, with its longer side parallel to [001], was
used for the measurement. From previous EPR
results it is known that such platelets become
nearly monodomain below T„with the c axis
along [001].' The use of a monodomain sample is
essential to achieve accuracy and reproducibility.
A 1-m% 6328-A. laser probed a central region of
--,' mm diam. A Berek compensator well suited
for small retardations was employed, ' and was
followed by an analyzer and photomultiplier. The
compensation curve, obtained by rotating the
compensator plate around the [001]direction,
was recorded digitally and fitted by least squares
with the theoretical response. A retardation ac-
curacy of +2X10 'A was achieved for compensa-
tor retardations 1",&2x10 'X, beyond which the
error increased linearly with I,. The sample
was placed in a temperature-controlled enclosure
mounted in a cold-finger optical cryostat. In the
region of T, the temperature stability was esti-
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FIG. 1. Closed circles, low-temperature birefrin-
gence data extrapolated by the solid line which is the
fit of Fig. 2(a). Open circles, square of the order
parameter measured on Fe + centers (Ref. 15), ex-
trapolated by the dash-dotted line which is the fit of
Ref. 4. The as and (p~) scales correspond as ex-
plained in the text.

mated to be better than 0.01 C, with a relative
reading accuracy of +0.02 C.

The general behavior of M for T(T, is shown
in Fig. 1. The zero of the data points has been
displaced vertically; the actual zero of ~ oc-
curred around S8.5'K in all the measurements
presented here. To achieve the highest measur-
ing accuracy in the region of T„ the compensa-
tor plate was usually given a constant, slight tilt
(rotation around [110]), which compensated the
negative birefringence background. The present
results are in agreement with previous observa-
tions. ' It seems logical to associate the constant
negative background observed far above T, to the
orienting mechanism causing the monodomain
character below T,. This mechanism could be
built-in strains, or also a very slight distortion
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FIG. 2. Birefringence data around T, , Solid line, exponential fit explained in the text. (a) Entire temperature
range; (b) exact vicinity of 7'~ on a greatly expanded scale. The cusp position is shovrn by the arrowy. The dash-
dotted line is a properly scaled replica of (+~) from Ref. 4. The dashed line passes through the experimental
points. (c) Birefringence tail expanded vertically.

of the cubic phase which might exist above T,."
In either case the constant background can be
subtracted, giving curves which represent the ef-
fect of the softeni. ng of the q„optical phonon on

the birefringence. The region of I', is shown in
detail in Fig. 2, where the cusp [Fig. 2(b)], and
tile tall [Fig. 2(c) ] Rl 8 presented OI1 Rppl'opl'1Rtely

expanded scales.
I et the light propagate in the —g direction,

with its polarization vector bisecting g and s, in
a slab parallel to the yz plane and of thickness I..
The compensator, of variable retardation I„
has its main vibration directions parallel to P
and 2. The inverse optical dielectric tensor of
the medium E ~g

= 6o 5 ~g+ 46 ~b ls composed
of a large constant isotropic part and of a small
space-time-dependent anisotropy Le ~s

' (Greek
subscripts refer to ~, y, and z). An eikonal ap-
proach" can be used, provided that the gradient
of the fluctuations in the inverse dielectric tensor
is much smaller than 2II/An„where A, is the vac-
uum wavelength and n, = v'e, . My results indicate

- that this holds for SrTiO„even for large fluctua-
tions whose size would be as small as the unit
cell. For small anisotropies the difference be-
tween wave normal and ray directions is negligi-
ble; one must only account for local fluctuations
of the main vibration dixections in the yz plane.
The light sees the Quctuations as Stgtgc provided
the slowing down relaxation time is longer than
both the optical period and the flight time over a
correlation length, which is well satisfied for

SrTiO, . For xetardations much smaller than a
quarter wave, the average intensity detected
after the analyzer is then"

f= f,(H/x') [((r,) —r,)'+a],

where f, is the incident intensity, and I', ={De„I

—b,e„ l)Ln, '/2. Angular brackets denote ensem-
ble averaging. By varying I", the compensation
curve is obtained, from which (I', ) is deduced.
The plotted quantity is bn = (n, —n, )= (I', )/I. .
The background is

a=( Jfr,(x, y, s, t) fr,{z+~, y, s, f)d~)„,/I. ,

where Gr, =I', —(I', ) is a totally depolarized
contribution which would in principle allow a
measurement of higher-order correlations. In
SrTiO„~ being itself very small, the back-
ground was too small to be reliably measured.

