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Structural relaxation and longitudinal dipole moment of SrTiO 3(001)(1X 1) surfaces
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First-principles calculations are employed to study Sg(D1) (1x 1) surfaces with both SrO and TjO
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.

[. INTRODUCTION we employ for calculation of surface properties both sym-
metric andasymmetricslabs. As the latter construction has

The renewed interest in the SITjMO01) surfaces is due usually been avoided in surface calculations, we discuss the
to their use as substrate for growing epitaxial films of high-macroscopic fields arising in the asymmetric periodic cells
T superconductorsin this context questions arise about the and the precautions that should be observed when using this
surface ferroelectric reconstruction, i.e., structural modificageometry.
tions parallet® or perpendiculdr®to the surface. In contrast ~ The present paper is organized as follows: The details of
to otherABO; oxides(e.g., BaTiQ), bulk SrTiO; remains  the calculations are explained in Sec. Il. Section Ill contains
paraelectric in the cubic perovskite struct(Fég. 1) at finite  the results of the relaxed structures and Sec. IV the discus-
temperatures down to 105 KThis structure allows two Sion of surface energies. In Sec. V we describe how the
types of (001) termination, viz., the SrO- or the longitudinal surface dipole moments are obtained. The par-
TiO,-terminated surfaceFig. 1). Both can be realized ticularities of the asymmetric-slab calculations are discussed
experimentally by atomically controlled growhBesides in Sec. VI.
(1% 1) surface structures, more complicated reconstructions
of the (001) surface have been reporté@ince these surface
layers consist of both cations and anions, surface reconstruc-

tion might generate permanent dipole moments, which raises The calculations we perform are based on density func-
the question of permanent surface polarization. tional theory" within the local density approximatioh

In this article, we shall concentrate on the “longitudinal” (LDA) using the Ceperley-Alder fortd for exchange corre-
effects caused by the relaxatiperpendicularto the surface, |ation, employing theeASTE pcoded? (Cambridge Serial To-
in particular on the surface dipole moments. Usaiginitio  tal Energy Packagefor performing all the self-consistent
methods, we find the detailed atomic structure of both thealculations. Periodic slabs separated by vacuum are used to
SrO- and TiQ-terminated SrTiQ(001) (1X 1) surfaces, the simulate the surface systems. The one-electron wave func-
surface energy, and the individual relaxation energies for théions are expanded in a plane-wave basis limited by the ki-
two types of surfaces. The longitudinal dipole momebis-  netic energy cutofE®V=500 eV. Integration over the first

fore and after relaxatigrare then obtained from the analysis Brillouin zone uses the discretepoint sampling according
of the macroscopic electrostatic potential and its variation

along the direction normal to the surface.

Most previous calculatioR$° relied on model descrip-
tions, e.g., the shell modébetter known from lattice dynam-
ics), and the atomic reconstruction and surface energies have
recently been addressetby first-principles methods similar
to those applied here. The present work focuses on surface
polarization effects. Nevertheless, in order to ensure the con- €

Il. CALCULATION DETAILS

Sr0-terminated
surface

sistency between the electrostatics _and_ the geometry pf the ® S aton ——

surface, we also repeat the determination of the atomic ar-

rangements within our present calculational scheme. Inturn, e Ti atom ° 110 o-terminated
the existence of two sets of results for surface reconstruction, il
coming from two differentab initio calculations, presents 0 atom O

then the opportunity to estimate numerical errors and, more

generally, to assess the uncertainties of the first-principles FIG. 1. The cubic perovskite structure of Srgi@nd the two
determination of atomic geometries. On the technical sidetypes of termination of the (1) surfaces.
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TABLE |. Convergence of the static equilibriuihattice con-
stant, bulk modulus, and its pressure derivatioé bulk SrTiO;,
with respect to energy cutoff® and to the Brillouin-zone sam- Sr0 TH0 gheeree s Sr0
pling (number ofk pointsN,). 192
Ny EPW ap (A) B, (GPa B
4 500 eV 3.95 172 I T S N e T
10 500 eV 3.95 174 3.7 e e
4 600 eV 3.93 192 49 L e L
4 700 eV 3.92 188 4.6
4 800 eV 3.92 191 44 1T

