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Determination of the TiO2 „110… „2Ã3… surface structure via a parametric approach
to STM image simulation

Jack Smith and D. A. Bonnell
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Scanning tunneling microscopy~STM! image simulations for transition-metal oxide surfaces have been
compared to STM images to determine the atomic structure of the TiO2 ~110! (233) reconstruction. The
calculation of simulated image contrast is based on fitting Slater-type orbital functions to first-principles empty
state contours for an unreconstructed TiO2 ~110!. The calculations are extended to arbitrary surface structures
using a parametric approach. For the case of TiO2 ~110!, simulations of empty conduction-band edge state
densities are compared with STM images to distinguish between two possible atomic terminations of the 2
33 surface. The method is proposed as a general approach that allows a first-order interpretation of features in
STM images of complex oxide surfaces. The structures of these surfaces are often quite complex and exhibit
a mixture of ionic and covalent bonding, often making image interpretation difficult.
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I. INTRODUCTION

Transition-metal oxide surfaces are of considerable te
nological and scientific importance primarily because of th
prominent roles in gas semiconductor devices, gas sen
and catalysis. Because of this, much effort has been dev
to understanding the physical and electronic structure
these surfaces on an atomic scale, both theoretically
experimentally.1 The task of fully characterizing these su
faces is complicated substantially, however, by the ability
many of these compounds to accommodate high degree
nonstoichiometry. As a result, a large variety of stable
metastable surface structures, many with large unit cells
low symmetry, have been observed.1 A prototypical example
of a technologically important transition-metal oxide com
pound that exhibits a wide variety of surface terminations
rutile TiO2. TiO2 has been seen2–9 to exhibit a charge neu
tral ~stoichiometric! surface structure~110! (131), and
first-principle results10–12have shown this structure to be e
ergetically favorable. However, considerable deviations fr
stoichiometry in this surface have also been observed,
ticularly when the compound is annealed in a reduc
environment.2,3,6,7,13–15The characterization of these surfac
has been slowed by the difficulty of the interpretation
experimental data.

In many ways, scanning tunneling microscopy seem
tool ideally suited for understanding the structure and p
ticularly the electronic properties of oxide surfaces.16 How-
ever, due to the number of interrelated contributing factor
STM images of these surfaces a method of image interpr
tion is necessary in order to extract quantitative informat
from the data. One successful approach to the interpreta
of images of TiO2 ~110! is the use of first-principles pseudo
potential calculations of spatially resolved surface electro
structure of states relevant to tunneling.17,18 However, the
ability to perform first-principle calculations is often re
moved from the experimentalist and the formidable cost
slow running time of such calculations make them impra
cal as a tool forin situ image interpretation of complex su
faces.
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Recently, tight-binding calculations of electronic structu
have been proposed as a more viable method of image s
lation and interpretation.19–22 These calculations are suffi
ciently simple that they may be performed on moder
workstations. We share the goals of more viable image sim
lation and interpretation. The approach makes use of fi
principles results for ideal or unreconstructed surfaces to
velop a basis that is then extended to the much larger num
of relatively complex reconstructed surfaces by methods
scribed in Sec. II. Since Hamiltonian diagonalizations a
avoided for all reconstructions with the method, it exten
the applicability of image simulation techniques to arbitrar
complex surfaces. This method is applied to the case of T2
~110! (233) for which several atomic structures can be
voked to explain STM image contrast.

II. PROCEDURES

A. Calculations

Bardeen’s application of perturbation theory to the tunn
ing problem yields the following expression for the current23

