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We have calculated the one-electron density of states of thick slabs of TiO, (rutile) with (001) and (110)
symmetry using the linear combination of muffin-tin orbitals (LCMTO) energy-band method. We have also
calculated the density of states of bulk TiO, and of bulk Ti,O;. We found that the local titanium-oxygen
coordination is the major factor determining the band structures of these surface and bulk systems. In
particular, for the unreconstructed (001) face of TiO,, we found that there is a large band of occupied
surface states in the bulk band gap while there are no occupied states for the unreconstructed (but slightly
relaxed) (110) surface. Our results suggest that the (001) face reconstructs to increase the local coordination
of titanium in order to eliminate these band-gap surface states.

I. INTRODUCTION

The properties of single-crystal surfaces of
TiO, (rutile) have been measured experimentally
by a variety of methods including photoelectroly-
sis, 1,2 ultraviolet photoelectron spectroscopy
(UPS), 35 low-energy-electron diffraction (LEED)3
and electron-energy-loss spectroscopy (ELS).>»*
However, comparable theoretical surface studies
of TiO, have not been previously reported. We
present here the first ab initio theoretical investi-
gation of the surface properties of TiO,. The line-
ar combination of muffin-tin orbitals (LCMTO)
energy-band method®” was employed to calculate
ab initio energy bands for thin films (three to
five layers thick) of TiO, with (110) or (001) sym-
metry as well as for bulk TiO, and bulk Ti,0,.

Our aims in this study were to: (1) investigate the
role played by local atomic coordination in deter-
mining both the surface and bulk one-electron den-
sity of states (DOS) for TiO, and (2) examine the
role of surface band structure in determining the
surface stability of this material.

The (001) and (110) faces were selected for ex-
amination because they exhibit extremes in local
atomic coordination, observed surface stability
and calculated surface band structure. The (110)
face (which has fivefold and sixfold oxygen-coor-
dinated titanium atoms) is found to have the (1 x 1)
LEED pattern of an unreconstructed surface,®
while the (001) face (which has only fourfold oxy-
gen-coordinated titanium atoms) either facets*
and/or reconstructs® after annealing. Our calcula-~
tions show that for both faces there is a filled
O(2p)-derived surface state band in the bulk band
gap. However, our calculations show that for the
stable (110) face®this surface state band disappears
completely into the bulk valence band when surface
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O atoms are allowed to relax inward slightly. For
the unstable (001) face, this filled O(2p) surface
state band is quite large and cannot be removed by
any simple relaxation. We conclude that these
dangling-bond O(2p) surface states cause the un-
reconstructed (001) surface to be unstable and we
conclude that this surface reconstructs to elimin-
ate these unsaturated bonds.

Although ab initio bulk energy bands for TiO,
have not been reported in the literature, empiric-
ally adjusted energy bands for TiO, have been cal-
culated. Vos® fitted an LCAO model to obtain an
optical spectrum in good agreement with experi-
ment, He predicted an indirect band gap to the M
point for bulk TiO, in agreement with our results.
Finally, Tossel et al.'° performed a scattered
wave cluster calculation for TiO,.

The only other comparable theoretical studies of
surface properties of transition-metal oxides are
the model calculations of Wolfram et al.!! for (001)
SrTiO,. They also found bands of surface states in
the band gap. These surface state bands were
found to be very sensitive to the choice of Madelung
potentials in agreement with our work. Wolfram
et al. did not, however, investigate how the posi--
tions of the surface states are affected by surface
atom relaxation.

In the remainder of this paper we will describe
our calculations and discuss their implications.

In Sec. II we describe the crystal structure of
bulk TiO, and bulk Ti,O,. In Sec. II we also de-
scribe the structure of the (001) and (110) oriented
films of TiO, used in this study. In Sec. III the
details of the bulk and film DOS calculations are
discussed. In Sec. IV we present the calculated
band structures for the thin films of TiO, as well
as for bulk TiO, and Ti,0,. Finally, in Sec.IVD
we summarize our results.
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II. CRYSTAL STRUCTURES—-BULK AND FILMS

TiO, forms in the rutile structure shown in Fig.
1(a). This structure is tetragonal and contains six
atoms in the unit cell. In the rutile structure each
Ti atom is coordinated to six O atoms and each O
atom is coordinated to three Ti atoms.

