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The properties of cluster surface states of the transition-metal oxides Ti02, SrTi03, and BaTi03 are derived
from an empirical molecular-orbital model. The relation between cluster states and bulk and surface energy
bands is discussed. The possible role of surface states in producing the 2.0-eV peak observed in the electron
energy-loss spectrum of Ti02 and Ti,O, is suggested. Some comments on the use of a cluster model for the
interpretation of optical properties are also included,

I. INTRODUCTION

In previous works' ' we have discussed the elec-
tronic properties of bulk and surface energy bands
of d-band perovskites such as SrTiO„BaTiO„or
KTaO, . An important result of these studies is
the prediction of highly localized conduction and
valence surface bands with energies in the forbid-
den energy gap. It was shown that the surface con-
duction bands produce a high density of d-electron
states involving the t,~-symmetry d orbitals. ' In
pure-insulating perovskites the d-electron states
are empty. They may be populated by reduction of
the material or by the action of band-gap light.

The d-electron surface states have the proper
symmetry and energies for interaction with the
antibonding orbitals of many diatomic molecules
and dissociative chemisorption of molecular hy-
drogen or oxygen on the surface of a perovskite is
likely to be initiated by transfer of electrons from
an occupied surface state into the empty molecular
antibonding states. It is also believed that the
d-electron surface states are effective in catalyz-
ing alkene addition at a C = C bond by interaction
with the m electrons to lower the activation energy.
A conceptual model for cyclobutanation of ethylene
involving the d-electron surface states has been
recently discussed by Wolfram and Morin. '

In this paper we present a simple molecular-
orbital model for the MO, cluster states of a
transition-metal ion (M) surrounded by an octa-
hedron of oxygen ions. Cluster-state analogs of
the surface energy bands are produced when the
environment of one of the oxygens is perturbed or
when one of the oxygen ions is missing, as can
occur at the surface of a solid. The qualitative
features of such cluster surface states are dis-
cussed and compared with those of the correspond-
ing surface energy bands. Numerical results ap-

plicable to TiO„SrTiO„and BaTiO, are pre-
sented. We also present a calculation of the sur-
face energy bands derived from the d orbitals of
e, symmetry.

A comparison of cluster- and band-theory sur-
face states is of interest for several reasons. In
the case of strong chemisorption on an oxide sur-
face localized chemical bonds are formed. The
chemisorbed species and the region of the oxide
substrate directly participating in the chemical
bond will have an electronic structure similar to
that of a MO, -C or MO, -C complex (C is the
chemisorbed species). In addition there are many
transition-metal oxides for which the d electrons
are localized and do not form bands. In such
cases a cluster model is more appropriate than
a one-electron band model. It is also of interest
to consider how the states of the MO, cluster are
related to the energy bands of the corresponding
solid in order to assess the validity of using clus-
ter results to interpret electronic and optical pro-
perties of d-band perovskites. Finally, we note
that chemisorption and catalysis on very small
particles may approach a condition described by
a cluster model. '

We wish to correlate the qualitative properties
of a TiO, cluster with those of several titanium
oxides, including TiO» SrTiO„and BaTiO„ for
which each titanium ion is approximately in a +4
valence state and surrounded by an octahedron of
oxygen ions. Also, one may include Ti,O„ for
which the valence state is approximately Ti". In
addition to the approximations obviously involved
in using a cluster model several other approxima-
tions are used. In the case of TiO, or Ti,O, we
ignore the distortion of the octahedra from cubic
symmetry. This approximation omits important
optical and electronic anisotropies but the general
features of the electronic structure should be valid.
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In applying the MO, cluster model to the perov-
skites SrTiO, and BaTiO, (in the cubic phase) we

ignore the electronic states associated with the
Sr or Ba ions. Previous studies"' show that the
major effect on the bands near the energy gap is
through the electrostatic potentials of the Sr or Ba
ion and that the s-like states of these ions produce
bands far removed from the energy gap. If the
Madelung potentials' arising from Sr or Ba ions
are included in a linear-combination-of-atomic-
orbitals (LCAO) model excellent quantitative
results are obtained for the P and d bands. We
have previously shown" that such a model pro-
duces results which are in excellent agreement
with the augmented-plane-wave (APW) results of
Mattheiss' and which also explains much of the
structure in the optical properties observed by
Cardona. ' With these approximations the electronic
structure of clusters representing TiO„SrTiO„
and BaTiO, differ only in a minor way owing to
small differences in Madelung potentials.