Experiment(Ref. 20 3.9048 183 -y T

to Monkhost and PacR (see later. The “optimized” norm- [ Ti0 - --e- -
conserving pseudopotentifisin the Kleinman-Bylander Sr0 (1D R
representatiolf are used to describe the interactions between
valence electrons and ions; the number of valence electrons

considered is 10, 4, and 6 for Sr, Ti, and O atoms, respec-

tively. In strontium, the eight semicore electrons from tlse 4 (a) b ©
and 4p orbitals are treated as valence electrbh¥he Sr
pseudopotential was generated on ﬂ$é44p6 configuration, FIG. 2. The translational unit cells used in the present calcula-

with core radii of 2.5 and 2.2 a.u. for theand p compo-  tions. The slabs irta) and(b) are symmetric with respect to mirror

nents, respectively. The Ti pseudopotential was obtained ug/ane passing through the center of the slab; thatjiis asymmet-

ing the 452302 configuration for thes andd components and i€ and can give rise to macroscopic fidlsee Sec. V)l The +z

on the 430'754p°'2%d2 state forp, with the same core radius direction, perpendicular to the surfaces, is pointing upwards.

of 2.5 a.u. for all three components. The O pseudopotential .

was generated on thes2p* state for thesandp and on the  0-01 eV per (1X1) surface area, which represents an uncer-

2512p1753d%25 configuration for thed component, with a  tainty of 2% and 5%, respectively. The k-point set used in all

core radius of 1.4 a.u. for a# p, andd components. The the supercell calculations is defitédby (d;d,0s)

pseudopotentials are “optimized® for low plane-wave =(442), which leads to three specialpoints in the irre-

(PW) cutoffs starting from EW=500 eV. The Ti and O ducible part of the Brillouin zone. This mesh has the same

pseudopotentials of this type were already applied in othefleénsity in thexy direction as the4 4 4) mesh used in the

contexts® but that for Sr is used. bulk calculations. For relaxing atomic positions in the sur-
In order to check the pseudopotentials and the numericdfce structures, we use the forces due to the Hellmann-

convergence, we have calculated the equilibrium lattice conFeynman theoreffi to move the atoms to positions at which

stant, the bulk modulus, and its pressure derivative for buli@ll forces became smaller thai+0.02 eV/A .

SrTiO; using increasing numbers of plane waves kmbint

sets summarized in Table I. The 4- and K-point sets cor- IIl. RELAXED STRUCTURES
respond to the Monkhost-Pack parametgrst 4) and (6 6
6). It can be seen that four speclapoints are sufficient for The geometry of the relaxed SrO- and Fi@rminated

the Brillouin zone integration. With respect to plane-wavesurfaces, as calculated for symmetric sl§bgs. 2a) and
cutoff the static equilibrium results are fully converged at2(b)], are listed in Table Il. The results we obtained on the
EPW=600 eV, but already at'®'=500 eV the lattice con- asymmetric slab according to Fig(c2 (not listed are nearly
stant deviates only by about 0.03 @.8%, less than the identical (within 0.01 A) and their significance will be dis-
uncertainty in the experimental dala(0.05 A or 1.3%. cussed in Sec. VI.
Therefore we used a plane-wave cutoff=500 eV in all In Table Il the +z direction is normal to the “upper”
supercell calculations reported here. surface of Figs. @ and 2Zb). The displacements of the at-

To simulate a surface system, we use periodic cells conems on theth surface layefwith respect to the atomic po-
taining seven primitive unit cells of the bullEig. 2). They  sitions of the ideal surfageare denotedsz(O;) for O and
comprise a slab consisting of 10 or 11 atomic planes ofz(M;) for Sr or Ti; they are positive when pointing out-
SrTiO; and vacuum equivalent to another 4 or 5 atomicwards, into the vacuum, and negative when oriented inwards,
planes(thickness 2, or 2.58,). We have checked that this into the bulk. The atomic displacements of the fifth layer
vacuum size is large enough to avoid interaction of one suratoms(counted from the surfagevere found to be smaller
face with the nearest supercell. In Fig. 2 the sl@snd(b)  than 0.01 A , which is the numerical limit of the present
are symmetric with respect to the mirror plane passingcalculations, and are therefore are not listed in the table. The
through the center of the supercell, whereas the unit(cgll sixth atomic plandthe center of the slabwas kept frozen
is asymmetricand gives rise to a macroscopic electric field during the relaxation due to the symmetry of the supercell
that requires special considerations discussed in Sec. VI. and represents the bulk. The average displacement aftihe

A convergence test with BY=600 eV shows that both layer is given ag 5z(0,) + 6z(M;)]/2 and alternates in sign
the surface energy and relaxation energies are converged ith the first surface layer moving inwardgowards the
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TABLE II. Atomic relaxations for the SrO- and the Tj@erminated surfaces. The atomic displacements
Sz are given relative to the ideal surface positions and are positive when pointing towards vacuum, negative
when oriented into the bulk. The average displacement oftthéayer is defined as 0.5z(0O,) + 6z(M;)],
whereM; = Sr or Ti. All results are in units of A .

