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Electronic and atomic structure of a dissociated dislocation in SrTiO3

Zaoli Zhang, Wilfried Sigle, Wolfgang Kurtz, and Manfred Ru¨hle
Max-Planck-Institut fu¨r Metallforschung, Heisenbergstraße 3, D-70569 Stuttgart, Germany

~Received 29 July 2002; published 31 December 2002!

A @001#~110! small-angle grain boundary SrTiO3 was studied by electron-energy-loss spectroscopy~EELS!
and high-resolution transmission electron microscopy. Thea^110& grain boundary dislocations were dissoci-
ated into two partial dislocations involving climb of the partials. From their separation an upper limit of the
~110! antiphase boundary energy of (7206280) mJ/m2 is deduced. EELS spectra were obtained from the
partial cores and the antiphase boundary in a dedicated scanning transmission electron microscope. The Sr/Ti
ratio was found to be increased in one of the partial cores but decreased in the other. This can be understood
from the dissociation mechanism. From the increase of the Ti/O ratio it is concluded that the dislocation cores
are oxygen deficient. Ti-L2,3 EELS spectra show a reduction of Ti in the partial dislocation cores as well as a
reduced crystal field. Atomic models of the dissociated dislocation cores are established.

DOI: 10.1103/PhysRevB.66.214112 PACS number~s!: 61.72.Mm, 82.80.Pv, 61.72.Ff
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I. INTRODUCTION

Grain boundaries~GBs! are known to have a dominan
effect on the macroscopic electric properties of oxides. In
perovskite oxidesATiO3 (A5Sr, Ca, Ba!, GBs often provide
the prerequisite for technological applications.1 Recently, the
atomic structure and electronic properties of various spe
grain boundaries in SrTiO3 have been studied.1–14 It was
suggested that the electrical properties of SrTiO3 can be un-
derstood in terms of acceptor states at the grain boun
core.15,16 The space charge associated with these cha
states is assumed to form a barrier against the electronic
ionic transport. Thus the grain boundary structure and
bonding of atoms at the grain boundary dictate its electro
behavior. In the light of this, a knowledge of the structu
and chemistry at the grain boundary is of fundamental
portance. Recently efforts were made to combineZ-contrast
imaging and electron-energy-loss spectroscopy~EELS! in or-
der to provide the atomic-scale structure and compositio
particular GB’s in SrTiO3 with sufficient high resolution.8,9

By ab initio calculations and empirical simulations detail
information of the bonding of atoms was obtained on so
special grain boundaries.2,17,18All these have also been dem
onstrated on the atomic and electronic structure of edge
dissociated dislocation core by EELS in some materials.19,20

The main focus of most previous studies was on the e
tronic and atomic structure of large angle grain boundar
Recently it was shown that also low-angle tilt grain boun
aries of SrTiO3 can exhibit strong barriers for charg
transport.21 It is well known that such low-angle GB’s ar
composed of isolated dislocations. For this reason we
presently studying the atomistic and electronic structure
dislocations in SrTiO3. Owing to the one-dimensional geom
etry of dislocations the experimental determination of
electronic structure and chemistry is even more challeng
than within GB’s. Nonetheless this has been demonstra
recently in Si, GaN, and SrTiO3 .19,20,22Whereas in Ref. 22
we reported about thea^100& edge dislocation in SrTiO3 ,
here we focus on EELS measurements and high-resolu
transmission electron microscopy~HRTEM! characterization
0163-1829/2002/66~21!/214112~7!/$20.00 66 2141
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of a dissociated dislocation in a@001# ~110! small angle tilt
GB in SrTiO3 .

II. EXPERIMENTAL PROCEDURES

A SrTiO3 bicrystal with an@001# ~110! small angle tilt
grain boundary of;5° tilt angle has been produced by di
fusion bonding of two undoped SrTiO3 crystal platelets~pur-
chased from CRYSTAL GmbH, Berlin! in ultra high vacuum
~UHV!.23,24 The polished surfaces to be bonded have b
tilted by ;2.5° around thê001& axis ~more precisely, 2.34°
and 2.39°!; in addition, there was also a tilt compone
around^21 1 0& of 0.16° due to the miscut of the crysta
surfaces!. The crystals have been ultrasonically cleaned
propanone, sputter cleanedin situ using Ar1 ions of about
1.3 keV energy. The sputtered surfaces have been exp
for less than half an hour to the UHV ambient~in the low
1029-Pa range! before being protected by the other cryst
The appropriately oriented crystal stack has been loaded
1 MPa and heated within 2.5 h to 1450 °C at;1027 Pa and
kept there for 6 h then cooled down to room temperatu
within 2.5 h, always under an applied load of 1 MPa. Owi
to the loss of oxygen during the bonding in UHV the fin
bicrystal was opaque. After a heat treatment in air at 1200
for 24 h the bicrystal transparency was regained. The coo
and heating rates were 5 °C per minute.

