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Observations of a Very Large Critical Length Scale in SrTiO;
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High-resolution x-ray scattering measurements have revealed a second critical length scale at the
cubic-to-tetragonal transition in SrTiOs3, corresponding to very large correlation lengths of the order of
2500 A at T.+1 K. The correlation length becomes substantially larger still after the sample tempera-
ture has been cycled once through 7., a novel memory effect in large-length-scale critical behavior of
this kind. We discuss the interpretation of these observations in terms of the effect of extended defects

close to a weakly first-order transition.

PACS numbers: 64.70.—p

We report observations of a second, and very large,
critical length scale at the structural phase transition in
SrTiO3, and a novel and unexpected memory effect in
this behavior. The second critical length scale can be in-
terpreted as evidence that the transition is intrinsically
first order in character.

The critical fluctuations associated with the cubic-to-
tetragonal transition at 7,=105 K in the perovskite
SrTiO; are known to display two distinct time scales
near T..' One is determined by the dynamics of the R-
point soft mode; the other—the ‘“‘central peak”— is
much slower and is believed to be due to the presence of
defects.? Recently, high-resolution x-ray scattering mea-
surements have shown that the critical fluctuations also
exhibit two distinct length scales at the equivalent transi-
tion (at T.= 190 K) in the isomorphous compounds
RbCaF;** and KMnF;°: Just above T, the x-ray scat-
tering at the R point has a sharp component superim-
posed on the broad peak from the intrinsic critical fluc-
tuations, and the width of the sharp component narrows
continuously to the instrumental resolution as 7— T,.
It has long been known that SrTiO; also has a sharp
component in the R-point x-ray scattering above T, but
high-resolution studies—most recently and comprehen-
sively performed by Andrews®— have always found the
width of the component to be resolution limited and in-
dependent of temperature.

The width and position of the sharp component in
RbCaF; and KMnF; correspond to scattering from large
clusters, =500 A across (cluster sizes given for RbCaF;
and KMnF; in this paper differ from previously pub-
lished values following a more rigorous recalculation of
their magnitudes) at 7.+ 1 K, with a tetragonally dis-
torted structure.>”> The tetragonal distortion was de-
tected as a small, temperature-independent displacement
of the sharp component from the exact R point, by just
the amount of the discontinuous change in the
reciprocal-lattice dimensions at the (slight) first-order
transitions in these two materials. This feature, and the
T dependence of the width of the scattering, have been
interpreted®™ in terms of the qualitative predictions by

Imry and Wortis” of the effect of defects on first-order
transitions. Close to such a transition, in this picture,
there will be fluctuations between the high- and low-
temperature phases mediated by the strain energy
around the defects. The spatial extent of the fluctuations
will then vary inversely with the difference in free energy
between the phases, and so diverge as T— T..

We have now found critical behavior of this kind in
SrTiO;. Almost certainly, this has eluded previous dif-
fraction studies because the clusters are considerably
larger than RbCaF; and KMnF; (being =2500 A
across at T, +1 K) and become substantially larger still
after cycling of the temperature through 7. even once.
The sheer size of the clusters is remarkable, even in the
virgin sample, and the memory effect after passage
through T, is a new feature in critical behavior of this
kind.

The sample used was cut from the same colorless
boule as was Andrew’s sample.® The boule was grown
by the Verneuil (frame fusion) method and was obtained
from the Titanium Division of the National Lead Com-
pany in about 1960. Although the boule had been cycled
through T, previously, it had been maintained at room
temperature for about 20 yr. A single-crystal (100)
plate approximately 10x10x3 mm?® was cut from the
boule, polished, and deeply etched by repeated agitation
in dry H3PO4 at 280°C for 1-h intervals. This pro-
cedure removed all surface damage and produced an x-
ray rocking curve width of only 0.008(1)° (FWHM).
This is significantly less than the width of 0.020° report-
ed by Andrews,® and very similar to the values obtained
for the samples used in the RbCaF; (Refs. 3 and 4) and
KMnF; (Ref. 5) experiments.

