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Electronic structure of a grain-boundary model in SrTiO3

Shang-Di Mo and W. Y. Ching
Department of Physics, University of Missouri–Kansas City, Kansas City, Missouri 64110

M. F. Chisholm and G. Duscher
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~Received 9 November 1998!

It is known that grain boundaries~GB’s! in strontium titanate (SrTiO3) play an important and often a
controlling role in determining the material’s electrical properties. To understand how their electronic struc-
tures are related to the GB structures, we have examined two structure models of theS5 GB in SrTiO3 obtained
by first-principles pseudopotential total energy calculations. The electronic structure of bulk crystal and the
relaxed GB models are then studied by using the orthogonalized linear combination of atomic orbitals method.
Results are presented for the ground-state structural properties and band structure of bulk SrTiO3, the total
density of states~DOS!, the atom and orbital-resolved partial DOS, effective charges, bond order, charge-
density distribution, and near-edge structure of electron energy-loss spectroscopy. It is shown that the GB
structures have smaller values of fundamental band gaps, effective charges, and bond orders relative to bulk
SrTiO3. There are no GB-induced electronic states within or at the edge of the fundamental band gap. The
100-atom GB model with buckled Sr columns in the GB core is found to be a more likely model. It is also
shown that the electron charge distribution across the GB line in SrTiO3 is almost balanced.
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I. INTRODUCTION

Strontium titanate (SrTiO3) is a typical perovskite dielec
tric with a wide range of technological applications.1,2 Be-
cause of its special properties related to ferroelectricity3,4

semiconductivity,5–9 superconductivity,10–12 and catalytic
activity,2 strontium titanate has been extensively studied o
the years.3–21 In recent years, the investigations have be
extended to the electronic structures of impurities,15,18

surfaces,17,18 and electron-doped SrTiO3.
21 More recently,

the atomic structure and the electronic properties of gr
boundaries ~GB’s! in SrTiO3 are subjects of grea
interest23–30 due to its technological implications.

Polycrystalline SrTiO3 has many applications in electri
and electronic devices. The macroscopic properties of m
advanced electronic and structural materials are largely
termined by the microstructures. In SrTiO3, GBs are respon-
sible for a variety of electrical properties, such as nonlin
current-voltage characteristics.31,32 It has been suggested th
the electrical properties of SrTiO3 can be rationalized in
terms of acceptor states at the GB core.33–35 However, the
existence of such GB-induced states has not been cle
demonstrated. The unique electrical properties of polycr
talline SrTiO3 may originate from the segregation of charg
defects such as dopants, interstitial atoms, and vacancie
GB. Because a charged GB corresponds to a barrier in e
trostatic potential, segregation of charged defects to GBs
fects the charge transport properties of polycrystall
SrTiO3. The extent to which point defects segregate to
specific GB depends upon the structure and bonding of
oms at the particular GB. Thus, a systematical study of
relationship between atomic structure and properties of G
is called for.

By combining the Z-contrast imaging and electron
PRB 600163-1829/99/60~4!/2416~9!/$15.00
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energy-loss spectroscopy in a dedicated scanning trans
sion electron microscope, the atomic-scale structure
composition at GB’s in SrTiO3 with sufficient high resolu-
tion have been successfully obtained recently.23–25 From
these experimental results, a unique feature of the^001& GB
core structures has been identified. It has been found
buckled Sr or Ti-O columns exist in these boundaries. Th
are seen in thê001& projections of the boundaries as tw
closely spaced atomic columns.

From a theoretical standpoint, the first step for a detai
investigation on the GB’s is to propose a structure model
either ab-initio or empirical simulations. The properties o
GB’s can be calculated based upon the proposed struc
model. Additionally, a calculation of the electron-energ
loss near-edge spectroscopy~ELNES! of the S5 GB in
SrTiO3 has been carried by Tanakaet al.26 Their molecular
orbital based calculation reproduced the major features of
experimental spectra except for the higher energy pe
However, the cluster model (Sr8Ti7O36)

282 they used is only
an approximate description of theS5 GB structure in
SrTiO3. Recently, the atomic and electronic structure of aS5
36.9° ~210! ^001& tilt boundary in rutile (TiO2) has been
studied.36 Two models were studied, one with 60 atoms a
the other with 120 atoms in a periodic cell. The calculati
confirmed the stability of the proposed atomic model for t
GB and provided some insight into the GB electronic stru
ture particularly with regard to the presence and distribut
of any new electronic states in the band gap.

