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aCEA L e Ripault, Département Matériaux, 37260 Monts, France

bInstitut de Chimie de la Matière Condensée de Bordeaux—CNRS, Chateau Brivazac, Avenue du Docteur Schweitzer,

F-33608 Pessac, France

The electronic structure of the rutile-type oxide SnO2 is examined self-consistently using the augmented-spherical-wave (ASW)
method within the density-functional theory (DFT). The influence of hybridization between the different l-states on the chemical
bonding is discussed from the density-of-states (DOS) and the crystal orbital overlap population (COOP) results. A description of

the nature of chemical bonding in SnO2 is provided along with the investigation of the optical properties. An overall agreement
was found between the calculated and the experimental optical properties in the UV spectrum.

The purpose of this work is to present and discuss the intrinsic electronic properties of SnO2 . In the limited ASW basis set,13
the chosen valence partial wavefunctions for the differentelectronic, optical and chemical bonding properties of SnO2

calculated self-consistently by means of the augmented-spheri- species are as follows: Sn (5s,5p), O (2s,2p), i.e. lmax=1 for tin
and oxygen respectively, l being the secondary quantumcal-wave (ASW) method within the density-functional theory

(DFT). The properties of metal oxides have received a great number. The ASW method is based on the density-functional
theory (DFT)14 which accounts for the ground state propertiesdeal of interest for many years, due to many fields of application

such as solar cells, optical devices and oxidation catalysts, in of a compound, i.e. the calculations are carried out at T=0 K.
The effects of exchange and correlation are treated within thethe particular case of SnO2 . Even though these applications

are often related to the extrinsic behaviour of stannic oxide, a local-density approximation (LDA) using the parametrization
scheme of von Barth and Hedin15 and Janak.16 This localitydetailed understanding of the fundamental electronic structure

and properties is required to obtain high-quality materials. provided by the LDA to the DFT gives the labeling of local-
density functional (LDF) to the calculations.Theoretical studies and DFT calculations especially were found

to provide valuable information about the electronic or the Within the atomic sphere approximation (ASA), the ASW
method assumes overlapping spheres centered on the atomicUV optical properties of rutile-type oxides ranging from

CrO2 ,1,2 the only ferromagnetic half-metallic rutile oxide at sites whose volume has to be equal to the cell volume. Within
the spheres the potential has a spherical symmetry, i.e. centralroom temperature, to insulating oxides such as TiO2 .3,4

Concerning SnO2 , Jacquemin et al.5,6 used the Kohn– potential. As the rutile structure is not closely packed, empty
spheres (ES) are introduced to represent the interstitial spaceKorringa–Rostoker (KKR) method along with semi-empirical

potential models to study the optical transitions related to the and to avoid an otherwise too large overlap between the actual
atomic spheres of Sn and O. ES are pseudo atoms with zerominimum band gap. A similar investigation was carried out

by Arlinghaus7 using a self-consistent augmented-plane-wave atomic number. They receive charges from the neighboring
atomic species and allow for possible covalency effects within(APW) method and Robertson8 reported the SnO2 band

structure derived from a tight-binding method with scaled two- the lattice.
The Brillouin zone (BZ) integration was carried out for 825centre interactions. Svane and Antoncik9 investigated the SnO2

band structure and the charge distribution within the crystal k-points in the irreducible wedge. Self-consistency was obtained
when no variation of the charge transfers (DQ<10−6 ) and ofusing the linear muffin-tin-orbital (LMTO) method. More

recently, extrinsic properties of SnO2 such as dopant and the total variational energy Evar (DE<10−6 Rydberg) could be
observed upon additional cycles.surface reduction effects have been studied within the frame-

work of DFT.10,11 However additional calculations are needed Furthermore in this work chemical bonding features are
discussed based on the crystal orbital overlap populationin order to acquire a deeper understanding of the intrinsic

optical and chemical bonding properties of SnO2 . Therefore (COOP) initially developed by Hoffmann from the quantum
chemistry standpoint (extended Hückel calculations).17 Thiswe provide here a theoretical study of the electronic structure

of SnO2 that leads to a description of both the nature of allows for the density-of-states (DOS) features to be assessed
on the basis of chemical bonding criteria which in a laxchemical bonding and the character of the optical behaviour

in the UV spectrum. This paper is organized as follows: the notation consists of weighting the DOS with the sign and
magnitude of the overlap integral between the relevant orbitals.calculational method is first presented followed by the descrip-

tion of the crystal structure used in this work. The band The optical absorption spectrum is calculated as the real
part of the frequency-dependent interband optical conductivitystructure and density-of-states results are then discussed fol-

lowed by the crystal-orbital-overlap-population analysis. The in the dipole approximation evaluated with the Kubo
formula.18,19calculated UV absorption spectrum is presented and compared

with experiment. Finally, a brief conclusion is provided.