Ti, O, forms in the a-alumina structure. This
structure is hexagonal and has ten atoms per unit
cell. In this structure each Ti atom is also coor-
dinated to six O atoms but each O atom is coor-
dinated to four Ti atoms.

For the (001) and (110) TiO, surface studies, a
superlattice-crystal-structure model®:'? has been
used. This model is constructed of thin films of
Ti0O, separated by vacuum regions. (Since the
vacuum spacing is chosen sufficiently large to
eliminate interactions between TiO, films, the
energy bands of this superlattice include the sur-
face-energy bands). The (001) film [see Fig.

1(b)] is the simpler film to form. The (001) film
contains three atoms per layer in its unit cell.

A five layer TiO, (001) film (which contains 15
atoms in the film unit cell) was used in our cal-
culations along with a three-layer vacuum spacing.
The (110) film [see Fig. 1(c)] is more complex be-
cause the basic repeat layer is nonplanar and con-
sists of six atoms in the unit cell. The (110) re-
peat layer actually consists of a central plane
(two Ti atoms and two O atoms) with layers of O
atoms lying 1.21 A above and below the central
plane. A three-layer TiO, (110) film (which con-
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FIG. 1. (a) The TiO, (rutile) crystal structure. (b)
View of the top layer of the TiO, (001) film as seen from
above. (c) View of the top layer of the TiO, (110) film as
seen from above.

tains 18 atoms in the film unit cell), along with a
two-layer vacuum region, was used in our calcu-
lations.,

III. MTO BASIS SET AND POTENTIAL

The one-electron energy-band calculations dis-
cussed here were carried out using the LCMTO
method.5*7*'3"1® The energy bands of interest in
our study are the valence bands and the conduction
bands within a few eV of the gap. These bands ex-
tend over an energy range of about 13 eV (5-eV
valence-band width, 3-eV gap, 5-eV d-band width),
For the Ti atom, the optimal muffin-tin-orbital
(MTO) basis set to describe these bands consists
of sp3d® MTO’s with ¥*=0.5 Ry and E =-0.7 Ry.
The optimal O basis set consists of two sets of
sp® MTO’s (¥*=0.5 Ry and E,=-0.6 Ry, k¥*==0.4
Ry and E,;=-1.0 Ry). Therefore the number of
basis functions for bulk rutile with six atoms per
unit cell is 50 (i.e., 18 sp*d® MTO’s and 32 sp®
MTO’s). For athree-layer (110) film of TiO, the
optimal number of basis functions would be 150
and for a five-layer (001) film the optimal number
of basis functions would be 125, Our basis set is
energy independent® only if it contains adequate
variational freedom so that only one diagonaliza-
tion of the Hamiltonian is required per % point.

In the LCMTO energy-band method,® the non-
spherical part of the potential is included in the
calculation. Because the crystal structures of
TiO, and Ti,0, are noncubic, 16 individual spher-
ical harmonics are required within each atomic
Wigner-Seitz cell to expand the potential to /=6,
The computer time requirements rise very rapidly
with the number of components in the potential and
with the number of basis functions. As a result,

a simplification in either the basis set or the po-
tential was necessary to study TiO, films econom-
ically.

We decided to keep all 16 components of the po-
tential but to reduce the number of basis functions.
An MTO basis set with ¥*=-0.4 Ry was used on
both the Ti and O atoms. Furthermore, only the
s and d° MTO’s were included on the Ti site. It
is reasonable to ignore the Ti p® MTO’s as they
represent the Ti 4 p states that are at least 7 eV
above the conduction-band edge. These assump-

. tions greatly reduce the number of basis functions

which now becomes 28 for bulk TiO, (12 sd®
MTO’s and 16 sp®> MTO’s), 84 for a (110) TiO,
film, and 70 for a (001) TiO, film.