SrO terminated 6z Average displ. TiQ terminated 6z Average displ.

1 Sr —0.26 -0.11 Ti —0.07 —0.04

o] +0.04 o —-0.01
2 Ti +0.07 +0.04 Sr +0.18 +0.11

O +0.01 0] +0.03
3 Sr —0.06 —0.03 Ti —0.01 0.00

(@) +0.01 0] +0.01
4 Ti +0.01 +0.01 Sr +0.04 +0.03

o 0.00 O +0.01

bulk). Note that we found the largest displacement on thestudies agree on the positive sign of rumpling of the first

second surface layer of the TjQurface. surface layer, on both types of surfaces. All sources agree on
The displacements from the ideal lattice positiéfable the oscillating sign of the rumpling parameter.
II) are translated into rumpling parameteand the change in Also listed in Table lll—whenever available—are the

interlayer spacingl;; in Table Ill. Like the average displace- relative changes in the interlayer distance; we define the lat-
ment, the rumpling parameter is positive for the first layerter as the difference imcoordinates of thenetallicatoms, in

and alternates in sign when going from the surface into bulkthe nearest-neighbor layers, so tied;; = 6z(M;)-5z(M;).

The oscillating sign of results from minimizing the electro- As the scattering strength of O is much smaller than that of
static energy of the surface dipoles that are formed by thé&r or Ti, theAd;; are better suited for comparison with ex-
relaxation: aligned dipoles with alternating directions haveperimental data than the average layer displacements given
lower energy than any other arrangement. in Table Il. We note that the data akd;; /d, are not con-

For comparison, Table Il shows rumpling parameterssistent between different experiments; sometimes not even
from other theoretical and experimental studies. It is worththe sign is certain. In contrast, all theoretical results, includ-
pointing out that allexperimentakesults were obtained un- ing those based on phenomenological models, are coherent,
der the assumption that only the first surface layer has norboth in sign and approximate magnitudes; in particular, there
zero rumpling; such an assumption may have been convés a very good agreement between our results and similar
nient for fitting experimental data to a model structure but iscalculations by Padilla and Vanderbilwe checked that the
not necessarily realistic. Both theoretical and experimentatemaining differences between the tab initio calculations

TABLE Ill. Rumpling parameters (in A) and percentage changes in the interlayer spatijngetween
the successive layers, from the present calculati@able Il) and from previous studies of the relaxed SrO-
and TiO,-terminated surfaces. The rumpling parameter ofithdayer is defined as= 5§z(0;) — 6z(M;) and
given in A ; the interlayer distance;;=z(M;) —z(M;) is measured between theetallicatoms of the layers
i,j and given relative to the ideal interlayer spacthg=ay/2;M;=Sr or Ti.

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

SrO-terminated surface
First-layerr +0.30 +0.22 +0.18 +0.32 +0.16+0.08 +0.16
Adq,/dg (%) —16.8 -13.8 -9.5 —18.5 —-10*+2 +5.1
Second-layer —0.06 —-0.05 - —-0.03 - -
Adys/dg (%) +6.9 +4.8 +2.9 +6.0 +4+2 +2.6
Third-layerr +0.07 +0.04 - +0.06 - -
Adg,/dg (%) -39 - - -8.7 - -
Fourth-layerr -0.01 - - -0.01 - -

TiO,-terminated surface
First-layerr +0.07 +0.07 +0.05 +0.05 +0.08+0.08 +0.10
Adq,/dg (%) -12.8 -11.8 -7.9 -8.0 +2+2 +3.6
Second-layer -0.15 -0.12 - -0.14 - -
Adys/dg (%) +9.4 +6.4 +2.4 +8.1 —2+2 +2.6
Third-layerr +0.016 +0.01 - +0.01 - -
Ads,/dg (%) -2.2 - - -2.2 - -

Fourth-layerr —0.026 - - —0.02 - -
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TABLE IV. Average surface energy, relaxation energy, and the surface-layer desorption energy calcu-
lated for the relaxed SrO- and Tj@erminated surfaces using Eq$)—(3). All energies are in units of eV per
(1X1) surface area.

