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ATOMIC STRUCIRJRE OF THE SnO 2 (110) SURFACE

T. J. GODIN AND JOHN P. LAFEMINA
Molecular Science Research Center, Pacific Northwest Laboratory,* Richland WA 99352

ABSTRACT

Using a tight-binding, total-energy model, we examine atomic relaxations of the ideal
stoichiometric and reduced tin oxide (110) surfaces. In both cases we find a nearly bond-length
conserving rumple of the top layer, and a smaller counter-relaxation of the second layer. These
calculations show no evidence of surface states in the band gap for either surface.

INTRODUCTION

This paper describes tight-binding, total-energy, calculations of surface relaxations of the
(110) surface of tin oxide (SnO2). Tin oxide has many important technological uses in which its
surface properties playa key role, including catalysis 1'2and chemical sensor _'4applications.

The (110) surface of SnO2 has been the best characterized experimentally. Like many
mineral oxides, SnO 2 does not cleave well, but fractures. Moreover, the (110) surface
stoichiometry depends highly on surface processing conditions. Experimental low-energy,
electron diffraction (LEED) and Auger studies of SnO:_(110) have shown that the surface tin to
oxygen ratio can vary from 0.49 to 0.76 depending on the annealing temperature, and that the
surface can display p(lxl), c(lxl), p(4x2), p(4xl) or amorphous structures. 5 Recently, Cox et
a/. have developed techniques for producing nearly perfect, stoichiometric SnO 2 (110)
surfaces, 6'7which should allow quantitative experimental study of the relaxed surface geometric
and electronic structure of this surface. However, there have so far been no quantitative results,
either experimental or theoretical, which describe the relaxed atomic geometry of the ideal
stoichiometric or reduced (110) surface.

IDEAL SnO2(i10)SURFACE

Bulk SnO 2 crystallizes in the rutile structure (Fig. 1), which has tetragonal D_
symmetry. There are six atoms per primitive unit cell (two octaheclrally coordinated tin atoms m_d
four three-fold coordinated oxygen atoms).

We model the SnOz surface by slabs six __ _layers thick, periodically continued in directions
normal to the slab thickness. A layer is defined az
the plane (shaded in Fig. 1) which contains two tin
atoms per surface unit cell. The periodic, ideal
(truncated bulk) (110) surface has several possible
terminations, each leading to a different surface
stoichiometry. Panels Ca)and (b) of Fig. 2 show
two such structures: a tin-oxygen plane with
bridging oxygen atoms (a "stoichiometric" surface) .__ a
and without (a "reduced" surface). CAthird
termination, with additional oxygen atoms placed
directly above surface tin atoms, will not be © O • Sn
considered here.) The shaded (110) plane in the
bulk unit cell (Fig. 1) corresponds to the reduced Figure 1. Bulk primitive unit cell
surface plane in Fig. 2 (a). (For clarity, only the for tin oxide. The shaded plane
top three layers of the six-layer slab models are is a C110) layer.
depicted in Fig. 2.)

• Operated for the U.S. Department of Energy by Battelle Memorial Institute under contract
DE-AC06-7_I .n 1_C_
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Figure 2. The top three surface layers for: (a) the unrelaxed reduced surface;
(b) the unrelaxed stoichiometric surface; (c) the relaxed reduced surface; (d) the

relaxed stoichiometric surface of SnO2 (110).

The surface relaxations of these structures are determined by finding the minimum of the
total energies of the slabs as functions of the atomic positions. The method of calculating the slab
total energy is described in the next section. Ideal, periodic SnO2 (110) surfaces have (lxl) relaxed
surface geometries; this is enforced in our model by i_aposing periodic boundary conditions on the
surface unit cell.

THE TIGHT-BINDING, TOTAL-ENERGY MODEL

The tight-binding, total-energy model used separates the total energy into a "band-
structure" energy E_, which describes the valence electrons, and an interatomic repulsive term U:

E_,..t = E_,+U . (1)
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Ea, is the sum of occupied eigenvalues of a single-particle, Slater-Koster _Hamiltonian integrated
' over the reduced surface Brillioun .:one. The integration is performed by a quadrature scheme

developed by Chadi and Cohen 9 using a single node, or "special" point, in k-space. U consists of
interatomic pair potentials.

To reproduce the qualitative features of the bulk SnO z band structure, the tight-binding
Hamiltonian must include oxygen-oxygen interaction parameters, and must therefore go beyond a
nearest-neighbor model 1°.Moreover, an adequate model of internal static equilibrium in rutile-
structure lattices requires interactions between distant neighbors, in both Ea, and U, to insure
mechanical stability for each atom.

