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Structure and apparent topography of TiO2„110… surfaces

Kwok-On Ng and David Vanderbilt
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855-0849

~Received 23 May 1997!

We present self-consistentab initio total-energy and electronic-structure calculations on stoichiometric and
nonstoichiometric TiO2(110) surfaces. Scanning tunneling microscopy~STM! topographs are simulated by
calculating the local electronic density of states over an energy window appropriate for the experimental
positive-bias conditions. We find that under these conditions the STM tends to image the undercoordinated Ti
atoms, in spite of the physical protrusion of the O atoms, giving an apparent reversal of topographic contrast
on the stoichiometric 131 or missing-row 231 surface. We also show that both the interpretation of STM
images and the direct comparison of surface energies favor an added-row structure over the missing-row
structure for the oxygen-deficient 231 surface.@S0163-1829~97!04840-6#
fo
a

c
e

ra
e
nt
ri
e
y
ltr

i
s

l
th
ca
le
ric

ith
e
th
n

o
n-
u
a

w

es
n

or
he
d
a

ha

istry

di-
y
ath
be
stry

n-
n-
-
ture
efi-
ra-
the

.
uc-

s
cor-
ned
ous

he
rgy
the
b-

a
la-
e

2
the
n-
es
ls.
rent
ed
at
I. INTRODUCTION

Rutile TiO2 has become something of a model system
the understanding of transition-metal oxide surfaces. In p
this is because of the usefulness of TiO2 as a support for
transition-metal catalysts and as a catalyst for photodisso
tion of water. But it also results from the fact that th
TiO2(110) surface is relatively easy to prepare and cha
terize and, for the stoichiometric surface at least, has a r
tively simple surface structure. Considerable experime
information on this surface has been amassed using a va
of high-vacuum, surface-sensitive experimental techniqu
including low-energy electron diffraction, electron-energ
loss spectroscopy, x-ray photoelectron spectroscopy, u
violet photoelectron spectroscopy, and inverse photoem
sion spectroscopy.1 Among these surface-sensitive studie
scanning tunneling microscopy~STM! is the most natura
and promising method to study atomic-scale structure on
surfaces. However, since STM is only sensitive to the lo
electronic density of states above the surface, it was not c
whether the bright rows observed on stoichiomet
TiO2(110) should correspond to physically raised~e.g.,
bridging oxygen! or depressed~e.g., undercoordinated Ti!
surface features. In our previous work, in collaboration w
Diebold et al.,2 we concluded that the STM is imaging th
undercoordinated Ti atoms. The apparent corrugation in
image isreversedfrom the physical one and the imaging o
the surface is dominated by electronic effects.

However, the interpretation of structures observed
oxygen-deficient TiO2(110) surfaces remains somewhat i
conclusive. Oxygen deficiency is easily induced on the s
face by means of ion bombardment or controlled therm
annealing and quenching. For a neutral surface, this
leave electrons lying in states of Tid character at the bottom
of the conduction band, making the surface metallic. Th
defect structures strongly affect the chemical and electro
properties of the oxide surfaces. Much experimental w
has been directed towards imaging and characterizing t
defects in recent years,3–8 but there are still many observe
features that remain unexplained. For example, several
thors report a 231 reconstructed phase on the surface.3–6 A
model having alternate bridging oxygen rows removed
560163-1829/97/56~16!/10544~5!/$10.00
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been considered to explain these features.3,4,7 However, such
a model appears to be inconsistent with the observed reg
of the bright rows on neighboring 131 and 231 domains,
in view of the conclusion that one is imaging undercoor
nated Ti atoms.2,3 Fischeret al. have proposed that not onl
the bridging oxygen rows but also the Ti atoms underne
are removed.5 However, this model does not appear to
very well motivated, and in any case it has the same regi
problem as for the missing-row model. Finally, Onishiet al.
have proposed a model in which extra rows of oxyge
deficient Ti2O3 units are added on top of the surface, ce
tered above the exposed Ti rows.6 Evidently, some mass ex
change with surface steps would be needed for this struc
to arise during surface treatments leading to oxygen d
ciency. However, this may well occur at elevated tempe
tures or with subsequent annealing and the model has
advantage of being free of the registry problem.2 Moreover,
the model is also supported by recent experimental work9

Theoretical work investigating these surface defect str
tures has so far been limited.2,10–14We2 carried out calcula-
tions on the 231 oxygen-deficient surface by first-principle
pseudopotential methods. However, we are unaware of
responding calculations on the other models mentio
above. Thus, in the present work we extend our previ
studies to include the added-row model of Onishiet al.6 We
find not only that this model is in good agreement with t
STM observations, but also that it has a lower surface ene
than the missing-row structure. Our work thus supports
identification of the added-row model to explain the o
served 231 reconstruction on the oxygen-deficient Ti~110!
surface.

