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Stability and electronic structure of the „1Ã1… SrTiO3„110… polar surfaces
by first-principles calculations

François Bottin, Fabio Finocchi, and Claudine Noguera
Groupe de Physique des Solides, Universite´s Paris 6 - Paris 7 et UMR CNRS 7588, 2 place Jussieu, 75251 Paris cedex 05, Fran
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The electronic and atomic structures of several (131) terminations of the~110! polar orientation of the
SrTiO3 surface are systematically studied by first-principles calculations. The electronic structure of the two
stoichiometric SrTiO and O2 terminations are characterized by marked differences with respect to the bulk, as
a consequence of the polarity compensation. In the former, the Fermi level is located at the bottom of the
conduction band, while in the latter the formation of a peroxo bond between the two surface oxygens results in
a small-gap insulating surface with states in the gap of the bulk projected band structure. We also consider
three nonstoichiometric terminations with TiO, Sr, and O compositions, respectively, in the outermost atomic
layer, which automatically allows the surface to be free from any macroscopic polarization. They are all
insulating. The cleavage and surface energies of the five terminations are computed and compared, taking into
account the influence of the chemical environment as a function of the relative richness in O and Sr. From our
calculations, it appears that some~110! faces can even compete with the TiO2 and SrO terminations of the
~100! cleavage surface: in particular, the~110!-TiO termination is stable in Sr-poor conditions, the~110!-Sr one
in simultaneously O- and Sr-rich environments. The available experimental data are compared to the outcomes
of our calculations and discussed.

DOI: 10.1103/PhysRevB.68.035418 PACS number~s!: 68.47.Gh, 31.15.Ar, 73.20.At, 68.35.Bs
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I. INTRODUCTION

Strontium titanate is a material that has many poten
applications. Its high dielectric constant makes it a candid
to replace silicon dioxide in some nanoelectronic devic
SrTiO3 has been used in photoelectrolysis and as a subs
for the growth of high-Tc superconductors as well as of oth
thin oxide films.1 Like other perovskite compounds, SrTiO3

shows a rich physical behavior. It undergoes an antiferro
tortive ~AFD! transition atT,105 K: the cubic structure
turns into a tetragonal phase, where the neighboring T6

octahedra are tilted with opposite angles around a@100# di-
rection, doubling the unit cell. Moreover, SrTiO3 is at the
boundary of a ferroelectric transition,2–4 but remains
paraelectric for all temperatures.5

While the~100! surfaces of SrTiO3 have been extensivel
studied, both theoretically6–8 and experimentally,9–11 the
~110! terminations are much less known. Such a scarcit
likely due to the polar character of the~110! orientation. The
sequence of atomic layers of O2 and SrTiO stoichiometry
implies a monotonic raise of the microscopic electric fie
which has to be compensated either through a modifica
of the surface composition—which leads to nonstoichiom
ric terminations—or by an anomalous filling of the surfa
electronic states—which must imply crucial variations of t
electronic structure of the surfaces that should be, in p
ciple, detectable by experiments.

Nevertheless,$110% terminations of strontium titanat
have been observed quite often, but the effort towards
precise characterization of their atomic-scale morpholo
and the detailed study of the corresponding electronic st
tures started only in the last decade. For instance, it is w
noting the investigations by atomic force microscopy,12 scan-
ning tunneling microscopy~STM!, Auger spectroscopy an
0163-1829/2003/68~3!/035418~13!/$20.00 68 0354
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low-energy electron-diffraction~LEED! measurements,13 as
well as ultraviolet photoemission and x-ray photoemiss
spectroscopies~UPS and XPS, respectively!, coupled to
LEED.14 In the latter works, the authors made a considera
effort to characterize the modifications of the electron
structure, which are connected to different preparation c
ditions of the surface through STM and scanning tunnel
spectroscopy15 angle-resolved photoemission,16 and conduc-
tion measurements.17 Not all of these studies provide a un
fying picture of the surface, which indeed shows a gr
sensitivity to the thermodynamic conditions, mainly tem
perature and oxygen partial pressure.

Motivated by this experimental works, some theoretic
studies of SrTiO3(110) recently appeared. The optimize
surface geometry was obtained through interatomic for
that were derived either by an empirical shell model,18 or by
more accurate treatments that are based on the Hartree-
approximation, still describing the Hamiltonian matrix o
semiempirical grounds.19,20 The approximate nature of thes
approaches allowed some trends to be deduced, but it did
permit, in most cases, to draw quantitative conclusions
could be compared to experiments. On the other hand, fi
principles approaches that are based on the den
functional theory~DFT! have been widely applied to th
study of oxide surfaces in recent years. More specifically
perovskite surfaces, such an approach has been showed
reliable and complementary to experiments.7 It is the aim of
the present paper to provide an application of state-of-the
first-principles methods to the~110! polar termination of
SrTiO3, which is the first one to the best of our knowledg

In particular, we focus on two issues:~i! Which is the
mechanism at work to cancel the macroscopic polarizati
~ii ! Is the thermodynamic stability of the~110! termination
comparable to that of the~100! cleavage face? Regarding~i!,
©2003 The American Physical Society18-1
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FRANÇOIS BOTTIN et al. PHYSICAL REVIEW B 68, 035418 ~2003!
while in the wide-gap rocksalt compounds MgO and Na
the nonstoichiometric reconstructions, such as the octop
one, are clearly favored over polarity compensation by
anomalous filling of surface states, it has been recently s
gested for the less ionic ZnO~0001! and ZnO(0001̄)
surfaces21,22 that the latter mechanism may work. The coe
istence of the rather ionic Sr-O bonds with the more cova
Ti-O ones, as well as the fairly large dielectric constant
SrTiO3 might situate strontium titanate at the borderline b
tween the two previous cases. Regarding~ii !, the quite nu-
merous observations of$110% (131) terminations sugges
that these surfaces may be obtained in appropriate the
dynamic conditions. However, the ternary nature of str
tium titanate, as well as the lack of precise experimen
indications on the surface composition, make the fir
principles modeling a rather delicate task. Therefore, in
work, we restrict ourselves to several terminations, stoich
metric or not, of (131) reconstructions, completing a pre
vious preliminary report:23 the two stoichiometric O2 and
SrTiO faces, and the three nonstoichiometric O, TiO, and
terminations. Their atomic and electronic structures are c
puted and discussed in Sec. III. Moreover, their relative s
bilities are compared as functions of the chemical envir
ment ~see Secs. IV and V!.