Crystal structure
Calculational method

SnO2 exhibits the rutile structure with space group P4/mnm.
The unit cell is simple tetragonal and contains six atoms, twoAs in our earlier studies of oxide systems2,12 we use the

augmented-spherical-wave (ASW) method13 to calculate the tin and four oxygen. Atomic positions are determined by the
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c/a ratio and the internal parameter u.20 The cations are at Another relevant feature of the band structure is the free-
electron-like character of the conduction band in the C–Z and(0,0,0) and (D,D,D) and are surrounded by a distorted octahedron

of anions at ±(u,u,0) and ±(D+u,D−u,D). Each cation has C–M directions, as reported in other studies.7,8,10
Moreover, a theoretical valence band width of ca. 7.5 eV istwo anions at a distance of √2ua and four anions at

[2(D−u)2+(c/2a)2]Da. Each anion is found to be bonded to found, the experimental value being 9–10 eV.21,24,25 As pre-
sented in Fig. 2(b), the SnO2 valence band features obtainedthe cations in a planar-trigonal configuration in such a way

that the oxygen p orbitals contained in the four-atom plane, from our calculations are seen to be in agreement with UV
photoelectron spectroscopy (UPS) measurements.21i.e. p

x
and p

y
orbitals, define the bonding plane. Consequently,

the oxygen p orbitals perpendicular to the bonding plane, i.e. The projection of the DOS for the l-states for each one of
the two constituent species is presented in Fig. 2(a) and (b). Ap

z
orbitals, have a non-bonding character and are expected to

form the upper valence levels. In the work presented here, large contribution of Sn(s)-states is found at the bottom of the
valence band between −7 and −5 eV. Then from −5 eV tovalues of 4.737, 3.186 Å and 0.307 are used for a, c and u

parameters, respectively.20 Our non-unique choice of the the top of the valence band, the Sn(p)-states contribution is
decreasing as the Sn(d)-states contribution is increasing. Theatomic sphere radii which minimize the overlap between the

atomic spheres was subjected to the following ratios: rSn/rO= Sn(d)-states are found to occupy the top of the valence band.
A large and extended contribution of O(p)-states is found in0.875, rO/rES1=1.333, rES1/rES2=1.089, where ES1 and ES2 are

empty spheres placed at (0,D,B) and (u,−u,0), respectively. the valence band. Clearly, bonding between Sn and O is
predominated by the p-states of the latter. The projectionSince the minimum band gap value was found to be rather

sensitive to the sphere radii, our choice for the atomic sphere along the Cartesian axes showed equal contribution from in-
plane p

x
and p

y
orbitals and slightly different shape of O(p

z
)radii was determined in order to reproduce the experimental

minimum band gap value. ones which are characterized by a very sharp peak close to
the top of the valence band as expected from crystal structure
considerations. The conduction band shows a predominantResults and Discussion
contribution of Sn(s)-states up to 9 eV. Then, for energies
larger than 9 eV, an equal contribution of Sn- and O-states isBand structure and density-of-states results
found in the conduction band.

The calculated band structure of SnO2 along the symmetry
lines of the simple tetragonal Bravais lattice is shown in Fig. 1,

Crystal orbital overlap population results
where the Fermi level is chosen to be the zero of the energy
scale. The interatomic interaction can be further investigated by

examining the COOP. As described above, in the rutile struc-A basic feature of the band structure presented here is that
the maximum of the valence band is located at the R-point of ture the metal is in a non-regular octahedron of oxygen atoms

and SnO6 octahedra are edge sharing. Because of this featurethe BZ whereas the minimum of the conduction band is at C.
Therefore, the lowest-energy optical transition is found to be of stacking octahedra there could exist non-negligible OMO

interactions beside the SnMO ones. This we illustrate bya R�C phonon-aided indirect transition as reported in other
theoretical studies.7,9 This result is inconsistent with experiment showing the relevant COOP in following figures where positive,

negative and zero values along the y-axis are relative tosince the SnO2 minimum band gap is believed to correspond
to a direct dipole-forbidden transition at the C-point.9 The bonding, antibonding and non-bonding interactions respect-

ively. Beside the COOP given for two-body interactions forexperimental minimum band gap magnitude varies from 2.25
to 4.3 eV, depending on the sample purity.6,21 However a all the valence basis set, we give a projection as well for p and

d orbitals for each atomic species in order to address theirreasonable value for the SnO2 minimum band gap at 0 °K
would be within the range 3.6–3.9 eV.6,22,23 In our calculations respective roles.