The potentials for our calculations, both bulk
and film, were formed by overlapping atomic
charge densities and by using the free electron-
exchange approximation with Slater exchange (a
=1.0).}" Because neutral atom-charge densities
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lead to a band gap in excess of 5 eV even with the
larger basis set, we usedionic-atomic potentials.
(Madelung potentials for the superlattices were
calculated using standard three-dimensional tech-
niques).!® Using the larger basis set, we obtained
a band gap of 3.0 eV (which is observed experi-
mentally)'® only when we overlapped ionic atomic
solutions of the form Ti'+%*(3d*:!%4s!-%%) and

05 (2s2-92p*5) 2% The unusual 3d occupancy was
necessary as the d-band edge of the conduction '
band is closely related to the position of the atom-
ic 3d orbital.

However, with the minimal basis set and the
same ionicities used for the larger basis set, the
bulk-band gap for TiO, increased from 3.0 to 3.6
eV although the band gap is indirect to the M point
for both basis sets. To compensate for the larger
band gap obtained using the minimal basis set,
the atomic Ti-3d occupancy was adjusted from
3d*1% to 34 to give an indirect band gap to the
M point of 3.25 eV,

Finally, the energy bands for bulk Ti,O, were
calculated. The atomic potentials used were
Tio.75+(3d1.254sz.0) and 00.5-(21)4.5)‘1 The K2 =-0.4
MTO basis set was again used.

In summary, we used a minimal MTO basis set
for bulk and film calculations so that the full po-
tential with nonspherical parts could be included.
The atomic potentials were adjusted to compensate
for the smaller basis set. The potentials for bulk
and film were constructed according to the same
prescription. All energy values were referenced
to the atomic zero.’

The basis set simplifications used are justified
since we are primarily interested in the differ-
ences between surface and bulk electronic proper-
ties. These differences can be determined be-
cause the same basis set was used for all bulk
and film calculations. Finally, the reasonable
agreement beteween calculated densities of states
and observed UPS spectra for both TiO, and Ti,O,
(to be discussed later) support our contention that
the minimal basis set gives a reasonably good
description of our systems.

IV. ENERGY-BAND RESULTS
A. DOS for bulk TiO, and Ti; O3

The theoretical one-electron density of states
(DOS) for bulk TiO, is given in Fig. 2, where the
energy scale is referenced to atomic zero.%'!”

All states lying below —11.0 eV are occupied while
all states lying above —11.0 eV are empty. Figure
2(a) shows the total DOS while Figs. 2(b) and 2(c)
show the DOS associated with the Ti and O atomic
Wigner-Seitz (AWS) cells, respectively. Each
DOS was obtained by broadening the energy eigen-
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FIG. 2. Calculated one-electron density of states (DOS)
for bulk TiO,: (a) total DOS, (b) DOS for Ti atom, (c)
DOS for O atom. All levels with energies less than —11
eV are occupied and all levels with energies greater than
—11 eV are empty.

values calculated at six high symmetry % points
by a Gaussian of half width 0=0.002 Ry. The DOS
associated with the Ti and O sites were obtained
from the probability that an electron occupies the
Ti or O AWS cell. Therefore, the total DOS [Fig.
2(a)] is equal to the sum of two times the DOS of
Fig. 2(b) and four times the DOS of Fig. 2(c). The
conduction-band edge is at —9.24 eV and the val-
ence-band edge is at —12.59 eV. As can be seen
from Fig. 2, there is significant Ti(3d)-O(2p) hy-
bridization in TiO,, although the valence band is
predominantly O(2p) in character and the conduc-
tion band is predominantly Ti(3d) in character.
Comparison of the calculated density of states
for bulk TiO, with the observed photoelectron
spectrum for a TiO, surface shows fair agreement,
In Fig. 3(b) we show the photoemission spectrum
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FIG. 3. Ultraviolet photoelectron spectra (kv = 21.1 eV)
for (a) Ar* bombarded and reduced TiO, (110) surface
and (b) annealed TiO, (110) surface.

from a clean, unreconstructed TiO, (110) surface.’
(In Fig. 3 the energy scale is referenced to the
Fermi energy as zero and for the sample of TiO,
whose spectrum is shown, the Fermi energy lies
just below the conduction-band edge.’) The experi-
mentally observed valence-band width for TiO,
(110) is about 6 eV and the valence band shows
peaks at -5.2 and -7.7 eV. The theoretical DOS
has a valence-band width of about 5.5 eV and has
major groups of peaks at about —4 and -6.5 eV
relative to the conduction-band edge.