II. COMPUTATIONAL METHOD

The calculations are carried out within the DFT.24 The
exchange and correlation energy is treated via the lo
density approximation~LDA ! using the Perdew-Wang
parametrization.25 The Kohn-Sham orbitals are expanded
a plane-wave~PW! basis set and an energy cutoff of 3
hartree~Ha! is employed. For all calculations, we use t
ABINIT computer code.26

In conjunction with the use of a PW basis set, we ad
soft norm-conserving pseudopotentials that are generate
following the Troullier-Martins scheme27 in the Kleinman-
Bylander form28 in order to avoid taking into account th
inner atomic electrons in the self-consistent cycle explici
Along the pseudopotential generation process, atom re
ence states 3d14s0.54p0.25 for Ti, 4s24p65p1 for Sr, and
2s22p4 for O are used. The pseudization radii areRc(s)
52.45 bohr, Rc(p)52.55 bohr, andRc(d)52.25 bohr for
Ti; Rc(s)2.0 bohr, Rc(p)52.5 bohr, andRc(d)52.2 bohr
for Sr; andRc(s)5Rc(d)51.4 bohr andRc(p)51.75 bohr
for O, with s, p, andd being the different channels. The Sr 4s
and 4p semicore electrons are treated as valence electron
the self-consistent procedure,~which we refer to in the fol-
lowing as the small-core approximation!, whereas the Ti 3s
and 3p semicore states are frozen~large-core approxima
tion!. Since the latter states have an appreciable superp
tion with the 4s and 3d radial orbitals of Ti, in the exchang
and correlation functional we take into account the nonlin
core correction29 between the radial density corresponding
the frozen 3s and 3p Ti orbitals and the valence electro
density.

The previously described computational scheme is te
on the cubic phase of bulk SrTiO3. The lattice parametera0,
the bulk modulusB0, and the cohesive energyEcoh are very
03541
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close to the experimental data~see Table I!. The large-core
approximation for Ti is also checked against the small-c
one, and the former is adopted in all slab calculations. T
gap between the valence and the conduction band comp
through the difference of the Kohn-Sham eigen-energies~2.1
eV! is smaller than the experimental value~3.2 eV!,30 which
is a common case for the DFT.31

The calculated formation energies of bulk Ti and Sr fro
the isolated atomic species areETi

f 54.58 eV and ESr
f

51.73 eV, which differ by26% and12% from the ex-
perimental values, respectively. On the other hand, the2

formation energy (EO2

f 57.58 eV) is about 45% greater tha

the experimental value, like in previous LDA calculations34

The surfaces are described in the framework of the s
model. The calculations are carried out by sampling the ir
ducible Brillouin zone by a~4,4,2! Monkhorst-Pack mesh.35

By using a ~5,5,2! mesh, the computed total energies d
crease by less than 10 meV for the insulating terminati
and 20 meV for the metallic ones. In these cases, when
effective Fermi-surface smearing is employed to get a be
convergence,36 a careful procedure is used to extrapola
convergent energies in the limitT→0. The stable surface
configurations is obtained by minimizing the Hellman
Feymann forces in the Born-Oppenheimer approximati
generally starting from the geometry of the ideal unrelax
surfaces.

In order to avoid spurious interaction between perio
slabs via dipole-dipole interactions,37,38 the compositions of
the adopted slabs are symmetric upon inversion along
surface normal. Well converged slab total energies can
routinely obtained for typical vacuum widths ranging b
tween 10 and 12 Å. On the other hand, the determination
the minimal number of atomic layers that is allowed nee
some care. For instance, a nine-layer slab is sufficient for
two nonstoichiometric~110!-Sr and~110!-TiO terminations,
whereas 11 layers are at least needed for the two~110!-O2
and ~110!-SrTiO stoichiometric terminations. In the case
the O-terminated surfaces, a very careful choice of the b
reference energy is also needed, as detailed in the follow
To this purpose, we made calculations up to 15-layer th
slabs. As a general rule, the slab is considered to be t
enough when the difference between the total energies of
slabs differs by a SrTiO3 unit and the bulk total energy is
smaller than 1 mHa.54 This condition cancels out the prob
lem of nonconvergent surface energies,39,40and makes it pos-

TABLE I. Experimental and computed lattice parametera0,
bulk modulusB0, and cohesive energyEcoh for the cubic SrTiO3

phase. The experimental values ofa0 andEcoh are quoted in Ref.
32 andB0 is taken from Ref. 33. Two distinct calculations adoptin
the small-core and large-core approximations for the Ti pseudo
tential ~see text! are also shown.

Calc. ~large core! Calc. ~small core! Experiment

a0 (Å) 3.951(11.2%) 3.875(20.8%) 3.903
B0 (Gpa) 187(12%) 192(15%) 183
Ecoh (eV) 34.06(17%) 37.00(117%) 31.7
8-2
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STABILITY AND ELECTRONIC STRUCTURE OF THE . . . PHYSICAL REVIEW B68, 035418 ~2003!
sible to obtain a fair bulk reference energy for each termi
tion.

Even if our calculations are carried out at 0 K, we impo
symmetry constraints to our slabs to simulate the cubic ph
that is stable at room temperature. A special case is re
sented by the nonstoichiometric~110!-O termination, since
the mirror symmetry along the@ 1̄10# direction is lost. As it
will be detailed in the section devoted to such a terminati
the bulk energy should be computed with reference to
AFD phase that is simulated in a tetragonal supercell an
gous to that used for the slab. Other authors gave de
about the change of the AFD distortion with respect to
bulk structure.41 Our computed total-energy differences b
tween the cubic and the AFD phases is about 2 mHa.
glecting such a small quantity may appreciably bias the
merical extrapolation of the surface energy when a lin
scheme is used. To summarize, the uncertainty on the su
energiesEcl within our slab approach does not exce
1022 J/m2, which is usually much smaller than the com
puted surface energy differences for the various terminatio

We also focus on the total electron distribution in t
various surface configurations. An estimate of the elect
sharing between the O anions and the Sr and Ti cation
obtained by means of Bader’s topological analysis of
electron density, which corresponds to a partition of the to
charge in atomic basins. Such a procedure is independe
the basis set used,42 and has been recently used43 and im-
proved within theABINIT package. The precision of th
atomic charge integration is about 531023 electrons.