(a)

(b)

II. QUALITATIVE FEATURES OF THE MO6 CLUSTER

The physical structure of the MO, cluster and
a corresponding cubic perovskite is illustrated
in Fig. 1. We describe first a simple model from
which the essential features of the electronic
structure of the MO, cluster can easily be under-
stood and related to energy-band states. The
cluster states may be discussed using atomiclike
basis states corresponding to the Sd and 4s states
of the cation and the 2P states of the oxygen ions."
(A more general model including 2s oxygen states
and 4p cation states used in the numerical cal-
culations is described in Sec. IV.) The cluster
wave functions and energies are easily derived in
terms of two-center overlap and transfer integrals"
as presented in Table I. The first column lists
the cluster-state designations and symmetry. The
second column gives the equivalent energy-band
symmetry. The third through fath columns give
the degeneracy, total number of states, and the
basis orbitals involved, respectively. The notation
2P, and 2p, refers to P orbitals centered on an
oxygen with lobes respectively parallel and per-
pendicular to the M-0 axis. The energy of a par-
ticular cluster state is given by E', with the func-
tion A. calculated using the appropriate Ey E2p Sg

S„and t parameters listed in columns six through
ten. The plus sign of E' corresponds to the upper
cluster state. The energies of the t,~ and t,~ states
are given directly in Table I. The energies E„,
E„E„E„and E, are diagonal LCAO matrix
elements roughly equal to the appropriate ioniza-
tion or affinity energy but including Madelung and
multipole electrostatic potentials in a manner de-
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FIG. 1. (a) AMO3 perovskite structure (theA ions are
indicated by 0 and I ions by 0); {b) MO6 cluster; (c)
unit cell for AMOS perovskite; (d) Brillouin zone for the
perovskite structure.

scribed previously. ' The relevant two-center
transfer and overlap integrals defined in the usual
manner" are listed in the bottom of Table I. The
symbol S is used to denote an overlap integral.
The corresponding normalized LCAO wave-func-
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tions P' may be obtained from Table ll using the
parameters and energies from Table I. In Table
II the notations x, y, and z are used to denote
p orbitals on the nth oxygen ion as designated in
Fig. 1{b).

A schematic of typical cluster energies is given
by Fig. 2{a). From Tables I and II the nature of
the cluster states is evident. The t, , t,„, and t,„
states are "nonbonding" since they do not involve
hybridization with the M-ion orbitals. One inter-
esting result is that the energy difference between
the 1t, and 1t,„, a direct measure of the oxygen-
oxygen interaction, is independent of the M ion.
This result is generally valid for LCAO model and
is unaffected by the addition of 4p and 2s basis
functions. Thus for different oxides with the same
M-O distance this energy difference should be
constant. Self- consistent Xe calculations for
rutile, Wustite, and Hematite" and also for nickel
oxide' appear to support this conclusion.

The cluster bonding states are the 2e and 1t,~
levels which involve an admixture of M-ion and
oxygen orbitals. Typical oxides will have a 20 to
30/g M-ion content in the bonding wave func-
tlo11. ' ' Tile t2g d states (d„~, d„~, a11d d~~} al'e
mixed with the 2P, orbitals by the (2P, 3d, v) two-
center interaction. The e~ d states are mixed with
the 2P, orbitals by the (2P, 3d, o) interaction. The
corresponding antibonding "crystal-field" states
are the 3e, and 2t„states. The a,~ cluster levels
also involve hybridization of the M-ion and oxygen
orbitals. The M-ion 4s states are mixed with the
2p, orbitals by the (2p, 4s, o) two-center integral.