Desorption energy

EPW Surface Surface energy Relaxation energy of the surface layer
500 eV SrO-terminated average: -0.30 average: 134

500 eV TiO,-terminated 1.21 -0.14 -0.22 26.0

500 eV Asymm. slab calcul. 1.19 -0.21 -

600 eV Asymm. slab calcul. 1.20 -0.20 -

are not caused by the “thinner” slabs used in Ref. 3 but areergy. This result compares well with the calculations by Pa-
due to employing different pseudopotentiélse “ultrasoft” dilla and Vanderbilf who obtained for the average relax-
pseudopotentiafs in Ref. 3 and the “optimized” oné§in  ation energy—0.18 eV.

the present work, while both calculations use the same LDA In addition to symmetric slabs, we also carried out calcu-
and plane-wave bagis lations on the asymmetric slab shown in Fi¢c)2Since both
types of surfaces are present in the same supercell, the de-
termination of thelaveragg surface energy requires one less

V. RFACE ENERGY . . .
SU c G calculation when the asymmetric slab is used:

According to the conventional definition, the surface en-

ergy relates to the cleavage energy, i.e, the energy required  Eguri= 1/ Eqo(@asymm. slab—(5/7)E(bulk)], (2)

to cleave the bulk structure and to form two surfaces. When . _ : . .
cutting SrTiQ, by a (001) plane, both a SrO- and a but certain precautions have to be taken, which will be dis-
TiO,-terminated (001) surface wiII, appear. As a conse- cussed in Sec. VI. In such a calculation we obtained an av-
guence, one can only speak of aweragesurface energy g_rf?ge surface ener%y of 1h.19 eVIi(]:c), Le., less }han h2%
(equal to half the cleavage enejdyut not of the individual lference compared to the result from Ed). Also the
SrO or TiO, surface energy. Théaverage surface energy atomic relaxations and the average relaxation energy

E.,.f per (1x 1) surface area can be calculated in terms of. ~0-21 €V/(1x1), i.e., ~5% differencg differ very little

Fagtot P . from the symmetric slabs, i.e., within the limit of the accu-
the energie&™ of the slabs shown in Figs(@® and 2b): racy of the present calculatiorisee Sec. \jI With a larger

basis sefusing cutoff EW=600 eV and the corresponding

Esuri=(L/4)[Eior(symm. SrO-terminated slab lattice constant the surface and relaxation energi@s the

+E o Symm. TiO-terminated slap asymmetric slabbecome 1.20 eV and-0.20 eV, respec-
tively. Thus the uncertainty can be estimated to~b8.01
— (117 Eo(bulk)]. (1) eV/(1x1), in both calculations using EqL) or (2).

In addition to the surface energy, we have also calculated
Here E;,(bulk) is calculated on a similar supercéhot the energy required for removing the atoms of the first sur-
shown in Fig. 2, but without the vacuum, and it is under- face layer to an infinite distance from the surfdaed from
stood that allE'" in Eq. (1) are per translational unit cell one another i.e., assuming that they become isolated atoms.
(supercell. We count that the two symmetric slabs containThis is the desorption energy,£& of the surface layer. Ob-
altogether four surfacegwo of each typg 11 formula units  viously, this quantitycan distinguish between the two types
of SrTiO;, and the supercell we used for calculating the bulkof the surface, and, e.g., the desorption energy of the SrO-
energy comprises of seven formula units. In order to mini-syrface layer, R{SrO layej per (1x1) surface area is
mize the systematic errors in calculating the energigs, given by
we used for all three calculations in Ed.) the same super-

cell, k-point set, and plane-wave cutoff. The resultinger- Eged SO laye) = E;y(symm. SrO-terminated slab
age surface energyTable IV) is 1.21 eV per (X 1) surface

area, which compares well with the 1.26 eV found in Ref. 3. — Etorl(@symm. slab—Eo((Sr atom)
The surface energy of SrT§xQ001)—when measured per 1 —E,((O atom @)

X1 area (i.e., scaled with ag)—is very close to the
BaTiO;(001) surface. For the latter linearized augmentedand similarly for the TiQ layer. Here the total energy of the
PW (LAPW) calculatio* gave 1.27, and a plane-wave isolated(pseudo} atoms was calculated in the same plane-
calculatior® 1.241 eV/(1x 1). wave basis, using the same pseudopotentials in an fcc struc-
All calculated surface energies correspondulty relaxed  ture with lattice constant3LA . The desorption energy of the
surfaces. The relaxation part of the surface energy, unlike th8rO layer is approximately half that of TjQviz., 13.4 eV
surface energy itselan be considered for the two types of versus 26.0 eMsee Table IV. Since the negative of the
surfaces separately. For the SrO-terminated surface we obesorption energy is thedsorption energywe conclude that
tained a relaxation energy of 0.30 eV per (X 1) surface twice as much energy is gained when Ti, O, and O atoms are
area and for the Ti®terminated one-0.14 eV; in average, adsorbed on the SrO surface than when Sr and O atoms are
this is —0.22 eV/(1x 1), or about 18% of the surface en- adsorbed on the TipDsurface. When we adopt an alternative
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assumption, viz., that the desorbed oxygens forgnnil- _ _ Q,
ecules, the desorbed Sr and Ti atoms condense into the solied2) =(—1/2¢) j en(z')|z—2'|dz' + 2, —lz=z,],
phase, and the desorptigadsorption energies become 9.1 @ 8