III. ELECTRONIC AND ATOMIC STRUCTURE

In the ~110! orientation of SrTiO3, a stacking sequence o
atomic layers•••O2-SrTiO-O2-SrTiO••• is provided. If we
consider that the ionic charge of O, Ti, and Sr areQO5
22, QTi514, and QSr512, respectively, then the O2
plane bears a formal chargeQO2

524 and the SrTiO plane

QSrTiO514 per two-dimensional unit cell. According to th
criterion for polarity compensation,44,43 the formal surface
charges of the various SrTiO3(110) faces have to be equal

FIG. 1. ~Color online! Side view of the SrTiO slab cut along
@001# plane. Sr, Ti, and O atoms are white, gray, and red, resp
tively.
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half the bulk value, i.e.,Qsur f562. Therefore, we conside
two main classes of (131) terminations: on one side, th
so-called stoichiometric terminations, since their compo
tions reflect the bulk stacking, namely, the~110!-SrTiO and
2O2 ones, for which an anomalous filling of surface states
expected. On the other side, we study the~110!-TiO, -Sr, and
-O terminations, for which the stoichiometry changes can
principle, provide the polarity compensation. For each ter
nation, we describe in the following the detailed atomic a
electronic structures.

A. Stoichiometric terminations

1. The SrTiO termination

In the stoichiometric~110!-SrTiO termination~see Fig. 1!,
six Sr-O bonds and two Ti-O bonds are cut. Since the surf
plane bears a formal chargeQSrTiO514, there must be an
anomalous filling of surface states, in order to cancel out
macroscopic component of the slab dipole.44 Figure 2 reports
the computed band structure. One can note that

c-

FIG. 2. Computed band structure for the SrTiO termination
SrTiO3(110). Only the valence-band top and the conduction-ba
bottom are drawn.

FIG. 3. Localization of the compensatory state at theM
~0.5;0.5;0.0! point of the Brillouin zone.
8-3
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FRANÇOIS BOTTIN et al. PHYSICAL REVIEW B 68, 035418 ~2003!
Fermi energy is located above the bottom of the conduc
band. Some conductionlike states are thus filled, which b
the two additional electrons that are needed according to
electron counting rule for polarity compensation.

These states are localized in the outermost layers and
genuine surface states. The density of the filled conduct
band state at theM point of the Brillouin zone, that is dis
played in Fig. 3, is roughly delocalized over three surfa
layers, which shows that the self-consistent charge redi
bution is more complex than the model that is based upon
values of the formal ionic charges. A more thorough insig
can be obtained by means of Bader’s topological cha
analysis, which is reported in Table II. The layer char
qSrTiO

I ,III andqO2

II of the first and third SrTiO and the second O2

outermost planes, respectively, are indeed strongly mod
by the filling of the additional surface state and thus sh
marked changes from the computed charge for the in
bulklike layers (qBulk562.50), which is roughly achieved
only in the fourth layer. The polarity compensation criteri
is fulfilled, since the sum of the charge of the four first laye
is equal to21.30, which is almost the half of the bulk laye
chargeqBulk.

Finally, we can see in Table II that the difference betwe
the surface layer chargeqSrTiO

I and the bulk layer charge
qBulk is mainly localized on titanium, which is confirmed b
the direct visualization of the filled state at the conductio
band bottom~in the right part of Fig. 4!. However, an effec-
tive decrease of the electronic kinetic energy may be

TABLE II. qO , qTi , andqSr are Bader’s topological charges o
oxygen, titanium, and strontium, respectively for the SrTiO term
nation. I, II, III, and IV give the indices of the layer. Charge is give
in electron number. For comparisons, bulk values are given at
bottom.

Layer Atomic charges Layer charge

SrTiO qO
I 521.36; qTi

I 51.74; qSr
I 51.40 qSrTiO

I 51.78
O2 qO

II 521.38 qO2

II 522.76
SrTiO qO

III 521.30; qTi
III 52.03; qSr

III 51.55 qSrTiO
III 52.28

O2 qO
IV521.30 qO2

IV 522.60
Bulk qO

Bulk521.26; qTi
Bulk52.18; qSr

Bulk51.58 qBulk52.50
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tained through the delocalization of this state ov
neighboring sites. Such a screening phenomenon, rem
cent to that found in Na-covered TiO2(110) surfaces,45 thus
affects the Sr and O charges, too. The charge of the ou
most Ti is thus reduced, which can be probed by XPS
periments through a surface Ti signal that should differ fro
the bulk Ti41 formal oxidation state to a large extent.

As far as the atomic structure is concerned, we can se
Table III that large relaxations occur in the four outermo
layers. For instance, the large rumpling between oxygen
strontium that is equal to 0.73 Å in the surface layer is s
non-negligible in the third layer (0.32 Å). The interplan
distance between the outermost SrTiO layer and the O2 layer
beneath it contracts by 11%, while that between the la
and the third SrTiO planes grows by119%, showing a typi-
cal damped oscillation that makes each pair of surface un
layers closer, as accounted for by the general theory.46,47

However, the surface Ti-O bond lengthsdTi-O are only
weakly modified: for Ti in the topmost layer,dTi-O is reduced
by 23%, while it is expanded by 5% in the third layer. Su
a behavior is due to the combined relaxation and rumpl
that mainly rotate the Ti-O bond. At odds, the more ionic a

-

e

TABLE III. Relaxation and rumpling on the~110!-SrTiO termi-
nation. The mean positions of the SrTiO layers are computed
averaging the normal coordinates of the corresponding atoms.
interplanar distances are given in angstroms and their relative v
tions in brackets.

