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Structural relaxation and longitudinal dipole moment of SrTiO 3„001…„1Ã1… surfaces
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First-principles calculations are employed to study SrTiO3(001) (131) surfaces with both SrO and TiO2

termination. A detailed geometry of the relaxed systems, surface energy, and the individual relaxation energies
of the two types of surface are obtained. The longitudinal surface dipole moments are derived from variation
of the macroscopic electrostatic potential along the surface normal direction. Pseudopotential–plane-wave
calculations are performed in the slab geometry, on both symmetric and asymmetric slabs; the merits and the
limits of the latter geometry are discussed.
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I. INTRODUCTION

The renewed interest in the SrTiO3(001) surfaces is due
to their use as substrate for growing epitaxial films of hig
Tc superconductors.1 In this context questions arise about t
surface ferroelectric reconstruction, i.e., structural modifi
tions parallel2,3 or perpendicular4–6 to the surface. In contras
to otherABO3 oxides~e.g., BaTiO3), bulk SrTiO3 remains
paraelectric in the cubic perovskite structure~Fig. 1! at finite
temperatures down to 105 K.7 This structure allows two
types of ~001! termination, viz., the SrO- or the
TiO2-terminated surface~Fig. 1!. Both can be realized
experimentally by atomically controlled growth.8 Besides
(131) surface structures, more complicated reconstructi
of the ~001! surface have been reported.9 Since these surfac
layers consist of both cations and anions, surface recons
tion might generate permanent dipole moments, which ra
the question of permanent surface polarization.

In this article, we shall concentrate on the ‘‘longitudina
effects caused by the relaxationperpendicularto the surface,
in particular on the surface dipole moments. Usingab initio
methods, we find the detailed atomic structure of both
SrO- and TiO2-terminated SrTiO3(001) (131) surfaces, the
surface energy, and the individual relaxation energies for
two types of surfaces. The longitudinal dipole moments~be-
fore and after relaxation! are then obtained from the analys
of the macroscopic electrostatic potential and its variat
along the direction normal to the surface.

Most previous calculations2,6,10 relied on model descrip
tions, e.g., the shell model~better known from lattice dynam
ics!, and the atomic reconstruction and surface energies h
recently been addressed3,4 by first-principles methods simila
to those applied here. The present work focuses on sur
polarization effects. Nevertheless, in order to ensure the c
sistency between the electrostatics and the geometry o
surface, we also repeat the determination of the atomic
rangements within our present calculational scheme. In t
the existence of two sets of results for surface reconstruct
coming from two differentab initio calculations, present
then the opportunity to estimate numerical errors and, m
generally, to assess the uncertainties of the first-princip
determination of atomic geometries. On the technical s
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we employ for calculation of surface properties both sy
metric andasymmetricslabs. As the latter construction ha
usually been avoided in surface calculations, we discuss
macroscopic fields arising in the asymmetric periodic ce
and the precautions that should be observed when using
geometry.

The present paper is organized as follows: The details
the calculations are explained in Sec. II. Section III conta
the results of the relaxed structures and Sec. IV the disc
sion of surface energies. In Sec. V we describe how
longitudinal surface dipole moments are obtained. The p
ticularities of the asymmetric-slab calculations are discus
in Sec. VI.

II. CALCULATION DETAILS

The calculations we perform are based on density fu
tional theory11 within the local density approximation12

~LDA ! using the Ceperley-Alder form13 for exchange corre-
lation, employing theCASTEPcodes14 ~Cambridge Serial To-
tal Energy Package! for performing all the self-consisten
calculations. Periodic slabs separated by vacuum are use
simulate the surface systems. The one-electron wave fu
tions are expanded in a plane-wave basis limited by the
netic energy cutoffEPW5500 eV. Integration over the firs
Brillouin zone uses the discretek-point sampling according

FIG. 1. The cubic perovskite structure of SrTiO3 and the two
types of termination of the (131) surfaces.
10 409 ©2000 The American Physical Society
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10 410 PRB 62C. CHENG, K. KUNC, AND M. H. LEE
to Monkhost and Pack15 ~see later!. The ‘‘optimized’’ norm-
conserving pseudopotentials16 in the Kleinman-Bylander
representation17 are used to describe the interactions betwe
valence electrons and ions; the number of valence elect
considered is 10, 4, and 6 for Sr, Ti, and O atoms, resp
tively. In strontium, the eight semicore electrons from thes
and 4p orbitals are treated as valence electrons.18 The Sr
pseudopotential was generated on the 4s24p6 configuration,
with core radii of 2.5 and 2.2 a.u. for thes and p compo-
nents, respectively. The Ti pseudopotential was obtained
ing the 4s23d2 configuration for thes andd components and
on the 4s0.754p0.253d2 state forp, with the same core radiu
of 2.5 a.u. for all three components. The O pseudopoten
was generated on the 2s22p4 state for thes andp and on the
2s12p1.753d0.25 configuration for thed component, with a
core radius of 1.4 a.u. for alls, p, and d components. The
pseudopotentials are ‘‘optimized’’16 for low plane-wave
~PW! cutoffs starting from EPW5500 eV. The Ti and O
pseudopotentials of this type were already applied in ot
contexts19 but that for Sr is used.