In insulating perovskites such as SrTiO3 BaTl03,
or KTaO„or in TiO„ the highest occupied state
is the lt„and the energy difference E(2t„)-E(lt, }
corresponds approximately to the energy gap be-
tween the lower conduction band and the upper
valence band. The 2t„may be partially occupied
by reducing the material (in a hydrogen environ-
ment, for example) or by the application of light
with h, v greater than the band-gap energy. In
metallic perovskites such as' KMoO, or" ReO,
the 2t„states are partially occupied. The energy
difference E(38,)-E(2t„) is the crystal-field split-
ting jODq.

C4

m-r

4 cry

I

+

I

b

CPj

wl(g

II

III. CORRELATION OF CLUSTER STATES WITH BAND
STATES

There is a strong correlation between the cluster
states and the energy-band states of the corre-
sponding solid at points of high symmetry in the
Brillouin zone. The correspondence for the perov-
skites is particularly simple. The group of the
k vector possesses full cubic symmetry (0„) at
the points I and R in the Brillouin zone. The
cluster wave functions and energies can be directly



ll54 T. WOLFRAM, R. HURST, AND F. J. MORIN 15

TABLE II. Wave functions for the MO6 cluster.

Cluster
type

Wave functions

a&

ez

tgu

4x&-y2

1 (-x, -x,)u'2

1
~g2(-&~-»+&3+&4-'S+ 6)v6 (1 —S&)

1
2(1 —Sg)

~i2 (-~i+»+~3-S4)

1
2(1 —Si) i&~ (&i+&2-&3-&4)

1
f/2 (X2+X4 +X5+X6)

2(,1 —S&)

1
)1j2 ~1 2 ~3 4

1
1 2' )i12 2 4 5 6

(t -E's2)(j —s()' |('g —(E( E')k2-
[(t-E'S2)'(1 —Sg)+(Eg —E )'-2(t —E'S2)(Ex E')S2J'

related to the energy-band wave functions and
energies at either I' or R. The appropriate band
symmetry is listed in Table I, column two. An

LCAO tight-binding model including first- and
second-neighbor interactions yields energies
which may be calculated from Table I using E'
and the parameters listed in columns 11-15. The
E] Eg 8] S2 and t parameters entering the
calculations for the band states differ from the
cluster-state parameters only in the numerical
coefficients. Cluster state's two-center transfer
and overlap integra, ls are smaller than band state' s
by a factor of v 2 for M-ion-oxygen interactions
and a factor of 2 for oxygen-oxygen interactions.
These increase in the transfer and overlap inter-
actions reflect the fact that each oxygen is shared
by two octahedra in the solid. Because of the way
that the LCAO parameters enter the expressions
for the energies, there is no simple relation be-
tween the energy of a cluster level and the "center
of gravity" of the corresponding energy band.

The relationship between cluster and band states
is clearer if the wave functions are considered.
For example, the energy-band wave function at
1" corresponding to a cluster state may be calcu-
lated using Table II to obtain the cluster state and
then repeating the cluster wave function in every
unit cell. The same procedure applies to band
states at R except that the phase of the wave func-
tion is reversed in adjacent unit cells. This is
illustrated in Fig. 3 for the 1t,~ state and corre-
sponding band state at R.

A schematic of the energy bands of a typical
d-band perovskite is shown in Fig. 2(b). The mix-

ing of the t,~ d orbitals with the 2p, orbitals through
the (2p, 3d, w) two-center interaction produces the
Pdm valence band and the Pdm* conduction band.
The e d orbitals interact with the 2p, orbitals to
produce the Pdo and Pdo* valence and conduction
bands. The oxygen-oxygen interactions (pPa' and

Ppm) produce further splittings and add to the band
widths of both ~ and o bands. The corresponding
cluster symmetries are indicated in Fig. 2(b).
The ordering of the cluster and 'band levels de-
pends upon the relative magnitudes of the LCAO
parameters and therefore on the particular cluster

'

being considered.
The model discussed in this section leads to an

exact one-to-one corresponderice between cluster
levels and band states at either I' ox R. The ad-
dition of 4p M-ion basis states does not alter this
correspondence but when 2s oxygen orbitals are
included the exact correspondence is lost. In this
more general case the cluster states a, , e, and
t,„would have projections onto both I' and R band
states. The mixing is very small, however, be-
cause the diagonal energy of the 2s states'" is
far removed from that of the 2p or 3d states.
Thus the analysis presented above remains valid
even though it is not exact.