In the present paper, we focus on the electronic struc
and properties of two structural models of theS5 GB in
SrTiO3 simulated by first-principles pseudopotential plan
wave method.37 The electronic structure calculation is bas
on theab-initio orthogonalized linear combination of atom
orbitals ~OLCAO!.38 The pseudopotential plane-wav
2416 ©1999 The American Physical Society
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PRB 60 2417ELECTRONIC STRUCTURE OF A GRAIN-BOUNDARY . . .
method is known to be accurate and efficient for the str
tural relaxation of the GB models. The OLCAO method,
the other hand, is very effective in giving accurate se
consistent electronic structures of complex ceramic co
pounds with large unit cells. The atomistic description of t
basis function in the OLCAO method also facilitates the
terpretation of interatomic bonding at the GB. A few yea
ago, the electronic and optical properties of a near edgeS11
GB model in a-Al2O3 have been investigated using th
OLCAO method.39,40The results are in good agreement w
experimental data.

The paper is organized as follows. In the next section,
introduce the two proposed GB models in SrTiO3. The elec-
tronic property of the bulk SrTiO3 crystal is presented first to
demonstrate the accuracy of our method, which can re
duce bulk properties of strontium titanate very well. The c
culated electronic properties of the GB models are prese
in Sec. IV. A brief summary is given in the last section.

II. ATOMIC CONFIGURATIONS IN SrTiO 3 GB

The two structural models of the symmetric 53°^001& tilt
boundary~designated asS55 $210% ^001& are seen in Fig.
1. Both models are periodic and, therefore, contain two G
with a three-dimensional supercell. The unit cell parame
a, b, andc are 8.732, 18.024, and 3.905 Å for the 50-ato
supercell. The dimension parallel to the tilt axis for the 10
atom cell is 233.905 Å. The only difference between th
initial configurations of these two models is that the strai
Sr column in the GB core of 50-atom model becomes
buckled Sr column in the 100-atom model. The Sr atoms
this column are alternatively displaced towards the adjac
grains.

FIG. 1. ~a! Crystal structures of bulk SrTiO3, ~b! GB50 model,
and ~c! GB100 model. Arrows indicate the GB lines.
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III. ELECTRONIC STRUCTURE OF BULK SrTiO 3

CRYSTAL

The electronic properties of bulk and GB models
SrTiO3 were calculated by using the OLCAO method.38 A
full basis set that includes the minimal basis set~core orbitals
plus Sr-5s, Sr-4p, Sr-4d, Ti-4s, Ti-4p, Ti-3d, O-2s, and
O-2p) plus additional excited-state orbitals (Sr-6s, Sr-5p,
Sr-5d, Ti-5s, Ti-5p, Ti-4d, O-3s, and O-3p) was em-
ployed. All atomic orbitals are expanded in terms of
Gaussian orbitals with exponents ranging from 0.12 to 16.
The potential and the charge density of the crystal are re
sented by a superposition of atom-centered functions con
ing of simple Gaussians. The Wigner-interpolation formu
was used for the exchange-correlation part of the o
electron potential. Twenty, six, and four specialk points
were used in self-consistent iterations for the bulk, GB
and GB100 models, respectively. The energy eigenva
and the Bloch wave functions were obtained at 196, 90,
48 regularly spacedk points in the irreducible portion of the
Brillouin zone by matrix diagonalization.Ab initio wave
functions were used to calculate the effective charges, b
order, and partial decomposition of density of states~DOS!.

The calculated total energy of bulk SrTiO3 as a function
of crystal volume is shown in Fig. 2. The calculated equil
rium lattice constant is 3.931 Å, which is only 0.7% larg
than the experimental value.41 The bulk modulusB obtained
from fitting the total energy data to the Murnaghan’s equ
tion of state42 is 163 Gpa and the pressure coefficientB8 is
3.89. Both the equilibrium lattice constant and the bu
modulus are close to the measured values and the va
obtained by otherab initio calculations.17,18 The results are
summarized in Table I. Since our calculation gives a go
description of the bulk properties of SrTiO3, the same
method and procedures were applied to the calculation of
models in SrTiO3.