In Fig. 4 we have plotted the theoretical DOS
for bulk Ti,O, where the energy scale is again
referenced to the atomic zero.®!” In this figure,
all of the occupied states are crosshatched. Fig-
ure 4(a) shows the total DOS while Figs. 4(b) and
4(c) show the DOS associated with the Ti and O
atomic Wigner-Seitz cells, respectively. Each
DOS was obtained by broadening the energy eigen-
values calculated for four high symmetry %2 points
with a Gaussian of half width ¢=0.01 Ry. As with
TiO,, we found that Ti,O, has a gap between the
predominantly O(2p)-derived band and the pre-
dominantly Ti(3d)-derived band. However, be-
cause Ti,0, contains two fewer O atoms per unit
cell than TiO,, some of the Ti(3d) states are oc-
cupied, making Ti,O, a metal rather than a wide
band-gap semiconductor.

The calculated density of states for Ti,O, agrees
reasonably well with the observed UPS spectrum
for Ti,0,. In Fig. 3(a) we show the UPS spectrum
of heavily Ar* bombarded and reduced TiO, (Ref.
5) (which is known to have a photoemission spec-
trum essentially identical to that of single-crystal
Ti,0,).> The experimental spectrum shows a small
narrow peak at —0.7 eV (relative to the Fermi en-
ergy) and a large broad peak with a maximum at
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FIG. 4. Calculated one-electron density of states for
bulk Ti,O3: (a) total DOS, (b) DOS for Ti atom and (c)
DOS for O atom. All levels with energies less than —9.8
eV are occupied and all levels with energies greater than
—9.8 eV are empty. The occupied levels have been
crosshatched for ease of identification.

—6.8 eV. The theoretical filled DOS [see Fig. 4(a)]
has the same basic structure, i.e., it has a narrow
filled band near the Fermi energy which is separ-
ated by about 2.5 eV from a broader band whose
peak lies at about —6 eV relative to E ..

The most important structural difference between
TiO, and Ti,0O, is the coordination of O atoms by
Ti atoms, and this structural difference is re-
flected in the calculated densities of states, as
well as in the photoemission data, The O atoms
are coordinated by three Ti atoms in TiO, and by
four Ti atoms in Ti,O, while the Ti-O bond lengths
and the coordination of Ti atoms by O atoms are
basically the same for both materials. Therefore,
it is not surprising to note that the Ti(3d)-derived
bands for both materials [compare Figs. 2(b) and
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4(b)] are quite similar in width and general struc-
ture while the O(2p)-derived bands [compare Figs.
2(c) and 4(c)] are substantially different in both
width and general structure. Finally, we note
that the trends seen in the calculated filled densi-
ties of states in going from TiO, to Ti,0, are also
seen in the photoemission data, i.e., the O(2p)-
derived band becomes narrower, the location of
the highest peak of the O(2p) band shifts to lower
energies, and the Ti(3d) band becomes partially
filled. This reasonable agreement between theory
and experiment gives us confidence that our thin
film DOS calculations will reflect the true surface
behavior.

B. DOS for TiO, (001) film

In Fig. 5(a) we show the calculated total one-
electron density of states for the unreconstructed
five-layer (001) film of TiO,, and in Figs. 5(b)
through 5(d) we show the separate densities of
states for the first three layers of this film. All
of these densities of states were constructed by
broadening the energy eigenvalues of three high-
symmetry % points with a Gaussian of half width
0=0.01 Ry and all energy values are again re-
ferenced to the atomic zero. The calculated band
gap for this film is only 0.95 eV compared to the
bulk calculated value of 3.25 eV.