Fig. 3(a) shows the COOP for the SnMO and OMO inter-the energy difference associated with the R�C indirect trans-
ition is ca. 3.6 eV and the lowest energy direct interband actions for one atom of each species. They are clearly domi-

nated by both kinds of interactions. The energy range wheretransition, i.e. the minimum direct gap, is a C�C transition of
ca. 4.0 eV. Sn(p)-states predominate (−4 to −2 eV) shows bonding fea-

tures of SnMO interaction which then becomes antibonding.
There are concomitantly bonding and antibonding OMO

Fig. 2 Partial density-of-states (DOS) for SnO2 : l-projected DOS for
tin (a); l- and Cartesian-projected DOS for oxygen (b); also shown in
(b) are the UV photoelectron spectroscopy (UPS) measurements

Fig. 1 Band structure of SnO2 from ref. 21
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Fig. 3(a). The peak at 9.6 eV is probably due to transitions
from the O(p)-states to Sn(s)-states occurring at the Z-point
and the C-point and near these points in the Z–A, C–M and
C–Z directions where numerous direct transitions of that
magnitude are found. Another critical feature of the calculated
absorption spectrum is a peak at 11.7 eV whose interpretation
remains difficult due to a large number of transitions. However
that peak seems to be mainly caused by transitions occurring
all over the volume of the BZ investigated except the M–C
zone where relatively few transitions of this magnitude are
observed. Most of these transitions take place from the O(p)-
states in the valence band to the Sn(p)-states in the conduction
band but a significant amount of transitions with a magnitude
of ca. 11.7 eV is also found to occur from O(p)-states to
Sn(s)-states.

In contrast to the character of the SnO2 optical gap which
has been intensively studied over the past decades, there are
very few experimental data about the optical properties of

Fig. 3 Crystal orbital overlap population (COOP) for SnMO and SnO2 for photon energies larger than the minimum band gap
OMO interactions (a); tin l-projected COOP for SnMO interactions (b)

energy. Our results are found to agree with the shape of the
reflectivity spectrum of SnO2 measured by Jacquemin et al.26

interactions. Thus the upper part of the valence band is formed The peaks of the experimental reflectivity spectrum were
of antibonding SnMO and OMO interactions. This can be observed at 4.3, 7.4, 8.9 and 10.9 eV, respectively, whereas our
more clearly observed when l-projected COOP are plotted. In calculated absorption spectrum exhibits three peaks at 8.0, 9.6
Fig. 3(b), the SnMO interaction is resolved for Sn(p) and Sn(d) and 11.7 eV, respectively, and a shoulder extending from 4.2 eV.
contributions. This clearly shows that Sn(p)MO interaction is The agreement between the two sets of results decreases as the
bonding up to the top of the valence band, this is because photon energy increases, showing the degree of accuracy to be
Sn(p)-states are filled with less than one electron so that all expected in the approach proposed here. Finally, it is of interest
electrons coming from oxygen will be bonding. On the contrary to note that experimentally it was found that the absorption
because the Sn(d) band is nearly full all interactions with of light polarized parallel to the tetragonal axis exhibits a
oxygen will be antibonding. The resulting COOP of SnMO diffuse edge around 3.95 eV,27–30 which is in agreement with
interaction is that the lower part of the valence band is bonding our calculations.
and the upper part antibonding as shown in Fig. 3(a).

UV absorption spectrum Conclusions

The UV absorption spectrum of SnO2 is calculated following The augmented-spherical-wave (ASW) method used here
the method described above for light polarized parallel to the within the density-functional theory (DFT) is found to provide
tetragonal axis. Results are presented in Fig. 4. A shoulder is a deeper understanding of the chemical bonding properties of
observed for photon energies right above the direct gap energy, SnO2 since the crystal orbital overlap population (COOP)
i.e. 4.2 eV. This feature is due to transitions, from the O(p)- results show that the upper part of the valence band is formed
states in the valence band to Sn(s)-states in the conduction by antibonding Sn(d)MO and OMO interactions combined
band, occurring at points located near the C-point in the C–M with bonding Sn(p)MO interactions. Furthermore an overall
and C–Z directions of the BZ. A large number of direct agreement is found between the calculated and the experimen-
transitions with a magnitude of ca. 8 eV is found to occur tal optical properties in the UV spectrum.
from O(p)-states to Sn(s)-states where the corresponding
energy bands are relatively parallel, i.e. at the A-point and the The calculations presented for the UV absorption spectrum
M-point and near these points in the A–Z, A–M and M–C were carried out with the ESOCSA program from Molecular
directions of the BZ. These transitions give rise to the peak Simulations, Inc.
observed at 8.0 eV and their initial states are lying in the
strong OMO antibonding interaction region plotted in
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