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Stability and electronic structure of the (1X1) SrTiO3(110) polar surfaces
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The electronic and atomic structures of severak () terminations of th€110 polar orientation of the
SrTiO; surface are systematically studied by first-principles calculations. The electronic structure of the two
stoichiometric SrTiO and ©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 sorffel0) faces can even compete with the Fi@nd SrO terminations of the
(100 cleavage surface: in particular, tiELO-TiO termination is stable in Sr-poor conditions, {14.0-Sr one
in simultaneously O- and Sr-rich environments. The available experimental data are compared to the outcomes
of our calculations and discussed.
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I. INTRODUCTION low-energy electron-diffractioiLEED) measurements as
well as ultraviolet photoemission and x-ray photoemission
Strontium titanate is a material that has many potentiakpectroscopieSUPS and XPS, respectively coupled to
applications. Its high dielectric constant makes it a candidate EED.* In the latter works, the authors made a considerable
to replace silicon dioxide in some nanoelectronic deviceseffort to characterize the modifications of the electronic
SrTiO; has been used in photoelectrolysis and as a substrastructure, which are connected to different preparation con-
for the growth of high¥ . superconductors as well as of other ditions of the surface through STM and scanning tunneling
thin oxide films?! Like other perovskite compounds, SrEO spectroscopy angle-resolved photoemissidhand conduc-
shows a rich physical behavior. It undergoes an antiferrodistion measurements.Not all of these studies provide a uni-
tortive (AFD) transition atT<<105 K: the cubic structure fying picture of the surface, which indeed shows a great
turns into a tetragonal phase, where the neighboring; TiOsensitivity to the thermodynamic conditions, mainly tem-

octahedra are tilted with opposite angles aroujdGo] di-  perature and oxygen partial pressure.

rection, doubling the unit cell. Moreover, SrTjOs at the Motivated by this experimental works, some theoretical
boundary of a ferroelectric transitidn; but remains studies of SrTiQ(110) recently appeared. The optimized

paraelectric for all temperaturés. surface geometry was obtained through interatomic forces

While the (100 surfaces of SrTiQhave been extensively that were derived either by an empirical shell modfedy by
studied, both theoreticafly® and experimentall§;** the ~ more accurate treatments that are based on the Hartree-Fock
(110 terminations are much less known. Such a scarcity isipproximation, still describing the Hamiltonian matrix on
likely due to the polar character of tii&10) orientation. The semiempirical grounds>?° The approximate nature of these
sequence of atomic layers of,Gnd SrTiO stoichiometry approaches allowed some trends to be deduced, but it did not
implies a monotonic raise of the microscopic electric field,permit, in most cases, to draw quantitative conclusions that
which has to be compensated either through a modificationould be compared to experiments. On the other hand, first-
of the surface composition—which leads to nonstoichiometyprinciples approaches that are based on the density-
ric terminations—or by an anomalous filling of the surfacefunctional theory(DFT) have been widely applied to the
electronic states—which must imply crucial variations of thestudy of oxide surfaces in recent years. More specifically to
electronic structure of the surfaces that should be, in prinperovskite surfaces, such an approach has been showed to be
ciple, detectable by experiments. reliable and complementary to experimehtsis the aim of

Nevertheless,{110 terminations of strontium titanate the present paper to provide an application of state-of-the-art
have been observed quite often, but the effort towards thérst-principles methods to th€l10) polar termination of
precise characterization of their atomic-scale morphologysrTiO;, which is the first one to the best of our knowledge.
and the detailed study of the corresponding electronic struc- In particular, we focus on two issue§) Which is the
tures started only in the last decade. For instance, it is wortmechanism at work to cancel the macroscopic polarization?
noting the investigations by atomic force microscépgcan- (i) Is the thermodynamic stability of thel10) termination
ning tunneling microscopySTM), Auger spectroscopy and comparable to that of the.00) cleavage face? Regardifig,
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while in the wide-gap rocksalt compounds MgO and NaCl TABLE I. Experimental and computed lattice parametgy;

the nonstoichiometric reconstructions, such as the octopoldlk modulusB,, and cohesive enerdg., for the cubic SrTiQ
one, are clearly favored over polarity compensation by arPhase. The experimental valuesaf andE,, are quoted in Ref.
anomalous filling of surface states, it has been recently sug2 andB, is taken from Ref. 33. Two distinct calculations adopting
gested for the less ionic Zr@DOD and ZnO(000) the small-core and large-core approximations for the Ti pseudopo-

surface$"??that the latter mechanism may work. The coex. ential (see textare also shown.
istence of the rather ionic Sr-O bonds with the more covalent
Ti-O ones, as well as the fairly large dielectric constant of

Calc. (large cor¢ Calc.(small cor¢ Experiment

SrTiO; might situate strontium titanate at the borderline be-a, (A) 3.951(+ 1.2%) 3.875¢0.8%) 3.903
tween the two previous cases. Regardfing the quite nu- B, (Gpa) 187¢2%) 192(+5%) 183
merous observations dfl10 (1Xx1) terminations suggest E.,, (eV) 34.06(+7%) 37.00( 17%) 31.7

that these surfaces may be obtained in appropriate therme
dynamic conditions. However, the ternary nature of stron-

tium titanate, as well as the lack of precise experimenta[ﬂose to the experimental datsee Table)l The large-core

|nQ|c§1t||ons 03 It.he surftr;l]ce dcc:'mptos;tloE, Trﬂakef the. f':ﬁF'approximation for Ti is also checked against the small-core
principles modeling a rather delicate task. Theretore, in .'Sone, and the former is adopted in all slab calculations. The
work, we restrict ourselves to several terminations, stoichio-

) . . gap between the valence and the conduction band computed
metric or not, of (1X1) reconstructions, completing a pre- through the difference of the Kohn-Sham eigen-eneréies
vious preliminary report® the two stoichiometric © and 9 9

SrTiO faces, and the three nonstoichiometric O, TiO, and S?V) is smaller than the experimental val(&2 eV),™ which

terminations. Their atomic and electronic structures are com=> ?I_ﬁom”;()nl (iazef for ﬂ;.e DFY. . f bulk Ti and Sr f
puted and discussed in Sec. lll. Moreover, their relative sta- € calculated formation energies ot bulk 11and St from

bilities are compared as functions of the chemical environ{h€ isolated atomic species arfy;=4.58 eV and Eg;
ment (see Secs. IV and V =1.73 eV, which differ by—6% and+2% from the ex-
perimental values, respectively. On the other hand, the O

formation energy Egz=7.58 eV) is about 45% greater than

the experimental value, like in previous LDA calculatiofis.