eV (SrO) and 16.0 eV (TiQ). [The results from Eq(3) are ®
modified by subtracting the respective cohesionwhere
energies®?’]

For the sake of simplicity, we performed this calculation
accounting for idealunrelaxed surfaces. Nevertheless, we
have seen that the relaxation energies are much smaller than

the differences between the above two results, so it shoul'& the plane-averaged charge density obtained in the self-

not be much affecte® On the other hand, the ratior the consistent calculation. The integral in E@) extends over

: - T the supercell of Fig. 2 in the direction, i.e., along the sur-
energy differencedepends on the “destination” of the des-
orbed atomsor on the “origin” of the adsorbed ongs-i.e., face normal, and the core chargg @kes values 10, 4, and

; ; 1 6 for the Sr, Ti, and O atoms, respectively. Although Ej.
on their chemical potential—in contrast to tfeverage sur- : .
face energy(1) that is an intrinsic quantity. expresses no different physics than B4, the formula(6)

We conclude that taking off the TiOsurface layer and hfis th‘? advantage g?f dealing with slabs as with a one-
. , . , imensional probler’

uncovering the SrO-terminated surface requires consuderabf)j/ — — .

more energy than stripping the SrO layer and creating the Ves(Z) andn(z) can be further processed to obtain the

TiO,-terminated surface. Therefore this surface energeticf1acroscopicallyaveraged quantities

confirms(and quantifiesthe earlier experiments suggesting 2405

the TiO, surface to be more stable than StO. \795(2):(1/a0)J . Vo{z')dZ, (8)
z—0.5a,

F(z)z(l/aé)f n(x,y,z)ydxdy (7)

V. LONGITUDINAL SURFACE DIPOLE MOMENTS and similarly forﬁ(z). In Fig. 3 we show the plane-averaged

. . ... electrostati ntiaV,4(z) and the macr ically aver-
As already mentioned, relaxation of a surface conS|st|nge ectrostatic pote tidVe(2) and the macroscopically ave

of both cations and anions can give rise to surface ferroelec@d€d potentialVe(z) for the symmetric SrO-terminated
tricity. In this section, we investigate thengitudinalsurface  S/aPs of Fig. 2a—the ideal and the relaxed slabs—and simi-
dipole moment of the SrO-terminated and Fi@rminated &1y in Fig. 4 for the supercell of Fig. () with the
surfaces that is caused by relaxation. We are interested in thdOz-términated surfaces. All the “inverted parabola” po-
dipole oriented along the direction, i.e., perpendicular to tentials inV.(z) are the screened Coulomb potentials of the
the surface, and we will obtain the relevant information byindividual ions, and the variation becomes macroscopically
analyzing the longitudinal variation of the electrostatic po-smooth in the macroscopi¢.{z): this quantity stays flat
tentials, microscopic and macroscopic ones, that we obtainégside the slab, as well as in the vacuum, exactly as one

in the self-consistent calculations of Sec. Ill. expects; the small variations apparent on the relaxed slabs
The xy-averaged electrostatic potentialg(z), for any  are effect of relaxation.
of the slab systems in Fig. 2, is defined as The value ofV.(2) in the vacuum is taken as zero, and

the macroscopic potential inside the slab is then at level
. —AV,,. The existence of the potential difference goes along
Ves(Z)Z(l/aS)f [Vu(X,Y,2)+ Vien(X,y,z)Jdxdy, (4)  with creation of the surface and formation carface dipole
layer, as the electrons near the surface spill out into the
vacuum. The redistribution that reduces their kinetic energy
whereVy is the Hartree potential of the self-consistent cal-and lowers the total energy of the surface syst@ihe po-
culation, Vi, is the electron-iorfpseudo} potential, and the  tential differenceA V¢ thus can be used for reading the sur-
integral (the plane-averaginguns over thex andy dimen-  face dipole moment. Reasoning in analogy with the potential
sions of the translational unit cefireaa3). At this point, if  variation across the capacitor, we find that the surface dipole
we substitute for ionic pseudopotentials their asymptotiomoment per (1) surface area can be obtained by multi-
form Q/r valid at large distancesfrom the core, the plane plying AV, by the (1xX1) area of the surface, i.e., &§.
averaging can be performed analytically. We will have  Technically, we take the potential differenceAV,s be-