Layer Relaxations and rumplings

SrTiO Ti(20.03) O(10.38) Sr(20.35)
l 1.25(211%)
O2 No rumpling
l 1.66(119%)
SrTiO Ti(10.06) O(10.13) Sr(20.19)
l 1.28(28%)
O2 No rumpling
l 1.49(16%)
SrTiO Ti(10.01) O(10.04) Sr(20.05)
l 1.38(21%)
O2 No rumpling
y
FIG. 4. Cutting of the total valence densit
~left! and compensatory state density~right! per-
pendicular to the@100# direction in a TiO2 plane.
8-4
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STABILITY AND ELECTRONIC STRUCTURE OF THE . . . PHYSICAL REVIEW B68, 035418 ~2003!
weaker Sr-O bonds are much more affected:dSrI-OIII is re-
duced by 13%, whiledOI-SrIII is expanded by 24%.

2. TheO2 termination

The complementary stoichiometric (110)-O2 termination
is also expected to undergo large modifications of the e
tronic structure because of the polarity compensation, wh
requires two electrons to be removed from the surface.
displayed in the left part of Fig. 5, the two surface oxyge
move close to each other forming a bond 1.48 Å long. S
a bond length is usually a signature of a peroxo grou48

which is formally denoted as O2
22 in the ionic limit. It would

imply that the surface charge per unit cell isQsur f522,
instead of24 as in the bulk. Therefore, the formation of
peroxo group formally permits to fulfill the polarity compen
sation criterion.

FIG. 6. Computed band structure for the O2-terminated slab.
Only the valence-band top and the conduction-band bottom
drawn. Thep* states discussed in the text give rise to four ban
~two for each termination!, which are not completely degenerate
due to finite-slab effects.

FIG. 5. ~Color online! Left part: side view of the
O2-SrTiO3(110) slab, cut perpendicular to the@001# crystallo-
graphic direction. Right part: schematic molecular diagram of
oxygen dimer. In the case of an isolated O2

22 group, the twop*
orbitals are completely filled.
03541
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Less formally, one can see that the formation of a pero
bond is made possible by emptying the antibondings* mo-
lecular orbital~see the right panel of Fig. 5!. This also pro-
vides an effective mechanism to open a small gap at
surface~see Fig. 6!. The Fermi level rests above the tw
antibonding statesp* and does not cross the band structu
The bulk gap value of SrTiO3 ~around 2 eV! is found be-
tween the valence band and the conduction band~i.e., ex-
cluding the O2 p* states!. The two in-gapp* states are split,
since the two@ 1̄10# and@001# crystallographic directions are
not equivalent, and are localized at the surface layer as
played in Fig. 7.

Table IV yields the results of Bader’s topological analys
for this termination. The topological charges of the surface
(OI) are sensitively reduced, consistently with the formati
of the peroxo bond. We obtain a surface charge almost e
to half the bulk one. In this case, the charge modification
essentially restricted to the outermost O atoms, as a co
quence of the covalent and localized nature of the per
bond.

As far as the atomic structure is concerned, import
modifications are present on the surface. The oxygen at
tilt at the surface and reduce their angle with respect to
@110# direction by strongly increasing the bond length wi
titanium on the second layer (dOI-TiII) by 19%. As a conse-
quence,there is a large inward relaxation (220%—see also
Table V! of the peroxo bond with respect to the second lay

re
s

n

FIG. 7. Localization of the highest occupied statep* for the O2

termination of SrTiO3(110).

TABLE IV. Same as Table II, for O2 termination.

Layer Atomic charges Layer charge

O2 qO
I 520.66 qO2

I 521.32
SrTiO qO

II 521.20; qTi
II 52.13; qSr

II 51.55 qSrTiO
II 52.48

O2 qO
III 521.21 qO2

III 522.42
SrTiO qO

IV521.24; qTi
IV52.19; qSr

IV51.58 qSrTiO
IV 52.53

Bulk qO
Bulk521.26; qTi

Bulk52.18; qSr
Bulk51.58 qBulk522.50
8-5
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FRANÇOIS BOTTIN et al. PHYSICAL REVIEW B 68, 035418 ~2003!
On the other hand,dOI-SrII is remarkably reduced (213%).
We point out that a few surface configurations were o

tained for the (110)-O2 termination through the minimiza
tion procedure. The one reported in Fig. 5 has the low
total energy. Another configuration with the peroxo group
top of the titanium is found, which is slightly higher in en
ergy (531023 J/m2), but still within the intrinsic precision
of our calculations. These two configurations have very si
lar band structures and atomic charges, and can be co
ered as almost degenerated. It is worth noting that w
starting the geometry optimization from the ideal, unrelax
(110)-O2 termination, a third local minimum without perox
groups at the surface is found. With respect to the per
configurations, it has an open-shell structure and a hig
surface energy of about 0.7 J/m2.

B. Nonstoichiometric terminations

The ~110!-TiO, -O, and -Sr terminations may be ideal
obtained from the stoichiometric surface by adsorption
desorption of Sr and O atoms. They bear a formal cha
QTiO512, QO522, andQSr512 in the ionic limit, re-
spectively, which corresponds to half the bulk layer cha
Qbulk564. Therefore, they are all compensated and
anomalous filling of surface states is, in principle, necess
In order to demonstrate this assumption, the computed d
sity of states of these three nonstoichiometric terminati
are drawn in Fig.8. They are all insulating, with electron
structures qualitatively similar to the bulk.

1. The Sr and TiO terminations

The ~110!-Sr termination is obtained from the O2 one by
adsorbing a Sr atom per unit cell whereas the~110!-TiO one
is obtained from the~110!-SrTiO termination by removing a
row of surface Sr along the@100# direction. These two ter-
minations are displayed in Fig. 9.

These two~110! terminations are representative of mo
open surfaces. The coordination numbers of the surface
oms are reduced with respect to the stoichiometric (110
31) terminations as well as to the nonpolar~100! surfaces.
Let us imagine to cleave a SrTiO3 slab along different orien-
tations: two complementary terminations are obtained,

TABLE V. Same as Table III, for O2 termination.