The calculations are carried out within the D¥TThe The surfaces are described in the framework of the slab
exchange and correlation energy is treated via the localmodel. The calculations are carried out by sampling the irre-
density approximation(LDA) using the Perdew-Wang ducible Brillouin zone by d4,4,2 Monkhorst-Pack mes#.
parametrizatios> The Kohn-Sham orbitals are expanded ONBy using a(5,5,2 mesh, the computed total energies de-
a plane-wave(PW) basis set and an energy cutoff of 30 crease by less than 10 meV for the insulating terminations
hartree(Ha) is employed. For all calculations, we use the and 20 meV for the metallic ones. In these cases, when an
ABINIT computer codé® effective Fermi-surface smearing is employed to get a better

In conjunction with the use of a PW basis set, we adoptonvergencé® a careful procedure is used to extrapolate
soft norm-conserving pseudopotentials that are generated Rnvergent energies in the limt—0. The stable surface
following the Troullier-Martins schenfé in the Kleinman- configurations is obtained by minimizing the Hellmann-
Bylander fornf® in order to avoid taking into account the Feymann forces in the Born-Oppenheimer approximation,
inner atomic electrons in the self-consistent cycle explicitly.genera”y starting from the geometry of the ideal unrelaxed
Along the pseudopotential generation process, atom refekyrfaces.
ence states @'4s**4p%2° for Ti, 4s?4p°5p* for Sr, and In order to avoid spurious interaction between periodic
2s?2p* for O are used. The pseudization radii &Rg(s)  slabs via dipole-dipole interactior3® the compositions of
=2.45 bohr, R,(p) =2.55 bohr, andR.(d)=2.25 bohr for the adopted slabs are symmetric upon inversion along the
Ti; R¢(s)2.0 bohr, Ri(p)=2.5 bohr, andR.(d)=2.2 bohr  surface normal. Well converged slab total energies can be
for Sr; andR.(s)=R(d)=1.4 bohr andR.(p)=1.75 bohr  routinely obtained for typical vacuum widths ranging be-
for O, with s, p, andd being the different channels. The S§ 4 tween 10 and 12 A. On the other hand, the determination of
and 4p semicore electrons are treated as valence electrons the minimal number of atomic layers that is allowed needs
the self-consistent procedur@yhich we refer to in the fol-  some care. For instance, a nine-layer slab is sufficient for the
lowing as the small-core approximatjprwhereas the Ti8  two nonstoichiometri¢110)-Sr and(110-TiO terminations,
and 3 semicore states are frozdlarge-core approxima- whereas 11 layers are at least needed for the (6)-O,
tion). Since the latter states have an appreciable superposind (110)-SrTiO stoichiometric terminations. In the case of
tion with the 4 and 3 radial orbitals of Ti, in the exchange the O-terminated surfaces, a very careful choice of the bulk
and correlation functional we take into account the nonlineareference energy is also needed, as detailed in the following.
core correctiof? between the radial density corresponding toTo this purpose, we made calculations up to 15-layer thick
the frozen 3 and 3 Ti orbitals and the valence electron slabs. As a general rule, the slab is considered to be thick
density. enough when the difference between the total energies of two

The previously described computational scheme is testeglabs differs by a SrTiQunit and the bulk total energy is
on the cubic phase of bulk SrTiOThe lattice parametex,, smaller than 1 mHa* This condition cancels out the prob-
the bulk modulusB,, and the cohesive ener@,, are very  lem of nonconvergent surface energieé’and makes it pos-

II. COMPUTATIONAL METHOD
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sible to obtain a fair bulk reference energy for each termina-
tion.

Even if our calculations are carried out at 0 K, we impose
symmetry constraints to our slabs to simulate the cubic phasi
that is stable at room temperature. A special case is repre
sented by the nonstoichiometriz10-O termination, since

the mirror symmetry along thgl10] direction is lost. As it
will be detailed in the section devoted to such a termination, &
the bulk energy should be computed with reference to an@
AFD phase that is simulated in a tetragonal supercell analo™
gous to that used for the slab. Other authors gave detail:
about the change of the AFD distortion with respect to the — _y5
bulk structureé’* Our computed total-energy differences be- ‘ﬁ\;&
tween the cubic and the AFD phases is about 2 mHa. Ne- \3;;\_:
glecting such a small quantity may appreciably bias the nu- 3.0 a0 wziz) 0:0)
merical extrapolation of the surface energy when a linear
scheme is used. To summarize, the uncertainty on the surface
energiesE¢; within our slab approach does not exceed FIG. 2. Computed band structure for the SrTiO termination of
102 J/n?, which is usually much smaller than the com- SrTi0,(110). Only the valence-band top and the conduction-band
puted surface energy differences for the various terminationsottom are drawn.

We also focus on the total electron distribution in the
various surface configurations. An estimate of the electromalf the bulk value, i.e.Qg = *=2. Therefore, we consider
sharing between the O anions and the Sr and Ti cations isvo main classes of (X 1) terminations: on one side, the
obtained by means of Bader’s topological analysis of theso-called stoichiometric terminations, since their composi-
electron density, which corresponds to a partition of the totations reflect the bulk stacking, namely, ttELO)-SrTiO and
charge in atomic basins. Such a procedure is independent ef O, ones, for which an anomalous filling of surface states is
the basis set uséd,and has been recently u4ddnd im-  expected. On the other side, we study th#0)-TiO, -Sr, and
proved within the ABINIT package. The precision of the -O terminations, for which the stoichiometry changes can, in
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atomic charge integration is abouk3.0~ 2 electrons. principle, provide the polarity compensation. For each termi-
nation, we describe in the following the detailed atomic and
lll. ELECTRONIC AND ATOMIC STRUCTURE electronic structures.