tween theV,(z) in the middle of the vacuum and on the

1 Q center of the slab, and it is then understood that both the
Vion(X,Y,2)~ 5 - 5 > outermost surface plane and several subsurface layers of the
Ame0 “a (X=X )2+ (Y=Y 2+ (2-2,) slab contribute to the “surface dipole.” From the values of

(5)  AV..corresponding to the ideal and relaxed surfaces we then
determine thehangein AV, caused by relaxation, i.e., the
whereQ,, is the core charge of the atom at Fa, and the relaxation-inducedsurface dipole moment. These values
summation is over all ions of the supercell. Consequences d¢fad from Figs. 3 and 4, and the corresponding surface di-
this approximation will be discussed later in this section. poles calculated from them are listed in Table V, for both
ReplacingVy by n(x,y,z) [which is related td/(x,y,z) ideal and relaxed SrO- and Ti'@emlinated surf@ces.

by Poisson’s equatidrand performing thexy averaging, we It is worth pointing out thaV,s, V.{2), andV.{z) ob-
obtain tained by using the substitutiof®) are only exact at large
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Ideal SrO-terminated surface Ideal TiO; -terminated surface

'Ves V)
'Ves V)

40 ] A \ \ T
@) OV P OV P OV P OV P OV @
Relaxed SrO-terminated surface

'Ves V)
'Ves V)

!
|
(b) L OV OV P O P

OV P 2 I N A
(b) &\o'\/ o o‘b Q o‘l: Q «\O"\/ %go &\o‘\/ %go &\o"lz
FIG. 3. Thexy-averagedplane-averagecelectrostatic potential
Vo{2), Eq. (6), of the SrO-terminated slab, Fig(#, andV.{z) FIG. 4. As Fig. 3, but for the Ti@terminated surface.
(heavy lineg, the macroscopically averageﬁes(z), Eq. (8). (@
Ideal SrO-terminated surfacéy) relaxed surface. although the surface dipole moment itself is of comparable

magnitude for both surfaces, whether relaxed or ideal ones.
distances from the cores—i.e., in the vacuum region. In th&he relaxations on both surfaces tendrtoreasethe surface

vicinity of the cores—i.e., inside the slab—our averaygd dipole layergTable V) with negative dipole moments point-
are only approximate, and the error induced by Gycould  ing inwards into the bulk.
be evaluated bynumerically integrating the difference be- In order to compare the polarization induced by relaxation
tween the actual pseudopotentig)(r) and the approxima- in SrTiO; with that caused by the ferroelectric distortion in
tion Q. /r. Although AV are only approximate values, we BaTiO;, we ascribe the dipoles 0.11 and 0.02 of Table V to
obtain the relaxation-induced changeAw . accurately, be- the volumeag, i.e., to the surface layer of thickneag. This
cause both calculations contain the same error in determiningields 2.85 and 0.5210 ° C/cn? for polarization of the
AV, that refers toV.4z) at the(fixed) center of the slab.  respective SrO and TiOsurface layers, values that can be
The relaxation-inducedsurface dipole moment is much compared with the polarization of the bulk BaTLi@f 26
stronger on the SrO- than on the Ti@rminated surface— X 108 C/cen? (Ref. 3)). Thus the relaxation-induce@ur-
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TABLE V. The surface dipole moment of the<il surface area  slab nor the periodic boundary conditions introduce any spu-
of the ideal and relaxed SrO- and Ti@erminated surfaces, as cal- rious electric fields that might invalidate the calculations, or
culated from the variation of the macroscopic potental(z) that would require a special treatment. Nevertheless, in some
shown in Figs. 3 and 4. For comparison with previous publicationscases an asymmetric slab of the type Fi@) Zan be used,
the entriesq;r; give the relaxation-induced dipole moments evalu- provided one understands the electric fields in the system and
ated naively as a product of the rumpling parameter ofthdayer  takes appropriate correction measures. In Secs. Ill and 1V,
(Table 11l) and of thevalencecharges(+2, +4, and—2 for Sr, Ti,  we found the unexpected result that the relaxed structures,
and O, respectively they correspond to including the first layer syrface energy and the average relaxation energy, are differ-
only (—aary), or all four relaxed layers{ =i Ziq;r;). ent very little between symmetric or asymmetric slabs, al-
though only the former with a mirror plarfé€igs. 2a) and