Figure 3 shows the calculated band structure of b
SrTiO3. The top of the valence band~VB! is at theR point
with energy very close to that of theM point. The bottom of
the conduction band~CB! is at G point and is very close to
the X point. The upper VB is 5.01 eV wide. The minima
indirect gap betweenR andG is 1.45 eV, while the direct gap
at G is 1.98 eV. The calculated band-gap energy is about
of the experimental value of 3.2 eV.1 As is well known, this

FIG. 2. Calculated total energy of bulk SrTiO3 vs crystal vol-
ume.
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2418 PRB 60MO, CHING, CHISHOLM, AND DUSCHER
discrepancy stems from the local-density approximat
~LDA ! in the density-functional theory.

The calculated total and atom-resolved partial DOS@par-
tial density of states~PDOS!# of bulk SrTiO3 are shown in
Figs. 4~a! and 5, respectively. The major features can
summarized as follows. ~i! There are multiple structures i
the upper VB. Roughly speaking, three peaks at21.2,23.3,
and 24.9 eV can be identified. The upper VB is made
predominately of the O-2p components. The peak at21.2
eV originates from the O-2p nonbonding components, whil
the other two peaks correspond to the O-2p antibonding
combinations of oxygen-oxygen interactions. However, th
is a limited Ti-3d contribution in this energy range due
the hybridization with the O-2p states. ~ii ! The lower VB
consists of two parts. The higher one with a single sh
peak at214 eV is the semicore Sr-4p state. The lower
double peak is the O-2s component. The separation ener
between the two parts is about 1.26 eV.~iii ! The first major
peak above the CB edge is contributed mainly by Ti 3d.
This is followed with a more broadened Sr-4d peak in the
energy range from 5 to 10 eV. O 3p contributes to the
high-energy region above 15 eV. All the above features
in good agreement with a recent photoemission spectrosc
study22 and a linearized muffin-tin orbital calculation.43

FIG. 3. Calculated band structure of bulk SrTiO3. The zero of
energy is set at the top of the valence band.

TABLE I. Calculated ground-state properties of bulk SrTiO3.

Lattice
constant

~Å!

Bulk
modulusB0

~Gpa!
Pressure

coefficient

This work 3.931 163 3.89
Experimental 3.905a 183a

Pseudopotential calc. 3.798,b 3.957c 194,b 166c

aReference 41.
bReference 17.
cReference 18.
n

e

e

p
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Figures 6~a! and 6~b! display contour plots of the calcu
lated valence charge densityr(r ) on the Ti-O and Sr-O
planes in bulk SrTiO3. The charge density is highly localize
on the oxygen sites and is nearly spherically symmetric. T
large concentration of the charge at the O sites is consis
with the highly ionic nature of bulk SrTiO3. Nevertheless,
the presence of charge density at the Ti and Sr sites
between the Sr~Ti!-O bond means a substantial covale
bonding character between Sr~Ti! and O. To see the effect o
the charge transfer more clearly, the charge density dif
encerbulk(r )2ratom(r ) in the Ti-O and Sr-O planes are plo
ted in Figs. 6~c! and 6~d!, respectively. Figure 6 will be use
later as the reference charge density in a similar discus
with the GB models.

IV. ELECTRONIC STRUCTURE OF GB MODELS
IN SrTiO 3

A. Density of states

The calculated DOS of the GB50 and GB100 models
SrTiO3 are shown in Figs. 4 together with the DOS of bu
SrTiO3. They are quite similar with the peak positions r
maining roughly at the same positions. It indicates that
significant changes exist in the bonding due to the prese
of the GB. However, subtle differences do exist and they
delineated below: ~a! In the lower VB, the Sr-4p and O-2s
peaks in the GB models are more broadened. In the G