Layer Relaxations and rumplings

O2 No rumpling
l 1.12(220%)
SrTiO Ti(20.05) O(10.12) Sr(20.07)
l 1.52(19%)
O2 No rumpling
l 1.32(26%)
SrTiO Ti(20.02) O(10.03) Sr(20.01)
l 1.45(24%)
O2 No rumpling
l 1.40(0%)
SrTiO No rumpling
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which a certain number of bonds are missing. Such cut bo
are four Sr-O and one Ti-O for the nonpolar~100! orienta-
tion; Two Ti-O and six Sr-O bonds for the~110!-SrTiO and
(110)-O2 terminations, as well as for the~110!-O termina-
tion, which is self-complementary; Two Ti-O and eight Sr-
bonds for the~110!-TiO and ~110!-Sr terminations. More-
over, the~110!-Sr and~110!-TiO terminations have an unco
ordinated atom even in the third layer starting from the s
face ~a Sr-O bond is cut!, at variance with the(100)-TiO2,
100-SrO, and the~110!-SrTiO, (110)-O2, ~110!-O termina-
tions. Therefore, it is not surprising that the remaining ato
on the~110!-Sr and~110!-TiO undergo large relaxations~see
Table VI!, such as the inward relaxation of the surface Sr
the Sr termination (243%) and the strong rumpling of the T
and O atoms on the TiO termination (0.48 Å). Despite t
undercoordination, relaxations are more quickly damp
than for the stoichiometric terminations. For instance,
interplanar relaxation between the third and the fourth la
is reduced by a factor of 2 with respect to the stoichiome
~110!-SrTiO and (110)-O2 terminations.

Since the~110!-Sr and the~110!-TiO terminations are in-
trinsically compensated by stoichiometry, we may guess
the atomic surface charges differ little from the bulk, and th
such an effect is mainly due to the reduction of the surfa
atom coordination numbers. In fact, Bader’s topologic
analysis~see Table VII! confirms the polarity compensatio
of the two terminations: the charge modification affects
sentially the three outermost layers and their sum on th
layers is equal to11.21, which is almost half of the bulk
value. Even if these changes are less intense than on
stoichiometric terminations, they extend rather deeply i
the slabs, which confirms the correlation with the presenc
undercoordinated atoms and the interplay between
atomic relaxations and the electron redistribution.

2. The O termination

Such a termination may be ideally obtained in two diffe
ent ways: by removing an oxygen atom from an O2 termina-

FIG. 8. Density of states of the TiO, Sr, and O terminations. T
occupied states are filled in gray, andEF is the Fermi level.
8-6
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FIG. 9. ~Color online! Left ~right! panel: side
view of the TiO~Sr! slab, cut along a@001# plane.
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tion or by adding an oxygen atom on a SrTiO terminatio
The presence of a single O atom on the surface breaks
mirror symmetry along the@ 1̄10# direction, at odds with all
(131) terminations that were previously considered. Con
quently, among all the~110! terminations, the convergence o
the atomic structure and the surface energy of this one is
most difficult. We can see in Fig. 10 that the broken surfa
symmetry permits a distortion and its propagation into
slab. It consists of an alternating rotation of the octahe
along a@100# direction, which is known as an AFD instabi
ity. We point out that such an abnormal deep propagation
the AFD instability from the surface into the bulk is relate
to the fact that the low-symmetry phase is stable atT
50 K, the temperature for which the calculations are p
formed. This propagation may be hindered by considerin
15-layer slab with five inner layers frozen. Even in this ca
the surface atomic structure is practically indistinguisha
from that obtained on top of an AFD bulk.

The surface O relaxes inwards (233%) and laterally to-
ward the two strontium atoms underneath~see Table VIII!. In
the inner part of the slab, no large interplanar relaxation
curs. However, a quite strong rumpling affects the inner2
layers, which corresponds to the AFD distortion and is
damped as a function of the slab thickness. Moreover, th
are large lateral atomic displacements within the SrTiO l
ers that are denoted withdTiO2

~see Table VIII! and decrease
quite rapidly going into the bulk. As a consequence of t
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distortion, the O-Ti-O alignment is broken along the@001#
direction. The topological charges of the surface oxygen
oms are very similar to the bulk ones from which they diff
by 10% at most.

IV. THERMODYNAMIC STABILITY

Because of the different chemical nature of the vario
(131) ~110! terminations of SrTiO3, their stability must be
discussed as a function of the actual surfa
composition.7,19,49,50To this purpose, we make use of tw
distinct physical quantities: the first one corresponds to
energy that is necessary to split the crystal into two parts
create two complementary terminations, which we refer to
the cleavage energyEcl . The second one is the surface gra
potentialVs

i , which is a measure of the excess energy o
semi-infinite crystal exposing a termination with a give
compositioni in contact with matter reservoirs.

A. Cleavage energy

When a stoichiometric SrTiO3 slab is ideally cut and the
two parts are put apart, two complementary surface term
tions are created. In our case, they are the~110!-SrTiO and
the (110)-O2 terminations on one hand, and the~110!-TiO
and the~110!-Sr ones on the other. The~110!-O termination
can be considered as self-complementary. The respec
TABLE VI. Same as Table III, but for the~110!-TiO and ~110!-Sr terminations.

Layer Relaxations~TiO! Relaxations~Sr!

TiO/Sr Ti(20.24) O(10.24) No rumpling
l 1.51(18%) 0.79(243%)
O2 No rumpling No rumpling
l 1.43(12%) 1.53(110%)
SrTiO Ti(1.08) O(2.07) Sr(2.01) Ti(1.06) O(2.02) Sr(2.04)
l 1.32(25%) 1.35(24%)
O2 No rumpling No rumpling
l 1.40(0%) 1.41(11%)
SrTiO No rumpling No rumpling
8-7
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FRANÇOIS BOTTIN et al. PHYSICAL REVIEW B 68, 035418 ~2003!
cleavage energiesEcl
(O21SrTiO) andEcl

(TiO1Sr) can be obtained
from the total energies computed for the symmetric sl
through the following equations:

Ecl
(TiO1Sr)5

1

2S
~Eslab

TiO 1Eslab
Sr 2nEbulk!, ~1!

Ecl
(O21SrTiO)

5
1

2S
~Eslab

O2 1Eslab
SrTiO2nEbulk!, ~2!

whereEslab
i the total energy of the symmetric slab with thei

termination,n the total number of bulk formula units in th
two slabs,S the surface area, and Ebulk the bulk energy per
formula unit in the cubic structure.

