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Ab initio modeling of surface structure for SrTiO5 perovskite crystals
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We present and discuss the results of calculations of Sr{lid0) surface relaxation and rumpling with two
different terminationgSrO and TiQ). These are based @b initio Hartree-Fock method with electron corre-
lation corrections and density functional theory calculations with different exchange-correlation functionals,
including hybrid exchange techniques. Both approaches use the localized Gaussian-type basis set. All methods
agree well on surface energies and on atomic displacements, as well as on considerable increase of covalency
effects nearby the surface. More detailed experiments on surface rumpling and relaxation are necessary for
further testing theoretical predictions.
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Thin films of ABO; perovskite ferroelectrics are impor- vious plane-wave calculations, this code uses the localized
tant for many high-tech applications including high capacityGaussian-type basis set. In our simulations we applied the
memory cells, catalysis, optical wave guides, integrated opstandard basis set recommended for SgTiOAnother ad-
tics applications, substrates for hi@h-cuprate supercon- vantage of thecRYSTAL-98 code is its treatment of purely
ductor growth, etc';* for which surface structure and qual- two-dimensional slabs, without artificial periodicity in the
ity are of primary importance. In this study, we calculated thedirection perpendicular to the surface, commonly employed
relaxed atomic structure of the Sr@L00 surface for the in most other surface calculatiors.g., Refs. 10 and 16
cubic phase. The SrTiX(100) surface relaxation has been  For optimization of atomic coordinates through minimiza-
experimentally studied by means of low energy electron diftion of the total energy per unit cell, we wrote a small code
fraction (LEED), reflection high-energy electron diffraction that implements conjugated gradients optimization
(RHEED), medium energy ion scatterind/EIS), and sur-  techniqué® with numerical computation of derivatives. Us-
face x-ray diffraction(SXRD) measurements.® Recently, ing this code, we optimized the atomic positions in several
severalab initio'®* and shell mode(SM) (Refs. 17—-2D  top layers of a SrTi@slab consisting of seven planes termi-
theoretical studies were published for tt00) surface of nated by TiQ, or by SrO on both sides of symmetrical a
BaTiO; and SrTiQ crystals. In order to check how sensitive slab.
surface relaxation properties are to details of #einitio Before starting the surface calculations, we tested these
methods used in calculations, i.e., exchange-correlation funagnethods on the bulk properties, the lattice constanaind
tionals, pseudopotentials, and localized/plane wave basis séfie bulk modulus3 (Table ). LDA calculations are found to
in this report we performed a detailed comparative studyunderestimatey by 0.8% and overestimat@ by 20%. The
based on a number of different techniques. We employed
several methods: HF with different DFT-type posteriori
electron correlation corrections to the total enétguch as
generalized gradient approximatidhiFGGA), Perdew-91 =179 GPaRef. 23. Bulk modulus is calculated using fourth order
(HFRer91, Lee, Yang, PartHFLYP) and fuII--ScaIe.DFT cal- polynomials, numbers in brackets are results of the fit to the stan-
culations based on the Kohn-Sham equation with a numbgja,q Murnaghan equation of the stdRef. 24.
of exchange-correlation functionals, including local density.

TABLE I. The optimized lattice constamat, and bulk modulu®
for the bulk SrTiQ as calculated using DFT and HF approaches.
Experimental  values: ag(extrapolatedto 0K¥3.89A, B

approximation(LDA), generalized gradient approximations Method ag, A B, GPa
(GGA) by Perdew and Wan(PW), Perdew, Burke, and Ern-