The plan of the paper is as follows. Section II gives
brief summary of the technique used to perform the calcu
tions. In Secs. III and IV we summarize our work on th
stoichiometric 131 and oxygen-deficient missing-row
31 ~110! surfaces, respectively. In Sec. V we present
STM simulations of the added-row model proposed by O
ishi et al.6 and discuss the interpretation of the STM imag
in view of our results on this and other competing mode
We also present the calculated surface energies of diffe
models in Sec. VI and identify the energetically favor
model. Finally, in Sec. VII we conclude by indicating wh
10 544 © 1997 The American Physical Society
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56 10 545STRUCTURE AND APPARENT TOPOGRAPHY OF . . .
light we think our work has shed on the understanding of
surface structure of this material.

II. METHODS

Our theoretical analysis is based on first-principles pla
wave pseudopotential calculations carried out within
local-density approximation following the methods of Re
14. The pseudopotentials for Ti and O are those used in
14 and were generated using an ultrasoft pseudopote
scheme.15 Periodic supercells containing 18 and 30 ato
(6.4632.93 Å2) were used to study the stoichiometric
31 surface, while 34-atom cells (12.9232.93 Å2) were
used to study the nonstoichiometric 231 surface and the
added-row model. For all cases, specialk-point sets were
chosen to correspond to a 434 Monkhorst-Pack set in the
full Brillouin zone of the 131 surface, withkz50 in the
perpendicular direction. For example, 16 and 8 points w
used in the full Brillouin zone of the 131 and the 231
surfaces, corresponding to four and two points in the irred
ible Brillouin zones, respectively.16 Self-consistent total-
energy and force calculations were used to relax the ato
coordinates until the forces were less that 0.1 eV/Å and t
a band-structure run was carried out to obtain the valen
and conduction-band electronic wave functions. These w
used to analyze the local density of states~LDOS! in the
vacuum region above the surface.

The information in the LDOS was then used to simula
STM images. Since virtually all useful atomic-resolutio
STM images on this surface are obtained under positive
conditions,2–4,6 in which electrons are tunneling into unocc
pied conduction-band states, we focus on the LDOS in
region of the lower conduction band. In rough correspo
dence with the experimental conditions, we integrated
LDOS over an energy window from 0 to 2 eV above t
conduction-band minimum~CBM! to find a ‘‘near-CBM
charge density.’’~In practice, we simply summed the charg
densities of unoccupied states falling in this energy ran
For oxygen-deficient surfaces, where some electrons occ
conduction-band-like states, those occupied states were
excluded from the sum.! For comparison, we also considere
an energy window extending downward by 1 eV from t
valence-band maximum~VBM ! and thus obtained a ‘‘near
VBM charge density.’’

As a technical point, it should be noted that our compu
charge densities do not include the core augmentation
tribution that appears as the second term in the express

n~r !5(
i

F uf i~r !u21 (
n,m,I

Qnm
I ~r !^f i ubn

I &^bm
I uf i&G ~1!

for the electron density within the ultrasoft pseudopoten
scheme.15 For the STM simulations, only the first term de
scribing the normal contributions of plane-wave compone
was included. The augmentation charge has been omitte
order to avoid unwanted spurious oscillations~‘‘aliasing ef-
fects’’! in the vacuum region resulting from the Fouri
transform of a rapidly varying core charge. The augmen
tion charge is strictly localized in the core regions~the core
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radii for Ti and O are about 1–2 a.u.! and so its omission
does not in any way affect the LDOS in the vacuum regi
of interest for STM.

III. THE STOICHIOMETRIC TiO 2 „110… SURFACE

The relaxed structure of the stoichiometric TiO2(110) sur-
face is shown in Fig. 1~a!. The surface has rows of fivefold
and sixfold-coordinated Ti atoms along the bulk@001# direc-
tion. These are parallel to rows of twofold-coordinated ox
gen atoms~bridging oxygen atoms!, which are about 1.25 Å
above the surface. In our first-principles calculations, thre
layer ~18-atom! and five-layer~30-atom! periodic supercells
were used, with the atomic positions relaxed to equilibriu
Both sizes of slab give very similar results for the LDOS
the vacuum region.