SrO-terminated Tigterminated 2(b)] should lead to meaningful results. Qualitatively, it is
Present calculation easy to see the origin of these surprisingly small differences:
Ideal surface —0.96eA —119eA the surface dipole moments are of comparable magnitude for
Relaxed surface _1.07eA _121eA both surfaces. In this section we will discuss, for the example
(relaxed surface _01leA _0.02eA o_f the slab in Fig. &), und_er whi_ch conditions the asymmet-
(ideal surfack 1.76x10°2Cem  —0.32¢10°2 Cem ric slabs can be ysed to _mvestlgate surfa<_:e syste_ms_.
- _ The key quantity here is the macroscopic electric field and
—Qqrq —0.602A (q;=2) —0.28A (q,;=4) . L ) )
_si-igr 0466 A +00leA its variation across the supercell. In Fig. 5 we sh(ﬂv the mi-
e Reference 6 croscopic and macroscopic electrostatic potenthls(z)
Shell model —045eA —017eA and V.{z), which one obtains for the idedunrelaxed
Reference 5 asymmetric slaljFig. 2(c)] when the boundary conditions
Expt. (—qyry) —0.32eA —0.32eA are properly taken into account. One sees a small slope in the

vacuum regiortand an even smaller within the s)ain con-
trast to Figs. 3 and 4with zero slopg Thus there is a non-
face polarization amounts only to 11% and 2% of the zero macroscopic electric field in the superc®ig. 5). This
BaTiO; bulk polarization for the two surfaces—values thatfield is a consequence of the artificial periodic repetition of
are not large but certainly not negligible. the (+/— charged asymmetric slab.

Table V includes relaxation-induced dipole moments de- Schematically, a solid with two different surfaces can be
rived in the previous shell modiehnd experimentaistudies.  represented by thémacroscopik electrostatic potential in
The moments in Ref. 5 were obtained by only allowing first-Fig. 6(@): this sketch corresponds to @nfinite) slab occur-
layer rumpling and assuming the valence chargefer Ti, 2 ring along in free spacé” The most important feature of this
for Sr, and—2 for O). From our present results we can makediagram is in the two different ste@sV., implying that the
the same simple estimate, using the data from Table Ill. Thisorresponding dipole layers on the two surfaces are different.
allows us to distinguish between the dipole moments inducedhis can be represented by a small surface ch&rpgesitive
by the relaxation of only the first surface layer ¢;r;) and  on the left side, negative on the right one. However, this
those of all four surface |ayerg_(z;jllqiri)_ The large dif- violates the periodic boundary conditions, since potentials
ference between these two resulable V) demonstrates are different on the two sides b}(AV ) =AVe—AVe,. In
that the relaxation effects do not originate only from the firstorder to obtain the potential variation in the system of re-
surface layer. The fact that the dipole moments as productgeated slabfbottom of Fig. 6b)] the Poisson equation must
of the typeq;r; are very different from those obtained with be solved anew, with the appropriate boundary conditions.
AV, demonstrates that the systems studied here are far frofhere is nevertheless an equivaléahd standandway of
ideal ionic systems; as a matter of fact, instead of using ioni€onstructing such a potential, namely by starting from the
charges, we should useffective charges—a notion well Variation sketched in Fig.(6) and superimposing theepo-
known in the context of lattice dynamics. larizing field

The shell-model studyis more realistic since it calculates
the relaxation-induced dipole moments from the displace- Edepo= ~ 8(AVeg/(dy+dy) ©)
ments of ion cores, the shells, and the core and shell charg
which amounts to modeling theharge relaxationEffects of
surface rumpling were taken into ac_count down to the si>§th Viepo 2)=8(AV,e9Z/(d; +dy). (10)
surface layer, and, although the displacements of the ion
cores of the relaxed structures are fairly similar to what weThe Vgyepo(2) cancels the difference iaVe (i.e., the effect
obtained heréTable 1lI), the dipole moments are not. This of the surface charggat the supercell boundaries so that the
clearly points to an inadequate description of polarization byperiodic boundary condition
simple mechanical models.