FIG. 4. Calculated total DOS’s of~a! bulk SrTiO3, ~b! GB50
model, and~c! GB100 model.
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PRB 60 2419ELECTRONIC STRUCTURE OF A GRAIN-BOUNDARY . . .
FIG. 5. Atom-resolved partial DOS of bulk SrTiO3: ~a! Sr, ~b!
Ti, and ~c! O.
nd-
he
model, the Sr-4p and O-2s peaks are 2.11 and 2.91 e
wide, respectively, while the widths of the same two peaks
the GB100 model are 1.95 and 1.94 eV. In bulk SrTiO3,
these two widths are only 0.95 and 1.56 eV, respective
The Sr-4p peak in the bulk is a sharp single peak. In the G
models, there are multiple-peak structures. This is beca
the Sr-O bonds are distorted at the GB core. Another not
able feature is that the Sr-4p peak has slight overlap with th
O-2s peak in the GB50 model, indicating a larger distortio
than that in GB100.~b! In the upper VB, both the nonbond
ing and bonding O-2p peaks are broadened and have shou
erlike structures at the lower energy side. As a result,
GB50 and GB100 models have larger upper VB widths
5.59 and 5.31 eV, respectively, than the bulk.~c! The first
major peak in the CB looks similar for the GB models a
the bulk. As described before, they are attributed to Ti-d
orbitals. The position and the shape of the Ti-3d peak in the
GB100 are closer to those of the bulk. The Ti-3d peak in the
GB50 is shifted downward by 1.0 eV.~d! The Sr-4d peaks
between 5 to 10 eV in the CB are quite different. The G
models give more broadened structures with many subst
tures. This is another manifestation of the difference in
Sr-O bonding between the GB models and the bulk.~e!
The GB100 model has a direct band gap very close to tha
bulk. The band gap of GB50 is indirect and significan
smaller. The smaller band gap is attributed to the more
tended feature of O 2p in the VB. The calculated band struc
ture parameters of the GB models and the bulk crystal
summarized in Table II.

B. Charge density

To understand exactly how the bonding at grain bou
aries differs from the bonding in the bulk, we examine t
FIG. 6. Charge density of bulk SrTiO3 in ~a! Ti-O plane and~b! Sr-O plane. Charge density differencerbulk(r )2ratom(r ) between bulk
and free atom in~c! Ti-O plane, and~d! Sr-O plane~in units of electrons per cubic atomic unit!.
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2420 PRB 60MO, CHING, CHISHOLM, AND DUSCHER
valence charge distribution and the charge density differe
between the GB models and the bulk. Figure 7 shows
charge density on the Ti-O and Sr-O planes in the GB
model. The differencesrGB(r )2rbulk(r ) are shown in Fig. 8.
Similar plots for the GB100 model are shown in Figs. 9 a
10, respectively. The charge-density contour maps for
two GB models look similar. The nature of charge distrib
tion in the GB is comparable to the bulk. Subtle differenc
between the two GB models can be seen at the GB regi
In the Ti-O plane, GB100 has a larger region of low-dens
distribution at the GB. In the Sr-O plane, the difference b
tween GB50 and GB100 appears to be larger. In GB50,
straight Sr column is in the center of what would be a lo
density region.

The distribution ofrGB(r )2rbulk(r ) in the GB model
provides more information on the charge redistribution at
GB core. These are shown in Figs. 8 and 10 for GB50

FIG. 7. Charge density of~a! Ti-O plane and~b! Sr-O plane in
the GB50 model~in units of electrons per cubic atomic unit!. Ar-
rows indicating the GB lines are shown in Fig. 1.

TABLE II. Calculated band structures of the bulk and GB mo
els in SrTiO3. ~ID is indirect band gap and D is direct band gap!

O-2s
bandwidth

~eV!

Sr-4p
bandwidth

~eV!

Upper VB
bandwidth

~eV!
Band gap

~eV!

Bulk 1.58 0.95 5.01 1.98~D!

1.45 ~ID!

GB50 2.91 2.11 5.59 1.54~D!

1.27 ~ID!

GB100 1.94 1.95 5.31 1.42~D!
ce
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FIG. 8. Charge density differencerGB(r )2rbulk(r ) between
GB50 and bulk in~a! Ti-O plane and~b! Sr-O planes~in units of
electrons per cubic atomic unit!. Arrows indicating the GB lines are
shown in Fig. 1.