The TEM sample preparation procedure is as describe
our former paper.22 In addition a final ion polishing with
low-energy Ar ions~0.5 keV! was done using a LINDA ion
mill produced by TECHNOORG LINDA. A JEOL 4000EX
microscope operated at 400 kV with a point resolution
0.17 nm was used for high-resolution imaging. HRTE
phase contrast images were acquired parallel to the@001#
zone axis which is common to both grains.

For analytical TEM a dedicated scanning transmiss
electron microscopy~VG HB 501 UX, Vacuum Generators!
was used. The microscope was operated at 100 keV.
equipped with a cold field-emission gun, an energy disp
sive x-ray spectrometer~Noran! and an electron energy-los
spectrometer~Gatan UHV ENFINA 766!. The energy reso-
lution in EELS, as measured by the full width at half max
©2002 The American Physical Society12-1
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FIG. 1. HRTEM image of the
5° @001#(110) symmetrical tilt
grain boundary. Note that eac
GB dislocation has dissociate
into two partial dislocations by a
climb mechanism.
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mum of the zero-loss peak, was 0.7 eV. At the microsco
setting used, the electron probe size is smaller than 0.5
However, due to the beam broadening in the specim
~thicknesst! and the finite acceptance half-angleb of the
spectrometer~6.5 mrad!, the spatial resolution of our mea
surements@which can be approximated by the product ofb
and t ~Ref. 25!# is typically between 0.5 and 1 nm. Spect
were recorded with a dispersion of 0.1 eV/channel, wh
allows to simultaneously acquire the Ti-L2,3 edge and the
O-K edge and to determine peak positions with high ac
racy. For the acquisition of the Sr-L2,3 edge at an energy los
of 1940 eV a dispersion of 0.7 eV/channel was used. T
energy scale for the EELS spectra was calibrated by se
the first white line of the Ti-L2,3 edge to 456 eV or the
Sr-L2,3 edge to 1940 eV. For this reason energy shifts sta
below denoterelative energy shifts. The convergence an
collection semi-angles were both 6.5 mrad. All data sho
here were corrected for dark current of the photodiode a
and detector gain variation. The spectrum acquisition
processing were done with the Digital Micrograph 3.6 Sp
trum Imaging andEL/P software. The background for eac
spectrum was subtracted by the fit of a power-law function
the pre-edge background.25

Local information from the dislocation core can be o
tained directly by placing the electron beam in the cente
the core. Owing to the difficulty to locate the very core pr
cisely, we measured EELS spectra from a small area con
ing the dislocation core or by acquiring a set of spec
within a matrix containing an individual core. The latt
technique allows us to obtain spectra from areas contain
only few atom columns around the dislocation core.

III. RESULTS

A. HRTEM

Figure 1 shows a HRTEM image of the small-angle G
Individual dislocation cores can be clearly distinguish
~white arrows!. Burgers circuits around the cores reveal th
the Burgers vector isa/2@110#, i.e., the GB dislocations ar
dissociated into partial dislocation. From the image it can
seen that the partial dislocations are separated from one
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other not on the common slip plane, butalong the GB. This
can only be achieved by a climb mechanism. The clim
plane is~110!, i.e. the partials are separated by an antiph
boundary~APB! on the~110! plane. The average dissociatio
width between two partial cores is (2.560.3) nm. The aver-
age spacing between the partial pairs is (6.660.3) nm.
Based on these values the real misorientation angle ca
calculated to be 3.5° by the Frank formula.

B. EELS analysis

EELS spectra were obtained through area measurem
and mapping techniques.

1. Area measurement

Ti-L2,3 and O-K EELS spectra were recorded while sca
ning the beam over a rectangular area of 334 nm2. This area
contains a pair of partial dislocation cores. During this me
surement, specimen drift can be corrected manually du
the acquisition since the image and EELS spectra are
corded simultaneously. Spectra were recorded from the g
boundary region and from the nearby bulk on either side
the grain boundary with a dispersion of 0.1 eV/channel. T
total acquisition time was 30 s for each spectrum.