Since the~110!-O termination is self-complementary an
shows an AFD distortion, its cleavage energyEcl

(O1O) is cal-
culated by using a unit factor instead of one-half and a
ferent reference energy Ebulk

AFD that reads

Ecl
O1O5

1

S
~Eslab

O 2nEbulk
AFD!. ~3!

As previously pointed out in Sec. II, a different choice f
the reference energy would result in an ill-defined cleav
energy. This is exemplified in a recent calculation, in wh
an apparently diverging cleavage energy was obtained for
~110!-O termination18 by using the cubic, undistorted refe

TABLE VII. Same as Table II for the~110!-TiO termination. For
the ~110!-Sr termination, the topological charges of the surface
oms are very similar to the bulk ones, from which they differ
7% at most.

Layer Atomic charges Layer charge

TiO qO
I 521.20; qTi

I 52.04 qTiO
I 50.84

O2 qO
II 521.11 qO2

II 522.22
SrTiO qO

III 521.20; qTi
III 52.21; qSr

III 51.58 qSrTiO
III 52.59

O2 qO
IV521.25 qO2

IV 522.50
Bulk qO

Bulk521.26; qTi
Bulk52.18; qSr

Bulk51.58 qBulk522.50

FIG. 10. ~Color online! Side view of the~110!-O slab.
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ence energy, instead ofEbulk
AFD . Our numerical results are

summarized in Table IX. The O termination has the low
cleavage energy (2.54 J/m2), whereas O2 and SrTiO have
the highest one (6.52 J/m2). We also note that the three non
stoichiometric terminations have lower cleavage energ
than the two stoichiometric ones. Consequently, the pola
compensation that is achieved through the modification
the surface stoichiometry seems to be more effective t
that by the anomalous filling of the surface states, as fa
energetics is concerned.

B. The surface grand potential

In order to distinguish the contribution of each termin
tion to the cleavage energy, we compute its surface gr
potential, which implies a contact with matter reservoi
Many authors have recently used this method with succ
as well for binary49,50 as for ternary compounds.7,19 We in-
troduce the chemical potentialmTi , mSr, andmO of the Ti,
Sr, and O atomic species, respectively. The surface gra
potential per unit area,V i , of the i termination reads:55

V i5
1

2S
@Eslab

i 2NTimTi2NSrmSr2NOmO#, ~4!

with NTi , NSr, andNO the number of Ti, Sr, and O atoms i
the slab and the factor of12 corresponds to the surface gran
potential by termination. The chemical potentialmSrTiO3

of a
condensed and stoichiometric phase of strontium titanat

TABLE VIII. Relaxation and rumpling on the~110!-O termina-
tion. The mean positions of the SrTiO layers are computed by
eraging the normal coordinates of the corresponding atoms.
interplanar distances are given in angstroms and their relative v
tions in brackets.dTiO2

corresponds to the Ti-O lateral relaxatio

~the projected interatomic distance along the@ 1̄10# direction!.

Layer Relaxations and rumpling dTiO2

O
l 0.94(233%)
SrTiO Ti(20.09) O(10.06) Sr(10.03) 0.391
l 1.42(12%)
O2 O(60.33)
l 1.38(21%)
SrTiO Ti(10.05) O(10.02) Sr(20.08) 0.087
l 1.38(21%)
O2 O(60.23)
l 1.376(21%)
SrTiO Ti(20.03) O(0.00) Sr(20.03) 0.057
l 1.40(0%)
O2 O(60.25)

TABLE IX. The cleavage energies Ecl in J/m2.

O1O TiO1Sr SrTiO1O2

Ecl 2.54 3.86 6.52

t-
8-8
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written as a sum of three terms representing the chem
potential of each species within the crystal:

mSrTiO3
5mSr1mTi13mO. ~5!

Since the surface is in equilibrium with the bulk SrTiO3, we
havemSrTiO3

5Ebulk . If we replace Eq.~5! with Eq. ~4!, we

can eliminate themTi and mSrTiO3
variables in the surface

grand potential and obtain

Vs
i 5

1

2S
@Eslab

i 2NTiEbulk2mO~NO23NTi!

2mSr~NSr2NTi!#. ~6!

Relying upon Eq.~6!, one can deduce, for each termin
tion, the range of the accessible values ofVs

i if the minimum
and maximum values of the O and Sr chemical potentials
known ~see the Appendix!.

If we introduce the variation of the chemical potentia
with respect to those computed for the reference pha
(DmO5mO2EO2

mol/2 andDmSr5mSr2ESr
bulk , respectively! in

Eq. ~6!, we obtain

Vs
i 5f i2

1

2S
@DmO~NO23NTi!2DmSr~NSr2NTi!#

with f i5
1

2S
FEslab

i 2NTiEbulk2
EO2

mol

2
~NO23NTi!

2ESr
bulk~NSr2NTi!G . ~7!

TABLE X. The surface energyf i , as defined in Eq.~7!, is
given for each terminationi in J/m2.

i O TiO Sr SrTiO O2

f i 1.27 6.88 23.01 4.78 1.73
03541
al
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f i measures the stability of the surface with respect to b
SrTiO3, gaseous molecular oxygen, and metallic Sr. In Ta
X, our ab initio results forf i are listed.

For two complementary terminations~TiO-Sr and
SrTiO-O2), the sum of their surface grand potentials is ind
pendent of the chemical potential and corresponds to t
cleavage energy~see Table IX!.

The derivation of the upper and lower bounds ofDmO and
DmSr is detailed in the Appendix. Within the allowed regio
we show in Fig. 11~left panel! the (131) ~110! terminations
having the lowest surface grand potentials, which provid
the stability diagram of SrTiO3(110) (131) surfaces in a O
and Sr external environment.

