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Structural Defects and the Origin of the Second Length Scale iSrTiO3
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To understand the origin of the second long-length scale in SrTi@ studied structural defects in
Verneuil-grown single crystals by transmission electron microscopy. The density of the dislocations
was observed to decrease with increasing depth from the original cut surface of the crystals. The
high density of dislocations in the skin region is most likely responsible for the second length
scale. [S0031-9007(98)05447-7]

PACS numbers: 64.70.Kb, 77.80.Bh, 77.84.Dy

The cubic-to-tetragonal phase transition at a tempersmall pieces for oum situ TEM study. To compare the
ature T, ~ 100 K in perovskite SrTiQ is driven by TEM observations with the x-ray and neutron diffraction
the softening of a zone-boundaRy point (121) phonon  results, the cross-section samples were prepared without
mode [1]. According to the theory of critical phe- modifying the original surface. For each sample, two
nomena, there should be a single correlation lengtigrystal slices, with their original surfaces against each
& = 2w /k, where the inverse correlation length is  other, were sandwich glued by two Si slabs. The sample
proportional to the half width at half maximum of a was then sliced perpendicularly to the surfaces and ion
diffraction peak profile across th& point, which is milled at low temperature using Gatan low-energy guns at
broad and Lorentzian. Inelastic neutron studies [1)very shallow angle$<10°).
showed that the Lorentzian profile is due to the soft mode Figures 1(a) and 1(b) are typical TEM images showing
with dispersionw?(¢,T) = w(0,T) + ag?, where the the morphology of structural defects in the AC-0.5 sample
momentumg is measured relative to th8 point and using reflectionsg = (—200) and g = (020), respec-
w?(0,T) ~ (T — T.). In addition to the phonon side- tively. B is denoted as bubble, ar@ as dislocation. A
bands, subsequent neutron studies [2] reported an elasgystematic contrast experiment and defocus convergent-
peak that has come to be called the central peak, whose
intensity diverges ag. is approached. About ten years
ago, Andrews [3], using high resolution x-ray diffraction,
observed an unexpected, narrow Lorentzian-squared peak
in addition to the usual broad one. This finding implies the
existence of a second long-length scéle and the corre-
sponding inverse correlation lengk,. From systematic
studies of the two length scales [4—7], it was concluded
that the narrow component was dominant in the “skin”
region of the sample where the strain concentration was
higher, and might be induced by a higher concentration of
defects near the surface. Nevertheless, there has been no
direct observation of the defects and their distribution in
the skin region of the SrTiQcrystals, nor have the defects
giving rise to the central peak been identified. In this
Letter, we report our study of structural defects and their
distribution in Verneuil-grown SrTi@ single crystals by
transmission electron microscopy (TEM) to find the origin h&
of the second length scale and the central peak near the : : :
cubic-to-tetragonal phase transition. FIG. 1. Bright-field images showing structural defects and

The very same single-crystal slices of 0.5 mm thick-the annealing effects in the SrTiCcrystal using reflections

; R _ = (—200) [(a) and (c)] andg = (020) [(b) and (d)]. B
ness, WhéCh shtowed the FWO I?ngthfscalt(aj p;henonxag%% denoted as bubble, and as dislocation. (a), (b) before
x-ray and neutron experiments (referred to as “Y-vheating, (c), (d) heated at 650 K for 30 min and then cooled

in Ref. [7], supplied by Atomergic Chemicals Co., andto R7. Note the dot contrast from nanoscale bubbles and
grown by the Verneuil method), were carefully cut into dislocation loops in (c) and (d).
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beam electron diffraction analysis revealed that most © ]
dislocations have a Burgers vector lof= a(110). The .
dislocations are usually of mixed character with both

screw and edge components. The bubbles range from

about 10 to 500 nm in diameter, featured by annular

thickness fringes at their interface with the crystal matrix,

and a line of no contrast perpendicular to the imaging i
reciprocal vectors resulting from a radial strain field 1
surrounding them, as shown in Figs. 1(a) and 1(b). When

irradiated by a focused incident beam or heated above

625 K using anin situ heating stage, the bubbles, espe-

cially those in thin areas of the crystal, shrink, collapse,

and eventually disappear. Figures 1(c) and 1(d) are taken s
from the same area as Fig. 1(a) after the sample had been
heated in the microscope for 30 min at 650 K and then
cooled to room temperature. In addition to the loops
left by shrunken bubbles after heating, much smaller
defects (about 15-50 nm in diameter) formed [seen as
dot contrast in Figs. 1(c) and 1(d)]; they are nanoscal€IG. 2. Dislocation distribution (a) at the cut surface and
bubbles and dislocation loops with E00) Burgers vector. (b) near the surface in the cross-s_ection_AC-O.S s_ample showing
During irradiation by the focused incident electron beam@ Marked depth dependence of dislocation density.
we observed small dislocation loops hopping from one

