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The periodic Hartree-Fock approach is used in all-electron calculations on bulk rutile (TiO,) and vari-
ous slabs modeling the (001), (100), and (110) surface to study possible geometric and electronic surface
relaxations, convergence of properties with slab thickness, and the relative stability of the different sur-
faces. Results are discussed by means of a Mulliken population analysis, band structures, and the densi-
ty of states. We find displacements of surface atoms ranging from 5 to nearly 40 pm; the (001) surface
appears to be significantly unstable with respect to the other two [(100) and (110)], in accord with experi-
mental findings. Specific features of the density of states projected onto different Ti sites and the relative
stability of the different surfaces agree with a possible dissociation behavior of the rutile structure into

TiO, chains, which are calculated to be stable.

I. INTRODUCTION

Titanium dioxide is an interesting compound because
of its wide range of applications in catalysis, as sensor
material and for coatings. From the theoretician’s point
of view, the presence of one of the lightest transition met-
als in nearly octahedral surroundings furnishes a reason-
ably complex system, yet amenable to ab initio calcula-
tions, due to the closed-shell unit cell with high symme-
try. The moderate number of electrons per unit cell gives
the opportunity to apply both all-electron treatments and
effective core potentials with reasonably large basis sets.

The stoichiometric crystal is an ideal insulator with a
reported electronic gap energy of 3.2 eV,! 3 and experi-
ments*? indicate a significant hybridization of Ti 3d elec-
trons with O 2p, the latter dominating the valence-band
density of states. The possible contributions of Ti and O
to the valence band have been the subject of several pub-
lications, e.g., by Burdett® and Sorantin and Schwarz.’
The different surfaces of rutile were studied by means of a
Vos tight-binding Hamiltonian and the Green’s functions
method by Munnix and Schmeits.>° The authors give an
overview of the density of states modified by the presence
of the surface for different bulk terminations, but without
relaxation of the surface atom positions. Most recently, a
paper by Podloutzky, Steinemann, and Freeman!®
showed first calculations employing the full-potential
linear augmented-plane-wave (FLAPW) method on the
geometric relaxation of the TiO, (110) surface aiming at
an understanding of the adsorption of hydrogen. Relaxa-
tion of the (110) rutile surface has also been the subject of
a study by Vogtenhuber et al.!' However, these authors
obtained substantially different results from ours.

The present paper will focus on the clean TiO, surfaces
within a slab model by first reporting our calculations on
bulk rutile (after a section briefly describing the method
used), then showing results on different slabs and discuss-
ing and comparing properties. Differences in bond
lengths of about 5 pm are difficult to observe with experi-
mental techniques like x-ray photoelectron diffraction
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(XPD) or scanning tunnel microscopy but can change the
electronic properties of the surfaces considerably; there-
fore, good ab initio data can shed some more light on the
interesting features of rutile surfaces.

II. METHOD AND TECHNICAL DETAILS

For obtaining geometrical data, the Hartree-Fock
method has been established as the most accurate and re-
liable method for the study of highly ionic compounds.
The program CRYSTAL (Ref. 12) developed in Torino and
Daresbury is an implementation of the Hartree-Fock
scheme for periodic systems in zero to three dimensions
based on the linear combinations of atomic orbitals form-
ing crystal orbitals ansatz.!*!* Bloch functions ¢, (r;k)
constructed from the set of Gaussian atomic orbitals of
one reference unit cell y,(r) shifted to all unit cells by
means of lattice vectors g are used as basis functions for
the crystal one-electron orbitals ¥, (r;k) with expansion
coefficients ¢, (k)

Y, (kK)=3 c,,(K)p,(r;k) ,

P,(:k)=3 ek (r—g)
g

maintaining the full translational symmetry of the infinite
crystal and making use of the powerful integration algo-
rithms used in molecular Hartree-Fock codes. The
method and details of the implementation are well docu-
mented in the literature.'

For the practical work, the development of proper
basis sets has to be considered first since the situation in a
close-packed crystal is different from that of isolated mol-
ecules, for which satisfactory standard basis sets have
been derived in the last 30 years. The use of very diffuse
Gaussians and of polarization functions with low ex-
ponents can give rise to problems in crystal calculations
due to linear dependencies caused by the regular arrays
of the nuclei where the Gaussians are centered. We ap-
plied all-electron split-valence basis sets for Ti and O
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TABLE 1. Gaussian orbital exponents and total energy (in
E,) for optimized atomic basis sets (in parentheses the values
optimized in the crystal).