In order to check the pseudopotentials and the numer
convergence, we have calculated the equilibrium lattice c
stant, the bulk modulus, and its pressure derivative for b
SrTiO3 using increasing numbers of plane waves andk-point
sets summarized in Table I. The 4- and 10-k-point sets cor-
respond to the Monkhost-Pack parameters~4 4 4! and ~6 6
6!. It can be seen that four specialk points are sufficient for
the Brillouin zone integration. With respect to plane-wa
cutoff the static equilibrium results are fully converged
EPW5600 eV, but already at EPW5500 eV the lattice con-
stant deviates only by about 0.03 Å~0.8%!, less than the
uncertainty in the experimental data20 ~0.05 Å or 1.3%!.
Therefore we used a plane-wave cutoff EPW5500 eV in all
supercell calculations reported here.

To simulate a surface system, we use periodic cells c
taining seven primitive unit cells of the bulk~Fig. 2!. They
comprise a slab consisting of 10 or 11 atomic planes
SrTiO3 and vacuum equivalent to another 4 or 5 atom
planes~thickness 2a0 or 2.5a0). We have checked that thi
vacuum size is large enough to avoid interaction of one s
face with the nearest supercell. In Fig. 2 the slabs~a! and~b!
are symmetric with respect to the mirror plane pass
through the center of the supercell, whereas the unit cell~c!
is asymmetricand gives rise to a macroscopic electric fie
that requires special considerations discussed in Sec. VI

A convergence test with EPW5600 eV shows that both
the surface energy and relaxation energies are converge

TABLE I. Convergence of the static equilibrium~lattice con-
stant, bulk modulus, and its pressure derivative! of bulk SrTiO3

with respect to energy cutoff Epw and to the Brillouin-zone sam
pling ~number ofk pointsNk).

Nk EPW a0 ~Å! B0 ~GPa! B08

4 500 eV 3.95 172 3.6
10 500 eV 3.95 174 3.7
4 600 eV 3.93 192 4.9
4 700 eV 3.92 188 4.6
4 800 eV 3.92 191 4.4

Experiment~Ref. 20! 3.9048 183 –
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0.01 eV per (131) surface area, which represents an unc
tainty of 2% and 5%, respectively. The k-point set used in
the supercell calculations is defined15 by (q1 q2 q3)
5(4 4 2), which leads to three specialk points in the irre-
ducible part of the Brillouin zone. This mesh has the sa
density in thexy direction as the~4 4 4! mesh used in the
bulk calculations. For relaxing atomic positions in the su
face structures, we use the forces due to the Hellma
Feynman theorem21 to move the atoms to positions at whic
all forces became smaller thand50.02 eV/Å .

III. RELAXED STRUCTURES

The geometry of the relaxed SrO- and TiO2-terminated
surfaces, as calculated for symmetric slabs@Figs. 2~a! and
2~b!#, are listed in Table II. The results we obtained on t
asymmetric slab according to Fig. 2~c! ~not listed! are nearly
identical ~within 0.01 Å! and their significance will be dis
cussed in Sec. VI.

In Table II the 1z direction is normal to the ‘‘upper’’
surface of Figs. 2~a! and 2~b!. The displacements of the a
oms on thei th surface layer~with respect to the atomic po
sitions of the ideal surface! are denoteddz(Oi) for O and
dz(Mi) for Sr or Ti; they are positive when pointing ou
wards, into the vacuum, and negative when oriented inwa
into the bulk. The atomic displacements of the fifth lay
atoms~counted from the surface! were found to be smalle
than 0.01 Å , which is the numerical limit of the prese
calculations, and are therefore are not listed in the table.
sixth atomic plane~the center of the slab! was kept frozen
during the relaxation due to the symmetry of the superc
and represents the bulk. The average displacement of thi th
layer is given as@dz(Oi)1dz(Mi)#/2 and alternates in sign
with the first surface layer moving inwards~towards the

FIG. 2. The translational unit cells used in the present calcu
tions. The slabs in~a! and~b! are symmetric with respect to mirro
plane passing through the center of the slab; that in~c! is asymmet-
ric and can give rise to macroscopic field~see Sec. VI!. The 1z
direction, perpendicular to the surfaces, is pointing upwards.
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TABLE II. Atomic relaxations for the SrO- and the TiO2-terminated surfaces. The atomic displaceme
dz are given relative to the ideal surface positions and are positive when pointing towards vacuum, n
when oriented into the bulk. The average displacement of thei th layer is defined as 0.5@dz(Oi)1dz(Mi)#,
whereMi5Sr or Ti. All results are in units of Å .