Examination of the DOS presented in Fig. 5 shows
that the substantial narrowing of the band gap for
the (001) film is due to the presence of a large
number of O(2p) and Ti(3d) surface states for this
film. Comparison of the various layer DOS indi-
cates that the large majority of both the occupied
O(2p)-derived band-gap states (the calculated bulk
valence-band-gap edge is at —12.59 eV) and the
empty Ti(3d)-derived band-gap states (the calcu-
lated bulk conduction-band edge is at —9.24 eV)
are localized in the outermost first layer, while
the inner third layer has a calculated DOS more
closely resembling that of bulk TiO,. These sur-
face states are related to Ti** dangling bonds pre-
sent at the surface since the first layer Ti atoms
are only fourfold O coordinated compared to the
bulk sixfold O coordination.

We now argue that the presence of these unstruc-
tured dangling bonds on the unreconstructed (001)
surface renders this surface thermodynamically
unstable and their presence is thus responsible for
the experimentally observed, thermally induced
reconstruction, or faceting,*' of this surface. In
particular, our calculations show that simple re-
laxation of atoms in the top layer (e.g., puckering
out the O atoms in the first layer) does not sub-
stantially alter the number or location of the
dangling-bond surface states. In other words, our

3.0

T T
) OCCUPIED

L (a

2.0+

(b)

o
o
T

[3J
o
T

<) o
[J @®
T T
—_
O
e
1 A

ELECTRON DENSITY OF STATES (ARBITRARY UNITS)
o .
>
T T
1

o
= —
—
>

0.8+ (d) 1

0.6 E

0.4+ E

LU L

-17.5 -150 -12.5 -10.0 -7.5 -5.0
E(eV)

FIG. 5. Calculated one-electron density of states (DOS)
for five-layer TiO, (001) film: (a) total DOS, (b) first
layer DOS, (c) second layer DOS, and (d) third (middle)
layer DOS. All levels with energies less than —11 eV
are occupied and all levels with energies greater than
—11 eV are empty.

calculations show that only a massive rearrange-
ment (i.e., reconstruction or facetting) of the (001)
surface leading to a substantial increase in the O
coordination of the surface Ti atoms would drive
the occupied band-gap surface states below the
bulk valence-band edge. This observation is con-
sistent with the observation that fourfold coordin-
ated Ti** is quite rare for inorganic oxides con-
taining titanium.?

C. DOS for TiO; (110) film

In Fig. 6 we show the total one-electron density
of states for the unreconstructed and unrelaxed
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FIG. 6. Calculated one-electron density of states (DOS)
for unrelaxed three-layer TiO, (110) film. All levels
with energies less than —11 eV are occupied and all lev~
els with energies greater than —11 eV are empty.

(110) film of TiO,. This DOS was constructed by
broadening the eigenvalues of 4 high-symmetry %
points with a Gaussian of half width 0=0.01 Ry.
The energy scale was shifted +0.92 eV relative to
the calculated atomic zero to account for spurious
superlattice Madelung energy effects. (See the
appendix for a discussion of this point and other
Madelung energy considerations). The calculated
band gap for this film is 1.78 eV.

Figure 6 shows that this (110) film has essential-
ly no Ti(3d)-derived states in the band gap, but it
also shows that this (110) film [like the (001) film]
does have a substantial number of occupied O(2p)-
derived states in the gap. However, careful ex-
amination of the one-electron potentials at various
locations in the (110) film indicated that these oc-
cupied states in the gap are present because of a
substantial Madelung energy effect associated with
one of the surface O atoms and not because of the
O coordination of Ti atoms. In Table I we list the
Madelung energies at the O and Ti sites for the un-
relaxed (110) film as well as the Madelung ener-
gies at the O and Ti sites of the other systems we
studied. The extremely high value of the Madelung
energy (—4.58 eV) for the outermost O atom in the
(110) film was identified as being responsible for
driving the O(2p) states into the gap. This O atom
(which is bridge bonded to two Ti atoms) puckers
out of the surface so that it is not surprising that
its Madelung potential is substantially different
from that of the other O atoms in the first layer
or the O atoms in the bulk,

