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Theoretical study of oxygen-deficient SnO2„110… surfaces

Matti A. Mäki-Jaskari* and Tapio T. Rantala†

Institute of Physics, Tampere University of Technology, P.O. Box 692, FIN-33101 Tampere, Finland
~Received 4 December 2001; revised manuscript received 6 March 2002; published 24 June 2002!

Theoretical consideration of recently proposed ordered stoichiometric and oxygen-deficient~110! surfaces of
SnO2 crystal with 131, 132, 231, and 134 symmetries have been done. We use a first-principles density-
functional method and plane-wave basis, combined with pseudopotentials to calculate surface electronic struc-
tures, surface geometries, and energetics. Calculated surface formation energies suggest that stability of the
oxygen-deficient surfaces decrease with increasing oxygen deficiency. At oxygen-deficient 132 and 134
surfaces tin atoms similar to those in SnO crystal were found to appear. In all cases, the highest occupied
orbitals were considerably localized at the sites of surface oxygen vacancies. The 231 added row surface
structures were found to be relatively stable and associated with the decrease of the band gap due to jagged
surface. Also, ultraviolet optical absorption coefficients for different surface structures were determined by
using the electric dipole approximation with a scissor correction.

DOI: 10.1103/PhysRevB.65.245428 PACS number~s!: 68.35.2p, 73.20.2r, 78.68.1m
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I. INTRODUCTION

Recently, progress in the study of ordered metal ox
surfaces including SnOx surfaces have been reported
literature.1–4 To ascertain the results, theoretical consid
ations are needed, offering also an opportunity to conn
theoretical studies to other metal oxide surface systems
related structures. Among metal oxide compounds with ru
structure, tin oxide as not being a transition metal is parti
larly suitable from a theoretical point of view.2 Its various
surface structures are, however, not well known.2

In theoretical studies of the electronic structure
oxygen-rich (x>2) and oxygen-deficient (x,2) tin dioxide
surfaces,5–9 usually the so-called stoichiometric (x52) and
reduced surfaces are considered~shown in Fig. 1!. To sim-
plify, most significant features are associated with oxyge
which acting as O22 ions, have occupiedp related states nea
the top of the valence band. In the case of stoichiome
surface,p states of surface oxygens largely contribute to
valence-band maximum. Tin atoms can alter their ionic r
from Sn41 to Sn21 at oxygen-deficient surfaces (x,2) caus-
ing a type of occupied ‘‘dangling bonds.’’

Here we will consider examples, motivated by recent
sults of semiconductor research of other SnO2 surfaces with
surface stoichiometryx<2. In case of these ‘‘oxygen
deficient’’ ~110! surfaces, recent atomic resolution micro
copy measurements show that the surface can be comp
of domains with 131, 132, 231, and 134 symmetries.

In experimental arrangements these surfaces have
cally been produced by applying thermal annealing
vacuum after sputtering treatments,2,10,11 though other tech-
niques exist.12,13 In service at normal conditions, formatio
of oxygen-deficient metal oxide surfaces can also be ass
ated with oxidation reactions at the surface and diffusion
oxygen vacancies or tin atoms to the surface. Of particu
importance has been the catalytic oxidation of carbon m
oxide to carbon dioxide and oxidation of methane at tin o
ide surface. Based on applied surface preparation and m
surement techniques, surface oxygen deficiency associat
in-plane oxygen vacancies is assumed to be importan
0163-1829/2002/65~24!/245428~8!/$20.00 65 2454
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catalyzing dissociation of water.14

The ~110! surface of tin oxide is the most common of th
faces of rutile structure tin oxide.1 However, there is also
interest in other ordered tin dioxide surfaces associated,
instance, with tin oxide wires15 and on anatase structures
tin oxide.16 In these cases, the proposed results for oxyg
deficient~110! surfaces can be qualitatively adapted.

Earlier, we studied the reduced and stoichiometric~110!
surfaces of SnO2 ~Ref. 9! focusing mainly on the surface
geometry, charge distribution, band structure, and opt
properties. These properties that are here further conside
entail connections to electronic spectroscopies.1,2

The paper is organized as follows. In Sec. II the calcu
tion method and its applicability is described following wi
consideration of surface energetics and geometries in
III. In Sec. IV discussion of surface electronic structure
gether with a brief discussion of optical absorption is p
sented. Finally, in Sec. V conclusions are drawn from
results.