The Ti-L2,3 edge and the O-K edge are presented in F
2~a!. The most remarkable change in the GB spectrum is
ratio of the eg :t2g intensities26 which is reduced by 48.5
619 % compared with that in the bulk. An enlargement
Fig. 2~a! is shown in Fig. 2~b!. The dotted lines indicate the
peak positions for the bulk spectrum. Compared to this,
crystal-field splitting in the GB spectrum is reduced by 0.
0.2 eV. The quantification of these two peaks shows an
crease of the Ti/O ratio by 3.265.7% and of theL3 /L2 ratio
by 2163.5% compared with that in the bulk. The data ana
sis followed the techniques shown in27 and using a Gaussia
fitting method. Figure 2~c! presents the enlargement of th
O-K edge. The second peak is slightly decreased comp
with the spectrum from the bulk although the signal-no
ratio is low.

The composition of every pair of partial cores was me
sured by area measurements. Since the energy position
2-2
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ELECTRONIC AND ATOMIC STRUCTURE OF A . . . PHYSICAL REVIEW B66, 214112 ~2002!
FIG. 2. ~a! EELS spectrum from a 334 nm area containing a
pair of partial dislocation cores.~b! Enlargement of the Ti-L2,3 edge
showing a decrease of the crystal-field splitting and theeg /t2g in-
tensity ratio.~c! Enlargement of the O-K edge showing a decreas
of peakB.
21411
the Ti-L2,3, O-K, and Sr-L2,3 edges are quite different, the
spectra could not be recorded simultaneously. Therefore,
spectra were recorded separately using a dispersion of
eV/channel for the Ti-L2,3 and O-K edges and one of 0.7
eV/channel for the Sr-L2,3 edge. The total acquisition time
for the Sr and Ti and O-K edges are 20 and 15 s respective
Spectra from ten pairs of partial cores were recorded. T
analysis followed the techniques shown in Ref. 25. It turn
out that the chemical composition of the partials show
bimodal distribution with a set of Sr deficient cores and a
of Sr-rich cores. Figure 3 shows the average composi
from both sets. It can be seen that in both core types the T
ratio is higher than in bulk, whereas the Sr/Ti ratio shows
increase in one core and a decrease in the other core.

2. EELS mapping

To make use of the high spatially resolved EELS in t
STEM, nine EELS spectra (333) were recorded from a
quadratic area (1.9131.91 nm2) containing one individual
partial dislocation core. Thus the separation between ne
boring measurements was about 0.6 nm. The integration
for each spectrum was 2 s. For most maps specimen drift
found to be much smaller than the pixel size. The spectro
eter dispersion was 0.1 eV/channel. In general one or
spectra were found to be different from the others, and
then assigned this/these as the dislocation core spe
spectrum/spectra. Figure 4~a! shows the Ti-L2,3 and O-K
spectra from one individual partial dislocation core and fro
the nearby bulk. Theeg andt2g peaks are no longer visible a
separate peaks@Fig. 4~b!# and theL3 /L2 ratio is increased by
3562%. The intensity of the second peak of the O-K edge is
reduced in the core. An increase of the Ti/O ratio by
610% in the core as compared to the bulk is found.

EELS spectra were obtained also from the APB. A li
scan was performed across the APB with a total of ten sp
tra over a total length of 4.84 nm. The spectra were recor
using a dispersion of 0.1 eV and total acquisition time of
s. Figure 5 shows a comparison of the APB spectrum with
average bulk spectrum. The latter was obtained by add
seven bulk spectra. The crystal-field splitting is reduced
0.360.1 eV ~it is more easily seen from the two smoothe

FIG. 3. The composition~Si/Ti and Ti/O ratios! of several pairs
of partial dislocation cores obtained by the area measurem
method.
2-3
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ZHANG, SIGLE, KURTZ, AND RÜHLE PHYSICAL REVIEW B 66, 214112 ~2002!
spectra which were obtained with a 0.8 eV low-pass filte!.
No obvious change in the O-K edge was found since th
spectrum was too noisy due to the short acquisition time

IV. DISCUSSION

The Volterra construction of thea@110# edge dislocation
in SrTiO3 is shown in Fig. 6~a!. For this construction aniso
tropic elasticity is taken into account, and we assumed
the core has zero net charge. Due to the long Burgers ve
four atom planes are inserted which terminate on the s

@11̄0# crystal plane. The inserted planes contain either o
oxygen atoms or Ti, O, and Sr atoms. The mixed planes
terminated in the core by Sr or Ti/O columns, respectively
is evident that this structure can not be very stable owing
the strong lattice strains in the core region. Thus a disso
tion of the core is likely. This is proven by the HRTEM
image~Fig. 1! which shows a climb-dissociated dislocatio
core structure. The pairs of partial dislocations are arran