The sample was mounted in a strain-free manner in a
closed-cycle cryostat and orientated with the face nor-
mal, [011], and a cubic [110] direction in the (horizon-
tal) scattering plane of our triple-axis x-ray diffrac-
tometer.® The temperature stability of the cryostat was
+0.01 K. Measurements were made in reflection
geometry with Cu Ka;, x rays from a rotating-anode
source, with Si(111) monochromator and analyzer crys-
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FIG. 1. The temperature dependence of the wave-vector widths for the sharp component of the critical scattering at the

(0.5,0.5,2.5) R point (a) perpendicular and (b) parallel to the crystal surface. The filled circles are the FWHM, in reciprocal-lattice
units, measured with decreasing temperature for a virgin sample. The triangles are the FWHM measured after the sample had been
cooled through 7, and then warmed to room temperature. The solid lines are guides to the eye. Inset in (b): Orientation of the

sample on the instrument.

tals. The instrumental resolution in the scattering plane
varies as a function of wave-vector transfer® but is typi-
cally 5x107% A ™! Perpendicular to the scattering
plane, the resolution was limited by a simple slit to ap-
proximately 2x10 "2 A ™!, Under these conditions only
the sharp component is detected: The broad component
becomes simply part of the general background. Our
measurements therefore probe only the long-correla-
tion-length scales. Details of the behavior of the shorter
correlation length in SrTiOs are given by Andrews.$

The transition temperature of etched samples cut from
the same boule had been determined previously as
103.65+0.1 K,® with use of the same cryostat and tem-
perature controller. The temperature of our sample was
slowly reduced to 106 K, taking care that there were no
excursions down to or below T.. Then the position, in-
tegrated intensity, and wave-vector width of the R-point
scattering were measured at a series of temperatures,
stepping towards T,, by performance of grid scans of the
regions of reciprocal space around (0.5,0.5,2.5) and
around the three cubic-phase Bragg reflections (0,0,2),
(0,0,3), and (1,1,3); these three Bragg reflections were
used to define and check a cubic reference frame. The
sample was maintained for at last 36 h at each of the
temperatures where measurements were made.

The filled circles in Fig. 1 show the results obtained
for the wave-vector width. In contrast to the measure-
ments of Andrews,® we find that the width is not resolu-

tion limited above 7T,. The additional, noninstrumental
width is isotropic—the same within error along [110]
and [001], as found also in RbCaF3 (Refs. 3 and 4) and
KMnF; (Ref. 5)—and decreases continuously to zero at
T., corresponding to a divergence in the correlation
length of the features giving rise to the scattering. The
change in width with temperature can be seen clearly in
Fig. 2(a), which shows the measured scan profiles along
[110] through the R point at 7.+ 1.4 K and just above
T..

A simple deconvolution of the instrumental resolution
yields an estimate of 110080 A for the correlation
length at 7.+ 1.4 K, along both [110] and [001], rising
to 2400 =400 A at T.+1 K. These are very large sizes,
and considerably greater than was found in RbCaFj3
(Refs. 3 and 4) and KMnF3 (Ref. 5) (=500 A at 7.+1
K). The difference becomes greater still if the compar-
ison is made in terms of the reduced temperature,
(r—T1.)/T..

The results obtained for the T dependence of the in-
tegrated intensity of the scattering reveal that, within er-
ror, the intensity varies in proportion to the correlation
length. This observation is discussed further below. Un-
like RbCaF; (Refs. 3 and 4) and KMnF;,* the position
of the scattering remained exactly at the R point for all
temperatures above T, within the resolution of our mea-
surements (+2x10 3 reciprocal-lattice units). This is
consistent with any discontinuity in the lattice parame-
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FIG. 2. The intensity observed in [{£0] scans through the sharp component of the critical scattering at the (0.5,0.5,2.5) R point,
measured at 7.+ 1.4 K and just above T and normalized to the same peak intensity (a) for the virgin sample and (b) after the sam-
ple had been cooled through T, and then warmed to room temperature. The solid lines are guides to the eye.

ters at T, being less than 10 =6 A in SrTiOs, '° compared
with =102 A in RbCaF;'' and KMnF3.’