I 5
4pe

\ E
0

eV

rS~EF2eV1«!rT~EF1«!uM u2d«

in terms of the tip and sample density of states~rS andr t ,
respectively!, the applied biasV, and the tunneling matrix
elementM. The sample Fermi level isEF and« is energy. In
the manner first illustrated by Tersoff and Hamman,24,25 the
tip can be approximated as a protruding piece of Sommer
metal with a finite radius ofR. If R is small, then the tip
wave functions can be assumed to have small angular
mentum. The ‘‘s-wave approximation’’ includes only spher
cally symmetric (l 50) states in the tip representation. Fu
ther, if the tip is taken as an ideal mathematical point
tunneling current, under conditions of forward bias, is p
4720 ©2000 The American Physical Society



tial

d
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FIG. 1. Matching first-principle electron density contours for TiO2 ~110!. Black contours are the results from soft pseudopoten
calculations averaged for energies betweenEF and EF1eV and along@001# and @010# directions by Dieboldet al. ~Ref. 8!. Bold line
contours are the calculation based on adjusted Slater orbitals.~a! shows the (131) reconstruction of the surface, while~b! shows the (2
31). In the figure the large dark spheres are oxygen ions while the smaller spheres are Ti. The~110! plane is perpendicular to the page an
the @001# axis is parallel to the labled axes in the figure. First-principle ESD contours reprinted from Ref. 8.
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portional to the density of sample states (cm) within the tip
bias energy~eV! of the sampleEF evaluated at the locus o
the tip (r t), or

I} (
Em5EF2eV

EF

ucm~r t!u2. ~1!

Though, in principle, the calculation of tunneling current c
be made more accurate if the tip electronic structure is
plicitly included, Eq.~1! captures all first-order contribution
with a minimum amount of computation. Indeed it has be
shown that thes-wave approximation from which Eq.~1!
was derived models STM current reasonably well in ma
cases.26

With these assumptions, for any surface the spatially
solved integral of the electronic density of states energ
cally relevent to tunneling is a first-order approximation o
STM image of that surface. One accurate method of exp
mental image interpretation, then, is to compare the result
first-principles calculations of surface electronic structu
with experimental images. This technique has proven s
cessful, particularly in the case of images of TiO2 ~110! (1
31).16,17 For the general application of STM to reco
structed surfaces that require many more atoms per com
tational unit cell, a parametric method for imitating the su
face electronic structure which works in conjunction w
first-principle results is proposed.

The treatment essentially follows Eq.~1! and contains all
the assumptions implied by that relation. Instead of de
mining the wave functions in this expression directly throu
energy minimization, however, Slater-type27 orbitals are fit
to first-principle solutions of empty state densities~ESD! for
surfaces with high symmetry. STM images of TiO2 surfaces
have been observed only in the case of forward tip bias2–11

while accessing the empty states in the conduction band
have an energy betweenEF andEF1eV. The results of first-
principle studies have shown that the density of states~DOS!
in this energy range is dominated by Ti 3d orbitals, but there
is a finite contribution from O 2p as well.18,28,29Therefore,
the model ESD of the squares of parametric Slater-type
3d and O 2p orbitals is ‘‘built’’ according to the following
expansion:
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2 ~r2r j !, ~2!

where the sums are over all Ti sitesi and O sitesj, the Ai , j
are the coefficients in the expansion, and the parame
Slate-type orbitals are denoted byf. Each orbital is com-
posed of the product of a radial term and an angular term
are solutions to the Schro¨dinger equation for a generi
spherically symmetric potential in a one-electron atom. W
adjust only the radial portion of these orbitals. The Ti 3d and
O 2p radial functions are

RTi~r !5
4

81A30
S 3

2
aTiD 7/2

r 2e2aTir /2,

RO~r !5
1

2A6
~aO!5/2re2aOr /2. ~3!

The orbitals whose radial functions appear in Eq.~3! are
fully normalized. The fitting parameters areAi ,Aj , and
aTi ,aO. The coefficients in the expansion represent the
erage fraction of the total density of states that each type
orbital retains over the energy range relevent to tunneli
The parametersaTi and aO are inversely related to the
nuclear potential for each ion. Altering these paramet
changes the effective radii of the Slater orbitals. Note t
there are a relatively small number of parameters in the
For the example case of highly symmetric TiO2 ~110! sur-
faces discussed in the following, only four total paramet
are fit.