FIG. 4. ~a! Two spectra extracted from the EELS map, one in
partial dislocation core and the other from the surrounding b
region. ~b! Enlargement of the Ti-L2,3 edge showing a significan
decrease of twoeg peaks.
21411
at
tor
e

ly
re
t
o
a-

d

in the grain boundary with almost identical spacing. Bas
on this image~in the bulk white spots represent Ti or S
columns!, a possible atomic model of the dissociated dis
cation was established which is shown in Fig. 6~b!. Whereas
the lower partial is terminated by Ti/O atom columns, t
upper partial is terminated by Sr/O columns. The APB b
tween the partials is visible by the disregistry of the Ti/O
Sr/O column sequence along the@110# direction. The APB
area is shaded in Fig. 6~b!. It should be pointed out that th
shown atomic model of the dislocation core is not an en
getically minimized structure. This would require furth
atom relaxations calculated from atomistic simulations.

The APB energy can be calculated from the separation
the partial dislocations shown in Fig. 1. This is true if th
separation has reached its equilibrium value which is de
mined by the repulsive force of the partials and the attrac
force due to the APB. In the present case we have to cons
that climb was involved in the dissociation. Normally, poi
defects are necessary to allow dislocations to climb. In
case of partial dislocations this is not necessarily the case
the present case the climb can be achieved by simply tr
ferring atoms from the right-hand partial to the left-hand p
tial. This requires atom transport only over a few nano
eters, which is easily possible under the diffusion-bond
conditions even for the heavy cations. We therefore concl
that the attainment of the equilibrium separation is not li
ited by diffusional processes. However, it may well be lim
ited by the proximity of the dislocations within the GB. It i
presently not clear whether this is the case or not. From
observed separations we can at least estimate an upper
for the ~110! APB energy. Because SrTiO3 is almost per-
fectly elastically isotropic the~110! APB energy can be eas
ily calculated.28 We obtain as an upper limit of the~110!
APB energy a value of (7206280) mJ/m2. For the $110%
plane, Matsunaga and Saka29 reported an APB value o
136615 mJ/m2 for a/2^110& glide. This is much lower than
our value and could indicate that the partials observed by

k

FIG. 5. Enlargements of the Ti-L2,3 edge spectra extracted from
the EELS map, one from the APB area and the other from
surrounding bulk region. Also shown are the same spectra a
smoothing with a 0.8 eV low pass filter.
2-4
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FIG. 6. Atomistic model for thea^110& dislocation core.~a! Perfecta^110& edge dislocations without dissociation.~b! After climb
dissociation; the shaded area is APB.~c! After removing one oxygen atom column from the structure shown in~b!.
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have not reached the equilibrium separation. Mao a
Knowles30 found for a/2^110& climb on the $100% plane an
APB energy of 245630 mJ/m2 and fora/2^110& glide on the
$100% plane 145615 mJ/m2.

In order to improve the correspondence with our EE
results we further modified the structure shown in Fig. 6~b!.
Basically we removed one oxygen atom column in order
obtain a good fit to the measured Ti/O ratio@Fig. 6~c!#. This
core structure indicates that the two Ti-O octahedra sha
corner compared with Fig. 6~b!. This leads to a better corre
spondence with the experimentally determined Ti/O a
Sr/Ti ratios, especially from the mapping measurement.
core structure as proposed in Fig. 6~c! exhibits the following
features.

~1! Owing to the termination of the inserted planes t
upper partial core can be assigned as a Sr-rich core, the lo
one as a Ti-rich core.

~2! By counting the atoms in Fig. 6~c! with the almost
same area as in the mapping measurements~about 0.6
30.6 nm2) we find that in the Ti-rich core the Ti/O ratio i
increased by 10% while the Sr/Ti ratio is decreased by ab
20% compared with the bulk value, and in the Sr-rich co
the Sr/Ti ratio is increased by about 25% while the Ti/O ra
is slightly increased compared with the bulk.

This means that both cores show an increased Ti/O r
which is in good agreement with the experiment. It should
noted that by the removal of one oxygen column both co
become positively charged. This leads to a repulsive fo
between the partial dislocations. However, for separati
exceeding 0.1 nm~which is well below the observed 2.4
nm! this Coulomb force is negligible as compared to t
elastic forces acting on the partials.