II. METHOD

The computational first-principles density-functional a
proach applied here is based on the plane-wave basis se
pseudopotential concept to describe electron-ion interac
~CASTEP/CETEPcode!,17 briefly discussed also in Ref. 9. Uti
lizing ultrasoft pseudopotentials18 ~USP! the plane-wave ba-
sis set can be limited considerably still with good accuracy
bulk and surface geometries.9 Oxygen atoms are describe
by six valence electrons and tin atoms by four plus the c
responding pseudopotential ion cores. As will be indica
separately, a few calculations were reproduced by usin
more accurate nonoptimized norm-conserving pseudopo
tials ~PSP!.19 This pseudopotential includes in addition to th
four valence electrons of Sn, the 18 electrons of theN shell.

The electronic interactions were in all cases taken i
account with generalized-gradient approximation~GGA!.20

Ground state of the electronic systems were obtained by d
sity mixing scheme, in which the sum of electronic eigenv
ues is minimized. In the case of oxygen molecules, spin
©2002 The American Physical Society28-1
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FIG. 1. Relaxed SnO2 ~110! surface geometries correspondin
to bridging vacancy model~top! and 134 ~middle! and 132 ~be-
low! surface vacancy models. Bridging oxygen is indicated by la
1, bridging oxygen vacancy by 2, in-plane oxygen by threefold a
fivefold coordinated surface tin by label 4. With all bridging oxyg
atoms present the surface is called stoichiometric. If all bridg
oxygens are removed, the so-called reduced surface is formed
illustrated surface unit cell of the 132 surface is doubled along th
~001! direction.
24542
larization was taken into account. As expected
nontransition metal oxides, spin polarization was not fou
to decrease total energies in other cases.1 To sample Brillouin
zone, the number of symmetrized Monkhorst-Packk points21

was 6 for the smallest systems. The plane-wave cutoff w
400 eV.

With USP, total energies~which are here identified to
chemical potentials! were2977.15 eV for a bulk SnO2 unit,
297.9 eV for an atom of bulk white tin and2873.0 eV for
O2 molecule. The heat of formation of bulk SnO2 rutile
structure crystal was slightly overestimated to be 6.2 eV
comparison with the experimental value of 6.02 eV~at 298
K!.22 For bulk SnO litharge structure crystal, the heat
formation 3.1 eV is obtained in comparison with experime
tal value of 3.0 eV.22 All calculations were performed fo
charge neutral systems at zero temperature and pressure
ditions.

To investigate electronic structures, total density of sta
~DOS! were evaluated together with partial charge contrib
tions to the DOS. This provides an idea of structurally d
rived differencies in chemical and optical properties. Mu
liken population analysis was also performed, in whi
Mulliken charges of atoms and bond populations of pairs
calculated in terms of density matrix and overlap matrix23

These are obtained from projections of the one-elect
eigenfunctions to the atomic orbitals.

For oxygen-deficient structures ultraviolet optical diele
tric function calculations with light normal to surface we
performed similarly as in Ref. 9. Calculations of dipole tra
sition matrix elements were carried out in the recipro
space with a correction term due to the nonlocality of t
pseudopotential24 included. The use of the local density an
GGA approximations are known to underestimate excit
state energies. This is corrected by using the scissor op
tion that shifts rigidly the unoccupied energy levels by 2.
eV to reinstate experimentally known direct bulk band g
(Eg) of SnO2.9 Here the the band gap was chosen to beEg
53.6 eV.25 Some doubts about the applicability of ultraso
pseudopotential approximation in these circumstances e
due to use of pseudizated wave function for valen
electrons.26 However, our comparison indicates relative
small correction with respect to PSP at low transition en
gies that are of interest here.9

III. ENERGIES AND GEOMETRIES OF „110… SURFACES

Three SnO2 ~110! surfaces containing oxygen vacanci
are illustrated in Fig. 1, ordered with increasing oxygen d
ficiency in going downwards. A well-known bridging oxyge
vacancy surface~shown in Fig. 1! is expected to form from
reduced or oxidized surface most easily. In connection w
the surfaces annealed at elevated temperatures, the red
surface with 131 surface symmetry is expected to b
formed at the temperature of the order of 700 K in vacu
annealing conditions from the stoichiometric surface w
131 surface symmetry.27 At higher temperature conditions
two models of 132 and 231 symmetry10,11,28 have been
proposed~also known as zigzag row and cross linked add
row models!. Corresponding geometries are illustrated
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Fig. 1 ~below! and in Fig. 2~above!. At elevated temperature
conditions the formation of 231 structure can be associate
with the formation of special step edges.29 Also, in the case
of TiO2 surfaces with the presence of excess oxygen, gro
of surfaces related to this model can be favorable.30 A model
for lower temperature annealed~600–1000 K! oxygen-
deficient surface with 134 symmetry10 is illustrated in Fig.
1 ~middle!.