IV. Ti06 CLUSTER

LCAO calculations were made using 33 basis
functions representing 3d, 4s, and 4p I-ion
orbitals and 2P and 2s orbitals for each of the
six oxygen atoms. The two-center overlap and
transfer integrals were determined by fitting the
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FIG. 2. Schematic of Moe cluster states and energy
bands of a perovskite. (a) Cluster states. The crystal-
field splitting 10Dq and the band gap are indicated. The
difference between the 1t& and It2„nonbonding levels is
a direct measure of the oxygen-oxygen interaction
(PPO-pP~). (b) Perovskite energy bands. States with
cluster symmetries are labeled at 1" and R.

energies of the cluster states for rutile as deter-
mined by Tpssel, Vaughan, and Jphnspn, ' whp used
a self-consistent Xo. method. The overlap para-
meters were found to be small, in agreement with
the results deduced by Mattheiss' based on AP%
calculations for SrTiO, . Therefore to reduce the
number of parameters in our model, overlap ef-
fects were discarded and orthogonal basis states
were assumed. The cluster states of TiO, shown
in Fig. 4(b) were obtained using the two-center
parameters indicated in Table III. The solid dots
in Fig. 4(b) indicate the results of Tossel, Vaughan
and Johnson. "

In addition to the states discussed in Sec. III new
states appear because of the added 4P and 2s basis
states. The group 5a,~, le~, and 4t, „are essential-
ly oxygen 2s states and the Vt,„level is derived
from the 4p M-ion states. The 4p states also enter
into the 5t,„and 6t,„levels so that these levels are
no longer nonbonding. The diagonal energies E4„
E„E„E„and E, include the effects of the elec-
trostatic potentials due to all of the charged ions
that would be present in BaTiO„and SrTiO, in a
manner discussed previously. ' The potentials
for pseudocubic TiO, are essentially the same as
those for the perovskites and no distinction is made
in the calculations presented here.

The LCAO parameters derived by Mattheiss'
for SrTiO, are also presented in Table III for
comparison (numbers in parentheses). To fix the
absolute energy scale for Mattheiss's diagonal
matrix elements, E, was chosen to be 5.4 eV and

E, was deduced from Mattheiss's parameter E~
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large value of (2p, 2p, o) is a direct result of the
large separation of the 1tzg Rnd 152 cluster stRtes
and it is not possible to fit these levels with a
smaller value of the parameter. This discrepancy
is very serious. The use of a value of (2p, 2p, o)
as large as 1.4 eV in any tight-binding energy-band
model for TiO, or for SrTiO, would cRUse valence
bands to rise above the lower conduction bands at
and near I' and thus a metallic state would be pre-
dicted. Therefore, in a band model a smaller
value of (2P, 2P, o) must be employed.

V. CLUSTER SURFACE STATES
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FIG. 4. Cluster bulk and surface states. (a) Ti06
surface cluster, {b) TiO6 bulk cluster, (c) Ti05 surface
cluster.

using his value of 2.4 eV for the d-state electro-
static splitting at ~. Parameters corresponding
to the 4s and 4P states were not given by Mattheiss.
It is seen from Table DI that there is reasonable
agreement for all the parameters listed with the
exception of the parameter (2P, 2p, &x). The value
of 1.4 eV deduced from the Xn calculations is
much larger than Mattheiss's value of 0.32 eV or
that reported by Swittendeck' of 0.38 eV. The

The surface energy bands of d-band perovskites
have been discussed in a previous paper. '" It
was shown that a high density of surface states
(involving the t,~ d states) derived from the Pdv*
bands would occur in the energy gap. Surface
energy bands derived from the Pdo* bands can also
occur. The surface bands arise because of a
variety of effects at a solid surface, including
missing neighboring atoms, changes in the Made-
lung potentials, loss of symmetry and accompany-
ing changes in the crystalline field, changes in
the separations between atomic layers at and near
the surface, and reconstruction of the surface
layer. In the work described here we include the
effects of missing atoms and the variations of the
Madelung potentials at or near the surface.