Using these consideration, the xesults on
SrTiO, can be interpreted in terms of current
theories by allowing the phase-transition contri-
bution to e ' to be expanded as a function of the
loca/ 1'otRtlon Rllgles p,. (I Rtlll subscr1pts 1 efel
to crystal axes a, a', and c). One writes he, ,

'
= T ~ ~gQ~Qg, %'hex'e 2 ls a fourth-order cubic
tensor. The orienting mechanism affects &

' in
two ways: first, through its effect on the q,.'s;
second, by the background contribution (though
the strain-optic tensor, in the case of strain) al-
ready subtracted by the ordinate shift. For the
present sample orientation one obtains

~n=n, '[-.'(&„„—T„„)(&q,'&-2&q.'&-2&q. ')) —1„,.(q. q..)]. (2)

From symmetry considerations (cp,')=(y, ,'). The tetragonal symmetry below T, (neglecting a pos-
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sibly lower symmetry due to the orienting me-
chanism) leads to (y, y, ,)=0. The major portion
of rhn below T, is then

where 5p, =-p, —(y, ) (whereas (y, )=0) and 8
= tlo ( Tyy22 —

Tgygy )/2. The biref 1 111gence behavior
differs from the square of the oxder parameter,
also shown in Fig. 1, by the fluctuation differ-
ence 6=- (5p,')- (y,'). This quantity plays an
important role in micxoscopic theories of the
transition, but its critical behavior is not known
outside mean-field theory. " By neglecting the
contribution of the orienting mechanism, 6
should be negative below T, since the curvature
of the potential well is higher in the q, than in
the y, direction or, similarly, since the frequen-
cy of the doubly degenexate soft mode is lower
than that of the singly degenerate one. Below
-30'K, changes in L are entirely controlled by
the decrease of (y,') with T proportional to
(k&u, ) 'coth(h&u, /2kT), where &u, is a frequency
of the order of the lowest optic branch fxequency
(-2 meV)." This quantity varies as coth(12'K/
T), which accounts for the nearly linear increase
of M at very low temperatures. A fit of this
sort also leads to an estimate of (y,')„ th«ero-
point fluctuations, found to be very small. Since
(5g,'), & (y,'), on theoretical grounds, the (y, )'
curve obtained by EPR" can be scaled to Lhn such
that the two curves almost meet at O'K (Fig. 1).
The oxdinate difference of these curves is rough-
ly equal to 6, negative throughout the low-tem-
perature phase except for the exact vicinity of
T, [Fig. 2(b)]. From this scaling one obtains
S ~55 x10 ' deg '.

Above and immediately around T [Figs. 2(b)-
2(c)], the birefringence is small and governed
by the effect on fluctuations of the orienting mech-
anism. In its absence one would have Lhn =0,
for T & T,. Rotations around the c direction being
favoxed by the mechanism, a positive value of 6
results, in agreement with the observation. A

possible contribution of (cp, y, i) above T, cannot
be ruled out, the difficulty being associated with
the particular crystal orientation required to ob-
tain a monodomain. A comparison with the EPR
linewidth' is, however, worthwhile. The EPR
shows cusps both in (cp,2) and (y,'), whose differ-
ence should be of the oxder of the birefringence
cusp. The EPR linewidth measurement is per-
formed almost entirely in the motional narrowing
limit. Only in the close vicinity of T, is an in-
homogeneous line observed, indicating fluctua-

tions slmvgz than the characteristic measuring
frequency. This lattex regime is that of the bire-
fringence measurement throughout the enBre
temperature range. Therefore, comparison with
EPR can only be made at T„where the linewidth
results give (y,')=0.107 and (y,')=0.016 deg'.
This gives M =S((y,') —(q.'))=5.0x10 ', in re-
markable agreement with the peak amplitude in
Fig. 2(b). These considerations also show that