First of all, according to Fig. 11~left panel!, our calcula-
tions predict that only four out of the five possible termin
tions may be obtained. Indeed, the (110)-O2 termination
cannot be stabilized, even in very O-rich chemical enviro
ments. The Sr termination is the most stable one in O-
Sr-rich environments, as its complementary TiO face is in
and Sr-poor conditions. The O termination shows a stabi
domain in moderate O and Sr environment. Finally, the s
ichiometric and open-shell~110!-SrTiO termination happens
to be stable in a small domain corresponding to O-poor
Sr-rich conditions. In order to discuss the existence of t
small domain~at least within the theory! with respect to the
precision of our calculations, we point out the following~see
the right panel of Fig. 11!.

~a! At the O-poor and simultaneously the Sr-rich zo
boundary~i.e., DmO525.46 eV andDmSr50 eV), the dif-
ference between Sr and SrTiO surface grand potential
equal to 0.13 J/m2, which is higher than the estimated pr
cision 0.01 J/m2 of our calculations.

~b! Since the area of the (DmO, DmSr) domain is slightly
underestimated by our first-principles calculations~see the
Appendix!, the consideration of the experimental boundar
would enlarge the stability domain of the SrTiO terminatio
d in
FIG. 11. ~Color online! Stability diagram of the of the (131) SrTiO3 ~110! surface. The actual most stable termination is represente
the left panel as a function of the excess O and Sr chemical potentialsDmo ~vertical! andDmSr ~horizontal!. In the right panel, the surface
grand potentials are represented as functions ofDmO ~for a particular value of the Sr chemical potential,DmSr50 eV).
8-9
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V. DISCUSSION

Among the questions that we raise in the Introduction
the following we discuss three issues that are especially n
worthy.

A. A stable polar stoichiometric termination: „110…-SrTiO

We have shown in the preceding section that the (131)
stoichiometric~110!-SrTiO termination can be stabilized in
O-poor and Sr-rich environment. Even if its stability doma
comes out to be rather small, this is the second case~to our
knowledge!, together with the Zn and O terminations
ZnO~0001! ~Ref. 21! of a stable stoichiometric polar oxid
surface with an open-shell electronic structure. Howeve
recent STM investigation51 questioned the proposed stoichi
metric morphologies for ZnO~0001! and provides different,
nonstoichiometric, structural models.

The polarity compensation through anomalous filling
surface states is expected on the basis of theoretical a
ments, but it is actually not often encountered.44 Indeed, the
cleavage energies of stoichiometric polar terminations
rocksalt structures, such as the (131) unreconstructed~111!
faces of MgO, are generally much higher than those of
constructed, nonstoichiometric polar terminations. As a c
sequence, the surface grand potentials of these polar
ichiometric terminations result higher than those of t
nonstoichiometric ones even when the chemical-poten
dependent terms represent a negative contribution. In
respect, the peculiar behavior of SrTiO3 may be due to the
presence of Ti-O covalent bonds, in conjunction with a n
too large fundamental gap. Indeed, the energy increase th
due to the anomalous filling of surface states needed for
larity compensation may be effectively lessened by ato
relaxation and electronic screening effects. The latter o
show up through a nonnegligible charge transfer affect
some surface layers as supported by the analysis of the
pological Bader’s charge of the SrTiO termination~Table II!:
all Ti and O charges belonging to the three topmost lay
are modified. Such a screening mechanism is less costly
a drastic charge reduction on only one or two surface ato
which is essentially the case for MgO~111! (131).52

B. Comparison with the nonpolar SrTiO3„100… terminations

The cleavage~100! orientation of SrTiO3 is nonpolar and
displays two different stoichiometric terminations: the~100!-
TiO2 and the~100!-SrO. They are usually expected to b
more stable than any polar face such as the~110! termina-
tions. Indeed, within the same theoretical and computatio
framework, we calculated the cleavage energy of
(131) (100)-TiO2 and -SrO surfaces, which is not ver
much lower than those of the nonstoichiometric~110! termi-
nations. Therefore, it is worth comparing the thermodynam
stability of the simulated (131) ~110! terminations with the
two (131) ~100!-TiO2 and ~100!-SrO faces. In Fig. 12, the
domains of stability of the two~100! terminations and the
five ~110! terminations, previously reported, are gather
Even if in the most common conditions, corresponding
moderate Sr and O chemical potentials, the~100! faces are
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favored, two~110! distinct (131) terminations are predicte
to be stable—the~110!-TiO in Sr-poor environments and th
~110!-Sr in O-rich and Sr-rich conditions—the first of whic
shows a quite wide domain of thermodynamic stability. Fro
the theoretical point of view, the~110!-TiO and the~110!-Sr
terminations can be thought of as exposing strongly rela
$100% nanofacets~see Fig. 4!. It is therefore not completely
surprising that their surface energies can become compar
to those of flat$100% terraces, if the formation energy o
corners and edges is not too high. This is consistent with
experimental evidence, which shows that$110% orientations
can be quite easily obtained for SrTiO3.

C. Comparison with experimental results

Using the first-principles stability diagrams displaye
above, we can now discuss and propose a tentative expl
tion for the experimental measurements. As anticipated in
Introduction, the SrTiO3(110) surface was produced an
characterized by several groups, showing a great sensit
to the preparation conditions. In particular, if th
SrTiO3(110) is slightly annealed in ultrahigh vacuu
~UHV!, at 800 °C~Ref. 15! or at 960 °C for 2 h,13 the surface
exhibits a (131) LEED pattern. In contrast, a (n3m) peri-
odicity is observed when the SrTiO3(110) surface is an-
nealed at temperaturesT*1000 °C. Therefore, one ma
guess that (131) SrTiO3 ~110! surfaces represent loca
minima of the possibly complex free-energy landscape i
quite wide temperature range. Preliminary calculations
larger cell reconstructions53 show that some (131) phases
may remain stable with respect to other reconstructed
faces. In the following, we mainly discuss the experime
performed on these (131) phases.