Equations~2! and ~3! are tested in comparison to firs
principles predictions, which are available for highly sym
metric surfaces. Examples of these are the TiO2 ~110! (1
31) surface and the (231), for both of which first-principle
calculations of the electronic structure are available.30 The
(131) surface is terminated by oxygen ions referred to
‘‘bridging oxygen’’ and has a puckered structure shown
profile in Fig. 1. The black contours in the figure are emp
state densities, for those states relevent to tunneling, as
culated by Dieboldet al.8 The Ti ions in the surface that ar
bonded to the bridging oxygen retain the sixfold bulk coo
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dination, while the Ti in the surface that lack bridging ox
gen neighbors have a reduced~fivefold! coordination. The
dangling bonds thus created on this ion cause the assoc
electron densities to spill out into the void above these s
as illustrated by the contours in the figure. The (231) sur-
face reconstruction is created from the (131) stoichiometric
surface by removing alternate rows of the bridging oxyg
This creates rows of surface Ti that have lost both bridg
oxygen nearest neighbors and so are fourfold coordina
From the first-principle contours in Fig. 1 it is obvious th
the effect of wave functions spilling out into the void abo
the surface is even more pronounced in the case of th
fourfold-coordinated Ti. This suggests that the apparent
~i.e., the size when imaged by STM! of a Ti ion on this
surfaces increases with the degree to which it is underc
dinated.

A comparison of the contours generated by this rout
and those from first-principle results is also shown in Fig.
Contours calculated via Eqs.~2! and ~3! are superimposed
At typical tip-sample distances of approximately 3–5
above the surface the fit of the charge density contour
quite good. Indeed, here the deviation of the contours fr
first principles is on order of 5%. Note, however, that t
result diverges substantially from first principles at distan
less than 2 Å from the surface of the (231) reconstruction.
Obviously the model predictions remain valid only for di
tances from the surface for which the match to first princip
holds. This result quantifies some of the limitations inher
in such a simple method of adjusting the radii of Slater
bitals in a spherically symmetric manner in order to fit t
charge density profiles that do not necessarily exhibit
symmetry.

Fitting to both the (131) and (231) surfaces allows the
modeling of several atomic configurations of Ti and O on
surface. In particular, the fitting process outlined above p
vides Slater oribitals for the sixfold-, fivefold-, and fourfold
coordinated~110! surface Ti, as well as for the bridging an
in-plane oxygen. These orbitals will be highly accurate a
the challenge will be extrapolating to configurations not re
resented on this surface.

In order to ensure the viability of the method, simulat
images of the simplest surface the TiO2 ~110! (131) were
compared to experimental images taken of the same sur
by three different experimentalists under different expe
mental conditions in ultrahigh vacuum~UHV!. In each case
the model successfully replicated features in the experim
tal images, i.e., atomic scale corrugations and row wid
matched to well within experimental error. It is important
note that while some controversy still exists regarding
origin of image contrast, structures of the stoichiometric s
face and several reconstructions of TiO2 ~110! are repro-
duced by several groups using a variety of tips.

B. Experimental details

The structures analyzed here were obtained during an
tensive study of metal deposition onto TiO2 ~110!.15,31 STM
imaging ~AutoProbe VP, Park Scientific! as well as sample
preparation were performed in ultrahigh vacuum~UHV! at
approximately 2.631028 Pa. Low-energy electron diffrac
tion ~LEED! was also used to characterize the surface st
ted
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ture ~Omicron Spectral LEED! and surface chemistry wa
monitored by doing Auger-electron spectroscopy with t
four-grid LEED optics. Constant current images were a
quired with the tip at ground and sample biases between
and 2.0 V with a typical current of 0.5 nA. Tungsten tip
were made by electrochemical etching in KOH solution.

The samples were cut from a single-crystal boule of N
doped~0.1 wt %! TiO2. The plane of surface termination wa
verified to be within 0.5° of~110! using Laue diffraction.
The stoichiometric surface was produced by argon ion sp
tering followed by annealing at 600 °C, which produced im
age contrast and LEED patterns of the (131) surface. Sub-
sequent annealing at 800 °C resulted in a reduced sur
with (233) symmetry. The (233) surface was reproduc
ible upon reoxidation and subsequent reduction. No conta
nation was detected~to the instrumentation limit of 2–4 %!.