FIG. 9. Charge density in GB100 of~a! Ti-O plane and~b! Sr-O
plane~in units of electrons per cubic atomic unit!. Arrows indicat-
ing the GB lines are shown in Fig. 1.
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PRB 60 2421ELECTRONIC STRUCTURE OF A GRAIN-BOUNDARY . . .
GB100, respectively. In the Ti-O plane of the GB50@Fig.
8~a!#, there is a relatively large increase in the electron d
sity at O ions away from the GB line with a concomita
relatively large decrease in the density of a nearby ion.
the other hand, there is no such conspicuously large ch
difference in the GB100@Fig. 10~a!#. This may indicate that
the straight Sr column in GB50 is somewhat artificial th
tends to induce more charge redistribution than the GB
where the Sr column is buckled. On the Sr-O plane,
difference in charge difference between GB50 and GB10
less obvious. In the present calculation, there is no indica
of charge imbalance across the GB line. The small differe
seen in the first of two types of Sr-O plane across the GB
actually balanced out by that in the second Sr-O plane so
net charge imbalance appears to be negligible for theS5 GB
in SrTiO3.

It is important to note that though the DOS’s of the G
models are somewhat different from that of the bulk, th
are no GB-induced energy levels in or near the fundame
band gap. We have inspected the wave functions of the
most state in the VB and the lowest state in the CB. Ther
no evidence that these states are specifically related to
atoms.

The total energy of the GB models was also calculated
the same manner as for the bulk crystal. We find that
GB100 has a slightly lower energy than GB50. However,
high precision required for accurate total energy of a la
GB model makes the result on total energy less conclus

C. Effective charge and bond order

A simple and effective way to describe charge trans
and chemical bonding is to calculate the effective chargeQa*

FIG. 10. Charge density differencerGB(r )2rbulk(r ) between
GB100 and bulk in~a! Ti-O plane and~b! Sr-O planes~in units of
electrons per cubic atomic unit!. Arrows indicating the GB lines are
shown in Fig. 1.
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on each ion and the bond order~overlap population! qab
between two ions according to

Qa* 5(
i

(
n,occ

(
j ,b

Cia
n Cj b

n Sia, j b , ~1!

and

qab5 (
n,occ

(
i , j

Cia
n Cj b

n Sia, j b , ~2!

where Cia
n is the eigenvector coefficient for staten with

atomic specificationa and orbital specificationi. Sia, j b is
the overlap matrix of the Bloch functions. A separa
minimal-basis set calculations of the electronic struct
were carried out for the evaluation of effective charges a
bond order. It is well known that the Milliken analysis44

scheme we used is more valid when the basis functions
more localized.

The calculated effective charges for the bulk, GB50 a
GB100 are listed in Table III. More~less! than one electron
are transferred from Sr~Ti! that indicates a substantial cova
lent bonding character in the Ti-O bond due to the Ti-3d
orbitals. The differences between GB50 and GB100 are c
sistent with the charge-density analysis in the previous s
tion. The bond order is a qualitative measure of the stren
of a bond. In Fig. 11, we plot the bond order against the bo
length in the GB models and the bulk. As can be seen,
bond orders in the GB models are smaller than in the bu
This implies that the bonds are weaker in the GB mode
For the GB100 model, the bond order for both Ti-O a
Sr-O bonds follows a rough linear relation that the bo
order decreases as bond length increases. However, this
does not fit the GB50 model where the data points are m
more scattered. This is particularly evident for the Sr
bonds. Therefore, the Sr-O bonds are much more distorte
the GB 50 model, which is also responsible for the lar
variation in the effective valence charges of the Sr ions. I
also the source of the multiple-peak structure in the
DOS. This provides another additional evidence that the
50 model with the straight Sr core column is less realis
than the GB100 model where the Sr column is buckled.

D. ELNES spectra

ELNES is a very effective experimental tool to probe t
local chemical environment of atomic-sized imperfection
such as in GB’s. It is also well established that atom- a
orbital-resolved PDOS in the CB is a reasonable approxim
tion to the ELNES spectra.45 Recent calculations from ou
group show satisfactory agreement of the ELNES spectra

TABLE III. Calculated effective valence charge of bulk and G
models in SrTiO3 ~in unit of electrons!. Sr-4p electrons are ex-
cluded.