Contour plots of the@001#-averaged LDOS integrated
over the VBM and CBM energy windows~see above! are
shown in Figs. 2~a! and 2~b!, respectively. In all such charge
density plots, to enhance the readability we actually plot t
logarithm of charge density~note that equally spaced con
tours are thus expected in the region of exponential de
into the vacuum!. According to the theory of Tersoff and

FIG. 1. Ball-and-stick representations of the relaxed structu
of the ~110! surfaces investigated in this work. View is roughl
along @001#. ~a! Stoichiometric 131 surface.~b! Oxygen-deficient
231 missing-row model.~c! Oxygen-deficient 231 added-row
model.
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10 546 56KWOK-ON NG AND DAVID VANDERBILT
Hamann,17 the local density of states approximately det
mines the apparent topography exptected from STM. Th
under constant-current tunneling conditions, the STM tip
roughly expected to follow one of the equal-density conto
several angstroms above the surface. The contours of
near-VBM charge density shown in Fig. 2~a! follow the geo-
metric corrugation closely, as would be expected from
dominance of the O 2p states around the VBM. Howeve
the experimental conditions correspond to probing the un
cupied conduction-band states. Figure 2~b! clearly shows
that the contours of constant unoccupied near-CBM cha
density extend higher above the fivefold-coordinated Ti
oms, in spite of the physical protrusion of the bridging ox
gen atoms. This demonstrates that the STM is imaging
surface Ti atoms on the stoichiometric surface, i.e., t
electronic-structure effects cause the apparent corrugatio
be reversed from naive expectations. This is explained by
fact that the low-lying conduction-band states have a str
Ti 3d character,14 leading to an enhancement of LDO
around the fivefold-coordinated Ti atoms. The apparent c
rugation at a distance of 4–5 Å above the surface is ab
0.5–0.6 Å, in reasonable agreement with the experiment
observed results.

The two-dimensional variation of the near-CBM char
density is plotted for this surface in Fig. 3. The plane of t
plot is 1.5 Å above the bridging O atoms. This representa
allows a more direct comparison with the actual STM i
ages. The narrow bright stripes in the STM images sho
thus correspond with the elongated ridges visible in Fig
The latter are located above the surface Ti rows.

IV. THE 2 31 MISSING-ROW MODEL

The 231 missing-row structure is arrived at by removin
alternate rows of bridging oxygen atoms. A fully relaxe

FIG. 2. ~a! Contour plots of@001#-averaged charge densities fo
the relaxed stoichiometric 131 surface.~a! Near-VBM charge den-
sities obtained by integrating the LDOS over a 1-eV energy wind
near the valence band maximum.~b! Near-CBM charge densitie
obtained by integrating over a 2-eV energy window near the c
duction band minimum. Contour levels correspond to a geome
progression of charge density, with a factor of 0.56 separa
neighboring contours.
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model of this surface is shown in Fig. 1~b!. The slab thick-
ness and other theoretical details are the same as for
stoichiometric case.

The near-VBM charge density~not shown! again closely
resembles the geometric corrugation of the surface, s
once again the dominant contribution comes from the Op
states. On the other hand, the near-CBM charge den
shown in Fig. 4, has a broad high-density feature above
missing bridging O atoms and shows a depletion around
remaining O atoms. The corrugation of the constant-den
contours is about 1 Å. Again one finds that the appar
corrugation is the reverse of the geometric one and that
calculation is consistent with the interpretation that the tu

-
ic
g

FIG. 3. Near-CBM charge-density profile plotted in a surfa
~110! plane for four unit cells of the the stoichiometric 131 sur-
face. Herex andy label @1̄10# and@001#, respectively. The plane o
the plot is located 1.5 Å above the bridging oxygen atoms,
quantity plotted is actually averaged over 0.5 Å along the@110# (z)
direction, and the height of the plot is proportional to the logarith
of charge density.

FIG. 4. Near-CBM charge-density profile plotted in a surfa
~110! plane for two unit cells of the oxygen-deficient 231 missing-
row structure. Details are as in Fig. 3; the vertical scale is ident
to facilitate comparison.
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neling is enhanced by the strong Ti 3d character of the low-
lying conduction-band states.14 In fact, the tunneling is evi-
dently especially strong into the four-fold-coordinated
atoms at the sites of the missing bridging O atoms. Clea
the present results suggest that if the missing-row mo
were the correct one for the 231 reconstructed phase, the
the broad bright lines visible in STM images of this pha
would correspond to the missing O rows, which, accord
to the results of Sec. III, ought to coincide with the positio
of the dark rows of the stoichiometric 131 surface. How-
ever, thisis not what is observed. Experimentally, the reg
try of the bright features of the 231 structure coincides with
that of thebright rows of the 131 structure.3,8 Thus our
theory is not consistent with the missing-row model and i
important to consider other models to explain the obser
effects.

V. THE 2 31 ADDED-ROW MODEL

The relaxed structure of the added-row model6 is shown
in Fig. 1~c!. Starting from the stoichiometric 131 surface,
this structure can be viewed as having been formed by
addition of extra rows of Ti2O3 units on top of alternate row
of fivefold-coordinated Ti atoms. In this case, a two-lay
34-atom periodic supercell was used in the calculation. T
limited slab thickness is dictated by limitations of compu
tional time and memory. In our calculation, we fixed t
coordinates of the oxygen atoms in between the surface
ers to their bulk values in order to avoid a buckling of t
slab that was otherwise induced by the strong surface re
ations. Other theoretical details are the same as for the
vious cases.