Ti (@)
Single exponent 3sp 0.233488 (0.244)
4sp 0.63217 (0.793)
5sp 0.00553 (0.336)
3d 0.37597 (0.4052)
E, our sets 848.259 74.7874
E,, HF limit (Ref. 20) 848.406 74.8095

throughout this study. The use of effective core poten-
tials is possible with CRYSTAL92, but, as known from
molecular calculations, for the Ti atom the inclusion of
the 3sp shell into the core must be done very carefully, as
is stressed by Dolg et al.'® Calculations should be com-
pared to all-electron results with an explicitly frozen
treatment of the core orbitals!’ with different core sizes.
The all-electron basis set used for Ti was an
86411/6411/3 contraction (s /p /d) developed in Dares-
bury for the study of TiC,!® of which we split the d con-
traction into 2-1 and reoptimized all single outer ex-
ponents in the experimentally found rutile structure. Ox-
ygen was modeled by a basis set published by Causa et al.
in a study of MgO,!° namely an 861/61 contraction (8-
61G since s and p orbitals share the same exponents). Op-
timized for atoms, these basis sets give total energies
close to the Hartree-Fock limit® (Table I), although the
number of Gaussian primitives is still moderate. For re-
cent calculations on alkali oxides, a different oxygen basis
set has been published?! with a better ls contraction.
Structure and bulk moduli determined in this basis do not
show significant deviations from results obtained with the
oxygen basis set used in this study, although the total en-
ergy is slightly lower.

With these basis sets, we first optimized the structure
of bulk rutile and used the resulting equilibrium
geometry to cut slabs of different surfaces and different
thickness. The optimization was restricted to explicit
variations of the structural parameters by calculation of
the total energy in some points and solving for the
minimum of a polynomial or spline?? fitted to these
points.

Throughout the calculations presented here, the com-
putational parameters defining the truncation criteria for
the integration routines were set to values regarded as
rather strict,’ i.e., 5,5,5,5,11; convergence was always
better than 10~ % a.u. for the eigenvalues or 10~% a.u. for
the total energy.
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FIG. 1. The conventional unit cell of TiO, in its rutile struc-
ture and the defining parameters; Ti atoms are represented by
black dots, the oxygen atoms by open circles.

III. CALCULATIONS ON BULK RUTILE

The rutile structure is quite common among
transition-metal oxides and features a space group
P4/2mnm or D)} with 16 symmetry operations and
three independent lattice parameters to describe it com-
pletely (Fig. 1). One could choose, e.g., a, ¢, and u or the
volume V and c/a, u, or the internal coordinates r,, r,,
and ©. The conventional unit cell comprises two TiO,
units, giving a total number of 76 electrons in this cell.
The structure is experimentally well investigated by x-ray
diffraction?® (room temperature) as well as neutron
diffraction®* (at 15 K), and also theoretical results can be
found in recent literature [Hartree-Fock with effective-
core potentials (ECP’s)],* local-density approximation
with ECP + plane waves,?® and FLAPW (Ref. 7)] showing
good agreement with the experimental lattice parameters.

For the determination of the equilibrium structure, we
used the two bond lengths 7, r,, and the internal angle ©
as parameters expecting reasonably small coupling be-
tween these coordinates and thus making independent
optimization possible: A variation of © affects Ti-Ti and
0-O bonds, which are considered to be of minor impor-
tance to the structure.?” After optimizing the angle © we
searched for the best values of », and r, and checked ©
again. The optimization was carried out using 75 k
points in the irreducible wedge of the tetragonal first Bril-
louin zone. This procedure results in an estimated uncer-
tainty of 0.2 pm for the bond lengths and 0.5° for ©, lead-
ing to deviations from the experimental results within 2
pm and 2° (Table II), which we considered satisfactory.
The good agreement is mainly due to the relatively high
ionicity of the compound rendering electrostatic
(Coulomb) and exchange interactions the main contribu-
tion to the binding energy; thus the neglect of correlation