As far as the composition of the surface is concerned,
authors of Ref. 13 get evidence through Auger measurem
of an increasing surface concentration of Sr at the hi
temperature annealed surface. Therefore, they conclude

FIG. 12. ~Color online! Phase diagram: comparison between t
different terminations of the (131) SrTiO3 ~110! SrTiO, O2, TiO,
Sr, and O terminations and SrTiO3 ~100! TiO2 and SrO terminations
in a oxygen and strontium external environment.
8-10
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STABILITY AND ELECTRONIC STRUCTURE OF THE . . . PHYSICAL REVIEW B68, 035418 ~2003!
lack of strontium for the mildly annealed (131) surface,
and propose a$100% microfaceted (110)-TiO2 termination as
the corresponding atomic-scale structural model. On
other hand, the STM study of Ref. 15 shows on the (131)
terminations the presence of rather flat regions where tun
ing spectra have metallic character. These findings are
sistent with typical Ti31 and Ti21 features in the XPS spec
tra, as well as a metallic surface state with a Ti 3d character
as seen in UPS. On the basis of all these observations, a
odds with Ref. 13, they propose a SrTiO termination for
unreconstructed SrTiO3(110) surface, which can account fo
its flatness and metallic character dominated by Ti-like oc
pied states.

Relying on our calculations, we argue that these two
parently contradictory models are not necessarily incom
ible. On one hand, the UHV Auger measurements may h
been carried out in Sr-poor environments, whereas the U
experimental conditions that have been used in Ref. 15 im
a O-poor environment. Keeping in mind the great sensitiv
of the SrTiO3(110) surface to the actual thermodynamic co
ditions, it is not surprising that its atomic-scale structure m
show large variations. According to our calculations~see Fig.
11!, the~110!-TiO termination, which can be interpreted as
$100%-TiO2 microfaceted surface in agreement with t
model proposed by Brunen and Zegenhagen,13 can be ob-
tained in a wide domain corresponding to slightly Sr-po
and O-poor environments. If we assume that the tempera
annealing is done in the O-poor condition and, at the sa
time, rather than Sr-rich conditions~whether one starts from
the very beginning with a stoichiometric SrTiO terminatio
without desorbing Sr atoms or the latter ones migrate fr
the bulk to surface domains of TiO composition remains
open question!, a local~110!-SrTiO termination may be ob
tained as proposed by Bando and co-workers.15 Indeed, the
metallic character of the~110!-SrTiO termination that is due
to a surface state mainly of Ti character agrees with the m
sured UPS spectra. Moreover, as we have previously poi
out for this termination, the anomalous filling of a Ti surfa
state that is needed for polarity compensation should be
sociated to special Tin1 features in XPS, withn,4.

VI. CONCLUSION

The SrTiO3(110) (131) surface was studied in th
framework ofab initio calculations for the first time, to the
best of our knowledge. The number of surface terminati
in this ternary compound is larger than in binary compoun
which permits a remarkable variety for mechanisms of
larity compensation. An anomalous filling of the surfac
states takes place at the SrTiO termination with an open-s
electronic structure and at the O2 termination with in-gap
states. If nonstoichiometric O, TiO, and Sr terminations
considered, we obtain for each of them an insulating bulkl
electronic structure.

By calculating the surface grand potentials, we obt
four distinct (131) stable~110! terminations as functions o
the Sr and O chemical potentials. A quite large domain
found for the three nonstoichiometric terminations, es
cially for the TiO one. This competition between differe
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terminations is also confirmed by the presence of a sm
domain of stability for the SrTiO termination in simulta
neously Sr-rich and O-poor environments.

In conclusion, due to the scarcity of experimental inve
tigations and the observed complexity of the physical a
chemical behaviors of the SrTiO3(110) surface, the detailed
determination of its atomic and electronic structures still
mains an open question. However, our first-principles cal
lations suggest that even for the unreconstructed (131) sur-
faces, many distinct terminations are likely to appe
according to the precise experimental conditions. In parti
lar, the great dispersion of the experimental results should
connected with such a sensitivity. In the light of our simu
tions, the available structural models that have been p
posed to interpret the measurements seem to be reaso
within a restricted thermodynamic domain. We point out th
coupling spectroscopic measurements and structure-sens
techniques such as near-field microscopies and grazing x
diffraction, in very carefully controlled chemical environ
ments may be crucial to get a comprehensive insight i
SrTiO3 polar surfaces.
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APPENDIX: BOUNDARY LIMITS FOR THE CHEMICAL
POTENTIALS

In this appendix, we derive the range of accessible val
for mSr andmO in the stability diagram of the SrTiO3(110)
orientation. The oxygen, titanium, and strontium atoms
assumed to form no condensate on the surface. Co
quently, the chemical potential of each species must be lo

FIG. 13. ~Color online! Stability of the strontium titanate phas
in a (DmSr; DmO) plane.
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than the energy of an atom in the stable phase of the con
ered species:

DmO5mO2
EO2

mol

2
,0, ~A1!

DmSr5mSr2ESr
bulk,0, ~A2!

DmTi5mTi2ETi
bulk,0. ~A3!

We have introduced in these inequations the relative
uesDmO, DmSr, andDmTi of the different chemical poten
tials with respect toESr

bulk , ETi
bulk , andEO2

mol/2, which are the

energies of a Ti atom in the hcp bulk metal, of the Sr atom
the bulk cubic structure and of the O atom in the O2 mol-
ecule in the gas phase, respectively. The two first inequat
~A1! and~A2! define the upper boundaries of the oxygen a
strontium chemical potentials. By combining Eqs.~A3! and
~5! in the main text, we obtain the following lower bound
aries:

DmSr13DmO.2ESrTiO3

f

T

ys

-

J.

T.

Y.

03541
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with

2ESrTiO3

f 5ESrTiO3

bulk 2ETi
bulk2ESr

bulk2
3

2
EO2

mol . ~A4!

ESrTiO3

f is the formation energy of SrTiO3 with respect to the

Ti and Sr atoms in their bulk phases, and the O atom in
gas phase, which is positive defined. In order to comp
easily this quantity and compare it with the experimen
values, we rewriteESrTiO3

f in the following way:

ESrTiO3

f 5Ecoh2ESr
f 2ETi

f 2
3

2
EO2

f ~A5!

with all these quantities defined in Sec. II. Our comput
value ESrTiO3

f 516.38 eV is to be compared with the valu

ESrTiO3

f 517.40 eV that can be deduced from experimen

data. In conclusion, we show the stability of the strontiu
titanate diagram in a (DmSr; DmO) plane in Fig. 13. As one
can see, theab initio calculations only slightly underestimat
the size of the stability region.
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