zerhof (PBE), as well as Becke exchange functional with ~ DFT: LDA 3.86 215(210
Lee-Yang-Parr correlation function#BLYP). We also in- BLYP 3.98 165(157)
cluded a comparison withybrid HF-DFT exchange func- PWGGA 3.93 195176
tionals, in which Hartree-Fock exchange was mixed with PBE 3.93 195171)
DFT exchange functionals using Becke’s three parameter Hybrid: B3LYP 3.94 187(184)
method, combined with the non-local correlation functionals B3PW 3.91 186191)
by Perdew and Wan(B3PW), as those by Lee, Yang, and  HF: HF 3.93 211(208)
Parr (B3LYP). For all calculations, we used tleRYSTAL-98 HF GGA 3.83 253(245)
computer coddsee Ref. 22, and references therein for all HF P91 3.83 252245
mentioned techniqugsin which both (HF/DFT) types of HELYP 3.86 244(237)

calculations are implemented on equal grounds. Unlike pre
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TABLE Il. Atomic relaxation of uppermost three layefis percent of lattice constantor SrTiO; (100 found for theab initio HF and
DFT calculationgsee text Positive(negative values refer to displacements in the direction outwdhdwardg the surface. Note that in
DFT calculations only atomic positions in the two outermost planes were optimized. References 10 and 16 refer to LDA-plane wave
calculations with Caperley-Alder exchange-correlation functionals using ultrasoft pseudopotentials and norm-conserving @esfila6al
pseudopotentials.

(a) TiO,-terminated SrTiQ surface

DFT (Kohn Sham Hartree-Fock with
a posterioricorrections
N lon (Ref. 10 (Ref. 16 LDA B3LYP B3PW BLYP PBE PWGGA HF HFGGA HF P91 HFLYP

1. T -3.4 -1.79 -2.12 -2.03 -219 -228 -1.88 -231 -274 -320 -319 -3.05
o> -1.6 -0.26 -1.11 -0.72 -093 -090 -057 -119 -1.38 —-220 —-220 -—1.87
2. SpPt 2.5 4.61 2.21 2.38 2.18 2.64 2.75 2.04 1.91 1.81 1.93 1.87
o> -0.5 0.77 0.07 0.21 0.01 0.12 0.45 00 -0.13 -0.15 -0.17 -0.17
3. T -0.7 -0.26 -0.26 -0.28 -0.28 -0.28

o+ -0.5 0.26 -0.05 -0.13 -0.14 -0.14

(b) SrO-terminated SrTiQsurface

DFT (Kohn Sham Hartree-Fock with
a posterioricorrections
N lon (Ref. 12 (Ref. 19 LDA B3LYP B3PW BLYP PBE PWGGA HF HFGGA HF P91 HFLYP

1. S¢t —-5.7 —6.66 —-491 —-428 —-429 -457 -460 -430 —-2.61 —4.16 —-4.13 —-3.74
0% 0.1 0.02 0.92 0.64 0.61 0.78 1.00 1.03 1.56 0.41 0.35 0.10

2. Ti* 1.2 1.79 1.20 1.16 1.25 1.34 1.30 1.20 0.79 0.48 0.48 0.56
o? 0.0 0.26 0.48 0.86 0.85 0.86 0.67 0.55 0.51 0.23 0.17 0.27

3. sPt -1.2 —1.54 —-0.49 -0.69 -0.69 —-0.70
0% -0.1 0.26 0.01 -0.25 —-0.02 -0.14

HF method without any correlation corrections overestimateshe TiO,-terminated surface is 188, which is about 50%
botha, (by 1%) andB (by 16%. HF with GGA corrections  |arger than the relevant values in the bulk. The Ti-O popula-
makesa, too small(by —1.5% butB even largeXby 41%.  tions in the direction perpendicular to the surface, i.e., be-
The hybrid B3PW method gives much better resultBofa  tween Ti and O atoms in the first and second, the second and
discrepancy by 4%and by only 1% overestimate®. In  third plane, and lastly, the third and fourth plar@g4me,
other words, it is quite difficult to choose the optimal methodgo e and 84ne) also exceed the bulk value. In contrast, the
reproducing all properties equally well, but the hybrid B3PWSr-O populations are very small and even negative which
method looks the best. indicates the repulsion. This effect is also well seen from the