Since the atomic coordination is not responsible
for the states in the gap, no substantial reorgani-
zation of the surface is necessary to remove them
and the surface should not reconstruct. In par-
ticular, we found that if these puckered O atoms

TABLE I. Comparison of the calculated Madelung po-
tentials at the O and Ti sites of bulk Ti!*0"0,%*5", bulk
Tiy75*0,%+5", five-layer (001) oriented Til*0*0,05 film
and three-layer (110) oriented Ti!*%*0,%5- film used in
the density-of-states calculations. The energies are all
given in eV. All energies are relative to the atomic ze-
ro except for the two (110) films. The Madelung ener-
gies of the unrelaxed (110) film have been shifted 0.92
eV and the Madelung energies of the relaxed (110) film
have been shifted 0.50 eV to account for spurious super-
lattice effects (see Appendix). ’

Bulk TiO,
Ti 11.42
(@) -6.53
Bulk Ti,04

Ti 8.43

(o] -6.13

TiO, (001) film
First layer Ti 10.01

(o) -5.66, ~5.66
Second layer Ti 11.77

o —6.76, —6.76
Third layer Ti 11.39

(e] -6.61, —6.61

Unrelaxed TiO, (110) film

First layer Ti 10.77, 12.03

(6] —4.,58, —-6.45, —6.78, —6.78
Second layer Ti 11.52, 11.52

o -6.63, —6.63, —6.63, —6.63

Relaxed (AZ=0.20 A) TiO, (110) film

First layer Ti 10.56, 12.27

(o] -5.68, —6.27, —6.84, —6.92
Second layer Ti 11.62, 11.46

(¢) -6.72, —-6.72, -6.55, —6.55

relax inward AZ =0.20 A (changing the Ti-O bond
length from 1.85 to 1.75 A, then the Madelung po-
tential of this puckered O atom changes ~1.1 eV
(see Table I), and all of the occupied band-gap
states are driven below the bulk valence-band-edge
at -12.59 eV. (We note here that moving O atoms
in the (001) surface comparable distances alters
their Madelung potentials by less than 0.2 eV.)

We therefore argue that the nearly bulklike O
coordination of the surface Ti atoms on the (110)
surface (fivefold and sixfold on the surface com-
pared to sixfold in the bulk) eliminates dangling
bonds and leads to the thermally stable, unre-
constructed surface which is observed experimen-
tally.*® Finally, we note that fivefold and sixfold
coordination of Ti** is very common in inorganic
oxides containing titanium.*
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D. Conclusions

The calculations presented here offer possible
explanations for some of the observed surface
properties of TiO,. The difference in electronic
structure of different faces appears to be related
to the surface O coordination of Ti. The calcu-
lated one-electron density of states of the unre-
constructed (001) surface (which has only fourfold
O-coordinated Ti atoms) contains a large number
of filled surface states of p character within the
band gap. The calculated density of states of the
unreconstructed (110) surface (which has fivefold
and sixfold O-coordinated Ti atoms) contains no
filled surface states if the puckered O atoms re-
lax inward by AZ =0.20 A. Therefore, if we make
the reasonable assumption that occupied surface
states in the bulk band gap arise from thermody-
namically unstable configurations, we are then
led to the conclusion that the observed difference
in stability between the unreconstructed (110) and
(001) surfaces is due to their different surface
electronic properties. In particular, we conclude
that the free energy change associated with the
removal of the dangling-bond surface states found
on the unreconstructed (001) surface is expected
to be the driving force for the reconstruction or
faceting of this surface.

APPENDIX

It is clear from our results for the TiO, (110)
films that for ionic (or partially ionic) materials
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Madelung energy effects play a very large role in
determining the calculated DOS. In this Appendix
we discuss some of the details of the Madelung
energy assignments we have used in our DOS cal-
culations.