As idealized models to study these surfaces, correspo
ing periodic Sn40O68, Sn20O32, and Sn26O50 slabs with sym-
metry 134, 132 and 231 were constructed. For the re
duced 131 surface the slab composition was Sn14O26. To
compare the surfaces with a bridging oxygen vacancy
face, also two slabs with compositions Sn18O34 and Sn40O78
were constructed. With one bridging oxygen removed fr
both sides of the stoichiometric slabs, these surfaces co
spond to 133 and 134 surface symmetries. For all system
geometry optimization was performed with the atomic pla
at the center remaining fixed to correspond bulk geomet9

The slabs were made mirror symmetric along@110# direction
and the vacuum thickness was about 10 Å.

Energies with modest differencies around 3.0 eV w
calculated for vacancy formation energiesEv , which were
evaluated fromEv5 1

2 (Esl1nEO2
2Esto)/n. In this equation

FIG. 2. Relaxed SnO2 surface geometries of 231 surface struc-
tures, corresponding to oxygen-deficient~top! and stoichiometric
~below! surfaces. The illustrated surface unit cells are quadru
cated along~001! direction.
24542
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Esl are the total energies of the surface slabs, havingn oxy-
gen pairs removed from the corresponding stoichiome
slab that has a total energy ofEsto . For the 231 surface
model, calculation ofEv is not feasible since also tin atom
are removed. The small differences between surface vaca
formation energies suggests that different oxygen-defic
surface reconstructions may easily coexist, unless surfac
not uniformly conditioned at microscopic scale. Significan
larger vacancy formation energies were calculated in ot
cases where oxygen atoms were removed below or from
surface of a slab containing also bridging oxygens. Th
less oxygen-deficient surfaces have recently been inve
gated by using density-functional method,7 and will be con-
sidered here only to compare with. Thus, it can be expec
that surface geometries of Fig. 1~or their local structures! are
relevant, although the present study cannot rule out the e
tence of other more stable geometries at certain oxygen
ficiency. Other possibilities for surfaces with low vacan
formation energies that may need to be mentioned can
associated with parallel rows of surface in-plane oxygen
cancies along@001# direction. In these surfaces one in-plan
oxygen is removed from stoichiometric or alternatively fro
reduced 131 surface. For the case in which in-plane oxyg
is removed from stoichiometric surface, vacancy format
energy of 3.0 eV was obtained. Formation of this surfa
model can compete with formation of reduced surface, wh
have same surface composition.7 In the second case, in
which one in-plane oxygen was removed from reduced s
face, lowest vacancy formation energy of 2.5 eV was cal
lated. Therefore this model may provide an alternative
the most oxygen-deficient 132 surface.

To examine in more general terms surface energetics,
a comparison between total energies of surface models
corresponding bulk and gas phase systems was perform
This study is related to those presented in references31–33for
thermodynamics of GaAs and TiO2 surfaces. Surface energ
Es of a slab with total energyEsl and surface areaA is Es
5(Esl2NSnmSn2NOmO)/2A, whereNO and NSn are num-
bers of oxygen and tin atoms in the slab. The sum of che
cal potentials of tin mSn and oxygen mO atoms, mSn
12mO , is equal to the chemical potentialmSnO2 of bulk
SnO2, due to the presence of bulk phase. The values ofmSn
andmO are yet unknown. Then, surface energy becomesEs
5@Esl2NSnmSnO21(2NSn2NO)mO#/2A, where the last
term is chemical potential of removed oxygens. The che
cal potential for oxygen is approximated by using half of t
chemical potential of the free oxygen molecule. Almost
dependently of the applied chemical potential the ordering
the surface energies is

EStoich,EBr.vac,E231,EReduc,E134,E132 ,

increasing from 1.3 J/m2 of stoichiometric model to 5.9 J/m2

of 132 surface model~shown in Fig. 3!. The surface energy
increases with increasing surface oxygen deficiency, whic
obvious also from the minor differencies of the vacancy f
mation energies.