TABLE II. Structure parameters and bulk modulus of rutile determined by various theoretical
methods and comparison with experiment; we estimate the accuracy of our optimization procedure and
the resulting fit of the minimum to +0.2 pm and +0.5°. Numbers in parentheses represent the devia-
tions from experiment. For the experimentally determined bulk modulus, see the discussion in Ref. 26.

r, (pm) r, (pm) o () B (Mbar)
All-electron HF 196.5 (—1.1) 1969 (+2.4) 100.5 (+1.7°) 2.81
Silvi et al. (Ref. 25) 197.2 (—0.4) 195.1 (+0.5) 100.4 (+1.6°)
Glassford and Chelikowsky (Ref. 26) 200.7 (+3.1) 196.1 (+1.5) 98.25 (—0.6°) 2.40
Exp. (Ref. 24) 197.64 194.59 98.8 2.39
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and the spin restriction is of minor importance. One
qualitative difference to the experiment is that the order
of r; (apical Ti-O bond length of the TiO4 octahedron)
and r, (equatorial bond length) comes out to be reversed,
that is r; <r,. Despite their smallness, the correlation
contributions may be discussed in terms of the two most
important mechanisms governing the details of the rutile
structure. These are the repulsive interactions between
the close-lying oxygen anions® in the equatorial
octahedron plane (interatomic distance 2.571 A) and a 7-
back-donation associated with the overlap of a metal d
orbital with the oxygen p orbital, which lies perpendicu-
lar to the Ti; plane defined by each OTi, unit.%** Both
effects are underestimated in our calculations due to the
neglect of electron correlation. We expect that the elec-
tron density in the outer valence shell of the anions is in-
creased due to correlation?® and thus the effective ion ra-
dius is enlarged, leading to a higher repulsion of the
anions and a concomitant increase of the O Ti O angle.
On the other hand, correlation will promote electron den-
sity from occupied orbitals into the unoccupied d orbit-
als, thus increasing the overlap population of the equa-
torial bond and shortening the bond length r, due to
higher pg —d; overlap.

In addition, we calculated the bulk modulus of rutile
by fitting the total energy at different volumes to

Murnaghan’s equation of state’%3!
VB Yo
EMWM=E(Vy)+——B _1p|1— |2
(V)=E(V,) BB —1) B v
2
Vo
+ =2 -1t

The two parameters B and B’ could be determined
very accurately from the data, but yield a value of
B=2.81 MBar, off by 20% from the bulk modulus re-
ported from experiments.26 One has, of course, to allow
for an anisotropic expansion or compression of the crys-
tal, so that we varied the ratio ¢/a and the internal pa-
rameter u for fixed volume and searched over the range
from 40 to 80 A 3 for equilibrium geometries. As expect-
ed, keeping c/a and u constant as found at the equilibri-
um volume (isotropic variation) results in a bulk modulus
significantly larger (3.09 MBar). Compared to the
density-functional results of Glassford and Chelikowsky?®
and the experimentally observed value, the bulk modulus
calculated with the Hartree-Fock method comes out to
be too large, which is, in fact, a known feature of the
method:*? Inclusion of correlation is required to provide
the necessary flexibility by relaxation of the strict spin
correlation of a closed-shell Hartree-Fock procedure.

A Mulliken population analysis reveals that electrons
remain centered at Ti atoms for the valence-band forma-
tion, reducing the ionicity of the crystal towards a +2.8
at Ti and —1.4 at oxygen. The bulk density of states
shows a hybridization of Ti 3d and O 2p electrons over
the whole valence band (Fig. 2), in agreement with experi-
ments.* For calculation of the density of states (DOS)
from the band structure, we used the quadratic analytical
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FIG. 2. Total density of states together with the projection
onto the Ti atoms (black) for the completely filled valence band
of bulk rutile. Hybridization extends over the whole region.