There are two types of (001) surface configura-
tions for the perovskite structure. ' For the type-I
surface, M ions and oxygen ions are exposed on
the surface layer, while for the type-II (001) sur-
face the M ions are buried in the second atomic
layer.

The repulsive Madelung potential at a Ti ion on

a type-I surface of SrTiO, or BaTiO, is reduced
by 2 eV from the bulk potential. '"- The Madelung
potential at a surface oxygen site, however, is
essentially the same as in the bulk. The cluster
analog of the type-I perovskite surface consists
of a TiO, cluster with the Madelung potential acting
on the Ti ion reduced by 2 eV.

On a type-II surface of the perovskite the Made-
lung potential acting on a surface oxygen is reduced
by 2.9 eV while that of the Ti ion in the second lay-
er is essentially unchanged from the bulk value. '"
The cluster analog of the type-II perovskite sur-
face consists of a TiO, cluster with the Madelung
potential acting on one of the oxygens reduced by
2.9 eV.

In the case of both the TiO, and TiO, surface
analogs the point-group symmetry is C4„rather
than 0„. Group-theoretical analysis" shows that
the irreducible representations of O„split into
those of C,„as follows:
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TABLE III. LCAO parameters for the Ti06 cluster. Columns two and five are parameters
determined in the present study. Columns three and six are parameters reported by Mattheiss
for SrTi03 (see Ref. 13).

Parameter
Value in eV
( Mattheis s) Parameter

Value in eV
(Mattheiss)

E

E

E~s

E4s

(2p, 3d, o.)

(2p 3d 7t)

(2p, 2p, o)

S(2s, 3d, ~)

2.84

8.7

8.0

-21.0
0.8

1.0

1,9

1.4

0.0

(- 3.0)

(—5.4)

(- 8.3)

(—8 ~ 5)

(—23.2)

(—2.04)

(1.14)

(0.3)

(0.043)

(2p, 2p, 7t)

(2p, 4p, o)

(2p, 4p, 7t-)

(2p, 4s, o)

(2p, 2s, o)

(2s, 2s, o')

(2s, 4s, o')

(2s, 3d, o')

(2s, 4p, o)

S(2p, 3d, o)

S(2s, M, 7t)

—0.1

4.6
—0.9

-0.8

—0.1

—0.3
—3.9

1 Q 7

-3.95

0.0

0.0

(-0.1)

(0.0)

(-0.133)

(-2.56)

(0.078)

(-0.058)

aug aj eg ate+5~ t~g a2+e

t,„a,+e, t b +e, t „b,+e.
The e representation is two-dimensional and

all others of the C~„group are one-dimensional.
The decomposition of the regular representations
I'~ (the representation in terms of the 2p, 2s, Sd,
4s, and 4p basis functions) is

I's(Ti06}= 10a, + a2+ 4b, + 2b2+ 8e, (2)

I's(TiO, ) = 8a, + a, + 4b, + 2b, + 7e.

The difference between 1 „(TiO,) and I's(TiO, ) of
2a, and e accounts for the loss of three 2p and one
2s states associated with the missing oxygen in
Ti05.

The LCAO model described in Sec. IV was used
to calculate new cluster states which are the analogs
of surface bands. The results for the TiO, cluster
are shown in Fig. 4(c). These states were obtained
using the parameters of Table III with the Ti-ion
diagonal energies E4„E4~, E„and E, reduced by
2.0 eV.

For the discussion here the important cluster
surface states are those derived from the 2t,
and 3e~ states labeled xy, xz, yz and x' —y' and
z' in Fig. 4(c). These labels designate the primary
orbitals involved. The xy and xz, yz surface
states correspond respectively to b, and e symme-
try, as indicated in Eq. (1}. The x' —y' and z'
surface states correspond to a, and b, symmetry.