Electronic parameters in the Hamiltonian were taken from previous tight-binding
calculations of SnOa bulk band structure, 1°and modified to follow a 1/dz scaling of off-diagonal
elements, where d is the interatomic separation. Parameters are included for interactions through
fourth-nearest-neighbors. We have found that these modified parameters adequately reproduce the
bulk band structure. The repulsive part of (1) is given by

(r2,kllnv =Z ( Z 'i,i Irl'OI k,l

,,,,,hererl_ and r_ are the bulk nearest tin-oxygen and oxygen-oxygen distances respectively, r1.. is. - - . .... " ,L/

the dist,'mce between nn atom _and oxygen atom d, and 5 at_s the d_stance between oxygen atoms k
and I. The indices run over first- through fourth-nearest _earest neighbors. The constants c I, camad
n are fitted to the bulk structure and modulus. For tin oxide we have obtained values for c_, ca,and
n of 0.19134 eV/bond, 0.00816 eV/bond and -14.9725 respectively.

The scalings of both the band structure and repulsive parameters with interatomic distance
are important features of this model. They can be justified by general arguments, _ and allow the
same oxygen-oxygen parameters to be used for second-, third- and fourth-nearest neighbors. This
reduces greatly the number of independent fitted parameters in the model.

The surface relaxations for SnO a (110) are found by applying (1) to the slabs in Fig. 2 to
find their total energy, and minimizing this energy by minimization of the Hellman-Feynman 12
forces on each atom.

SURFACE RELAXATIONS OF SnO z (110)

When allowed to relax, slabs with both surface terminations undergo a rumpling of the
surface layer, in which both surface tin atoms remain approximately fixed in bulk positions, while
the surface layer oxygen atoms move out from the surface (Fig. 2 [c] and [di). A much smaller,
but noticeable, "counter-rumple" occurs in the second layer; the third layer atoms remain
approximately in their bulk positions.

.Alirelaxations conserve the mirror-plane symmetries present in the truncated bulk surface
unit cell (Fig. 2 [ai and [bi). Motion in the x direction is negligible for all atoms, and y motion of
each surface oxygen atom is mirrored by its neighbor. This allows the surface layer relaxations to
be described in terms of a few independent structural parameters (Fig. 3). The values of these
parmneters for the relaxations in Fig. 2, as well as for the truncated bulk surface, are shown in

Table I. (The two tin-oxygen z shears, Aaz aand A_j.3,are actually redundant because of the
reflection symmetry. Both values are listed to demonstrate the extent to which that symmetry is
preserved.)

In both cases, the relaxations conserve bond lengths to within a few percent. This
[3 14

phenomenon is a general feature of both semiconductor and insulator surfaces, and results from
the large energy cost associated with the creation of local strain fields, which arise when local
bonding environments become significantly distorted.

The relaxations of both the reduced and stoichiomeu'ic surfaces can be understood by
considering the reh_bridization of the surface oxygen atoms from their bulk configuration, which
_sapproxxmately sp plus a non-binding lone pair. For the reduced surface, the oxygen atoms
move out from the surface into a more tetrahedral configuration about the four-fold coordinate tin
atoms, allowing the oxygen atoms to lower their energies by rehybridizing to an approximate sp_
environment. For the stoichiometric surface, the two-fold coordination of the bridging oxygen
atoms imposes an additional constraint. Their energy can also be lowered by rehybridiT_tion tc_nn
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Figure 3. Independent geometric structure parameters used to characterize the
positions of relaxed (110) surface atoms. (The size of the relaxation is greatly
exagerated here).

surface A_a.1 All2 A_13 AI±B d_y

ideal 0.000 0.000 0.000 1.397 2.626
reduced 0.072 0.365 0.368 - 2.646
stoichiometric 0.085 0.352 0.354 1.312 2.579

Table I. Geometric structure parameters for the relaxed surfaces in Fig. 2.
Ali quantifies are expressed in units of Angstroms.

approximate sp3 environment, causing them to move outward from the surface, reducing the
Sn-O-Sn bond angle from the bulk value of !20 ° to approximately 102° for the relaxed structure.

Our calculations show no evidence of electronic states in the band gap for either the
stoichiometric or reduced surface. This agrees with ultraviolet photoemission spectroscopy (UPS)
measurements of the stoichiometric surface is and previous calculations on the ideal reduced
surface. _6Photoemission Gasand ion-scattering 6spectroscopy on the reduced surface show
appreciable densities of states in the gap. However, these states am believed to arise from surface
defects. Future calculations with this model will address this issue.
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