tetrahedron method of Wiesenekker and Baerends,** and
te Velde.> 3

IV. THE SURFACE MODELS

From the equilibrium structure found for the bulk, we
cut slabs of the (001), (100), and (110) surface with at least
three Ti layers, of which the (100) and (110) surface have
to be saturated with one additional oxygen atom per
two-dimensional (2D) unit cell on each side of the slab to
maintain the stoichiometry (Figs. 3 and 4). This oxygen
is located in a twofold-coordinated site bridging two Ti
atoms of the surface plane and can be expected to under-
go a substantial relaxation due to electrostatical forces on
the ions. For the (100) face, we therefore relaxed this
atom on both sides of a three-layer slab while keeping the
other positions fixed. More attention was paid to the
(110) surface, since this is, according to the experiments,
the only stable surface in contrast to the other two. Here
we relaxed seven coordinates of the top layer indepen-
dently. For a complete study of the unreconstructed
(100) surface one also would have to optimize seven coor-
dinates in the unit surface, but by actually moving just
four atoms (the surface Ti in z direction, the top oxygen,
and two oxygens underneath the surface Ti plane each in
y and z direction). Cutting the (100) unit cell from the
bulk leaves only four operators of the 16 of the bulk, re-
ducing symmetry from D} to C}, (P2/m11). The (110)

FIG. 3. The two-dimensional unit cell of a three-layer (100)
slab together with definition of @ and d. The topmost oxygen
atom has been allowed to relax, the displacement is indicated.
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FIG. 4. The unit cell of the three-layer (110) slab with the
enumeration of atoms used in the text; the octahedral surround-
ings of the Ti atoms can be clearly seen. Atom 3 is still sixfold
coordinated while atom 2 has only five oxygen neighbors. Ar-
rows showing the displacements of atoms due to the relaxation
are multiplied by a factor of 5. In a five-layer slab, atoms 14 and
15 are in the middle plane of the slab.

surface, modeled by the slab, has still eight symmetry
operations left and a symmetry of D}, (Pmmm), but one
has to consider two units of TiO, per layer instead of one
for the (100) and the (001) surface. The (001) surface was
treated as a sort of reference without any relaxation since
it is documented that it is always reconstructed in
different facets.® In all three cases, we used nine k points
in the irreducible wedge of the two-dimensional rectangu-
lar first Brillouin zone.

Another special feature of the (110) surface is the good
possibility to study the bonding properties of the
transition-metal-oxygen octahedra since these are ar-
ranged with their apical axis in the surface plane or per-
pendicular to it giving the opportunity to divide the
metal-d orbitals into e, and ?,, ones in an easy way
without a transformation of the coordinate system.

V. RESULTS AND DISCUSSION

We start the detailed discussion of our data with the
(100) surface (see Table III): The bridging oxygen atom is
shifted towards the titanium surface atoms increasing the
Ti-O-Ti bond angle from 100.5° towards 109.7° and shor-
tening the Ti-O bond from 196 to 185 pm. The angle be-
tween the plane of the Ti-O-Ti triangle and the slab is in-
creased and in comparison with the bond shortening the
displacement appears to be mainly lateral. Compared to

TABLE III. Relaxation of the (100) surface (top oxygen dis-
placed only). a and d as in Fig. 3.

Ay 38.8 pm

Az 4.4 pm

a 100.5° 109.7°

d 196.5 pm 185.0 pm
E, —2994.833 a.u. —2994.882 a.u.
Qiop 0 —1.230 e —1.162 e
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the bulk ions, the top oxygen atom with the missing third
Ti neighbor is a bit less negative and therefore the top Ti
atom less positive. These features are also seen for the re-
laxation of the (110) surface, namely a top bond angle of
111.7%, a Ti-O bond length of 182.9 pm, and an occupa-
tion of 9.15 electrons instead of 9.38 for the bridging oxy-
gen atom, according to a Mulliken analysis. In more de-
tail, the fivefold-coordinated Ti atom (No. 2 as labeled in
Fig. 4) tends to move into the slab due to electrostatic
forces by nearly the same displacement of 14.6 pm as the
top oxygen (1). This movement is passed to the underly-
ing ions (6 and 7) displacing them by 7.2 and 2.3 pm, re-
spectively, in the same direction. The sixfold-
coordinated surface titanium atom (3) is found in a stable
position 9.2 pm outwards, the oxygen atoms 4 and 5
(equivalent by symmetry) follow with a shift of 6.6 pm
outwards. The latter ions were also displaced laterally to
be found in an optimum position 7.5 pm further away
from the surface titanium atom 3.