Below T, the R-point scattering is a Bragg reflection,
and its width remained constant at the resolution limit
(Fig. 1). Measurements were made down to 7. — 10 K;
then the sample was warmed up to room temperature
and the whole experiment was repeated. As before, the
temperature was carefully reduced to =106 K and then
stepped towards 7., maintaining the sample for several
hours at each of the temperatures where measurements
were made. The behavior of the position and integrated
intensity of the R-point scattering was unaltered, but the
wave-vector width was considerably less, as shown by the
triangles in Fig. 1. (Because the scattering was sharper,
the time spent at each temperature was less than in the
first run: The sample was maintained for 14 h at
T.+1.4 K, and for 4 h at temperatures closer to 7.)
The width still exhibits critical behavior, decreasing to
the resolution limit in the vicinity of T, (Fig. 1); the de-
crease is very small, but the measured scan profiles in
Fig. 2(b) confirm that it is significant. The additional
width above T, remains isotropic, corresponding to an
increased correlation length of =3600= 1200 A along
both [110] and [001] at 7.+ 1.4 K. The same result was
obtained, within error, on our heating back to 7. +1.4 K
after cycling through 7, the second time: There was no
evidence of the width either increasing towards its initial
value or decreasing further. In this final measurement,
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the sample was maintained at 7.+ 1.4 K for over 30 h.
We ascribe the observed R-point scattering above T,
to the presence of large clusters of the tetragonal phase
embedded within the cubic matrix. The form of the tem-
perature dependence of the larger correlation length is
similar for all three perovskites studied so far, and is in-
dicative of a common origin. The tetragonal nature of
the clusters was clearly demonstrated in both RbCaF;
(Refs. 3 and 4) and KMnF; (Ref. 5) by the offset posi-
tion of the scattering, and the corresponding abrupt
jump into registry at 7, by the cubic-phase Bragg
reflections.®>™® As explained, we believe the lack of any
measurable offset in SrTiOj; is simply a reflection of the
extremely small tetragonal strain stabilized at 7, in this
case. The tetragonal clusters are interpreted (see above)
as spatial fluctuations occurring close to a first-order
phase transition through the effect of strain energy
around extended defects such as dislocations, and the
cluster size will then be larger (at a given reduced tem-
perature) the smaller the free-energy difference between
the phases. The large but finite correlation length above
T. in SrTiO; is thus indicative of a small first-order
character in the transition, at least in the virgin sample.
This conclusion is in accord with recent evidence from
ultrasonic attenuation and velocity measurements,'? and
probably from EPR studies too,'® that a weakly first-
order transition can be detected in unstressed, well-
annealed SrTiO;. However, some other aspects of the
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observed behavior are less readily assimilated. First, it is
surprising that the system can support critical fluctua-
tions on a length scale well in excess of 10° A as much
as 1 K above T.—a reduced temperature, (T —T,)/T,,
of =0.01. Secondly, there is the memory effect. Such
behavior might plausibly be explained— within the
proposed interpretation of the large-length-scale fluctua-
tions—on the basis that unstressed (and, so, first-order)
SrTiO; is close to a tricritical point and small stresses
will make the transition continuous.'>!*> The introduc-
tion of residual stresses after passing through 7, could
have this effect, and a more nearly continuous transition
would be predicted to give rise to the larger clusters ob-
served. But a memory effect, of whatever cause, associ-
ated with a very weakly first-order transition, is not ex-
pected to survive heating to room temperature (more
than 150 K above T.); moreover, the sample was main-
tained for over 30 h at 7.+ 1.4 K in the making of the
second set of measurements. Thirdly, the variation of
the integrated intensity in proportion to the correlation
length indicates that the large-length-scale clusters,
despite their size, cannot be regarded as simply regions
of nearly uniform tetragonal distortion which just grow
larger as T— T,.. The behavior is more consistent with
the varying distortion profile expected around isolated
point defects, and the corresponding Lorentzian-squared
form of the scattering.'*!> As yet, it is far from clear
why critical behavior on a much larger length scale, and
around extended defects, should exhibit this similarity.
Such features underline the need for a more detailed un-
derstanding of the large critical length-scale behavior.
Finally, we stress that we believe all the observed
effects to be characteristic of the bulk, rather than the
surface.’™> This is strongly suggested by the very close
similarity of the size and temperature dependence of the
correlation lengths parallel (along [110]) and perpendic-
ular (along [001]) to the surface (Fig. 1). Also, the sur-
face was deeply etched, as in the preparation of the
RbCaF; sample,’ and in one of those samples the sharp

component in the R-point scattering was entirely ab-
sent.> Previously published results for SrTiO3 showing
resolution-limited R-point scattering persisting well
above T, are, we believe, attributable to surface damage
following cutting and polishing with no,'® or insufficient,
etching.
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