The correlation of the Ti-L2,3 and O-K near-edge struc
tures with structural features in SrTiO3 was reviewed in a
previous paper.22 The ELNES obtained from the partial dis
21411
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locations exhibits clear differences compared to the bu
The increased Ti/O intensity ratio in the partial core was a
found in thea^100& dislocation core22 and at other GBs in
SrTiO3 .31–34 This seems to be a general feature of crys
defects in SrTiO3 . Compared to the bulk, theeg /t2g ratio is
increased in thea@100# core, whereas it is decreased in th
a/2@110# core. The magnitude of this effect is much mo
pronounced in thea^110& partial cores where both peaks a
of similar height. In Fig. 4~b!, both peaks have even becom
one. According to van der Laan and Kirkman35 the eg /t2g

ratio increases by a reduction of the crystal field, i.e., in
partial cores the crystal field appears to be strongly
creased. However, the reduced ligand field splitting is indi
tive of a reduced crystal field. It remains an open question
the moment how these changes in the Ti-L2,3 ELNES are to
be interpreted. A possible approach is to use real space b
structure calculations based on structures proposed in Fi

From the area measurement and mapping another obv
feature is that the intensity ratio ofL3 /L2 in the cores is
increased. From the literature it is not clear whether this ra
changes by a change in the oxidation state. Whereas L
man et al.36 found the same ratio for TiO2 and metallic Ti,
Ottenet al.37 and Waddingtonet al.38 found a decrease of th
L3 /L2 ratio with the oxidation state. If the latter was tru
our experiments would suggest a reduced oxidation stat
the partial cores. This further supports the removal of oxyg
atoms from the core@Figs. 6~b! and 6~c!#.

Similar to the dislocation cores, a reduction of the ligan
field splitting by 0.3 eV is also present in the APB. From t
atomistic model@Fig. 6~b!# it can be seen that in the APB
area the oxygen coordination of Ti does not change. Ho
ever, the separation of nearest Ti atoms is reduced froma to
a/& in the APB, which reduces the crystal field imposed
the oxygen nearest neighbors.
2-5
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V. CONCLUSION

The atomistic and electronic structure as well as
chemistry in the core ofa/2^110& partial dislocations in
SrTiO3 were studied by HRTEM and EELS. Wel
pronounced differences in the Sr/Ti ratio were detected
tween the two partials. Generally, a reduced crystal fi
around the Ti atoms as well as an increased Ti/O ratio
found in both partials. These results can be brought to a g
correspondence with atomistic models if oxygen atoms
removed from the core region. It is presently not clear if t
proposed structural models can explain the changes of
eg /t2g andL2 /L3 ratios in the core regions. This will requir
theoretical calculations of ELNES.

In comparison to the present results of thea^110&$110%
dislocation, thea^100&$100% dislocation studied previously22

was found to exhibit a rather compact core structure. T
certainly has to do with the shorter Burgers vector of
a@100# dislocation. But it may also be affected by the diffe
ent slip planes of the two dislocations which result in diffe
ent free energies of the APB’s separating the partials. T
would suggest a rather high APB free energy on the$100%
plane as compared to that of the$110% plane; however, this is
rather speculative. Apart from a dissociation on the slip pla
one could imagine that thea^100&$100% dislocation could
also dissociate by climb. However, from simple structu
reasons this would require the long-range migration of po
.
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defects~in contrast to thea^110&$110% dislocation, where
only short-range migration is required; see Sec. IV! which
for Ti and Sr atoms is unlikely to occur.

The climb dissociated structure of thea^110&$110% dislo-
cation may have important consequences on the plastic
havior of SrTiO3 .39,40 It was shown that, under compressio
along the^100& axis, plasticity at low and high temperature
is dominated bŷ110&$110% slip, but with a very strong yield
stress anomaly resulting in higher flow stresses at elev
temperatures. We assigned this to different dislocation c
structures at low and high temperatures.40 It is clear that the
movement of a climb-dissociated dislocation is considera
hindered by the presence of the APB on a nonslip pla
Bretheau et al.41 discussed various mechanisms for t
movement of climb-dissociated dislocations. All of them r
quire high thermal activation. Since our bicrystals were d
fusion bonded at high temperatures, we assume that
climb-dissociated core structure corresponds to the h
temperature configuration of the dislocation core.
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Dr. C. Elsässer, Dr. C. Scheu, and Dr. K. van Benthem f
helpful discussions.
.

W.

F.
.

on

of

the
ses
to
he
1M. Cardona, Phys. Rev.140, A651 ~1965!.
2I. Tanaka, T. Nakajima, J. Kawai, H. Adachi, H. Gu, and M

Rühle, Philos. Mag. Lett.75, 21 ~1997!.
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