position to another. From these experiments, and thg situ experiments, however, inspired us to pursue an
process of crystal growth described by Bednorz andnalysis of strain-induced nucleation centers for the phase
Scheel [8], we conclude that supersaturated gases wefgnsition.
absorbed by the SrTiO single crystals during their A rough estimate of the mean stress caused by these
flame-fusion growth and then precipitated as gas bubblegisiocations was obtained using a similar approach as that
during cooling. These nanoscale bubbles and associateg Altarelli et al.[9]. The elastic constants for SrTiO
dislocation loops appear throughout the sample. at room temperature a®; = 316 GPa,C;, = 102, and
Study of the variation of defect density with depth awayc,, = 123 GPa (at80 ~ 300 K, the elastic constants
from the original cut surface in cross-section samples revary by less than 8% [10,11]) with an anisotropy ratio
vealed a very steep dislocation distribution in the sking = 2¢,,/(C;, — C1,) = 1.15, which suggests that the
region of the AC-0.5 crystals. However, there was nocrystal is nearly isotropic. Based on the linear elasticity
gradlent in distribution of bubbles. The dislocation den-theory for isotropic solids [12], the trace of the stress

sity at the original cut surface is very high, see Fig. 2(a)tensor at a pointr, ¢) from an edge dislocation is

and decreases with depth as shown in Fig. 2(b). Fig- )
ure 3 plots the dislocation density as a function of depth __mb( + p)sing B

from the cut surface of the crystals. The density is about w1 —-p) r

6 X 10°/cn? at the cut surface, decreases very Steep%here,u — Cus = (C11 — C1p)/2 is the shear modulus

to 1 X 10°/cn? at aboutl0 wum, and then declines to a , .
1 X — +
constant leve(l ~ 2) X 10%/cn? at abou20 wm. This b is the Burgers vector lengtty = Cio/(Cii + Cro)

observation suggests that a higher dislocation concentra-
tion near the cut surface, inducing a heterogeneous strain
distribution, may give rise to a quasistatic narrow length 60
component.

Our TEM experiments were mainip situ using either
a heating stage or a cooling stage, although the dislocation
density was measured at room temperature. During J\
cooling, we directly observed the symmetry change of the \
crystal lattice near the dislocation core using convergent ,\
beam electron diffraction (CBED), suggesting a phase \
transition initiated at the defects. Quantitative analysis ol AT
of the phase transition was not possible because of the 0o 0 %o
unknown temperature due to the heating of the focused Depth (m)
electron beam, and to the blurry lines in the CBED patterc. 3. Dislocation density as a function of the depth from
due to the strain field associated with the defects. Outhe cut surface.
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Poisson’s ratio, ang is the angle from the axis which L S S
is parallel to the Burgers vectdr. The mean square of % o ]
the stresgr over the region fronb to R may be calculated ootsd a ]
from Eq. (1): R *
2 < 0010 = g
<0_2>:<Mb(1+l7)> ilnﬁ ) v 0@

m(l — p) R? b 0.005- o = 1
Substituting experimental values fqr, p, and b into Ch
Eg. (2), we found that, in an area close to an edge e 1
dislocation, the stress is quite large, e.@.= 9.1 GPa R

T-T,

whenR/b = 10. Equations (1) and (2) indicate that there
is an approximate power-law decay for the stress field of &IG. 4. Temperature dependence of the inverse correlation
dislocationa(r) ~ r~¢ with a ~ 1; for bubblesa = 3. length k;, = 27 /£, for the long-length scale measured by

) irota et al. [7] (solid squares) and calculated by the present
Based on Landau’s theory, we assume that the freEllodel (open circles) using;, equal to the length scalR of

energy of the tetragonal SrTiOs lowered in the strained ihe stressed region around a dislocation.
regions when the spontaneous strains of the tetragonal
domains are close to the existing strains in the specimen.

We can express quantitatively the lowering of the freethe temperature dependence of the inverse correlation
energy by using the Landau free-energy density: length k., for the narrow component measured by Hirota
F = %a[T —(T. + Ko)]0? + %BQ“ + ..., (3 etal[7] (marked by solid squares). Thus, we conclude

where 0 is the order parameter in the Landau's theorythat the so-called second length scéje corresponds to

which is the rotation angle of the octahedra in the tetrago'tEhe hfength ds;:a![ﬁ? |0f t?e strestsed rﬁg'onsthCh hav;e
nal SrTiG;, o is the stress, an& and B are constants. ;agsy?rmeth 0 he .:)W-f%mlperat'urelp ase atatemperature
The term—%aKUQ2 is the lowest nonvanishing coupling ¢ I the vicinity ot dislocation fines.

term between the stress and the order parameter. Equg)—(ogrrirggﬁglvggour}fs ‘?{E i&qsstent with almost all of the
tion (3) indicates an increase of the transition tempera- P S . .
(i) Usually, mechanical processing causes an increase

tre from 7. to (7. + Ko) caused by the existence of in dislocation density so that the narrow component
the stressr. At a given temperatur@ (>T.), those re- y P

gions can be transformed into a low-temperature phasénduced by high density dislocations is observed for

where the stress is larger than that determined by thg]OSt crystals St.UdiEd' Chemical etching can remove the
condition surface layer, high-temperature annealing may reduce the

dislocation density, and, hence, reduce its contribution to
I—T.—-Ko=0. (4)  the narrow component [3,17].

