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To understand the origin of the second long-length scale in SrTiO3, we studied structural defects in
Verneuil-grown single crystals by transmission electron microscopy. The density of the dislocat
was observed to decrease with increasing depth from the original cut surface of the crystals.
high density of dislocations in the skin region is most likely responsible for the second len
scale. [S0031-9007(98)05447-7]

PACS numbers: 64.70.Kb, 77.80.Bh, 77.84.Dy
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The cubic-to-tetragonal phase transition at a tempe
ature Tc , 100 K in perovskite SrTiO3 is driven by
the softening of a zone-boundaryR point s 1

2
1
2

1
2 d phonon

mode [1]. According to the theory of critical phe-
nomena, there should be a single correlation leng
j ­ 2pyk, where the inverse correlation lengthk is
proportional to the half width at half maximum of a
diffraction peak profile across theR point, which is
broad and Lorentzian. Inelastic neutron studies [
showed that the Lorentzian profile is due to the soft mod
with dispersionv2sq, T d ­ vs0, T d 1 aq2, where the
momentumq is measured relative to theR point and
v2s0, T d , sT 2 Tcd. In addition to the phonon side-
bands, subsequent neutron studies [2] reported an ela
peak that has come to be called the central peak, who
intensity diverges asTc is approached. About ten years
ago, Andrews [3], using high resolution x-ray diffraction
observed an unexpected, narrow Lorentzian-squared p
in addition to the usual broad one. This finding implies th
existence of a second long-length scalejL2 and the corre-
sponding inverse correlation lengthkL2. From systematic
studies of the two length scales [4–7], it was conclude
that the narrow component was dominant in the “skin
region of the sample where the strain concentration w
higher, and might be induced by a higher concentration
defects near the surface. Nevertheless, there has bee
direct observation of the defects and their distribution
the skin region of the SrTiO3 crystals, nor have the defects
giving rise to the central peak been identified. In th
Letter, we report our study of structural defects and the
distribution in Verneuil-grown SrTiO3 single crystals by
transmission electron microscopy (TEM) to find the origi
of the second length scale and the central peak near
cubic-to-tetragonal phase transition.

The very same single-crystal slices of 0.5 mm thick
ness, which showed the two-length-scale phenomena
x-ray and neutron experiments (referred to as AC-0
in Ref. [7], supplied by Atomergic Chemicals Co., an
grown by the Verneuil method), were carefully cut into
0031-9007y98y80(11)y2370(4)$15.00
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small pieces for ourin situ TEM study. To compare the
TEM observations with the x-ray and neutron diffraction
results, the cross-section samples were prepared with
modifying the original surface. For each sample, tw
crystal slices, with their original surfaces against eac
other, were sandwich glued by two Si slabs. The samp
was then sliced perpendicularly to the surfaces and i
milled at low temperature using Gatan low-energy guns
very shallow angless,10±d.

Figures 1(a) and 1(b) are typical TEM images showin
the morphology of structural defects in the AC-0.5 samp
using reflectionsg ­ s2200d and g ­ s020d, respec-
tively. B is denoted as bubble, andD as dislocation. A
systematic contrast experiment and defocus converge