In the (110 orientation of SrTiQ, a stacking sequence of
atomic layers: - - O,-SrTiO-O,-SrTiO- - - is provided. If we _ o
consider that the ionic charge of O, Ti, and Sr @g= 1. The SrTiO termination

—2, Q=+4, and Qs=+2, respectively, then the O In the stoichiometri¢110)-SrTiO termination(see Fig. 1,
plane bears a formal char@@, = —4 and the SrTiO plane  sjx Sr-O bonds and two Ti-O bonds are cut. Since the surface
Qsmio= T4 per two-dimensional unit cell. According to the plane bears a formal charges,io= +4, there must be an
criterion for polarity compensatiolf;** the formal surface anomalous filling of surface states, in order to cancel out the
charges of the various SrTiQ110) faces have to be equal to macroscopic component of the slab dip$l&igure 2 reports

the computed band structure. One can note that the
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FIG. 1. (Color online Side view of the SrTiO slab cut along a
[001] plane. Sr, Ti, and O atoms are white, gray, and red, respec- FIG. 3. Localization of the compensatory state at tile
tively. (0.5;0.5;0.0 point of the Brillouin zone.
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TABLE Il. qo, qyi, andgg, are Bader’s topological charges of TABLE llI. Relaxation and rumpling on thél10)-SrTiO termi-
oxygen, titanium, and strontium, respectively for the SrTiO termi-nation. The mean positions of the SrTiO layers are computed by

nation. I, Il, Ill, and IV give the indices of the layer. Charge is given averaging the normal coordinates of the corresponding atoms. The
in electron number. For comparisons, bulk values are given at thenterplanar distances are given in angstroms and their relative varia-
bottom. tions in brackets.
Layer Atomic charges Layer charge Layer Relaxations and rumplings
SITiO do=—1.36; q1,=1.74; g5,=1.40 dsmo=178  SITIO Ti(—0.03) O(+0.38) Sr(-0.35)
0, qe=—1.38 qn.=—2.76 ] 1.25(— 11%)
SrTio qo' =—1.30; g =2.03; g4 =1.55 q's[fTio=2.28 0, No rumpling
0, qy=-1.30 do,= —2.60 1 1.66(+19%)
Bulk  g8"=-1.26;q%""=2.18;q2"*=1.58 qB'=2.50  SITIO Ti(+0.06) O(+0.13) Sr(-0.19)
1 1.28(—8%)
0O, No rumpling
Fermi energy is located above the bottom of the conduction 1.49(+6%)
band. Some conductionlike states are thus filled, which bringrTiO Ti(+0.01) O(+0.04) Sr(-0.05)
the two additional electrons that are needed according to thg 1.38(—1%)
electron counting rule for polarity compensation. 0, No rumpling

These states are localized in the outermost layers and are
genuine surface states. The density of the filled conduction-

band state at th& point of the Brillouin zone, that is dis- (5ineq through the delocalization of this state over

played in Fig. 3, is roughly delocalized over three surfacé,eighporing sites. Such a screening phenomenon, reminis-
layers, which shows that the self-consistent charge redistrizant to that found in Na-covered TJAL10) surfaced® thus
bution is more complex than the model that is based upon thg¢acts the Sr and O charges, too. The charge of the outer-
values of the formal ionic charges. A more thorough insight,,ost Ti is thus reduced, which can be probed by XPS ex-
can bg obta!ned_ by means'of Bader’s topological Chafg‘ﬁerimems through a surface Ti signal that should differ from
analysis, which is reported in Table Il. The layer chargeyo pulk TF+ formal oxidation state to a large extent.

1,11 1 : H t . . .
Qsrrio andqp, of the first and third SrTiO and the second O g far as the atomic structure is concerned, we can see in
outermost planes, respectively, are indeed strongly modifie@able IIl that large relaxations occur in the four outermost
by the filling of the additional surface state and thus showayers. For instance, the large rumpling between oxygen and
marked changes from the computed charge for the innestrontium that is equal to 0.73 A in the surface layer is still
bulklike layers gE!'¥=+2.50), which is roughly achieved non-negligible in the third layer (0.32 A). The interplanar
only in the fourth layer. The polarity compensation criterion distance between the outermost SrTiO layer and th&ager
is fulfilled, since the sum of the charge of the four first layerspeneath it contracts by 11%, while that between the latter
is equal to—1.30, which is almost the half of the bulk layer and the third SrTiO planes grows By19%, showing a typi-
chargqu”'k. cal damped oscillation that makes each pair of surface unlike

Finally, we can see in Table Il that the difference betweenayers closer, as accounted for by the general th&s¥.
the surface layer charggy,o and the bulk layer charge However, the surface Ti-O bond lengths.o are only
qB'k is mainly localized on titanium, which is confirmed by weakly modified: for Ti in the topmost layety.o is reduced
the direct visualization of the filled state at the conduction-by — 3%, while it is expanded by 5% in the third layer. Such
band bottom(in the right part of Fig. # However, an effec- a behavior is due to the combined relaxation and rumpling
tive decrease of the electronic kinetic energy may be obthat mainly rotate the Ti-O bond. At odds, the more ionic and

0.8 0.12
0.7
0.1
0.6
0.08
05 FIG. 4. Cutting of the total valence density
oa - (left) and compensatory state denstight) per-
' ' pendicular to th¢100] direction in a TiQ plane.
0.3 > <
>= ( 0.04
0.2 p—
- <=3
S 002
[o] o]
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FIG. 5. (Color online Left part: side view of the
0,-SrTiO3(110) slab, cut perpendicular to tH®01] crystallo- " D
02 02 02 02

graphic direction. Right part: schematic molecular diagram of an
oxygen dimer. In the case of an isolated Ogroup, the twor* z axis in atomic units
orbitals are completely filled.

Density (arb. units)

FIG. 7. Localization of the highest occupied state for the O,

weaker Sr-O bonds are much more affectddi.qn is re- termination of SrTiQ(110).