For the TiO, (001) film the atomic planes are
all neutral and, consequently, the calculated Mad-
elung potentials at lattice sites in the film converge
rapidly to the bulk calculated value for film lattice
sites far from the surface. In Table II we show
the calculated Madelung energies at the Ti and O
atom sites for both five- and seven-layer (001)
oriented TiO, films [using the configuration
Til.0+(3d1.154sl.85) and 00’5-(232'02P4'5)] along with
the calculated Madelung energies in bulk TiO,.

As can be seen by the third layer of the films, the
calculated Madelung potentials have converged to
within 0.1 eV of the corresponding calculated values
for the bulk. Also, the calculated Madelung poten-
tials for the two different superlattice geometries
(i.e., five layers vs seven layers) are equal to

0.02 eV or better.

Our observation of the rapid convergence of the
calculated Madelung potentials of our superlattice
model of neutral planes is consistent with the re-
sults of Wolfram et al.'! who did an exact Madelung
energy calculation for a semi-infinite set of neu-
tral planes [(001) planes] of the partially ionic
material SrTiO, and found a similar rapid conver-
gence for this perovskite structure. Therefore,
as a further check on our superlattice method, we
did a Madelung potential calculation for a seven-

TABLE II. Calculated Madelung energies at Ti and O atom sites in bulk TiO, and in TiO,
(001) films with different superlattice geometries. All energies are in eV. The ionic con-
figurations used were Til*?*(3d115451+8%) and 05~ (2p%9),

Ti
o

Bulk TiO,

11.42
—6.53

Unreconstructed five-layer TiO, (001) film—4.33-A vacuum space

First layer Ti 10.01

o -5.66, —~5.66
Second layer Ti 11.77

(0] —-6.76, —6.76
Third layer Ti 11.39

(o] —-6.61, —6.61

Unreconstructed seven-layer TiO, (001) film—4.,33-A vacuum space

First layer Ti 10.01

(@) -5.67, =5.67
Second layer Ti 11.77

(o) -6.76, —~6.76
Third layer Ti -11.41

(0] -6.63, —6.63
Fourth layer Ti 11.46

(¢} -6.63, —6.63




20 THEORETICAL ELECTRONIC PROPERTIES OF TiO, (RUTILE)... 5175

layer superlattice model of an (001) surface of
SrTiO; using the same ionicities as Wolfram e?

al We found that the values of the Madelung po-

tentials calculated for the superlattice model

agreed (to better than 0.1 eV) with the potentials
calculated for the semi-infinite slab. This agree-
ment led us to the conclusion that our calculated
Madelung potentials for the TiO, (001) film were
correct (to better than 0.1 eV) so that we used
these values in our LCMTO calculations for this

TABLE III. Calculated Madelung energies

surface.

Evaluation of the Madelung potentials for our
TiO, (110) films was not as straightforward as it
was for the TiO, (001) film because the charge -
planes making up the (110) films are non-neutral,
These non-neutral planes give rise to long-range
fields that extend well beyond the outer boundary
of each TiO, slab and therefore cause interaction
between the separated slabs of the superlattice.
However, our Madelung energy calculations

at Ti and O atom sites for bulk TiO, and for

TiO, (110) films with different superlattice geometries. All energies are in eV. The ionic
configurations used were Til*0*(3d11545!+8) and 0%5-(2p%5).

Bulk TiO,

Ti 11.42

(o) -6.53

Unrelaxed five-layer TiO, (110) film—6.35-A vacuum space

First layer Ti  10.10, 11.38

(o) -5.24, -7.11, -7.45, <7.45
Second layer Ti 10.89, 10.80

o -7.38, =7.30, -7.28, =7.28
Third layer Ti 10.82, 10.83

(0] -7.29, =7.29, -7.29, =72.9

Unrelaxed three-layer TiO,

(110) film—6.35-A vacuum space

9.85, 11.15
-5.51, <7.37, =7.71, =7.71
10.62, 10.52

-7.64, -7.64, =7.53, =7.53

Unrelaxed five-layer TiO, (110) film—12.70-A vacuum space

First layer Ti
: (e}

Second layer Ti
(o}

First layer Ti
. o

Second layer Ti
(¢]