FIG. 1. Bright-field images showing structural defects an
the annealing effects in the SrTiO3 crystal using reflections
g ­ s2200d [(a) and (c)] andg ­ s020d [(b) and (d)]. B
is denoted as bubble, andD as dislocation. (a), (b) before
heating, (c), (d) heated at 650 K for 30 min and then coole
to RT . Note the dot contrast from nanoscale bubbles an
dislocation loops in (c) and (d).
© 1998 The American Physical Society
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beam electron diffraction analysis revealed that mo
dislocations have a Burgers vector ofb ­ ak110l. The
dislocations are usually of mixed character with bot
screw and edge components. The bubbles range fr
about 10 to 500 nm in diameter, featured by annul
thickness fringes at their interface with the crystal matri
and a line of no contrast perpendicular to the imagin
reciprocal vectors resulting from a radial strain fiel
surrounding them, as shown in Figs. 1(a) and 1(b). Wh
irradiated by a focused incident beam or heated abo
625 K using anin situ heating stage, the bubbles, espe
cially those in thin areas of the crystal, shrink, collaps
and eventually disappear. Figures 1(c) and 1(d) are tak
from the same area as Fig. 1(a) after the sample had b
heated in the microscope for 30 min at 650 K and the
cooled to room temperature. In addition to the loop
left by shrunken bubbles after heating, much small
defects (about 15–50 nm in diameter) formed [seen
dot contrast in Figs. 1(c) and 1(d)]; they are nanosca
bubbles and dislocation loops with ak100l Burgers vector.
During irradiation by the focused incident electron beam
we observed small dislocation loops hopping from on
position to another. From these experiments, and t
process of crystal growth described by Bednorz an
Scheel [8], we conclude that supersaturated gases w
absorbed by the SrTiO3 single crystals during their
flame-fusion growth and then precipitated as gas bubb
during cooling. These nanoscale bubbles and associa
dislocation loops appear throughout the sample.

Study of the variation of defect density with depth awa
from the original cut surface in cross-section samples r
vealed a very steep dislocation distribution in the sk
region of the AC-0.5 crystals. However, there was n
gradient in distribution of bubbles. The dislocation den
sity at the original cut surface is very high, see Fig. 2(a
and decreases with depth as shown in Fig. 2(b). Fi
ure 3 plots the dislocation density as a function of dep
from the cut surface of the crystals. The density is abo
6 3 109ycm2 at the cut surface, decreases very steep
to 1 3 109ycm2 at about10 mm, and then declines to a
constant levels1 , 2d 3 108ycm2 at about20 mm. This
observation suggests that a higher dislocation concent
tion near the cut surface, inducing a heterogeneous str
distribution, may give rise to a quasistatic narrow leng
component.

Our TEM experiments were mainlyin situ using either
a heating stage or a cooling stage, although the dislocat
density was measured at room temperature. Duri
cooling, we directly observed the symmetry change of th
crystal lattice near the dislocation core using converge
beam electron diffraction (CBED), suggesting a pha
transition initiated at the defects. Quantitative analys
of the phase transition was not possible because of
unknown temperature due to the heating of the focus
electron beam, and to the blurry lines in the CBED patte
due to the strain field associated with the defects. O
st
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FIG. 2. Dislocation distribution (a) at the cut surface and
(b) near the surface in the cross-section AC-0.5 sample showi
a marked depth dependence of dislocation density.

in situ experiments, however, inspired us to pursue a
analysis of strain-induced nucleation centers for the pha
transition.

A rough estimate of the mean stress caused by the
dislocations was obtained using a similar approach as th
by Altarelli et al. [9]. The elastic constants for SrTiO3
at room temperature areC11 ­ 316 GPa,C12 ­ 102, and
C44 ­ 123 GPa (at 80 , 300 K, the elastic constants
vary by less than 8% [10,11]) with an anisotropy ratio
A ­ 2C44ysC11 2 C12d ­ 1.15, which suggests that the
crystal is nearly isotropic. Based on the linear elasticit
theory for isotropic solids [12], the trace of the stres
tensor at a pointsr , fd from an edge dislocation is

s ­ 2
mbs1 1 pd
ps1 2 pd

sinf

r
, (1)

wherem ­ C44 ­ sC11 2 C12dy2 is the shear modulus,
b is the Burgers vector length,p ­ C12ysC11 1 C12d

FIG. 3. Dislocation density as a function of the depth from
the cut surface.
2371
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Poisson’s ratio, andf is the angle from thex axis which
is parallel to the Burgers vectorb. The mean square of
the stresss over the region fromb to R may be calculated
from Eq. (1):

ks2l ­

µ
mbs1 1 pd
ps1 2 pd

∂2
1

R2
ln

R
b

. (2)

Substituting experimental values form, p, and b into
Eq. (2), we found that, in an area close to an ed
dislocation, the stress is quite large, e.g.,s ­ 9.1 GPa
whenRyb ­ 10. Equations (1) and (2) indicate that ther
is an approximate power-law decay for the stress field o
dislocationssrd , r2a with a , 1; for bubbles,a ­ 3.