The group of %e k vector at the point M in the
Brillouin zone is C,„and consequently these cluster

)I
0

CD

i&2t:2
2g

-5—
+I

xy~,
yz, xz

FIG. 5. d-electron conduction bands of SrTi03. The
solid curves are the bulk conduction bands. The dashed
curves are the surface-state energy bands for a (001)
type-I surface. The corresponding Ti06 bulk states are
indicated by dots at R in the Brillouin zone. The TiO&
cluster surface states are indicated by dots at M in the
Brillouin zone.

surface states should be compared to surface band
states at M. The bulk and surface bands for
SrTiO, or BaTiO, are shown in Fig. 5 together
with the relevant cluster surface states. These
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band states were calculated using the same para-
meters employed in the cluster calculation, except
that Mattheiss's value for (2P, 2P, &) was adopted.
The method of calculation was discussed in a pre-
vious paper. '

The pdo* surface bands corresponding to x' —y'
and z' at M lie below the bulk states by 2.4 and 3.8
eV. The corresponding cluster surface states
are 1.5 and 3.1 eV below their parent states in
TiO, . It should be mentioned that the x' —y' sur-
face band is a virtual surface band when it lies
within the bulk continuum of Pdo* states. The
pdm" surface bands corresponding to xy and xz,
yz at M lie 0.5 and 1.3 eV below the bulk band.
The corresponding surface cluster states lie 1.5
and 1.7 eV below their parent TiO, states. The
highest filled valence state, a„ in Fig. 4(c) is
essentially unchanged from the bulk 1t, level,
in agreement with the band model, ' which shows
no valence surface states in the gap for a type-I
surface.

The results for the type-II surface corresponding
to a TiO, cluster are shown in Fig. 4(a). These
results were obtained from the I CAO model using
the parameters of Table III with E„,E„and E,
for one of the oxygen ions increased by 2.9 eV.
The a, cluster surface state is raised into the gap
between the 2t,~ and 1t,~ levels. The xy state is
essentially unchanged in energy from the 2t,~
state. These results are in agreement with the
band model, ' which shows no conduction-band sur-
face states in the energy gap for a type-II sur-

DENSITY OF SURFACE STATES

FIG. 6. Schematic of the surface density of states for
SrTi03. The solid curves are the surface energy bands.
The dots indicate the energy at I in the Brillouin zone.
The corresponding surface-cluster-state energies of
Ti05 are indicated by arrows.

face subject to the same surface perturbation used
for the cluster. The differences in cluster energies
compared to band energies can be understood from
the fact that oxygen ions are shared by two octa-
hedra in the solid but not in the cluster.

A schematic of the surface energy-band densities
of states "' is given in Fig. 6. The xy-band den-
sity possesses sharp discontinuities at the band
edges and a logarithmic singularity at the center
of the band. These Van Hove singularities are
characteristic of two-dimensional energy bands
and are also possessed by the bulk bands. Ex-
perimental evidence for the existence of this struc-
ture has been discussed in a previous paper. ' The
xz and yz bands produce a density of states with
square-root singularities at the band edges. These
Van Hove singularities are characteristic of one-
dimensional energy bands as discussed in our
previous work. ' The location of the corresponding
cluster-surface-states energies is also shown in
Fig. 6.

VI. DISCUSSION

In the preceding sections we examined the rela-
tion between MO, cluster-state energies and
wave functions and those of energy-band states of
a, perovskite at I' or R in the Brillouin zone. The
cluster analog surface states were also presented
and correlated with surface band states occurring
at M in the Brillouin zone. The cluster model is
seen to represent in a qualitative manner many of
the electronic features of the corresponding solid.
In this section we present brief discussions of
these results.

The electronic structure of TiO, and Ti,O, sur-
faces has been studied recently by Henrich, Dres-
selhaus, and Zeiger" using electron energy-loss
spectroscopy. They observe a large peak at
1.5 —2 eV in the electron energy-Kss spectrum of
freshly broken samples of Ti,O, but not for TiO, .
After sputter etching with Ar ions the TiO, samples
also exhibited the 2-eV peak. Subsequent exposure
to oxygen removed the peak in TiO, and diminished
the intensity in Ti,O, . Based on Auger studies,
the sputter etching by Ar ions was believed to re-
duce the surface.