0, i i 0,
duced by 13%, whilag.sun is expanded by 24%. Less formally, one can see that the formation of a peroxo

2. The O, termination bond is ma!de possible _by emptying th_e antibpncbr‘fgmo-
o . o lecular orbital(see the right panel of Fig.)5This also pro-
The complementary stoichiometric (110)-@rmination  vides an effective mechanism to open a small gap at the

is also expected to undergo large modifications of the elecgyrface(see Fig. 6. The Fermi level rests above the two
tronic structure because of the polarity compensation, whicBntinonding states* and does not cross the band structure.
requires two electrons to be removed from the surface. Aghe pulk gap value of SrTiQ(around 2 eV is found be-
displayed in the left part of Fig. 5, the two surface oxygensyyeen the valence band and the conduction béed, ex-
move close to each other forming a bond 1.48 A long. Suckuding the Q 7* states. The two in-gapr* states are split,

a bpm_j length is usually a S|g.nature. Of. a PEroxo group, i ce the tWC[TlO] and[001] crystallographic directions are
Wh'Ch is formally denoted asij in the lonic limit. It would not equivalent, and are localized at the surface layer as dis-
imply that the surface charge per unit cell @, = —2, played in Fig. 7.

instead of—4 as in the bulk. Therefore, the formation of a * Tape |V yields the results of Bader’s topological analysis
peroxo group formally permits to fulfill the polarity compen- ¢q this termination. The topological charges of the surface O
sation criterion. (0" are sensitively reduced, consistently with the formation
of the peroxo bond. We obtain a surface charge almost equal
to half the bulk one. In this case, the charge modification is
essentially restricted to the outermost O atoms, as a conse-
guence of the covalent and localized nature of the peroxo
bond.

As far as the atomic structure is concerned, important
modifications are present on the surface. The oxygen atoms
tilt at the surface and reduce their angle with respect to the
[110] direction by strongly increasing the bond length with
< titanium on the second layedgi i) by 19%. As a conse-
— quence,there is a large inward relaxation20%—see also
) Table V) of the peroxo bond with respect to the second layer.

Energy (eV)
\
|

;‘:) TABLE IV. Same as Table Il, for @termination.

—

_(g; 0;0) (1/2;0;0) (1/2;1}2;0) (0;0;0) Layer Atomic charges Layer charge
Lines in the Brillouin zone 0,

Jo=—0.66 Oo,= — 132

FIG. 6. Computed band structure for the-@rminated slab. SITiO qg:—1.20i||q¥i=2.13; 0s=155 q%lmo=2.48
Only the valence-band top and the conduction-band bottom ar®: 0o =—1.21 Oo,= —2.42
drawn. Thew* states discussed in the text give rise to four bandsSrTiO a0 =—1.24;q}/=2.19;q5 =1.58 Jermio=2.53
(two for each termination which are not completely degenerated Bulk g5ulk=—1.26; q5"*=2.18; q5""*=1.58 qB''k=-2.50
due to finite-slab effects.
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TABLE V. Same as Table lll, for @termination. E,

Layer Relaxations and rumplings | [\ wf'\‘ i
- To | h ’\ I /\

0O, No rumpling \ f I Py “”‘J}
0 1.12(— 20%) }\ | / \ [
SITio Ti(—0.05) O(+0.12) Sr(-0.07) i |
1 1.52(+9%) sr | A r’\!\ “(AV‘ J“
0, No rumpling | w \ J | \ ”
! 1.32(-6%) i J S M
SrTio Ti(—0.02) O(+0.03) Sr(0.01) ,\ ﬁW 0y
1 1.45(-4%) of | f\ /\ J\f‘“ \
0, No rumpling A}‘ “U“‘ Lﬂlw I |l
1 1.400%) | / I/
SrTiO No rumpling -30 -20 -10 0

energy (eV)

. FIG. 8. Density of states of the TiO, Sr, and O terminations. The
0,
On the ot.her hando.s is remarkably rgduceq—(lSA). occupied states are filled in gray, aBd is the Fermi level.

We point out that a few surface configurations were ob-

tained for the (110)-@ termination through the minimiza-

tion procedure_ The one reported in F|g 5 has the |owes‘{VhiCh a certain number of bonds are missing. Such cut bonds
total energy. Another configuration with the peroxo group onare four Sr-O and one Ti-O for the nonpold00) orienta-

top of the titanium is found, which is slightly higher in en- tion; Two Ti-O and six Sr-O bonds for th@10-SrTiO and
ergy (5x10 2 J/n?), but still within the intrinsic precision (110)-O, terminations, as well as for th@€10-O termina-

of our calculations. These two configurations have very simition, which is self-complementary; Two Ti-O and eight Sr-O
lar band structures and atomic charges, and can be considends for the(110-TiO and (110-Sr terminations. More-
ered as almost degenerated. It is worth noting that whewver, the(110)-Sr and(110)-TiO terminations have an unco-
starting the geometry optimization from the ideal, unrelaxecbrdinated atom even in the third layer starting from the sur-
(110)-G, termination, a third local minimum without peroxo face (a Sr-O bond is cit at variance with th€100)-TiO,,
groups at_the s_urface is found. With respect to the Peroxqo-sro, and thé110)-SrTiO, (110)-0, (110-O termina-
configurations, it has an open-shell structure and a highefons, Therefore, it is not surprising that the remaining atoms

surface energy of about 0.7 Jim on the(110-Sr and(110)-TiO undergo large relaxatior(see
Table VI), such as the inward relaxation of the surface Sr on
B. Nonstoichiometric terminations the Sr termination { 43%) and the strong rumpling of the Ti

The (110-TiO, -O, and -Sr terminations may be ideally and O atoms on the TiO termination (0.48 A). Despite this

obtained from the stoichiometric surface by adsorption ofndercoordination, relaxations are more quickly damped
desorption of Sr and O atoms. They bear a formal chargéha” for the stoichiometric terminations. For instance, the
_ __ _ ; i [ interplanar relaxation between the third and the fourth layer
Qrio="12, Qo=—2, andQg=+2 in the ionic limit, re- | P i - Y
spectively, which corresponds to half the bulk layer chargés reduced by a factor of 2 with respect to the stoichiometric