Bulk GB50 GB100

Range Average Range Average

Sr 0.90 0.86– 1.27 1.00 0.89– 1.20 0.98
Ti 3.34 3.08– 3.25 3.20 3.33– 3.35 3.34
O 6.59 6.32– 6.91 6.60 6.53– 6.60 6.56
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2422 PRB 60MO, CHING, CHISHOLM, AND DUSCHER
the Y-Al-O system.46 In Figs. 12–14, we show the calculate
CB PDOS for Sr (s1d), Ti (s1d), and O (p) components.
They correspond to Sr-L23, Ti-L23, and O-K edges, respec
tively. Since we are convinced that the GB100 model i
more realistic one to represent theS5 GB in SrTiO3, only the
data for the GB100 model are shown. Figure 12 shows
PDOS of Sr (s1d) in GB are very different from that of the
bulk. The peak position remains the same, but substa
differences occur at the energy ranges below and above
main peak. This is consistent with the more distorted S
bonding at the GB. No experimental Sr-L23 spectra are avail-
able for comparison. Figure 13 compares the experime
Ti-L23 spectra25 with the calculated PDOS. The experime
tal spectra was reported on the symmetric$920% ^001& tilt GB
but appeared to be close to the GB models in the pre
study. For both the GB and the bulk, the calculated PD
reproduce the higher energy peak at 4 eV reasonably w
For the peak near the absorption edge, the calculation re
duces the peak position, but not the intensity. This is pr
ably due to the core-hole effect at the absorption edge, wh
was not included in the present study. It has been dem
strated that the Ti-L23 fine structure is sensitive to T
coordination.47 Figure 13~c! shows the difference in Ti-L23
PDOS between GB and the bulk is very small except in
region right next to the main peak. Therefore, it is reasona
to conclude that Ti ions maintain their local coordinati
across the grain-boundary region. Figure 14 shows the
perimental and calculated O-K spectra. At the absorption
edge and within the range from 15 to 20 eV, the agreeme
are reasonable. However, discrepancies exist in the inten

FIG. 11. Bond orders of~a! Sr-O bond and~b! Ti-O bond in
GB100 model~solid circles!, GB50 model~open triangles!, and
bulk SrTiO3 ~solid squares! vs bond lengths.
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of spectra in the range from 5 to 15 eV. The difference in
O-K spectra between GB and bulk is shown in Fig. 14~c!.
There is no significant change in peak position and intens
indicative of no discernable change of oxygen coordinat
in the GB model.

V. SUMMARY AND CONCLUSIONS

We have investigated the electronic properties of t
models of theS5 GB in SrTiO3. The electronic structure
calculations for the bulk and the GB models were carried
by using the first-principles OLCAO method. It is shown th
bulk SrTiO3 is a semiconductor with an indirect LDA gap o
1.45 eV. The calculated bulk modulus and pressure coe
cient are of 163 Gpa and 3.98, respectively, which are
good agreement with the experiment.

For the two proposed GB models in the SrTiO3, our cal-
culation shows that they have smaller fundamental b
gaps, larger widths for the upper VB and lower VB, a
smaller effective valence charges than the bulk crystal. D
calculations suggest that the GB100 model with a buckled
column is probably a more realistic model. There is no e
dence for the presence of GB-induced energy levels wit
the fundamental band gap or at the edges of the band
Bond-order calculations show that the Sr-O and Ti-O bo
ing are weaker in the GB region. It is also shown th
electron-charge distribution is roughly balanced across

FIG. 12. Partial DOS of Sr (s1d) components for~a! GB100
model,~b! bulk SrTiO3, and~c! difference between~a! and ~b!.
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PRB 60 2423ELECTRONIC STRUCTURE OF A GRAIN-BOUNDARY . . .
GB line. The calculated atom- and orbital-resolved par
DOSs in the CB region can reproduce most of the feature
the experimental ELNES spectra. The small changes in
Sr-L23 spectra indicate a more distorted Sr-O bonding in
GB model in SrTiO3. More realistic calculations should in
clude the core-hole effect and such work is currently
progress. It is also desirable to have GB models of lar
sizes and longer repeating units. However, it is unlikely t
the main conclusions obtained in the present study will
altered by calculations on larger models. The present me
and approach can be extended to cases where impurity a
are present at the grain boundary. Such studies are not
challenging but are important for real applications.

FIG. 13. Partial DOS of Ti (s1d) components for~a! GB100
model, ~b! bulk SrTiO3, and ~c! difference between~a! and ~b!.
Dotted lines represent the experimental ELNES Ti-L23 spectra
~taken from Ref. 25!.
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