Based on Landau’s theory, we assume that the f
energy of the tetragonal SrTiO3 is lowered in the strained
regions when the spontaneous strains of the tetrago
domains are close to the existing strains in the specim
We can express quantitatively the lowering of the fre
energy by using the Landau free-energy density:

F ­
1
2 afT 2 sTc 1 KsdgQ2 1

1
4 BQ4 1 · · · , (3)

where Q is the order parameter in the Landau’s theo
which is the rotation angle of the octahedra in the tetrag
nal SrTiO3, s is the stress, andK and B are constants.
The term2

1
2 aKsQ2 is the lowest nonvanishing coupling

term between the stress and the order parameter. Eq
tion (3) indicates an increase of the transition tempe
ture from Tc to sTc 1 Ksd caused by the existence o
the stresss. At a given temperatureT s.Tcd, those re-
gions can be transformed into a low-temperature pha
where the stress is larger than that determined by
condition

T 2 Tc 2 Ks ­ 0 . (4)

Okai and Yoshimoto [11] determined experimentally th
pressure dependence of the transition temperature
SrTiO3 and found a mean value forK ­ dTcyds to be
equal to28 KyGPa when the pressure is increased from
to 3 GPa. Such a value was also calculated theoretica
[13]. Taking this value, we estimated that the increa
of the transition temperature in a region close to
edge dislocation (fromRyb ­ 1 to Ryb ­ 10) is about
255 K. This is not surprising since Osterman, Mohant
and Axe [14] reported a surface transition temperature
Ts ­ 340 K, compared to the bulk transition temperatu
of Tb ­ 112 K for a polished, unetched Verneuil-grown
SrTiO3 crystal.

From Eq. (2), we know the relationship between th
length R and the mean stress over the region fromb
to R around an edge dislocation. Using the relationsh
between stress and transition temperature experiment
measured by Okai and Yoshimoto [11], we obtaine
the length scaleR of the stressed region, which ha
transformed into the low-temperature tetragonal pha
at a given temperatureT , around a dislocation line.
The valuesk ­ 2pyR as a function ofT (marked by
open circles in Fig. 4) are in good coincidence wit
2372
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FIG. 4. Temperature dependence of the inverse correlatio
length kL2 ­ 2pyjL2 for the long-length scale measured by
Hirota et al. [7] (solid squares) and calculated by the presen
model (open circles) usingjL2 equal to the length scaleR of
the stressed region around a dislocation.

the temperature dependence of the inverse correlatio
lengthkL2 for the narrow component measured by Hirota
et al. [7] (marked by solid squares). Thus, we conclude
that the so-called second length scalejL2 corresponds to
the length scaleR of the stressed regions which have
transformed to the low-temperature phase at a temperatu
T . Tc in the vicinity of dislocation lines.

Our observations are consistent with almost all of the
experimental results [15,16]:

(i) Usually, mechanical processing causes an increa
in dislocation density so that the narrow componen
induced by high density dislocations is observed fo
most crystals studied. Chemical etching can remove th
surface layer, high-temperature annealing may reduce t
dislocation density, and, hence, reduce its contribution t
the narrow component [3,17].

(ii) Although the domain shape of the low-temperature
phase is anisotropic with respect to the line direction, th
dislocations themselves are neither straight nor paralle
and sometimes form tangles, as shown in Fig. 2(a). Th
fact is consistent with the observations [4,7] that the
narrow component is almost isotropic.

(iii) Since the narrow component has a different origin
than the broad component, the critical exponentnL2 for
the second correlation lengthjL2 defined byjL2 , t2nL2

ft ­ sT 2 TcdyTcg, or kL2 , tnL2 with jL2 ­ 2pykL2,
and the susceptibility exponentgL2 defined asxL2 ,
t2gL2 , wherexL2 is the amplitude of the narrow compo-
nent, must differ from those of the broad component. Th
componentsnL2 andgL2 may be estimated as follows.