Henrich, Dresselhaus, and Zeiger suggest that
the 2-eV peak may be associated with Ti"(3d')
surface ions on .Ti,O, or created on TiO, by the
sputter-etching process. The 2-eV energy is
then attributed to transitions between the crystal-
field-split levels of the 3d' states of Ti" ions.

We suggest that the transitions between crystal-
field surface states, xz -z', may be involved.
According to cluster calculations 10Dq —= 3—3.5 eV;
however, as illustrated in Fig. 4(c), the splitting
of the d-electron states of a TiO, cluster (E„,
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—Ep) is reduced to about 2.0 eV. The band model
gives the same result. These levels would be re-
placed by crystal-field states separated by about
3 eV when oxidation occurs converting TiO, to
TiO, [see Fig. 4(a) j. The band gap in TiO, is also
about 3 eV and consequently crystal-field transi-
tions in the TiO, surface cluster mould be difficult
to distinguish from band-gap transitions.

MO, cluster calculations have been frequently
employed for the interpretation of the optical pro-
perties of oxides. For example, such models have
been used recently to explain the optical proper-
ties of rutile, Wustite, and Hemitite. " In the case
of materials such as rutile or perovskites for
which energy-band formation occurs the use of
cluster interpretations cannot be justified. It is
clear from our discussion of the correspondence
between cluster and band states that significant
differences appear in the energies of corresponding
states. These differences for titanium oxides
range from 1 to 2 eV and are not uniform or un-
directional. In addition to energy differences,
important density-of-states structure not repre-
sented by corresponding cluster states can pro-
duce peaks in the optical spectra which cannot be
explained by the cluster model.

Consider the case of SrTiO, as illustrated by
Fig. 2. The onset of interband optical absorption
would be ascribed to transitions from the 1t, to
the 2t„state according to the cluster model. In
the band model transitions from states with these
symmetries would occur at B in the Brillouin
zone. However, it is mell established that direct
interband transitions along the line I' to X deter-
mine the pnset pf pptical absprptjon. ' ' ' The
1t„-2t„cluster transitions do not correspond
in any way to these band transitions. Notice also
that at l the highest occupied valence-band state
has the symmetry of the 6t,„cluster state and not
1tyg Since there is no cluster analog of Pdm'"

band states at I' or X the cluster model omits the
entire set of transitions which are responsible

for the optical absorption band edge. Another fea-
ture worth noting is that the band gap at R in the
Brillouin zone corresponding to the cluster gap
2t,~- 1t, is substantially larger than the minimum
gap which occurs at I' or X in cubic perovskites, "'""
and thus the energy for the onset of interband ab-
sorption w'ill also be incorrect. Finally it is clear
that oscillator strengths determined from cluster
transitions will have no relation whatever to inter-
band transitions intensities associated with band
wave functions of symmetries not represented by
cluster states.

The cluster surface model also offers a useful
method for discussing the electronic structure
of possible surface complexes which may be in-
volved in chemisorption and catalysis on transition-
metal oxides. We have employed the surface-state
results in describing a possible mechanism for
the dissociative chemisorption of molecular hy-
drogen on an oxide surface in which the final pro-
duct is a pair of OH surface complexes. These
results mill be reported elsewhere. "

It is important to note that there are features of
the surface energy bands that are not present in
the cluster model. From Fig. 6 it is apparent
that there are large density-of-states peaks not
represented by corresponding cluster states. For
example, the lower square-root singularity in the
density of xz, yz surface states derives from
nearly pure-d-electron surface states along the
line I' to X in Brillouin zone. There are no cluster
analogs of these states. The central logarithmic
singularity in the xy surface-state density derives
from surface band states for which sin'k„a
+ sin'k, a =1 (a is the M-0 distance) which lie on a
surface containing the X points in the Brillouin
zone. '" There are no cluster states correspond-
ing to this surface of the Brillouin zone. Thus
significant density-of- states effects are omitted
in the cluster model. In the application of a cluster
model the implications of such omissions must be
considered.
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