— 110-SrTiO and (110)-@ terminations.
Qpuik= =4. Therefore, they are all compensated and n& 4 . o ,
anomalous filling of surface states is, in principle, necessary, . Sinc€ the(110-Sr and the(110-TiO terminations are in-

In order to demonstrate this assumption, the computed deﬁ[mSica"Y compensated by stoichi_ometry, we may guess that
sity of states of these three nonstoichiometric terminationd '

are drawn in Fig.8. They are all insulating, with electronic such an effe_ct iTQ‘ mainly due to the reduction of the S“”‘?‘CG'
structures qualitatively similar to the bulk atom coordination numbers. In fact, Bader's topological

analysis(see Table VIl confirms the polarity compensation

of the two terminations: the charge modification affects es-

sentially the three outermost layers and their sum on these
The (110-Sr termination is obtained from the,@ne by  |ayers is equal to+ 1.21, which is almost half of the bulk

adsorbing a Sr atom per unit cell whereas the))-TiO one  value. Even if these changes are less intense than on the

is obtained from thé¢110)-SrTiO termination by removing a  stoichiometric terminations, they extend rather deeply into

row of surface Sr along thgLOQ] direction. These two ter-  the slabs, which confirms the correlation with the presence of

minations are displayed in Fig. 9. undercoordinated atoms and the interplay between the
These two(110 terminations are representative of more atomic relaxations and the electron redistribution.

open surfaces. The coordination numbers of the surface at-

oms are reduced with respect to the stoichiometric (110)(1

X 1) terminations as well as to the nonpol{af0) surfaces.

Let us imagine to cleave a SrTiBlab along different orien- Such a termination may be ideally obtained in two differ-

tations: two complementary terminations are obtained, foent ways: by removing an oxygen atom from antérmina-

1. The Sr and TiO terminations

2. The O termination
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[110]

FIG. 9. (Color onling Left (right) panel: side
view of the TiO(Sr) slab, cut along #001] plane.

tion or by adding an oxygen atom on a SrTiO termination.distortion, the O-Ti-O alignment is broken along tf@01]
The presence of a single O atom on the surface breaks thdirection. The topological charges of the surface oxygen at-

mirror symmetry along thg110] direction, at odds with all 0ms are very similar to the bulk ones from which they differ
(1% 1) terminations that were previously considered. Conseby 10% at most.

guently, among all thé110) terminations, the convergence of
the atomic structure and the surface energy of this one is the
most difficult. We can see in Fig. 10 that the broken surface
symmetry permits a distortion and its propagation into the Because of the different chemical nature of the various
slab. It consists of an alternating rotation of the octahedrg1x 1) (110 terminations of SrTi@, their stability must be
along a[100] direction, which is known as an AFD instabil- discussed as a function of the actual surface
ity. We point out that such an abnormal deep propagation ofomposition’1%4%*°To this purpose, we make use of two
the AFD instability from the surface into the bulk is related distinct physical quantities: the first one corresponds to the
to the fact that the low-symmetry phase is stableTat energy that is necessary to split the crystal into two parts and
=0 K, the temperature for which the calculations are percreate two complementary terminations, which we refer to as
formed. This propagation may be hindered by considering ghe cleavage enerdy,, . The second one is the surface grand
15-layer slab with five inner layers frozen. Even in this casepotential )y, which is a measure of the excess energy of a
the surface atomic structure is practically indistinguishablesemi-infinite crystal exposing a termination with a given

from that obtained on top of an AFD bulk. compositioni in contact with matter reservoirs.
The surface O relaxes inwards-83%) and laterally to-

ward the two strontium atoms underneétbke Table VII). In

the inner part of the slab, no large interplanar relaxation oc- A. Cleavage energy

curs. However, a quite strong rumpling affects the inngr O when a stoichiometric SrTiQslab is ideally cut and the
layers, which corresponds to the AFD distortion and is ok parts are put apart, two complementary surface termina-
damped as a function of the slab thickness. Moreover, thergons are created. In our case, they are (thk0)-SrTiO and

are large lateral atomic displacements within the SrTiO laythe (110)-Q terminations on one hand, and ttEL0)-TiO

ers that are denoted withr,o, (see Table VI and decrease and the(110-Sr ones on the other. TH&10)-O termination
quite rapidly going into the bulk. As a consequence of thiscan be considered as self-complementary. The respective

IV. THERMODYNAMIC STABILITY

TABLE VI. Same as Table lll, but for thé1l10-TiO and (110)-Sr terminations.

Layer RelaxationgTiO) Relaxations(Sr)
TiO/Sr Ti(—0.24) O(+0.24) No rumpling

I 1.51(+8%) 0.79(-43%)

0O, No rumpling No rumpling

1 1.43(+2%) 1.53(+ 10%)

SrTiO Ti(+.08) O(-.07) Sr(-.01) Ti(+.06) O(—.02) Sr(—.04)
1 1.32(—5%) 1.354%)

O, No rumpling No rumpling

1 1.4000%) 1.41(+1%)

SrTiO No rumpling No rumpling
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TABLE VII. Same as Table Il for th€110-TiO termination. For TABLE VIII. Relaxation and rumpling on th€110)-O termina-

the (110)-Sr termination, the topological charges of the surface attion. The mean positions of the SrTiO layers are computed by av-

oms are very similar to the bulk ones, from which they differ by eraging the normal coordinates of the corresponding atoms. The

7% at most.

interplanar distances are given in angstroms and their relative varia-
tions in bracketsdyo, corresponds to the Ti-O lateral relaxation