(y,') is much larger than (y,2) in the tail. Hence, .

lt 18 reasonable to attempt a fit of this tall using
an integral over q space of an appropriate static
structure factor. The result of such a fit" lends
further support to a strong anisotropy of the
structure factor. '

Finally, we discuss the critical region below

T, [Figs. 2(a)-2(b)]. By studying the curvature
of the potential well in a Landau model, " it is
easy to see qualitatively that, whatever the ori-
enting mechanism, it will strongly reduce (q,')
in the region of T„but will have little or no ef-
fect on (5y,'), except for a small overall T, dis-
placement. d, positive at E„changes sign as
the temperature is reduced. This sign reversal
takes place rapidly, within much less than a de-
gree from T„as seen from the EPR linewidth. '
This is also seen in Fig. 2(b), where (y, )' from
Ref. 4 is drawn with the scale determined in Fig.
1 and using the value of T, given by the cusp posi-
tion (T,=105.41'K}. This dash-dotted curve
crosses the dashed experimental one around T
= 105.25 K, where 6 changes sign. Because of
this complicated behavior, a true exponential fit
is not expected to hold up to T,. An excellent
least-squares fit to the points between 90 and
104.3'K is bn =10 'x(105.26'K - T)072. This is
the solid line drawn in Figs. 1 and 2(a)-2(b). The
small difference between the origin of this fit and
the actual I', is probably meaningful, given the
temperature reading accuracy. It is another
manifestation of the complication caused by the
orienting mechanism. Inasmuch as 4 is small
compared to (y, )', the exponent, whose accuracy
is +0.02, should be of the order of 2P. This ex-
ponent is definitively smaller than its expected
mean-field value of I."

In conclusion, the bi.refringence results give
valuable information on fluctuations and the an-
isotropy produced by the orienting mechanism.
In multidomain crystals such anisotropy also
seems to exist within individual domains, and in
fact appears to have a fairly constant effect on
EPR resonance lines. " Since no measurement
can claim to be free of it, a better understanding
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of this mechanism will certainly improve the de-
scription of the transition.
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%he lowest conduction bands of a number of perovskites are determined principally by
the (pd~) interaction which mixes the t2& tf orbitals of the transition-metal ion with the
p orbitals of the oxygen. Because of the planar character of the (Pdn) interaction, each
of the three equivalent t2& conduction bands depends strongly on only two of the conpo-
nents of the wave vector. As a result, the bands possess a two-dimensional character
which accounts for the characteristic structure in the density of states and the optical
properties of SrTi03, BaTi03, and KTa03.

The transition-metal perovskites such as
SrTiO„BaTiO„and KTaO, have received con-
siderable attention because of their many inter-
esting electronic, ' ' structural, ' ' and optical" "
properties. Each of the above-mentioned materi-
als is an ionic insulator with a band gap of 3 to 4
eV separating the d conduction band from the va-
lence band. BaTiO, is ferroelectric" below the
Curie temperature, and doped SrTiO, is a super-
conductor. '4 The photochromic and electrochro-

mic properties of SrTiO, have been discussed re-
cently, ""and the electronic surface states of
the d-band perovskites have also been studied by
Wolfram, Kraut, and Morin. " Mattheiss has re-
cently reported energy-band studies of these ma-
terials. '

The purpose of this Letter is to discuss a, sim-
ple model which illustrates the two-dimensional
nature of the lowest conduction bands. Analytical
approximations are obtained for the energy bands