The atomic d|_splacements_|n_the outmost Sgilanes Sr effective charges, which is close to the formal ionic
obtained here using variowb initio methods(see Table I charge of+ 2e

are in qualitative agreement with previous plane wave™ _. - .
calculations>® Both DFT and HF with correlation effects _ F19ures 1a and Xc) (total electron densitigsconfirm the
O covalency effects discussed above, whereas the differ-

predict Sr displacement on the SrO-terminated surface to b-Q' : ;
larger than that for Ti atom on the TiQerminated surface, ©NCce electron density mapsigs. 1b) and Xd)] (calculated

also in agreement with previowb initio calculations. Al With respect to Sr', Ti**, and C™ ions) demonstrate con-
theoretical methods predict surface O atom inward relaxatiogiderable charge density redistribution for both SiT&Dr-
for the TiO, termination, in contrast to the SrO termination. face terminations. These maps show that there is no trace of
Relaxation of atoms in the third plane is already quite smallcovalent bonding between Sr and O atoms. The Sr atoms
Atomic displacements, the effective static chargeb-  nearest to the surface are polarized. Their electronic density
tained using the Mulliken population analysind bond is shifted inwards the bulk on TiGterminated surface and
populations between nearest metal and oxygen atoms amitwards on the SrO-terminated surface. For both termina-
given in Table Ill. For the analysis we use the B3PW resultstions the nearest to the surface Ti-O bond becomes stronger,
The major effect observed here is strengthening of the Ti-Qbut the next nearest bond becomes weaker. All these obser-
chemical bond near the surface, which is already pronounce¢hations, made from the electronic density maps, are entirely
in the bulk. Note that Ti and O effective charg&s3e and  consistent with Mulliken charges and bond population analy-
—1.4e, respectively are much smaller than those expectedsis in the Table IIl.
in an ionic model; furthermore the Ti-O bond is considerably In order to calculate the surface energy, we start with the
populated(82me, m=milli). The Ti-O bond population for cleavage energy for unrelaxed SrO- and Ft€rminated sur-
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TABLE Ill. Calculated absolute magnitudes of atomic displacemetiis A), the effective atomic charg&® (in €) and bond populations
P between nearest Me-O atortin me for the TiO, and SrO terminations.

(a) TiO,-terminated SrTiQ surface (b) SrO-terminated SrTiQsurface
DFT Hartree-Fock DFT Hartree-Fock
B3PW B3LYP HF HFGG B3PW B3LYP HF HFGG
No. lon A No. lon A
1 T4 D —0.086 —-0.079 -0.107 -—0.1245 1 St d -0.168 -0.168 -0.102 —0.162
Q 2.165 2.197 2.507 2.502 Q 1.829 1.833 1.897 1.894
P 128 124 146 142 P -4 -2 -20 -20
o> D —0.037 —0.028 —0.054 —0.0856 G- d 0.024 0.025 0.061 0.016
Q —-1.241 —1.257 —-1.395 —1.400 Q —1.44 —-1459 —-1581 —1.555
P -10 -10 —28 -30 P 166 160 198 208
2. St D 0.085 0.094 0.074 0.0705 2 i d 0.049 0.046 0.031 0.019
Q 1.833 1.834 1.890 1.888 Q 2.24 2.282 2.536 2.524
P -10 -8 -20 -20 P 56 58 90 84
o> D 0.0004 0.008 —0.005 —0.006 o2 d 0.32 0.033 0.020 0.009
Q -1.297 1.307 —1.418 —1.401 Q —1423 -—-1.434 —-1517 -1.523
P 92 92 104 104 P -10 -8 -20 -20
3. T** D -0.010 -0.011 3 st d -0.019 -0.027
Q 2.269 2.313 2.553 2.552 Q 1.857 1.855 1.907 1.906
P 86 86 114 114 P -10 -8 —22 —-22
0> D —0.002 —0.005 g d 0.0 -0.01
Q -1.363 —-1.376 —1.476 —1.476 Q -—-1398 -1.409 -1508 -—1.503
P -10 -8 —-22 -22 P 80 80 108 108
Buk Ti*" Q 2.272 2.325 2.584 2.50 Buk i Q 2272 2.325 2.584 2.50
P 82 74 112 100 P 82 74 112 100
o Q -1.375 —1.392 —1.497 —1.466 G- Q -1375 -1392 -1.497 -1.466
P -10 -8 -20 —28 P -10 -8 -10 —28
SsPt Q 1.852 1.852 1.909 1.898 g Q 1.852 1.852 1.909 1.898
(a) (b) (c) (d)
method: B3PW, logarithmic scale method: B3PW; linear scale method: B3PW; logarithmic scale method: B3PW,; linear scale
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FIG. 1. The totala and ¢ and differencéb and d electron density maps in the cross section perpendicular td @8 surface with SrO
(a,b and TiQ, (c,d) terminations.
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TABLE IV. Calculated surface energiéis eV per surface cell Results for Refs. 10 and 16 are averaged
over both surfaces.