Layer Atomic charges Layer charge (ihe projected interatomic distance along fAd.0] direction.
Tio qh=—1.20; gk =2.04 qho=0.84 ) .
0, qg: 111 qg PP Layer Relaxations and rumpling 5Ti02
SITIO  qg =-1.20;q} =2.21; g4} =1.58 qgfﬂo=2.59 o}
0, qy=-1.25 qy =—2.50 ) 0.94(—33%)
Buk U= —1.26; ¢ =2.18; ®* =158 q®k=—250  SrTiO Ti(—0.09) O 0.06) Sr{0.03) 0.391
! 1.42(+2%)
R _ 0, O(+0.33)
cleavage energieE 25" and E{J*S" can be obtained | 1.38(—1%)
from the total energies computed for the symmetric slabs$rTiO Ti(+0.05) O(+0.02) Sr(-0.08) 0.087
through the following equations: ] 1.38(—1%)
0, 0(+0.23)
i 1 5 1.376(- 1%
g(To+sn_ — (gTO | EST _ E ’ 1 1 .376(—1%)
cl 25 Estant Esiab™ NEpund D gm0 Ti(—0.03) O(0.00) Sr{-0.03) 0.057
1 1.4000%)
i 1 - o} O(+0.25)
0O,+SITiO 02 SrTio 2
E(c| 2 )ZZ_S(ESIab+ ESiab — NEpun), 3]

whereEy,;, the total energy of the symmetric slab with the ence energy, instead d&pi 2. Our numerical results are

termination,n the total number of bulk formula units in the summarized in Table IX. The O termination has the lowest
two slabs,S the surface area, and, f the bulk energy per cleavage energy (2.54 Jin whereas @ and SrTiO have

formula unit in the cubic structure. the highest one (6.52 Jfn We also note that the three non-
Since the(110-O termination is self-complementary and stoichiometric terminations have lower cleavage energies
shows an AFD distortion, its cleavage enefyy ™) is cal-  than the two stoichiometric ones. Consequently, the polarity
culated by using a unit factor instead of one-half and a dif-compensation that is achieved through the modification of
ferent reference energy,E> that reads the surface stoichiometry seems to be more effective than
that by the anomalous filling of the surface states, as far as
1 energetics is concerned.

EQ 0= g (B NEATD). 3 ’

. . . . . B. The surface grand potential
As previously pointed out in Sec. Il, a different choice for . g P l

the reference energy would result in an ill-defined cleavage In order to distinguish the contribution of each termina-
energy. This is exemplified in a recent calculation, in whichtion to the cleavage energy, we compute its surface grand
an apparently diverging cleavage energy was obtained for theotential, which implies a contact with matter reservoirs.
(110-O terminatior® by using the cubic, undistorted refer- Many authors have recently used this method with success,
as well for binar§®° as for ternary compounds?® We in-
troduce the chemical potentiagly;, ws,, and ug of the Ti,

Sr, and O atomic species, respectively. The surface grand-

_— potential per unit ared)’, of thei termination reads:

1 )
QIZZ_S[ElsIab_ Nrigeri—Ngies— Nosol, (4)

with N+, Ng,, andNg the number of Ti, Sr, and O atoms in
the slab and the factor gf corresponds to the surface grand
potential by termination. The chemical potem,i@mo3 of a

[-110] condensed and stoichiometric phase of strontium titanate is

TABLE IX. The cleavage energies,gn J/n?.

02
SrTio 0+0 TiO+ Sr SITIO+0,
(0]

Eg 2.54 3.86 6.52

FIG. 10. (Color online Side view of the(110)-O slab.
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 TABLE X. The surface energy;, as defined in Eq(7), is ¢, measures the stability of the surface with respect to bulk
given for each terminationin J/nt. SITiOs, gaseous molecular oxygen, and metallic Sr. In Table
X, our ab initio results for¢; are listed.
For two complementary terminationgTiO-Sr and
P 1.27 6.88 -3.01 4.78 1.73 SrTiO-G,), the sum of their surface grand potentials is inde-
pendent of the chemical potential and corresponds to their
) i _ cleavage energysee Table IX
wntteq as a sum of three Fer_ms represen.tlng the chemical Tne gerivation of the upper and lower bounds\gf, and
potential of each species within the crystal: A g, is detailed in the Appendix. Within the allowed region,
we show in Fig. 1Xleft pane) the (1x 1) (110 terminations
©) . : . .
having the lowest surface grand potentials, which provides
Since the surface is in equilibrium with the bulk SrEiQve  the stability diagram of SrTig{110) (1X 1) surfaces in a O
have,uSrTioS: Epuik- If we replace Eq(5) with Eq. (4), we  and Sr external environment.
can eliminate theur; and usmio, variables in the surface  First of all, according to Fig. 1left pane), our calcula-
grand potential and obtain t!ons predict that only four out of the five posmblg ter.m|na-
L tions may be obtained. Indeed, the (110)-@rmination
P i cannot be stabilized, even in very O-rich chemical environ-
05=55[Estan™ NriEoui— #o(No=3N) ments. The Sr termination is the most stable one in O- and
— s Ng— N1 . 6) Sr-rich environme.n'ts, as its complemen"[ary TiO face is in”O-
and Sr-poor conditions. The O termination shows a stability
Relying upon Eq(6), one can deduce, for each termina- domain in moderate O and Sr environment. Finally, the sto-
tion, the range of the accessible valuesﬂgﬁf the minimum ichiometric and Open-shed]l]_o)-SrTiO termination happens
and maximum values of the O and Sr chemical potentials arg) pe stable in a small domain corresponding to O-poor and
known (see the Appendjx Sr-rich conditions. In order to discuss the existence of this
. If we introduce the variation of the chemical potentials gmg)| domain(at least within the theojywith respect to the
with respect to those computed for the reference phasesecision of our calculations, we point out the followitsge

i (0] TiO Sr SrTiO Q

Mesrrio,= msrt prit 3po.

(Apo=po—EQY12 andApe=us—E', respectivelyin  ihe right panel of Fig. 11
Eq. (6), we obtain (a) At the O-poor and simultaneously the Sr-rich zone
_ 1 boundary(i.e., Aug=—5.46 eV andA ug,=0 eV), the dif-
Q= ¢i—2—S[AM0(N0—3NTi)_AMsr(Nsr— Nt ] ference between Sr and SrTiO surface grand potentials is
equal to 0.13 J/f which is higher than the estimated pre-
1 Eg“" cision 0.01 J/rA of our calculations.
With ¢ = — Eislab_ NTiEbu|k——2(No—3NTi) (b) Sinpe the area of thefkwo', A_MSr) domain.is slightly
2S 2 underestimated by our first-principles calculatidsse the

Appendi¥, the consideration of the experimental boundaries
) (7)  Wwould enlarge the stability domain of the SrTiO termination.