Okai and Yoshimoto [11] determined experimentally the (ii) Although the domain shape of the low-temperature
pressure dependence of the transition temperature iphase is anisotropic with respect to the line direction, the
SrTiO; and found a mean value f& = dT./do to be  dislocations themselves are neither straight nor parallel,
equal to28 K /GPa when the pressure is increased from Gand sometimes form tangles, as shown in Fig. 2(a). This
to 3 GPa. Such a value was also calculated theoreticallfact is consistent with the observations [4,7] that the
[13]. Taking this value, we estimated that the increasenarrow component is almost isotropic.
of the transition temperature in a region close to an (iii) Since the narrow component has a different origin
edge dislocation (fronk/b = 1 to R/b = 10) is about than the broad component, the critical exponept for
255 K. This is not surprising since Osterman, Mohantythe second correlation lengt, defined byé;, ~ ¢~7=
and Axe [14] reported a surface transition temperature oft = (T — T.)/T.], or kp, ~ t"2 with &1, = 27 /kp2,
T, = 340 K, compared to the bulk transition temperatureand the susceptibility exponent;, defined asy., ~
of T, = 112 K for a polished, unetched Verneuil-grown ¢~ 72, where y, is the amplitude of the narrow compo-
SrTiO; crystal. nent, must differ from those of the broad component. The

From Eg. (2), we know the relationship between thecomponents/;, andy;, may be estimated as follows.
length R and the mean stress over the region frém From Egs. (1) and (2), we hawe = ooR~!. Substi-
to R around an edge dislocation. Using the relationshiguting into Eq. (4), we obtain the length of the domains of
between stress and transition temperature experimentalthe low-temperature phase as
measured by Okai and Yoshimoto [11], we obtained . -1 1 -
the length s)éaIeR of the stressed r(£gi(])n, which has R =(Koo) (T =Tc) " ~ 1, )
transformed into the low-temperature tetragonal phaswhich leads tov;, = 1 if we take the domain lengtt®
at a given temperaturd’, around a dislocation line. of the low-temperature phase as the long-length s¢ale
The valuesk = 27 /R as a function ofl’ (marked by The integrated intensity;, of the narrow component is
open circles in Fig. 4) are in good coincidence withproportional to the quantity of the low-temperature phase,
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and, hence, t®>. By substituting Eq. (5), we obtain (vii) The bubbles and small dislocation loops are not
Iy~ 2 ©6) localized near the surface and appear throughout the
L2 ) samples studied. These may be the defects giving rise to
For a Lorentzian-squared profile, ~ yr.xz2, SO that the central peak observed in all neutron studies of S§TiO
a rough estimate for the susceptibility exponent can b&he central peak might arise from a local distortion of
obtained, the lattice around such a defect, similar to the origin
3 of Huang diffuse scattering observed near Bragg peaks.
X2 ~ laé ~ 7, (") Our observations show that the bubbles annealed out
which givesy, ~ 3. at a temperature about 600 K; this suggests a neutron-

The critical exponent;, was measured as 0.50 over diffraction experiment in which the sample is heated to
the reduced temperature ran@602 < r < 0.03 [4], and 600 K and the central peak measured again to ascertain
about 1.27 over the range01 < ¢ < 0.35 deduced from any change in intensity. An early optical study [21] in
Hirota's data [7]. Our estimation af;, = 1 lies in be-  potassium dihydrogen phosphate showed the central peak
tween these values. The experimental valuggf = 2.6  is suppressed by annealing.
was deduced [15] from the data of McMorrast al. [4] This research was supported by the U.S. Department
which approaches the estimated value of 3. The temperaf Energy, Division of Materials Science, Office of
ture dependence of the integrated intensity of the narBasic Energy Sciences under Contract No. DE-ACO02-
row component(/;, ~ ¢~ %) estimated in Eq. (6) is also 76CH00016.
consistent with the experiments. Andrews [3] reported a
constant linewidthi(x;, ~ °) by low resolution measure-
ment, and a > temperature dependence for the amplitude  *0on leave from Department of Physics, Wuhan University,
xi2- These lead td;, ~ yrokz2 ~ t~ 2. From McMor- Wuhan 430072, People’s Republic of China.
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