SrO terminated dz Average displ. TiO2 terminated dz Average displ.

1 Sr 20.26 20.11 Ti 20.07 20.04
O 10.04 O 20.01

2 Ti 10.07 10.04 Sr 10.18 10.11
O 10.01 O 10.03

3 Sr 20.06 20.03 Ti 20.01 0.00
O 10.01 O 10.01

4 Ti 10.01 10.01 Sr 10.04 10.03
O 0.00 O 10.01
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bulk!. Note that we found the largest displacement on
second surface layer of the TiO2 surface.

The displacements from the ideal lattice positions~Table
II ! are translated into rumpling parameterr and the change in
interlayer spacingdi j in Table III. Like the average displace
ment, the rumpling parameter is positive for the first lay
and alternates in sign when going from the surface into b
The oscillating sign ofr results from minimizing the electro
static energy of the surface dipoles that are formed by
relaxation: aligned dipoles with alternating directions ha
lower energy than any other arrangement.

For comparison, Table III shows rumpling paramete
from other theoretical and experimental studies. It is wo
pointing out that allexperimentalresults were obtained un
der the assumption that only the first surface layer has n
zero rumpling; such an assumption may have been co
nient for fitting experimental data to a model structure bu
not necessarily realistic. Both theoretical and experime
e
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studies agree on the positive sign of rumpling of the fi
surface layer, on both types of surfaces. All sources agre
the oscillating sign of the rumpling parameter.

Also listed in Table III—whenever available—are th
relative changes in the interlayer distance; we define the
ter as the difference inz coordinates of themetallicatoms, in
the nearest-neighbor layers, so thatDdi j 5dz(Mi)-dz(M j ).
As the scattering strength of O is much smaller than tha
Sr or Ti, theDdi j are better suited for comparison with e
perimental data than the average layer displacements g
in Table II. We note that the data onDdi j /d0 are not con-
sistent between different experiments; sometimes not e
the sign is certain. In contrast, all theoretical results, inclu
ing those based on phenomenological models, are cohe
both in sign and approximate magnitudes; in particular, th
is a very good agreement between our results and sim
calculations by Padilla and Vanderbilt.3 We checked that the
remaining differences between the twoab initio calculations
-

TABLE III. Rumpling parametersr ~in Å! and percentage changes in the interlayer spacingdi j between

the successive layers, from the present calculations~Table II! and from previous studies of the relaxed SrO
and TiO2-terminated surfaces. The rumpling parameter of thei th layer is defined asr[dz(Oi)2dz(Mi) and
given in Å ; the interlayer distancedi j [z(Mi)2z(M j ) is measured between themetallicatoms of the layers
i , j and given relative to the ideal interlayer spacingd05a0/2;Mi5Sr or Ti.

Ab initio methods Shell model Experiments
Present Ref. 3 Ref. 10 Ref. 6 Ref. 5 Ref. 22

SrO-terminated surface
First-layerr 10.30 10.22 10.18 10.32 10.1660.08 10.16
Dd12/d0 ~%! 216.8 213.8 29.5 218.5 21062 15.1
Second-layerr 20.06 20.05 – 20.03 – –
Dd23/d0 ~%! 16.9 14.8 12.9 16.0 1462 12.6
Third-layer r 10.07 10.04 – 10.06 – –
Dd34/d0 ~%! 23.9 – – 28.7 – –
Fourth-layerr 20.01 – – 20.01 – –

TiO2-terminated surface
First-layerr 10.07 10.07 10.05 10.05 10.0860.08 10.10
Dd12/d0 ~%! 212.8 211.8 27.9 28.0 1262 13.6
Second-layerr 20.15 20.12 – 20.14 – –
Dd23/d0 ~%! 19.4 16.4 12.4 18.1 2262 12.6
Third-layer r 10.016 10.01 – 10.01 – –
Dd34/d0 ~%! 22.2 – – 22.2 – –
Fourth-layerr 20.026 – – 20.02 – –
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TABLE IV. Average surface energy, relaxation energy, and the surface-layer desorption energy
lated for the relaxed SrO- and TiO2-terminated surfaces using Eqs.~1!–~3!. All energies are in units of eV pe
(131) surface area.