—E2"™(Ng,—Np)

Ay, (eV)
-7.74 -5.88 o 8l J
- 7 E
- 2,
% os110)
. E 4 | e
£ =" )
o 2| . =
B L e
s
: & of 0(110) |
O rich @
— g Sr(110)
Sr poor Sr rich i Sr(Ll) 'g 2+ IR .
— SrTiO(110) 7]
0(110) -4
N -6 -5 -4 -3 -2 -1 0
O poor DOd1G Oxygen chemical potential A 1 , in eV

FIG. 11. (Color online Stability diagram of the of the (1) SrTiO; (110 surface. The actual most stable termination is represented in
the left panel as a function of the excess O and Sr chemical potefitigJgvertical) andA ug, (horizonta). In the right panel, the surface
grand potentials are represented as function& @f, (for a particular value of the Sr chemical potentials,=0 eV).
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V. DISCUSSION

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

A. A stable polar stoichiometric termination: (110)-SrTiO

We have shown in the preceding section that thx 1) i
stoichiometric(110-SrTiO termination can be stabilized in a e ~ _5.46
O-poor and Sr-rich environment. Even if its stability domain |
Eomels o(l)u; tc: be trﬁther ?rrp?kl: thzis is tze Setcond_ Ct?seur f O rich ] s

nowledge, together wi e Zn an erminations o . =
ZnO(000) (Ref. 21 of a stable stoichiometric polar oxide S:T W _Sr:'m &\\ R
surface with an open-shell electronic structure. However, a SeOd00)

recent STM investigatiot questioned the proposed stoichio- J - Ti02(100)

metric morphologies for ZnM@001) and provides different, 0 poor

nonstoichiometric, structural models.

The polarity compensation through anomalous filling of FIG. 12.(C_o|o_r onling Phase diagra_lm: comparis_on betwc_een the
surface states is expected on the basis of theoretical argfifferent terminations of the (£ 1) SrTiG; (110 SrTiO, G, TiO,
ments, but it is actually not often encountefédndeed, the > @nd O terminations and SrTjQLO0) TiO, and SrO terminations
cleavage energies of stoichiometric polar terminations il @ ©xygen and strontium external environment.
rocksalt structures, such as theX(1) unreconstructedl11)
faces of MgO, are generally much higher than those of refavored, two(110) distinct (1X 1) terminations are predicted
constructed, nonstoichiometric polar terminations. As a cont0 be stable—th€110-TiO in Sr-poor environments and the
sequence, the surface grand potentials of these polar st6l10-Sr in O-rich and Sr-rich conditions—the first of which
ichiometric terminations result higher than those of theshows a quite wide domain of thermodynamic stability. From
nonstoichiometric ones even when the chemical-potentialthe theoretical point of view, th€110-TiO and the(110-Sr
dependent terms represent a negative contribution. In thigrminations can be thought of as exposing strongly relaxed
respect, the peculiar behavior of SrEi@ay be due to the {100 nanofacetgsee Fig. 4. It is therefore not completely
presence of Ti-O covalent bonds, in conjunction with a notsurprising that their surface energies can become comparable
too large fundamental gap. Indeed, the energy increase that@ those of flat{100 terraces, if the formation energy of
due to the anomalous filling of surface states needed for pdg=orners and edges is not too high. This is consistent with the
larity compensation may be effectively lessened by atomi@xperimental evidence, which shows tha10 orientations
relaxation and electronic screening effects. The latter one&an be quite easily obtained for SrHO
show up through a nonnegligible charge transfer affecting
some surface layers as supported by the analysis of the to-
pological Bader’s charge of the SrTiO terminati@rable II):
all Ti and O charges belonging to the three topmost layers Using the first-principles stability diagrams displayed
are modified. Such a screening mechanism is less costly tha@#Pove, we can now discuss and propose a tentative explana-
a drastic Charge reduction on On|y one or two surface atoméi,on for the eXperimental measurements. As anticipated in the

which is essentially the case for Mg11) (1x1).%? Introduction, the SrTig(110) surface was produced and
characterized by several groups, showing a great sensitivity

to the preparation conditions. In particular, if the
SrTiO3(110) is slightly annealed in ultrahigh vacuum
The cleavagg€100) orientation of SrTiQ is nonpolar and  (UHV), at 800 °C(Ref. 19 or at 960 °C for 2 H2 the surface
displays two different stoichiometric terminations: i®0-  exhibits a (1X1) LEED pattern. In contrast, ank m) peri-
TiO, and the(100-SrO. They are usually expected to be odicity is observed when the SrTi(110) surface is an-
more stable than any polar face such as (tE)) termina- nealed at temperatureE=1000°C. Therefore, one may
tions. Indeed, within the same theoretical and computationajuess that (k1) SrTiO; (110 surfaces represent local
framework, we calculated the cleavage energy of theminima of the possibly complex free-energy landscape in a
(1X1) (100)-TiO, and -SrO surfaces, which is not very quite wide temperature range. Preliminary calculations on
much lower than those of the nonstoichiometfi¢0) termi-  larger cell reconstruction show that some (% 1) phases
nations. Therefore, it is worth comparing the thermodynamianay remain stable with respect to other reconstructed sur-
stability of the simulated (X 1) (110 terminations with the faces. In the following, we mainly discuss the experiments
two (1X1) (100-TiO, and(100-SrO faces. In Fig. 12, the performed on these (41) phases.
domains of stability of the tw@100) terminations and the As far as the composition of the surface is concerned, the
five (110 terminations, previously reported, are gatheredauthors of Ref. 13 get evidence through Auger measurements
Even if in the most common conditions, corresponding toof an increasing surface concentration of Sr at the high-
moderate Sr and O chemical potentials, (60 faces are temperature annealed surface. Therefore, they conclude for a