III. RESULTS AND DISCUSSION

This simulation approach is used to determine the str
ture of TiO2 ~110! (233) which is currently unresolved
Most reconstructions of the TiO2 ~110! surface, such as the
(231), (331), and (232) reconstructions, are based o
the removal of the bridging oxygen rows. The (233) recon-
struction differs in that the symmetry can result only fro
the ordered removal of bridging oxygens within each row.
STM image of TiO2 ~110! showing (233) symmetry ap-
pears in Fig. 2~a!. This image was acquired under UHV afte
the TiO2 ~110! (131) was reduced. Two atomic structure
that are consistent with the symmetry of the STM image a
LEED patterns and are based on removing bridging oxy
are displayed in Fig. 2, labeled according to the fraction
bridging oxygen removed.

The fit to the first-principle results for the (131) and
(231) surfaces provide Slater orbitals for all of th
fourfold- and sixfold-coordinated Ti sites as well as the fiv
fold site between the bridging rows. However, in both
33) reconstructions there is an additional fivefol
coordinated Ti configuration that with a different geome
of oxygen neighbors than the fivefold coordinated site in
(131) and (231) reconstructions. The position of this ad
ditional site is indicated by the arrows in Figs. 2~b! and 2~c!.
To compare the candidate structures to the STM image
radius of the Slater orbital for this site is varied through t
range of physically reasonable values. The radii used to
resent the new fivefold Ti site are shown as dots in Fig
along with the apparent radii at the surface, for differe
oxygen coordinations. The ‘‘apparent’’ radius is defined
the radii of the Slater orbitals at the surface used to fit
ESD predicted by first principles. The apparent radii of t
fourfold and fivefold Ti on TiO2 ~110! (231) are 3.25 and
2.88 Å, respectively. The new fivefold site is expected
have a radius between these values; however, in order t
completely unbiased, the radius is varied from near the b
value of fivefold coordination to significantly higher than th
surface value for fourfold coordination.

A subset of the simulated images for both atomic str
tures of the TiO2 ~110! (233) surface is shown in Fig. 4
The best fits of the subset~and, in fact, of the entire study!
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FIG. 2. ~a! A 2003200 Å2 constant current STM image of reduced TiO2 ~110!, ~b! Ti reduced~110! with 2
3 of bridging oxygen missing.

The arrows denote two types of doubly undercoordinated Ti sites,A andB. ~c! reduced~110! with 1
3 of bridging oxygen missing. The arrow

denotes a singly undercoordinated Ti. For all images the@001# direction is out of the page. The black spheres are the bridging oxygen
gray spheres the in-plane Ti, and the white spheres the in-plane oxygen! ~Ref. 15!.
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for both candidate surfaces are 2.842 Bohr radii and 3.
Bohr radii on the new site for the surfaces with2

3 and 1
3 of the

bridging oxygen removed, respectively. These two simu
tions are compared to the experimental STM image in Fig
The general features of the image contrast, i.e., the symm
and corrugation spacing are reproduced by both struct
models. That the model with23 missing bridging oxygen fits
the details of contrast variation qualitatively is clear fro
this figure. The elongation of the high contrast along
@010# direction evident in the1

3 missing bridging oxygen
model is not reproduced in the experimental image. It co
be argued that the charge density used to calculate the

FIG. 3. A comparison of apparent, or effective~contain 95% of
total charge density of orbital! radii of the Slater orbitals used to fi
the ESD of undercoordinated surface Ti in various reconstructio
The round points are the apparent radii for the Slater orbital use
fit the singly undercoordinated Ti in both the1