Desorption energy
EPW Surface Surface energy Relaxation energy of the surface lay

500 eV SrO-terminated average: 20.30 average: 13.4
500 eV TiO2-terminated 1.21 20.14 20.22 26.0
500 eV Asymm. slab calcul. 1.19 20.21 –
600 eV Asymm. slab calcul. 1.20 20.20 –
ar
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are not caused by the ‘‘thinner’’ slabs used in Ref. 3 but
due to employing different pseudopotentials~the ‘‘ultrasoft’’
pseudopotentials23 in Ref. 3 and the ‘‘optimized’’ ones16 in
the present work, while both calculations use the same L
and plane-wave basis!.

IV. SURFACE ENERGY

According to the conventional definition, the surface e
ergy relates to the cleavage energy, i.e, the energy requ
to cleave the bulk structure and to form two surfaces. Wh
cutting SrTiO3 by a ~001! plane, both a SrO- and
TiO2-terminated ~001! surface will appear. As a conse
quence, one can only speak of anaveragesurface energy
~equal to half the cleavage energy! but not of the individual
SrO or TiO2 surface energy. The~average! surface energy
Esur f per (131) surface area can be calculated in terms
the energiesEtot of the slabs shown in Figs. 2~a! and 2~b!:

Esur f5~1/4!@Etot~symm. SrO-terminated slab!

1Etot~symm. TiO2-terminated slab!

2~11/7!Etot~bulk!#. ~1!

Here Etot(bulk) is calculated on a similar supercell~not
shown in Fig. 2!, but without the vacuum, and it is unde
stood that allEtot in Eq. ~1! are per translational unit ce
~supercell!. We count that the two symmetric slabs conta
altogether four surfaces~two of each type!, 11 formula units
of SrTiO3, and the supercell we used for calculating the b
energy comprises of seven formula units. In order to m
mize the systematic errors in calculating the energiesEtot ,
we used for all three calculations in Eq.~1! the same super
cell, k-point set, and plane-wave cutoff. The resulting~aver-
age! surface energy~Table IV! is 1.21 eV per (131) surface
area, which compares well with the 1.26 eV found in Ref.
The surface energy of SrTiO3 ~001!—when measured per 1
31 area ~i.e., scaled with a0

2)—is very close to the
BaTiO3~001! surface. For the latter linearized augment
PW ~LAPW! calculation24 gave 1.27, and a plane-wav
calculation25 1.241 eV/(131).

All calculated surface energies correspond tofully relaxed
surfaces. The relaxation part of the surface energy, unlike
surface energy itself,can be considered for the two types o
surfaces separately. For the SrO-terminated surface we
tained a relaxation energy of20.30 eV per (131) surface
area and for the TiO2-terminated one20.14 eV; in average
this is 20.22 eV/(131), or about 18% of the surface en
e
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ed
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ergy. This result compares well with the calculations by P
dilla and Vanderbilt,3 who obtained for the average relax
ation energy20.18 eV.

In addition to symmetric slabs, we also carried out calc
lations on the asymmetric slab shown in Fig. 2~c!. Since both
types of surfaces are present in the same supercell, the
termination of the~average! surface energy requires one le
calculation when the asymmetric slab is used:

Esur f51/2@Etot~asymm. slab!2~5/7!Etot~bulk!#, ~2!

but certain precautions have to be taken, which will be d
cussed in Sec. VI. In such a calculation we obtained an
erage surface energy of 1.19 eV/(131), i.e., less than 2%
difference compared to the result from Eq.~1!. Also the
atomic relaxations and the average relaxation ene
@20.21 eV/(131), i.e., '5% difference# differ very little
from the symmetric slabs, i.e., within the limit of the acc
racy of the present calculations~see Sec. VI!. With a larger
basis set~using cutoff EPW5600 eV and the correspondin
lattice constant!, the surface and relaxation energies~in the
asymmetric slab! become 1.20 eV and20.20 eV, respec-
tively. Thus the uncertainty can be estimated to be'0.01
eV/(131), in both calculations using Eq.~1! or ~2!.

In addition to the surface energy, we have also calcula
the energy required for removing the atoms of the first s
face layer to an infinite distance from the surface~and from
one another!, i.e., assuming that they become isolated atom
This is the desorption energy Edes of the surface layer. Ob-
viously, this quantitycan distinguish between the two type
of the surface, and, e.g., the desorption energy of the S
surface layer, Edes~SrO layer! per (131) surface area is
given by

Edes~SrO layer!5Etot~symm. SrO-terminated slab!