C. Comparison with experimental results

B. Comparison with the nonpolar SrTiO3(100) terminations
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lack of strontium for the mildly annealed 1) surface, terminations is also confirmed by the presence of a small
and propose §100 microfaceted (110)-TiQtermination as domain of stability for the SrTiO termination in simulta-
the corresponding atomic-scale structural model. On th&eously Sr-rich and O-poor environments.
other hand, the STM study of Ref. 15 shows on the () In conclusion, due to the scarcity of experimental inves-
terminations the presence of rather flat regions where tunnetigations and the observed complexity of the physical and
ing spectra have metallic character. These findings are comwhemical behaviors of the SrTiCL10) surface, the detailed
sistent with typical " and T¢* features in the XPS spec- determination of its atomic and electronic structures still re-
tra, as well as a metallic surface state with a @i¢haracter mains an open question. However, our first-principles calcu-
as seen in UPS. On the basis of all these observations, andlations suggest that even for the unreconstructed 11 sur-
odds with Ref. 13, they propose a SrTiO termination for thefaces, many distinct terminations are likely to appear,
unreconstructed SrTiP110) surface, which can account for according to the precise experimental conditions. In particu-
its flatness and metallic character dominated by Ti-like occular, the great dispersion of the experimental results should be
pied states. connected with such a sensitivity. In the light of our simula-
Relying on our calculations, we argue that these two aptions, the available structural models that have been pro-
parently contradictory models are not necessarily incompatposed to interpret the measurements seem to be reasonable
ible. On one hand, the UHV Auger measurements may haveithin a restricted thermodynamic domain. We point out that
been carried out in Sr-poor environments, whereas the UH\¢oupling spectroscopic measurements and structure-sensitive
experimental conditions that have been used in Ref. 15 implyechniques such as near-field microscopies and grazing x-ray
a O-poor environment. Keeping in mind the great sensitivitydiffraction, in very carefully controlled chemical environ-
of the SrTiQ(110) surface to the actual thermodynamic con-ments may be crucial to get a comprehensive insight into
ditions, it is not surprising that its atomic-scale structure maySrTiO; polar surfaces.
show large variations. According to our calculatidese Fig.

11), the (110-TiO termination, which can be interpreted as a ACKNOWLEDGMENTS
{100-TiO, microfaceted surface in agreement with the ) ) _ ,
model proposed by Brunen and Zegenhaljecan be ob- We thank P. Casek for helping us in performing Bader’s

topological charge analysis. We also ackowledge the finan-
al support from the GDR CNRS “Interface et Surface Sen-

annealing is done in the O-poor condition and, at the sam&/Ple ala Structure” and from the Laboratoire de Physique

time, rather than Sr-rich conditiofhether one starts from des Solides in Orsay, France. The calculations were done on

the very beginning with a stoichiometric SrTiO termination th€ 1BM RS/6000 SP Power3 computer at IDRIS, under

without desorbing Sr atoms or the latter ones migrate fronProject No. 24089.

the bulk to surface domains of TiO composition remains an

open question a local (110)-SrTiO termination may be ob- APPENDIX: BOUNDARY LIMITS FOR THE CHEMICAL

tained as proposed by Bando and co-workReérsdeed, the POTENTIALS

metallic character of th€110)-SrTiO termination that is due

to a surface state mainly of Ti character agrees with the meg;

sured UPS spectra. Moreover, as we have previously pointe

out for this termination, the anomalous filling of a Ti surface

state that is needed for polarity compensation should be a

sociated to special Ti features in XPS, wittn<4.

tained in a wide domain corresponding to slightly Sr-poor™
and O-poor environments. If we assume that the temperatu/®

In this appendix, we derive the range of accessible values
Ir us, @and pg in the stability diagram of the SrTip110)
ientation. The oxygen, titanium, and strontium atoms are
assumed to form no condensate on the surface. Conse-
%fuently, the chemical potential of each species must be lower

VI. CONCLUSION _17.40 -16.38 o

The SrTiG(110) (1X1) surface was studied in the
framework ofab initio calculations for the first time, to the
best of our knowledge. The number of surface terminations
in this ternary compound is larger than in binary compounds,
which permits a remarkable variety for mechanisms of po-
larity compensation. An anomalous filling of the surfaces
states takes place at the SrTiO termination with an open-shel
electronic structure and at the, @ermination with in-gap
states. If nonstoichiometric O, TiO, and Sr terminations are
considered, we obtain for each of them an insulating bulklike
electronic structure. boiniti

By calculating the surface grand potentials, we obtain D ab=initio
four distinct (1X 1) stable(110 terminations as functions of experiment
the Sr and O chemical potentials. A quite large domain is
found for the three nonstoichiometric terminations, espe- FIG. 13. (Color onling Stability of the strontium titanate phase
cially for the TiO one. This competition between different in a (Aug,; Axo) plane.
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than the energy of an atom in the stable phase of the considvith

ered species:

Egol
Apo=po— 22 <0, (A1)

_ . _ pbulk
Aps=ps—Eg <0, (A2)
Apy= pri— ER<0. (A3)

We have introduced in these inequations the relative val-

uesAug, Aus,, andA uy of the different chemical poten-

tials with respect t&€2;", ER", andEG°)2, which are the

energies of a Ti atom in the hcp bulk metal, of the Sr atom in

the bulk cubic structure and of the O atom in the @ol-

ecule in the gas phase, respectively. The two first inequation
(A1) and(A2) define the upper boundaries of the oxygen and"

strontium chemical potentials. By combining E¢a3) and
(5) in the main text, we obtain the following lower bound-
aries:

Apst3Auo>— EfSrTiO3

3
= mol
2E02 .

bulk
SrTiOg

bulk
Ti

bulk

—E = (Ad)

- EfSrTi03= E

E;mos is the formation energy of SrTiQwith respect to the

Ti and Sr atoms in their bulk phases, and the O atom in the
gas phase, which is positive defined. In order to compute
easily this quantity and compare it with the experimental
values, we rewriteEgmog in the following way:

f _ f f 3 f
ESrTiOS_ Econ— Es—Eqi— EEOZ (A5)
with all these quantities defined in Sec. IIl. Our computed

alue EfS,Ti03=16.38 eV is to be compared with the value
EfSrTi03:17.40 eV that can be deduced from experimental

data. In conclusion, we show the stability of the strontium
titanate diagram in aXus,; Aup) plane in Fig. 13. As one
can see, thab initio calculations only slightly underestimate
the size of the stability region.
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