The above assumptions about surface energetics for
fering surfaces requires further consideration in few respe

i-
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First, at elevated temperatures various temperat
dependent contributions are expected to be largely canc
whenEv andEs are evaluated. The differencies in the co
tribution of configurational part of the entropy34,35 are ex-
pected to be relatively insignificant in comparison to surfa
energy differencies. Second, surface energiesEs as a func-
tion of mO are different as illustrated in Fig. 3. The left sid
of the graph corresponds to the above-mentioned limit
mO , where oxygen gas is in equilibrium with bulk and su
face. At the right-side limit, the chemical potential for t
equals the chemical potential of bulk tin. This limit is unr
alistic in many known cases, since otherwise, based on t
modynamics, bulk Sn phase may separate from bulk SnO2. If
the total energies of the oxygen-deficient surface slabs
compared with independent bulk Sn~or SnO! and bulk SnO2
crystal phases, it was noticed that the slab systems are
stable. Therefore, it can be claimed that there can be
oxygen-deficient two-phase bulk system that is more sta
than oxygen-deficient surface.

One of the most striking result of the above surface
ergy comparison is the stability of the surface with 231
symmetry. It may thus be questioned what is the stability
this surface when bridging oxygens are included. Such a
face geometry, which we shall term as stoichiometric 231
surface, is illustrated in Fig. 2 below. As shown in Fig. 3 th
surface has a slightly larger surface energy than the stoic
metric surface. In addition to the above two 231 surface
models, for TiO2 also an another more complicated geo
etry, named as Ti2O3 added row, has been proposed36–38~not
shown here!. For such a surface slab (Sn24O46) a surface
energy of value 3.0 J/m2 was calculated, which is close t
that of the 231 model. However, in the case of tin oxid
this geometry is not identified and thus the 231 geometries
of Fig. 2 are here considered.

FIG. 3. Surface energiesEs for the surface structures as a fun
tion of chemical potential of oxygen atommO ~see text!. The sum
mSn12mO is equal to chemical potential of bulk SnO2 and at the
left side mO equals potential of oxygen atom in free oxygen m
eculemO(gas). The Stoich. 231 and 231 surfaces correspond t
the surfaces illustrated of Fig. 2 below and above, respectively
24542
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The relaxations of the surface atoms of the different s
face models were quite similar. All surface oxygens re
outwards~along@110#! with respect to their surrounding su
face tin atoms, except in the case of the reduced surface
this case, the outward relaxation of the fourfold coordina
surface tin atom (Sn21) is slightly more pronounced. All
threefold coordinated surface tin atoms relax about 0.15
toward the nearest oxygen vacancy. The differencies of
face relaxations in comparison to stoichiometric surface
largest in the case of the 132 surface. Its surface in-plan
oxygens are displaced 0.25 Å toward nearest three-fold
ordinated surface tin atoms, and outward~along@110#! simi-
larly with stoichiometric surface. The threefold coordinat
surface tin atoms relax also inward 0.15 Å with respect to
atoms at the corner of the surface unit cell. In the case o
34 surface, three-fold coordinated tins with their near
in-plane oxygens are displaced about 0.15 Å toward the
face vacancy, which are the most prominent displacemen
this surface with respect to the stoichiometric surface.

IV. SURFACE ELECTRONIC STRUCTURE

The electronic structures of the different surfaces seem
share many common features. The valence band of SnO2 is
known to be divided into the upper valence band, mainly
oxygenp type and to lower oxygens type band.1 The oxygen
p-type states contribute the valence density of state maxi
as illustrated in Fig. 4. The highest energy level of both ty
of bands consist of occupied surface states whose den
originates in addition to the surface atoms also slightly fro
first sublayer oxygens. At the position of the surface oxyge
surface states are significantly contributed by oxygen ‘‘du
bells’’ pointing out to vacuum. Decrease of the Madelu
field at surfaces plays an important role in ‘‘destabilizing
surface O22 and Sn41 ions with respect to correspondin
bulk ones.1,39The decrease of the Madelung field is expec
to become more effective as surface oxygen ions are
moved. In all of the surface models here considered, low
energy conduction-band energy states are also surface s