Hartree-Fock withposteriori
DFT (Kohn Sham corrections

(Ref. 10 (Ref. 16 LDA B3LYP B3PW BLYP PBE PWGGA HF HFGGA HF P91 HFLYP

SrO 1.26 121 119 119 118 117 120 116 138 1.25 1.26 1.28
TrO, 123 124 122 122 125 121 142 1.28 1.30 1.33

faces. In our calculations the two seven layer SrO- and The results of calculations for the surface energy of re-
TiO,terminated slabs represent together seven bulk uniaxed surface&, are presented in Table IV. In all calcula-
cells. Surfaces with both terminations arise simultaneouslyions theE, values for SrO termination are slightly smaller
under cleavage of the crystal and the relevant cleavage efhan for the TiQ termination. However, the energy differ-
ergy is distributed equally between created surfaces. Thergnce is small and both surfaces are stable and energetically
fore, we assume that the cleavage energy is the same for boflyyally favorable, in agreement with the experimental
terminations: observatior?. Note that the surface energy of 1.37 eV/cell,
) which was calculated for Ti@terminated surface by the SM
ES™ =3 [Egan (STO+Egap(TiO2) ~ 7Epud, approact’ is also slightly Iagrgt]er than the surface )énergy for

WhereEéngeD(Sl’O) andE(Sﬁ‘;‘geb(Tioz) are unrelaxed SrO- and SO te_rminfltion (l..33' eV/cell. The ab initio !_APW
TiO,-terminated slab energieE,,, energy per a bulk unit calculation$* gave similar average surface energies of 1.27
cell, and a factor of four comes from the fact that we createeV/cell.

four surfaces upon cleavage procedure. Next, we can calcu- For both SrO and Ti@terminations, surface relaxation is
late the (negative relaxation energies for each of SrO and characterized by the surface rumplifg) (the relative dis-

TiO, terminations, when both sides of slabs relax: placement of O with respect to a metal atom in the first
plane, interplane distances between top metal and the sec-
E(A)= %[Esm(A)—E(sﬁ?geD(A)], ond crystal layers £d,,), and between the second and the

_ . . third crystal layers £ d,5). Our calculations of the interplane
EsafA) is a slab energy after relaxatioA=SrO or TiQ,.  distances are based on the metal @nor Sr) displacements
Lastly, the surface energy sought for is just a sum of therom unrelaxed planes, which are known to be much stronger

cleavage and relaxation energies electron scatters than O ions.
(unrel A comparison of a series of our HF and DFT calculations
Es(A)=Es +Eel(A). with the two previousab initio plane-wave studié&'® and

TABLE V. Surface rumplings, and relative displacements of the three near-surface planes for the Sr- and
Ti-terminated SrTiQ@ (100 surfacesin percent of the bulk lattice parametgrs