2Etot~asymm. slab!2Etot~Sr atom!

2Etot~O atom! ~3!

and similarly for the TiO2 layer. Here the total energy of th
isolated~pseudo-! atoms was calculated in the same plan
wave basis, using the same pseudopotentials in an fcc s
ture with lattice constant 15 Å . The desorption energy of th
SrO layer is approximately half that of TiO2, viz., 13.4 eV
versus 26.0 eV~see Table IV!. Since the negative of the
desorption energy is theadsorption energy, we conclude that
twice as much energy is gained when Ti, O, and O atoms
adsorbed on the SrO surface than when Sr and O atoms
adsorbed on the TiO2 surface. When we adopt an alternativ
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assumption, viz., that the desorbed oxygens form O2 mol-
ecules, the desorbed Sr and Ti atoms condense into the
phase, and the desorption~adsorption! energies become 9.
eV ~SrO! and 16.0 eV (TiO2). @The results from Eq.~3! are
modified by subtracting the respective cohes
energies.26,27#

For the sake of simplicity, we performed this calculati
accounting for ideal~unrelaxed! surfaces. Nevertheless, w
have seen that the relaxation energies are much smaller
the differences between the above two results, so it sho
not be much affected.28 On the other hand, the ratio~or the
energy difference! depends on the ‘‘destination’’ of the des
orbed atoms~or on the ‘‘origin’’ of the adsorbed ones!—i.e.,
on their chemical potential—in contrast to the~average! sur-
face energy~1! that is an intrinsic quantity.

We conclude that taking off the TiO2 surface layer and
uncovering the SrO-terminated surface requires consider
more energy than stripping the SrO layer and creating
TiO2-terminated surface. Therefore this surface energe
confirms~and quantifies! the earlier experiments suggestin
the TiO2 surface to be more stable than SrO.9

V. LONGITUDINAL SURFACE DIPOLE MOMENTS

As already mentioned, relaxation of a surface consist
of both cations and anions can give rise to surface ferroe
tricity. In this section, we investigate thelongitudinalsurface
dipole moment of the SrO-terminated and TiO2-terminated
surfaces that is caused by relaxation. We are interested in
dipole oriented along thez direction, i.e., perpendicular to
the surface, and we will obtain the relevant information
analyzing the longitudinal variation of the electrostatic p
tentials, microscopic and macroscopic ones, that we obta
in the self-consistent calculations of Sec. III.

The xy-averaged electrostatic potentialsV̄es(z), for any
of the slab systems in Fig. 2, is defined as

V̄es~z!5~1/a0
2!E @VH~x,y,z!1Vion~x,y,z!#dxdy, ~4!

whereVH is the Hartree potential of the self-consistent c
culation,Vion is the electron-ion~pseudo-! potential, and the
integral ~the plane-averaging! runs over thex and y dimen-
sions of the translational unit cell~areaa0

2). At this point, if
we substitute for ionic pseudopotentials their asympto
form Q/r valid at large distancesr from the core, the plane
averaging can be performed analytically. We will have

Vion~x,y,z!'
1

4pe0
(
a

Qa

~x2xa!21~y2ya!21~z2za!2
,

~5!

whereQa is the core charge of the atoma at rWa , and the
summation is over all ions of the supercell. Consequence
this approximation will be discussed later in this section.

ReplacingVH by n(x,y,z) @which is related toVH(x,y,z)
by Poisson’s equation# and performing thexy averaging, we
obtain
lid
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e
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V̄es~z!5~21/2e0!F E en̄~z8!uz2z8udz81(
a

Qa

a0
2

uz2zauG ,

~6!

where

n̄~z!5~1/a0
2!E n~x,y,z!dxdy ~7!

is the plane-averaged charge density obtained in the s
consistent calculation. The integral in Eq.~6! extends over
the supercell of Fig. 2 in thez direction, i.e., along the sur
face normal, and the core charge Qa takes values 10, 4, an
6 for the Sr, Ti, and O atoms, respectively. Although Eq.~6!
expresses no different physics than Eq.~4!, the formula~6!
has the advantage of dealing with slabs as with a o
dimensional problem.29

V̄es(z) and n̄(z) can be further processed to obtain t
macroscopicallyaveraged quantities

V% es~z!5~1/a0!E
z20.5a0

z10.5a0
V̄es~z8!dz8, ~8!

and similarly forn% (z). In Fig. 3 we show the plane-average
electrostatic potentialV̄es(z) and the macroscopically aver
aged potentialV% es(z) for the symmetric SrO-terminate
slabs of Fig. 2~a!—the ideal and the relaxed slabs—and sim
larly in Fig. 4 for the supercell of Fig. 2~b! with the
TiO2-terminated surfaces. All the ‘‘inverted parabola’’ po
tentials inV̄es(z) are the screened Coulomb potentials of t
individual ions, and the variation becomes macroscopica
smooth in the macroscopicV% es(z): this quantity stays flat
inside the slab, as well as in the vacuum, exactly as
expects; the small variations apparent on the relaxed s
are effect of relaxation.