Considering surface tin atoms, significantly different co
tributions depending largely on differing coordination a
ionic charge occurs. With decreasing coordination from fiv
fold coordinated Sn surface ions to the threefold~approxi-
mately sp2) coordinated surface tin atoms of 134 and
132 surfaces, Mulliken valence charges increases from
value of about 2.5 to over 3 electrons. Consequently,
threefold coordinated surface tin atoms have a large Sp
type of contribution. Qualitatively, the increase of charges
tin ions can be explained in terms of Pauling’s bo
strength40,41 and charge compensation of surface ions
avoid electrostatic instability.42 Some changes of surfac
bonding are also present. In the case of bridging oxyg
atoms, associated Sn-O bond length is contracted 0.0
from the corresponding bulk value. This bond has the larg
bond population and the sixfold coordinated Sn atom
significantly larger Mulliken charge with respect to the t
atoms below surface layer. At 134 and 132 surfaces, the
threefold coordinated tin ions bind more strongly to t
nearby surface in-plane oxygen atom according to the b
8-4
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FIG. 4. Total density of states of the upper valence band of
considered slab models. The line indicates the highest occu
state. The largest density maxima are attributed mainly to oxygep
orbitals. The DOS maxima labeled bya andb are due to the surface
bridging oxygenp orbitals. The DOS maximum labeled byc corre-
sponds to the distribution of 132 model shown in Fig. 5.
24542
population analysis. More generally, the coordination and
cal geometry of fourfold and, more significantly, threefo
coordinated surface tin atoms have similarity with tin mo
oxide and with some other Sn~II ! compounds. In these case
part of the charge of broken Sn-O bonds of the crystal s
tems are in a form of ‘‘hats’’ covering tin atoms~also known
as lone pair hats! and located in the space of remove
bond.43–45 Character of such a charge distribution is asso
ated with a state density close to the Fermi level with
considerable Sn-5p type of contribution. A closely related
charge distribution is present also in the case of oxygen
ficient ~110! surfaces that will be illustrated in more detail

Some chemical differences between surface models
obvious from the different DOS curves for bulk, stoichi
metric, reduced and 231, 134, and 132 models shown in
Fig. 4. Characteristic surface-state features attributed
bridging oxygen O-p dumb bells are indicated by labela in
Fig. 4. The corresponding orbitals in space are shown in F
5. The removal of a bridging oxygen from the row of brid
ing oxygens~i.e., bridging oxygen vacancy model! changes
DOS by forming a peak above the top of the valence ban
the stoichiometric model7 ~not shown here!. The charge of
the associated highest occupied orbital is most significan
the position of the removed oxygen. As discussed in Ref
and 6 and 9, and shown in Figs. 4 and 5, removal of
bridging oxygens, cause surface states high in the bulk b
gap associated to fourfold Sn21 ions, with in-plane oxygenp
contribution. The 231 surface model has similar tin Sn21

with lower density, and thus, similar surface DOS features
shown in Fig. 4. This model also contains twofold coord
nated surface oxygens that have similarity with bridgi
oxygens and contribute a similar DOS feature labeled byb in
Fig. 4. In case of the 132 model, surface states, with th
charge hats as discussed above, are clearly formed as s
in Fig. 5. The corresponding maxima in DOS are labeled
c in Fig. 4. At lower energy states~below 1 eV from the top
of the valence band! charge hats overlap significantly wit
nearby fourfold surface tins in a way that charge becom
smeared over empty in-plane vacancy site~not shown here!.
This overlap obviously has a stabilizing effect. The cha
distribution of 134 surface has a qualitative similarity wit
reduced and 132 models. In the case of a less stable surfa
vacancy model, in which in-plane oxygen is absent fro
stoichiometric surface, highest occupied orbital were sign
cantly localized to the position of removed oxygen atom.