3 missing and2
3 miss-

ing reconstructions of TiO2 ~110!.
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FIG. 4. Simulated images of the TiO2 ~110! (233) reconstruc-
tion for the case of23 missing oxygen and13 missing oxygen at a
wide range of possible cation radii. The simulated images are
330 Å2 and are calculated to match the ESD given by fir
principle calculations as displayed in Fig. 1. For all images in t
figure, the@001# direction is out of page and the columns in th
image are oriented along the@010# direction.
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ages in Fig. 4 is too high and therefore represents a sam
tip distance different from that used in the experiment. C
culations made of the two candidate structures at decrea
charge density, hence representing larger sample-tip sep
tions, did not improve the agreement with model of 1/3 mi
ing oxygen. A quantitative comparison of the two atom
structural models with the experiment is obtained by s
tracting the calculated image from the experimental ima
and comparing the root mean squared~RMS! differences,
Fig. 6. The error between the23 missing oxygen model and
experiment is 52.6% less than the error between the1

3 miss-
ing oxygen model and the experiment. This difference
error is sufficiently large to distinguish between the tw
atomic surface structures, despite systematic error introdu
from the model assumptions.

The remaining error between the model and the STM
age contrast could arise from two sources; local atomic
laxation or tip contribution. This difference is manifest as
small systematic error just off each unit cell position
shown in Fig. 6~a!. The degree of atomic relaxation cou
certainly be quantified with pseudopotential calculatio
which would also serve to characterize the error in the e
pirical calculation and illustrate how far the approach can
taken in terms of structural refinement. Theoretic
results10,18 for other reconstructions have shown that rela
ation would be only a slight correction to the structural inp
to the calculation and would not alter the simulated ima
data by more than 10%. Therefore, the primary conclus
that the2

3 missing oxygen model is the best description of t
experimental data, holds and the model is successful.

The error attributed to the simplification of tip structure
the calculation is difficult to assess. In imaging oxides th
is a high probability that there is oxygen~at least! on the tip,
yet standard reconstructions are imaged in different lab
tories, with different tips, and even on crystals with differe
degrees of bulk reduction. Furthermore, tunneling spectra
not contain features indicative of a sharply varying contrib
tion from tip density of states. Under these conditions the
approximation is validto first order and the conclusion re
garding the reconstruction holds. These conditions do
always apply and image contrast variation due to tip chan
is sometimes explicitly observed32 and has been explicitly
treated for other surfaces.33–37 If reproducible contrast can

FIG. 5. Simulated images of23 and 1
3 missing oxygen models ar

superimposed on the constant current image. The dimensions o
experimental image are 2003200 Å2 while those of the simulated
image are 30330 Å2.
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not be demonstrated then the tip approximation may not
valid.

The obvious asymmetry in the experimental image w
reproducible but varied in degree with position on the s
face. While several possible origins might be speculated,
cause of the asymmetry cannot be deduced from the pre
treatment.

IV. CONCLUSIONS

The atomic structure of the TiO2 ~110! (233) reconstruc-
tion was determined from a comparison of STM image co
trast and image simulations based on two possible ato
structural models. Calculations are based on Slater-type
bital functions that are fit to first-principles calculations
reference surfaces. This approach allows sufficiently ra
calculations for data analysis of complex structures, wh
maintaining a connection to the relation of atomic and el
tronic structure. They show, rather conclusively, that of t
two-candidate structures that have the same symmetry a

the

FIG. 6. Subtracted images for~a! 2
3 missing and~b! 1

3 missing
cases. Note that the error is noticeably smaller in2

3 missing case.
Both of the subtracted images are 30330 Å2 and have the same
vertical scale~arbitrary!.



n
ge
ex
he
u
c

st

un-
se
1-
ful
o
udy
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experimental image, the structure in which2
3 of the bridging

oxygen atoms represents the atomic structure. In additio
this specific conclusion, the approach is presented as a
eral method for the first-order interpretation of compl
structures from STM images. It is particularly useful in t
analysis of features in images of transition-metal oxide s
faces, where geometrical and electronic structure issues
be relatively complex. In this case it requires the fir
principles solutions of a reference surface.
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