The value ofV% es(z) in the vacuum is taken as zero, an
the macroscopic potential inside the slab is then at lev
2DVes. The existence of the potential difference goes alo
with creation of the surface and formation of asurface dipole
layer, as the electrons near the surface spill out into
vacuum. The redistribution that reduces their kinetic ene
and lowers the total energy of the surface system.30 The po-
tential differenceDVes thus can be used for reading the su
face dipole moment. Reasoning in analogy with the poten
variation across the capacitor, we find that the surface dip
moment per (131) surface area can be obtained by mu
plying DVes by the (131) area of the surface, i.e., bya0

2.
Technically, we take the potential difference2DVes be-
tween theV% es(z) in the middle of the vacuum and on th
center of the slab, and it is then understood that both
outermost surface plane and several subsurface layers o
slab contribute to the ‘‘surface dipole.’’ From the values
DVes corresponding to the ideal and relaxed surfaces we t
determine thechangein DVes caused by relaxation, i.e., th
relaxation-inducedsurface dipole moment. These valu
read from Figs. 3 and 4, and the corresponding surface
poles calculated from them are listed in Table V, for bo
ideal and relaxed SrO- and TiO2-terminated surfaces.

It is worth pointing out thatVes, V̄es(z), andV% es(z) ob-
tained by using the substitution~5! are only exact at large
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10 414 PRB 62C. CHENG, K. KUNC, AND M. H. LEE
distances from the cores—i.e., in the vacuum region. In
vicinity of the cores—i.e., inside the slab—our averagedVes
are only approximate, and the error induced by Eq.~5! could
be evaluated by~numerically! integrating the difference be
tween the actual pseudopotentialva(r ) and the approxima-
tion Qa /r . AlthoughDVes are only approximate values, w
obtain the relaxation-induced change inDVes accurately, be-
cause both calculations contain the same error in determi
DVes that refers toV% es(z) at the~fixed! center of the slab.

The relaxation-inducedsurface dipole moment is muc
stronger on the SrO- than on the TiO2-terminated surface—

FIG. 3. Thexy-averaged~plane-averaged! electrostatic potentia

V̄es(z), Eq. ~6!, of the SrO-terminated slab, Fig. 2~a!, andV% es(z)

~heavy lines!, the macroscopically averagedV̄es(z), Eq. ~8!. ~a!
Ideal SrO-terminated surface;~b! relaxed surface.
e

ng

although the surface dipole moment itself is of compara
magnitude for both surfaces, whether relaxed or ideal on
The relaxations on both surfaces tend toincreasethe surface
dipole layers~Table V! with negative dipole moments point
ing inwards, into the bulk.

In order to compare the polarization induced by relaxat
in SrTiO3 with that caused by the ferroelectric distortion
BaTiO3, we ascribe the dipoles 0.11 and 0.02 of Table V
the volumea0

3, i.e., to the surface layer of thicknessa0. This
yields 2.85 and 0.5231026 C/cm2 for polarization of the
respective SrO and TiO2 surface layers, values that can b
compared with the polarization of the bulk BaTiO3 of 26
31026 C/cm2 ~Ref. 31!. Thus the relaxation-induced~sur-

FIG. 4. As Fig. 3, but for the TiO2-terminated surface.
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face! polarization amounts only to 11% and 2% of th
BaTiO3 bulk polarization for the two surfaces—values th
are not large but certainly not negligible.

Table V includes relaxation-induced dipole moments
rived in the previous shell model6 and experimental5 studies.
The moments in Ref. 5 were obtained by only allowing fir
layer rumpling and assuming the valence charges~4 for Ti, 2
for Sr, and22 for O!. From our present results we can ma
the same simple estimate, using the data from Table III. T
allows us to distinguish between the dipole moments indu
by the relaxation of only the first surface layer (2q1r 1) and
those of all four surface layers (2( i 51

i 54qir i). The large dif-
ference between these two results~Table V! demonstrates
that the relaxation effects do not originate only from the fi
surface layer. The fact that the dipole moments as prod
of the typeqir i are very different from those obtained wit
DVes demonstrates that the systems studied here are far
ideal ionic systems; as a matter of fact, instead of using io
charges, we should useeffective charges—a notion wel
known in the context of lattice dynamics.