Third layer Ti
o

Unrelaxed three-layer TiO,

9.39, 10.71
-5.72, =7.,72, —-8.03, —-8.03
10,19, 10.14
-7.99, =7.92, -7.89, =7.89
10.16, 10.16

-7.91, -7.91, -7.91, <7.91
(110) film—12.70-A vacuum space

9.46, 10.73
-5.88, =7.75, —-8.09, -8.09
10.23, 10.13
-8.03, -8.03, -=7.92, -7.92

Relaxed five-layer TiO, (110) film—6.35-4 vacuum space

10.18, 11.89
-6.05, —6.64, -7.29, -7.29
11.20, 11.12
-7.10, —6.97, —6.95, —6.95
11.15, 11.16
-6.96, —6.96, —6.96, —6.96

Relaxed three-layer TiO, (110) film—6.35-& vacuum space

First layer Ti
o
Second layer Ti
o
First layer Ti
(o]
Second layer Ti .
(¢]
Third layer Ti
o
First layer Ti
o
Second layer Ti
o

10.06, 11.77
-6.18, —6.77, =7.34, —7.42
11.12, 10.96
~-7.22, -7.21, =7.05, =7.05
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TABLE IV. Energy shifts required to give equivalent atomic sites in TiO, (110) films equi-
valent Madelung energies and to give the innermost atomic sites the bulk Madelung energy.

All energies are in eV.

Superlattice geometry

Madelung energy shift

Unrelaxed five-layer (110) film—

6.35-A vacuum space

Unrelaxed three-layer (110) film—

6.35-A vacuum space

Unrelaxed five-layer (110) film—

12.70-A vacuum space .

Unrelaxed three-layer (110) film
12.70-11 vacuum space

Relaxed five-layer (110) film—
6.35-A vacuum space

Relaxed three-layer (110) film—
6.35-A vacuum space

0.68

0.92

1.32

1.35

0.37

0.50

seemed to indicate that the major effect of these
long-range, slab-slab interactions is to simply
shift all the Madelung energies by a constant
amount whose magnitude depends upon the particu-
lar superlattice geometry being used (i.e., the
number of layers in the slabs and the separation
between the slabs). Because exact calculations of
the Madelung potentials of a semi-infinite slab of
non-neutral planes have not been carried out,*!
our determination of the values of the Madelung
potentials to use for the (110) film LCMTO calcu-
lation was based entirely on the results of our
superlattice calculations.

In Table III we list the calculated Madelung ener-
gies of the O and Ti atom sites for a number of
different TiO, (110) superlattice geometries in-
cluding both three- and five-layer films, 6.35 and
12.70-A vacuum spacings, and relaxed and unre-
laxed puckered O atoms. Examination of this
table shows first that the absolute values of the
Madelung potentials at equivalent sites in the films
vary substantially from one superlattice geometry
to another and that none of the film Madelung en-
ergies are particularly close to the bulk values.
However, closer examination of the values in the
table shows that the calculated energy separation

of the Madelung energies of the innermost Ti and
O atom sites in the films (i.e., AE!'™=18.09
+0.02 eV for the third layer of all the five-layer
films) is very close to the calculated bulk energy
separation (i.e., AE%™* =17.95 eV). Furthermore,
if we make the constant energy shifts shown in
Table IV to the Madelung energies of all of the
unvelaxed TiO, (110) films, then the Madelung en-
ergies of all equivalent sites (with just one excep-
tion) agree to 0.07 eV or better, and the value of
the Madelung energies of the innermost Ti and O
atoms in the five-layer films agrees with the bulk
values to 0.08 eV or better. In addition, with the
constant energy shifts shown in Table IV for the
films with relaxed puckered O atoms (AZ =0.20 R),
the Madelung energies of Ti and O atom sites in
all but the first layer agree with the equivalent
sites in the unrelaxed films to 0.01 eV or better.
Based on these results, we argue that the Made-
lung potentials of a semi-infinite slab would have
(to within 0.1 eV) the values obtained by shifting
the film values by the amounts shown in Table

IV. Therefore our DOS calculations for the (110)
TiO, films were made using the shifted Madelung
energies as mentioned in the text.
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