From Eqs. (1) and (2), we haves ­ s0R21. Substi-
tuting into Eq. (4), we obtain the length of the domains o
the low-temperature phase as

R ­ sKs0d21sT 2 Tcd21 , t21, (5)

which leads tonL2 ­ 1 if we take the domain lengthR
of the low-temperature phase as the long-length scalejL2.
The integrated intensityIL2 of the narrow component is
proportional to the quantity of the low-temperature phase
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and, hence, toR2. By substituting Eq. (5), we obtain

IL2 , t22. (6)

For a Lorentzian-squared profileIL2 , xL2kL2, so that
a rough estimate for the susceptibility exponent can
obtained,

xL2 , IL2jL2 , t23, (7)

which givesgL2 , 3.
The critical exponentnL2 was measured as 0.50 ove

the reduced temperature range0.002 , t , 0.03 [4], and
about 1.27 over the range0.01 , t , 0.35 deduced from
Hirota’s data [7]. Our estimation ofnL2 ­ 1 lies in be-
tween these values. The experimental value ofgL2 ­ 2.6
was deduced [15] from the data of McMorrowet al. [4]
which approaches the estimated value of 3. The tempe
ture dependence of the integrated intensity of the n
row componentsIL2 , t22d estimated in Eq. (6) is also
consistent with the experiments. Andrews [3] reported
constant linewidthskL2 , t0d by low resolution measure-
ment, and at22 temperature dependence for the amplitud
xL2. These lead toIL2 , xL2kL2 , t22. From McMor-
row et al. [4], we also haveIL2 , xL2kL2 , t22.1. More-
over, the data given by Hirotaet al. [7] for specimen
AC-0.5 showIL2 , t21.8.

(iv) Our observation revealed that the surface lay
with high dislocation density is nearly1 3 mm thick.
This result is consistent with the depth dependence
the narrow component experimentally studied by Hiro
et al. [7], who found no depth dependence for penetratio
depths of0.19 2.70 mm. Our result is also consistent
with the depth dependence of the x-ray intensity of supe
reflections311dy2 measured by Darlington and O’Conno
[17], who found no depth dependence in the penetrati
range of1.9 2.7 mm but evident dependence when th
penetration depth increased from 2.7 to5.0 mm, and to
8.1 mm. Recent diffraction measurements [18] show th
the strain is much larger in the surface region of,10 mm
than it is in the bulk.

(v) According to our model, the narrow componen
of the scattering aboveTc originates from the low-
temperature phase, so it should be centered at the posi
of the Bragg reflection of the low-temperature phase. Th
is difficult to verify for a SrTiO3 crystal because of its low
tetragonalityscya , 1.0005d. However, Ryanet al. [19]
observed such a phenomenon in RbCaF3.

(vi) The distribution of defects of both dislocations
and bubbles in our AC-0.5 crystals is uneven, and,
some regions distant from the corners and edges of
sample, we did not observe as steep a distribution
shown in Fig. 3. This is consistent with residual stre
measurements in damaged SrTiO3 single crystals [20],
where the highest residual stress exists near the corn
The unevenness of the defect distribution will affect th
relative intensity of the narrow component in differen
regions of the specimen.
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(vii) The bubbles and small dislocation loops are not
localized near the surface and appear throughout th
samples studied. These may be the defects giving rise t
the central peak observed in all neutron studies of SrTiO3.
The central peak might arise from a local distortion of
the lattice around such a defect, similar to the origin
of Huang diffuse scattering observed near Bragg peaks
Our observations show that the bubbles annealed ou
at a temperature about 600 K; this suggests a neutron
diffraction experiment in which the sample is heated to
600 K and the central peak measured again to ascerta
any change in intensity. An early optical study [21] in
potassium dihydrogen phosphate showed the central pea
is suppressed by annealing.
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