The (cumbersome) procedure of optimization was done
by displacements for the two sides of the slab maintaining
the symmetry of the unrelaxed slab. The only nonoptim-
ized coordinate is, therefore, the lateral position of the
oxygen atoms in the middle layer of our three-layer slab
(atoms 10 and 11). Since the displacements of the atom
next to the middle plane (7) is only 2.4 pm, we think, that
further improvements will give only minor changes of the
reported displacements. Moreover, increasing the size of
the slab to a five-layer model will result in the same data
as compiled in Table IV. For calculations on the highly
ionic compounds MgO (Ref. 37) or LiH (Ref. 38), it has
been shown that convergence of properties with the slab
thickness is reached with a small number of layers, a
point to be investigated® in all slab calculations as well as
in cluster approaches. Table V, therefore, gives the Mul-
liken charges for slabs of different thickness for the (100)
and the (110) surface. According to these data, a five-
layer slab is in both cases sufficient to have bulk proper-
ties in the interior of the two-dimensional model, but one
could use already a three-layer slab to study, e.g., weak
adsorption situations since the charges of the topmost
atoms remain nearly constant. Additionally, we present
the density of states (Fig. 5), projected onto the two in-
nermost Ti atoms of the five-layer (110) slab, in compar-
ison to the bulk density of states of Ti. The contributions
to the O 2s, the valence band (O 2p), and the unoccupied
Ti 3d bands are displayed showing excellent agreement
not only on the bandwidths, but also of the major bulk
features. This looks even more satisfying when noticing
the different orientation of the corresponding octahedra
with respect to the surface of the slab.

Along with bond-length shortening for the top Ti-O
bond, one could expect also an influence on the total
valence-band width in the course of the relaxation, but
here we see that the valence band becomes narrower in-
stead of broadening, showing the still high ionicity of the
compound. The strong surface feature at the Fermi level
is slightly moderated and hybridization with the other or-
bitals of the slab increase (Fig. 6). For the (110) slab, the
main contribution to the valence-band DOS of the unre-
laxed surface derived from the topmost oxygen is shared
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4.
Atom 1 2 3 45 6 7 45 in y direction
Type o Ti Ti o (o) o (0]
Az —140 —14.6 +9.2 +66 —7.2 —23 +7.5
a 100.5° 111.7°
B 100.5° 93.5°
Y 180.0° 167.4°
d 196.5 pm 182.9 pm
E, —5989.808 au. —5989.895 a.u.
Qupo —1.250 e —1.145 ¢
TABLE V. Ion charges according to a Mulliken population analysis.
Three layers Three layers Five layers Seven layers Bulk
unrelaxed
Rutile (100) surface
Top O —1.230 —1.162 —1.163 —1.163 —1.377
Top Ti +2.611 +2.574 +2.573 +2.573 +2.754
Second-layer Ti +2.748 +2.745 +2.749 +2.749
Third-layer Ti +2.754 +2.754
Fourth-layer Ti +2.754
Rutile (110) surface
Top O —1.250 —1.145 —1.141 —1.377
Ti (2) +2.690 +2.637 +2.635 +2.754
Ti (3) +2.655 +2.629 +2.627
Second-layer Ti (8) +2.749 +2.725 +2.737
Ti (9) +2.749 +2.747 +2.750
Third-layer Ti (14) +2.754
Ti (15) +2.754
J x10 Ti 14
FIG. 5. The density of states of the five-
layer (110) slab projected onto the two inner-
most Ti atoms (14 and 15 as in Fig. 4) together
¥10 Ti 15 with the bulk DOS projected onto the Ti con-
tributions. For the O 2s and the O 2p, band
the contributions are multiplied with a factor
of 10. The origin of the energy scale has been
adjusted at the Ti 1s orbital energies.
M x10 Ti bulk M
-30
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FIG. 6. Effect of the relaxation on the valence-band density
of states of the specific three-layer slabs of the (100) and the
(110) surface. The total DOS is displayed together with the
DOS projected onto the topmost oxygen atom (black). Al-
though bond lengths are shortened, the bandwidth is not
broadened by the relaxation.

after the relaxation with the oxygen atom underneath (6),
making the total valence-band DOS look more compact.
The lower edge of the valence band is in both cases [(100)
and (110)] not affected by the displacement of the surface
atoms. In Fig. 7, we display the valence-band DOS for
the relaxed surfaces in comparison to the one from the
(001) slab and bulk rutile; the energy scale has been ad-
justed at the Ti ls orbital energy of the interior of the
slabs or the bulk, respectively. Apparently, the (110)
valence-band width is significantly larger than that of the
three other objects (8.5 instead of 7.5 eV), of which the
width is quite similar.
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TABLE VI. Surface energy per TiO, according to
L([EW* /TiOp-E% /TiO,] times the number of layers) for the
three surfaces studied.