SrO-terminated Ti@terminated

Method S Ady, Adyg S Ady, Adyg
DFT LDA 5.8 -6.1 1.0 —-4.3

BLYP 5.4 -5.9 1.3 —-4.9

PBE 5.6 -5.9 1.3 —-4.6

PWGGA 5.3 -55 1.1 —-4.4

B3LYP 4.9 -54 1.3 —-4.4

B3PY 49 —-5.5 1.3 —4.4

HF 4.2 —-3.4 1.3 1.4 —4.7 2.2
HF-GGA 4.6 —4.6 1.2 1.0 -5.0 2.1
HF-P91 45 —-4.6 1.2 1.0 -5.0 2.1
HF-LYP 3.8 —-4.3 1.3 1.2 -4.9 2.2
Ab initio (Ref. 10 5.8 -6.9 2.4 1.8 -5.9 3.2
Ab initio (Ref. 16 7.7 —-8.6 3.3 1.5 —-6.4 4.9
Shell model(Ref. 18 4.5 -4.8 1.5 1.1 -4.0 1.2
Shell model(Ref. 20 8.2 —-8.6 3.0 1.2 —-6.4 4.0
LEED expt.(Ref. 5 41+2 —5+1 2+1 2.1+2 1+1 -1+1
RHEED expt.(Refs. 6,7 4.1 2.6 1.3 2.6 1.8 1.3
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SM calculation® is presented in Table V. The agreement iswhere oxygen atoms are predicted to move inwardéih
quite good for all applied functionals. All theoretical meth- surface terminations, reaching 12.5% for the J&0rface. It
ods (both quantum mechanical, irrespective on particularis obvious that conflicting experimental results should be re-
exchange-correlation functional and basis set type, and swolved before further comparison with theoretical calcula-
give the same signs for both the rumpling and change of th#ons.
interplanar distances. They predict much larger rumpling for Summing up, a comparison ab initio HF and DFT cal-
the SrO surface in comparison to that for the Jiirface, culations employing different exchange-correlation function--
compression of the distance between the first and secorfys and localized/plane wave basis clearly demonstrates their
planes, and its expansion for the second and third planes. 900d agreement for theimpling and the relative displace-

In general, the results of the LEED experiménagree MeNts of the second and third planes nearby the Y80
quite well with our B3PW calculationéexcept for the com- face. In contrast, four types of electron diffraction experi-

pression of the distance between second and third planes fpents used so far clearly contradict each other. huinitio
the SrO termination caselt was also found in recent MEIS calculations indicate considerable increase of the Ti-O bond

. . ) ! covalency near the surface. This could be important for the
experiment3 that on the Ti-terminated SrTiOsurfaces  ciocironic structure of surface defects, as well as for adsorp-

~1.5% which again is in agreement with our results. Notejo and surface diffusion of atoms and small molecules rel-
however, that the LEED and RHEED experiments contradichyant for catalysis.

each other in the sign of thad,, for SrO-terminated sur-

face. Another problem is that LEED, RHEED, and MEIS This study was partly supported by ONR Grant No.
experiments argue that the topmost O atoms always movi00014-97-1-005ZE.H., grant to R. E. Cohegrand by Eu-
outwards from the surface whereas all calculations predictopean Center of Excellence in Advanced Material Research
for the TiO, terminated surface that O atomsigwards The  and Technology in Riga, LatvidContract No. ICA-I-CT-
reason for this is not clear and discussed in Refs. 9 and 1@000-7007 to E.A.K Authors are indebted to R. E. Cohen,
Even more important is a clear contradiction between thre®. Dovesi, C.R.A. Catlow, F. Cora, R. Resta, R. de Souza, S.
abovementioned experiments and recent SXRR2f. 9 Piskunov, and D. Vanderbilt for fruitful discussions.
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