Concerning the differences between USP and P
pseudopotential results, a difference in charge density
close vicinity of surface Sn ions was observed.9 As indicated
by labelB in Fig. 5, in the case of PSP, additional localize
charge appear at surface Sn sites of both stoichiometric
nonstoichiometric models in comparison to the case of U
The surface tin atoms, at the center of the surface unit c
also have highest Sn-4s, Sn-4p, and Sn-4d electron energies
in the cases of stoichiometric, reduced and 132 surface
models. A simple explanation for this result is the large
valence charge of these tin atoms in comparison with ot
tin atoms in the unit cells.46

Also, parts of DOS above the conduction-band minim
are shown in Fig. 4. Corresponding lowest occupied orbi

e
ed
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for stoichiometric and reduced models are shown in Fig
In the case of stoichiometric model, separation betw
valence- and conduction-band energy levels is decrea
with respect to bulk. The separation is further decrease

FIG. 5. Highest occupied orbitals integrated over the first B
louin zone of stoichiometric, reduced and 132 surface models cal
culated by using PSP pseudopotential. The labelA indicates tin
‘‘charge hat.’’ LabelB shows charge distribution absent in the ca
of USP pseudopotential. These isocharge surfaces correspon
the charge density of about 0.01 e/Å3.
24542
.
n
ed
in

case of oxygen-deficient surfaces. This is in agreement w
experiments with oxygen-deficient SnO2 surfaces.47 Most
considerable decrease of separation between valence-
conduction-band energy levels is observed in the case of
231 model. The decrease of the energy-level separation
be seen as an indication of the decreased stability of
surface systems.48 However, in the case of 231 surface this
reasoning does not seem to apply. The explanation for
smallest separation between valence and conduction ban
that the valence and conduction band states~projected to
surface atoms! are lower in energy at hollow area of the
31 surface. In agreement with experimental results of sc
ning tunneling microscopy, hollow area shows a da
contrast.28 There are many effects that can result in stab

-

to

FIG. 6. Distribution of lowest unoccupied orbitals of stoichi
metric ~top! and reduced surface models~bottom! calculated by
using USP pseudopotential. Significant localization is observe
the site of the fivefold coordinated surface tin atom.
8-6
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FIG. 7. Absorption coefficients for the surfac
systems as a function of excitation energy.
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zation of the hollow sites including absence of least coor
nated surface ions together with decreased repulsive inte
tions and larger Madelung field than at plane~110! surface.
Actually, for oxygen atoms the energy levels at the hollo
site were slightly~0.5 eV! below the energies of those oxy
gen atoms in the middle of the slab.

Earlier, a good agreement was found between calcula
and experimental ultraviolet absorption at SnO2 surface.9

Here the applied electric dipole approximation predicts t
ultraviolet optical absorption in transition energies below
eV is entirely contributed by surfaces, as shown in Fig. 7.
vacancy models cause about 1 eV decrease of the absor
edge with respect to stoichiometric and reduced surfa
Thus, the presence of further surface oxygen deficiency
231 type of surface geometry is observed to decrease u
violet absorption edge. The effects of incident light polariz
tion were also checked. It was found that, except for the c
of 231 surface, absorption is slightly more strong with t
light polarized along@11̄0# direction with as compared to
@001# polarization.

V. CONCLUSIONS

Theoretical calculations confirm the existence of recen
proposed 231, 134, and 132 surface vacancy structure
of SnO2 ~110!. Surface geometries are similar to the on
proposed earlier for titanium oxide. Atomic surface rela
ations differ slightly from those of the stoichiometric surfac
s

de

d

24542
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with in-plane oxygens relaxing outwards in all cases cons
ered. Threefold coordinated surface tin atoms with their ne
est in-plane oxygen atoms relax towards surface vaca
site. Nearly equal energies for surface vacancy forma
~3.0 eV! were calculated for all structures. Consequently, s
face energy of the considered surfaces increase with incr
ing oxygen deficiency. Reduced and oxidized 231 surfaces
were found to be relatively stable. The observed differen
between 132 and 134 structures were relatively modest.

The highest occupied orbital has a significant contribut
at the site of the removed oxygen. In case of the 132 and
134 surfaces these orbitals have qualitative characteris
similar to those found in SnO crystals. Surface states w
found in all studied cases, including also the stoichiome
surface, at the top of Sn (4s,4p,4d), O2s and O2p type of
bands. The electronic structure of 231 model is associated
with an additional microscopically nonhomogeneous ba
bending that decreases the observed band gap. Conce
ultraviolet optical absorption, in comparison with the pre
ously published stoichiometric and reduced surface mod
absorption edge is predicted to decrease about 1 eV in
cases of 231, 134, and 132 surfaces.
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