Emt/TiOz (a.u.) Esul-f_ /T102 (a.n.)

bulk —998.346
001
Three layers® —998.205 0.2113
Five layers® —998.262 0.2110
(100
Three layers® —998.278 C.1021
Three layers —998.294 0.0772
Five layers —998.315 0.0776
Seven layers —998.323 0.0790
(110
Three layers® —998.301 0.0664
Three layers —998.316 0.0453
Five layers —998.327 0.0467

2Slab cut from bulk without relaxation.

Table VI gives the total energy per TiO, and the
differences to the bulk value to obtain an estimate of the
surface formation energy. To calculate this value, one
has to account for the number of TiO, units created at
the surface versus the number of units contained in the
2D unit cell. In agreement with the experimental obser-
vation, the (100) and the (001) surfaces are less stable
than the (110) surface. It is known that the (100) surface
reconstructs after heating into 1X 3, 1X5, and even 1 X7
structures with microfacets of (110) orientation.*>*! The
(001) surface is unstable.

The band structure plotted for the relaxed five-layer
slab including the O 2s bands, the valence band, and the
first unoccupied states (Fig. 8) shows the convergence of
surface features with the slab thickness, too. Looking at

PDOS

FIG. 7. Comparison of the
valence-band density of states
for bulk and the three surfaces
(three-layer slabs) studied. The

PDOS

—

origin of the energy scale has
been adjusted according to the
Ti 1s orbital energy of the inner-
most Ti level of a five-layer slab.
The (110) and (001) valence-band
‘ width are the same as for the
‘ bulk, whereas the (110) surface
| exhibits a significant broadening

' ‘ due to the different chemical
surroundings of the two ine-

i quivalent surface Ti atoms. As
3 in Fig. 6, the total density of
states is displayed together with
the contributions of the topmost
oxygen atoms (black, Ti in the

~(001)
w |
z |
a
| T
‘\F
L ohulk
)
= \—/\/\/\——\ﬁ/\/\/\/’\\.//
1 f_“‘_t
-16 -14 —12 -10

case of bulk rutile).
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energy (eV)

FIG. 8. Band structure of the five-layer (110) slab together
with the surface projection of the bulk bands (shaded area) to
show the specific surface contributions. The surface-induced
core-level shifts (O 2s bands) can be seen clearly while the other
bands fit well to the bulk bands.

the O 2s-like bands, one can see three eigenvalues derived
(upper to lower) from the oxygens (1), (6), and (7) orbitals.
The contributions from the surface oxygen atoms on ei-
ther side of the slab turn out to be degenerate, as they
should be for independent surfaces. Calculations on a
three-layer slab gave still a splitting of these levels of 0.2
eV—1 eV at the I point.

To see the reason for the valence-band broadening for
the (110) slab compared to the others, we looked at the
density of states projected onto the different Ti contribu-
tions to the total valence-band DOS (Fig. 9). Clearly,
there is a difference for the two surface atoms. Also the
atoms of the next layer (Ti 8 and 9) are far from
equivalent but, for the innermost Ti atoms, we see only
little extra contributions on either side of the (main)
valence band. This points towards some surface states
decaying in amplitude exponentially when tracing them
into the bulk material. The sixfold-coordinated surface
Ti atom is more involved in the occurrence of the addi-
tional feature near the Fermi level, because the electrons
of the topmost oxygen are distributed over two Ti neigh-
bors instead of three as in the bulk. On the other hand,
the missing oxygen neighbor of the fivefold-coordinated
surface Ti leaves the density of states projected onto it
rather unchanged. A comparison of the five d levels of
the fivefold-coordinated surface Ti atom and the bulk Ti,
equally orientated, gives a poignant contribution for the
equatorial e, -like orbital (d,, in our case) and a distribut-
ed one for the other (d,_.), while the t,, orbitals