f(z)="f(z+dy+dy) (11)
VI. PARTICULARITIES OF THE CALCULATIONS WITH

THE ASYMMETRIC SLAB is satisfied. The potenti&l0) is sketched in Fig. @) by the

broken line, and the resulting potential of the “linear chain”
The symmetric slabgFigs. 2a) and 2b)] that have been of slabs and vacua is shown as well. It is this scheme that we
used for most of the calculations in Secs. llI-V have thewill use for interpretation of the behavior of the potentials in
advantage of guaranteeing that neither the construction of thieig. 5.
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FIG. 6. Schematic representation of the electrostatic potential
—Ved2), Eq. (8), for a layer of SITiQ. (a) Isolated single slab in
free space(b) The same slab, periodically repeated. As a conse-
guence of the boundary conditions, a macroscopic field appears in
the systenfdepolarizing field, Eq(10)].

slabs. In SrTiQ, however, only moderate polarization occurs
and thusVe o is Weak, so that theaverage surface energy
is affected only by 0.02 eV/(X1). This weakness of the
electric field inside the slat0.037 V/A) explains also why
the detailed geometries of the relaxed structures were found
to be very similar for the symmetric and asymmetric slabs.
| ( Using the valence charges2, +4, and—2 on Sr, Ti, and O
V %J ‘{ ‘ \ ] we can estimate that the “additional” forces on atoms origi-
[ 0]

'Ves V)

|

\
(b) L B S e i from asymm_etric sgpercel[ﬁig. 2(0)] and are c_ompa_rable to
results obtained with a less stringent relaxation criterion.
FIG. 5. As Fig. 3, but for the ideal asymmetric slab. Analogously we can estimate the effect on energies. The

nating from theE 4,0 Will be, e.g., 0.07 eV/Aon Sp, which
. is not much larger than the value at which we stopped relax-
ing. This means that in situations with similar values of
\ 6(AVey, dq, dy, and e, the relaxationsmay beobtained

| \ ]

40 T T

k
I
OV P oV P
main difference in the results from the symmetric and asym-

Due to screening, the electric field inside the slab is muchmetric slab calculations comes from the depolarizing field in
weaker than in vacuuniFig. 5), and the ratio of the two the vacuum region. The energy of electric field in vacuum is
slopes is given by the dielectric constant of the slab. In thegiven by (e0/2) [ E?dV. Taking the integral over the volume
calculations shown in Fig.(8 we can estimate the corre- aO of the vacuum region and assuming a constant electric
sponding slopes of 0.263 and 0.037 V/A , and their ratib  field, we can estimate an additional 0.01 eV pex@l) sur-
should be compared te=5.36-7.022 the static dielectric ~face area in the surface energy. This is precisely the order of
constant of bulk SrTi@ This is a good agreement, consid- magnitude of the difference in surface energies that we ob-
ering that large errors were induced by estimating the slopetained from the calculations on the two types of slébsble
from the graph in Fig. 5. V).

Similar calculations with the depolarizing field have al-  Calculations using the asymmetric slab have the advan-
ready been performed in Ref. 24 on asymmetric slabs ofage of dealing with both surfaces simultaneously. This may
BaTiOs. Due to the strong polarization already present in thenot necessarily mean less numerical effort, e.g., in obtaining
bulk, the depolarizing fields are very strong and thus causeéhe structural relaxations, but the results on a slithout a
large deviations from results obtained on the symmetrisymmetry plane enable certain reasonings that otherwise
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would not be possible, as, e.g., those concerning théound experimentally. The longitudinal surface dipole mo-
desorption/adsorption energies in Sec. IV. ments caused by the relaxation are found to be small on both
We can conclude from these examples that, in future studsurfaces but not negligible. It turns out that the largest con-
ies of similar systems with two different types of surfacestribution to the surface polarization does not always come
(and without a permanent polarization in the Butke asym-  from the first surface layeias has been assumed in previous
metric slabscan provide realistic results on surface relax- semiempirical models and in the experimental data analy-
ations and surface energies, provided that the slab systerssg, and that the surfaces in question are far from being ideal
are sufficiently thick @,+d,) and do not exhibit too large ionic systems: the electronic charge relaxation cannot be ne-
surface chargelsé(AV.g ], and that their dielectric constant glected. Finally, the analysis and understanding of the mac-
€ is not too small. In the system studied in this work we findroscopic electrostatic potential in the case of asymmetric
the effects of the depolarizing electric field weak enough tcslabs explain why the latter can provide numerically correct
obtainnumericallycorrect relaxed structures and surface andresults.
desorption energies—even if, strictly speaking, only the re-
sults obtained on the symmetric cells, without any macro-
scopic electric field inside the slab, are physically meaning- ACKNOWLEDGMENTS
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