The shell-model study6 is more realistic since it calculate
the relaxation-induced dipole moments from the displa
ments of ion cores, the shells, and the core and shell cha
which amounts to modeling thecharge relaxation. Effects of
surface rumpling were taken into account down to the si
surface layer, and, although the displacements of the
cores of the relaxed structures are fairly similar to what
obtained here~Table III!, the dipole moments are not. Th
clearly points to an inadequate description of polarization
simple mechanical models.

VI. PARTICULARITIES OF THE CALCULATIONS WITH
THE ASYMMETRIC SLAB

The symmetric slabs@Figs. 2~a! and 2~b!# that have been
used for most of the calculations in Secs. III–V have t
advantage of guaranteeing that neither the construction o

TABLE V. The surface dipole moment of the 131 surface area
of the ideal and relaxed SrO- and TiO2-terminated surfaces, as ca

culated from the variation of the macroscopic potentialV% es(z)
shown in Figs. 3 and 4. For comparison with previous publicatio
the entriesqir i give the relaxation-induced dipole moments eva
ated naively as a product of the rumpling parameter of thei th layer
~Table III! and of thevalencecharges~12, 14, and22 for Sr, Ti,
and O, respectively!; they correspond to including the first laye
only (2q1r 1), or all four relaxed layers (2( i 51

i 54qir i).

SrO-terminated TiO2-terminated

Present calculation
Ideal surface 20.96e Å 21.19e Å
Relaxed surface 21.07e Å 21.21e Å
~relaxed surface! 20.11e Å 20.02e Å
-~ideal surface! 21.76310228 C cm 20.32310228 C cm
2q1r 1 20.60e Å (q152) 20.28e Å (q154)
2( i 51

i 54qir i 20.46e Å 10.01e Å
Reference 6

Shell model 20.45e Å 20.17e Å
Reference 5

Expt. (2q1r 1) 20.32e Å 20.32e Å
t
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slab nor the periodic boundary conditions introduce any s
rious electric fields that might invalidate the calculations,
that would require a special treatment. Nevertheless, in s
cases an asymmetric slab of the type Fig. 2~c! can be used,
provided one understands the electric fields in the system
takes appropriate correction measures. In Secs. III and
we found the unexpected result that the relaxed structu
surface energy and the average relaxation energy, are di
ent very little between symmetric or asymmetric slabs,
though only the former with a mirror plane@Figs. 2~a! and
2~b!# should lead to meaningful results. Qualitatively, it
easy to see the origin of these surprisingly small differenc
the surface dipole moments are of comparable magnitude
both surfaces. In this section we will discuss, for the exam
of the slab in Fig. 2~c!, under which conditions the asymme
ric slabs can be used to investigate surface systems.

The key quantity here is the macroscopic electric field a
its variation across the supercell. In Fig. 5 we show the
croscopic and macroscopic electrostatic potentialsV̄es(z)
and V% es(z), which one obtains for the ideal~unrelaxed!
asymmetric slab@Fig. 2~c!# when the boundary condition
are properly taken into account. One sees a small slope in
vacuum region~and an even smaller within the slab!, in con-
trast to Figs. 3 and 4~with zero slope!. Thus there is a non-
zero macroscopic electric field in the supercell~Fig. 5!. This
field is a consequence of the artificial periodic repetition
the (1/2 charged! asymmetric slab.

Schematically, a solid with two different surfaces can
represented by the~macroscopic! electrostatic potential in
Fig. 6~a!: this sketch corresponds to an~infinite! slab occur-
ring alone, in free space.32 The most important feature of thi
diagram is in the two different stepsDVes, implying that the
corresponding dipole layers on the two surfaces are differ
This can be represented by a small surface charge,30 positive
on the left side, negative on the right one. However, t
violates the periodic boundary conditions, since potent
are different on the two sides byd(DVes)[DVes2DVes8 . In
order to obtain the potential variation in the system of
peated slabs@bottom of Fig. 6~b!# the Poisson equation mus
be solved anew, with the appropriate boundary conditio
There is nevertheless an equivalent~and standard! way of
constructing such a potential, namely by starting from
variation sketched in Fig. 6~a! and superimposing thedepo-
larizing field

Edepol[2d~DVes!/~d11d2! ~9!

or

Vdepol~z![d~DVes!z/~d11d2!. ~10!