(dxz’dyz’de_yz) remain only weakly occupied (Fig. 10).
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The relatively small dispersion of the d,,-derived bands
lead us to look at a possible dissociation of bulk rutile in
order to study the stability of the equatorial Ti-O bonds.
The closed-shell Hartree-Fock is expected to be capable
of this problem, because the resultant objects have still a
closed-shell unit cell. To this end, we extended the calcu-
lations at fixed volumes (as we did for obtaining the bulk
modulus) to 100, 120, 400, and 10000 A ? and plotted the
two resultant Ti-O bond lengths against the volume in
Fig. 11. According to this r, tends to go to a constant
value, while , grows with the volume, asymptotically to
V'V /2c. The optimum bulk volume is near the intersec-
tion of the two curves (r; and r,), so the equilibrium be-
tween the Ti-O bond lengths is quite subtle.

As is seen from the rutile structure in Fig. 1, a constant
r, together with a growing r, leads to chains of TiO,
units (Fig. 12) running parallel in z direction, and in the
case of the (100) and (110) surface, parallel to the slabs
studied. The question to be considered next is that
whether the situation at the surfaces is similar to that of
isolated chains, at least for the geometric relaxation.
This could also, as for the slab thickness, lead to an esti-
mate of the range of ordering forces.

The polymer chain was treated in two ways: first we
held the spacing of Ti atoms fixed at the value found for
bulk rutile (¢ =3.026 A), since the 2D periodicity forces
the chains at the surfaces into this mesh. The one free
parameter to be optimized was, in this case, the angle ©
giving a value significantly larger than in bulk rutile
(Table VII). Leaving the 1D grid parameter free, the
chain is contracted a little (5%), while the angle goes
back to nearly 100°. Bond lengths are in all cases listed
smaller than the bulk value, also the charge of the partici-
pating oxygen is less negative, mainly because the third
Ti neighbor is either farther away or missing. Looking at
the total energy in Table VII, one can see that the TiO,
polymers are still bound objects with respect to the free
atoms.

Exactly this is in accordance with the relative stability
of the three surfaces studied (Table VII), because in the
case of the (001) surface the stabilizing chains are cut, but
they are conserved for the two other surfaces. The Ti-O
bond lengths are in good agreement for the polymers and
the surfaces. The same holds for the internal angle O,
which is larger than in the bulk.

VI. SUMMARY

We employed the all-electron periodic Hartree-Fock
approach to calculate structural parameters, band struc-
ture, and density of states for rutile surfaces modeled by
means of a slab cut from an ideal crystal. Structural pa-
rameters for the bulk are obtained in good agreement
with experiment and previous theoretical work.
Significant geometrical relaxation is found in the surface
models as compared to the bulk geometry, mainly due to
the high ionicity of the compound. Convergence to bulk
properties can be seen within a five-layer slab both for a
Mulliken analysis and for the local density of states (DOS
projected onto inner atoms). From the surface energy of
the different slabs and from the anisotropy of the bulk
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TABLE VII. Geometrical study of the TiO, chains. We compared the data for the two polymers (¢
fixed and free), the two slabs (110) and (100), and the bulk. The total energy for the free atoms is given
for comparison (see Table I). Parameters that have been kept fixed are denoted by numbers in

parentheses.
¢ (A) Ti-O (pm) e Qox. E /TiO; (a.u.)

TiO, polymer (1) (3.026) 189.9 105.6° —1.162 —998.138
TiO, polymer (2) 2.880 185.9 101.2° —1.109 —998.146

(100) surface (3.026) 185.0 109.7° —1.162

(110) surface (3.026) 182.6 111.7° —1.145
Bulk at 10000 A°® 2.879 185.5 (r,) 101.8° —1.185 —998.139
Bulk 3.026 196.5 (r,) 100.5° —1.377 —998.346
Free atoms —997.812

modulus, we conclude that the equatorial Ti-O bond is
more stabilizing than the apical one, giving rise to a hy-
pothetical dissociation of rutile into TiO, chains, thus
providing a simple model explaining the relative stability
of the various TiO, surfaces.
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