The Vdepol(z) cancels the difference inDVes ~i.e., the effect
of the surface charges! at the supercell boundaries so that t
periodic boundary condition

f̄ ~z!5 f̄ ~z1d11d2! ~11!

is satisfied. The potential~10! is sketched in Fig. 6~b! by the
broken line, and the resulting potential of the ‘‘linear chain
of slabs and vacua is shown as well. It is this scheme that
will use for interpretation of the behavior of the potentials
Fig. 5.
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Due to screening, the electric field inside the slab is mu
weaker than in vacuum~Fig. 5!, and the ratio of the two
slopes is given by the dielectric constant of the slab. In
calculations shown in Fig. 5~a! we can estimate the corre
sponding slopes of 0.263 and 0.037 V/Å , and their ratio'7
should be compared toe55.36–7.01,33 the static dielectric
constant of bulk SrTiO3. This is a good agreement, consi
ering that large errors were induced by estimating the slo
from the graph in Fig. 5.

Similar calculations with the depolarizing field have a
ready been performed in Ref. 24 on asymmetric slabs
BaTiO3. Due to the strong polarization already present in
bulk, the depolarizing fields are very strong and thus ca
large deviations from results obtained on the symme

FIG. 5. As Fig. 3, but for the ideal asymmetric slab.
h

e

es

of
e
e
c

slabs. In SrTiO3, however, only moderate polarization occu
and thusVdepol is weak, so that the~average! surface energy
is affected only by 0.02 eV/(131). This weakness of the
electric field inside the slab~0.037 V/Å! explains also why
the detailed geometries of the relaxed structures were fo
to be very similar for the symmetric and asymmetric sla
Using the valence charges12, 14, and22 on Sr, Ti, and O
we can estimate that the ‘‘additional’’ forces on atoms ori
nating from theEdepol will be, e.g., 0.07 eV/Å~on Sr!, which
is not much larger than the value at which we stopped re
ing. This means that in situations with similar values
d(DVes), d1 , d2, and e, the relaxationsmay beobtained
from asymmetric supercells@Fig. 2~c!# and are comparable to
results obtained with a less stringent relaxation criterion.

Analogously we can estimate the effect on energies. T
main difference in the results from the symmetric and asy
metric slab calculations comes from the depolarizing field
the vacuum region. The energy of electric field in vacuum
given by (e0/2)*E2dV. Taking the integral over the volum
a0

3 of the vacuum region and assuming a constant elec
field, we can estimate an additional 0.01 eV per (131) sur-
face area in the surface energy. This is precisely the orde
magnitude of the difference in surface energies that we
tained from the calculations on the two types of slabs~Table
IV !.

Calculations using the asymmetric slab have the adv
tage of dealing with both surfaces simultaneously. This m
not necessarily mean less numerical effort, e.g., in obtain
the structural relaxations, but the results on a slabwithout a
symmetry plane enable certain reasonings that otherw

FIG. 6. Schematic representation of the electrostatic poten

2V% es(z), Eq. ~8!, for a layer of SrTiO3. ~a! Isolated single slab in
free space.~b! The same slab, periodically repeated. As a con
quence of the boundary conditions, a macroscopic field appea
the system@depolarizing field, Eq.~10!#.
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would not be possible, as, e.g., those concerning
desorption/adsorption energies in Sec. IV.

We can conclude from these examples that, in future s
ies of similar systems with two different types of surfac
~and without a permanent polarization in the bulk!, the asym-
metric slabscan provide realistic results on surface rela
ations and surface energies, provided that the slab sys
are sufficiently thick (d11d2) and do not exhibit too large
surface charges@d(DVes)#, and that their dielectric constan
e is not too small. In the system studied in this work we fi
the effects of the depolarizing electric field weak enough
obtainnumericallycorrect relaxed structures and surface a
desorption energies—even if, strictly speaking, only the
sults obtained on the symmetric cells, without any mac
scopic electric field inside the slab, are physically meani
ful.

VII. CONCLUSIONS

We’ve carried out anab initio study of the SrO- and
TiO2-terminated surfaces of SrTiO3. The relaxed structures
the surface energy, and the individual relaxation energ
were determined. The comparison of the surface-layer
sorption energy for the two types of surfaces explains w
the TiO2-terminated surface appears to be more stable
s
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found experimentally. The longitudinal surface dipole m
ments caused by the relaxation are found to be small on b
surfaces but not negligible. It turns out that the largest c
tribution to the surface polarization does not always co
from the first surface layer~as has been assumed in previo
semiempirical models and in the experimental data an
ses!, and that the surfaces in question are far from being id
ionic systems: the electronic charge relaxation cannot be
glected. Finally, the analysis and understanding of the m
roscopic electrostatic potential in the case of asymme
slabs explain why the latter can provide numerically corr
results.
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