Once again, the near-VBM charge density~not shown!
follows the geometric corrugation of the surface fair
closely. The near-CBM charge density, shown in Fig. 5,
hibits a sharp increase around the position of the added T2O3
units and the corrugation is about 1.5–2.0 Å. The size of
corrugation is about the same as that of the defects repo
by Novak et al.3 This large corrugation is to be expecte

FIG. 5. Near-CBM charge-density profile plotted in a surfa
~110! plane for two unit cells of the oxygen-deficient 231 added-
row structure. Details are as in Fig. 3; the vertical scale is ident
to facilitate comparison.
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apart from the physical protrusion of the added atoms ab
the surface, the added Ti2O3 units are themselves slightl
nonstoichiometric.

Moreover, unlike the missing-row model, the added-ro
model exhibits the expected registry between the feature
the 231 and 131 phases. Consider a single isolated row
Ti2O3 units~sitting above fivefold-coordinated Ti atoms as
the 231 structure! on an otherwise stoichiometric 131 sur-
face. In the near-CBM charge density~and thus in the STM
image! we would then expect a large peak at the position
the added row. Moreover, the fivefold-coordinated Ti ato
on both sides of the added row will also contribute so
peaks of corrugation of about 0.5 Å. This correspon
closely with what is seen in the STM image as reported
Novak et al.3 In particular, all the peaks in the image are
registry with the fivefold-coordinated Ti atoms. Therefor
this added-row model seems to be quite satisfactory for
plaining the observed 231 reconstruction, as well as th
isolated bright lines, observed on the~110! surfaces.

We have also investigated the electronic band structur
the model. We did not find any gap states associated wit
Because of the oxygen deficiency, the lowest of t
conduction-band levels are partly occupied. However, th
states appear to be bulklike~composed mainly of Ti 3d char-
acter! and are confined mainly to the interior of the slab; th
do not appear to have very strong character on the Ti at
of the added-row structure itself. In short, we do not find a
particularly interesting features in the electronic band str
ture for this model.

As we shall see in the next section, the calculated surf
energies also support the identification of the added-r
model as the correct one for the 231 surface. Since it is
therefore likely to be of increasing theoretical and expe
mental interest, we have provided our relaxed coordinates
this model in Table I.

VI. ENERGIES OF NONSTOICHIOMETRIC SURFACES

We have also found the difference in surface energy
tween the oxygen-deficient 231 missing-row and added
row models. Fortunately, the two periodic supercells that
have used in the total-energy calculations for these mo

al

TABLE I. Relaxed coordinates for the 231 added-row struc-
ture. Only symmetry-distinct atoms in the added row and in
original top layer are listed;x, y, andz are the@1̄10#, @001#, and
@110# directions, respectively. Units are 12.21 a.u., i.e., the lo
dimension of the 131 surface cell.

Element x y z

Ti 0.0 0.0 0.0
0.276 0.0 0.395
0.512 20.227 0.009
1.00 0.0 20.022

O 0.0 0.0 0.319
0.200 20.227 0.029
0.311 20.227 0.547
0.494 0.0 0.211
0.809 20.227 0.029
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contain precisely the same numbers of Ti and O atoms,
lowing a direct comparison of the energies. The added-
model is found to be 25.5 meV/Å2, or 0.97 eV per 231
surface cell, lower in energy than the missing-row surfa
Therefore, in addition to solving the registry problem of t
STM images, the added-row model is also energetic
more favorable than the missing-row surface.

Following Sec. V of Ref. 14, we also consider the po
sible phase separation of either the 231 missing-row or the
added-row structure individually into equal areas of tw
kinds of 131 domain, one with all the bridging oxygen a
oms present@Fig. 1~a!# and the other with all bridging oxy
gen atoms missing. The energy difference for phase sep
tion is calculated by comparing with the average of t
surface energies for the stoichiometric 131 and defective
131 surfaces. Our slabs for these 131 surfaces contain 18
and 16 atoms, respectively, so that the total is again 34 at
and the numbers of Ti and O atoms are again identica
both of the 231 slabs. Therefore, the relative energies
again independent of any detailed knowledge of the Ti an
chemical potentials. We find that the 231 missing-row and
added-row surfaces are both stable with respect to ph
separation, by approximately 6 and 32 meV/Å2, respec-
tively.

VII. SUMMARY

We have studied a number of supercells to model b
stoichiometric and nonstoichiometric~110! surfaces. From
the results on the stoichiometric surface, we conclude
the narrow bright stripes observed in STM topographs c
respond to the rows of fivefold-coordinated Ti atoms. Due
the nature of the STM imaging technique, the STM is th
actually imaging the low-lying conduction-band states w
x-
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l-
w
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strong Ti 3d character. For the case of the oxygen-deficie
231 missing-row surface, on the other hand, we predic
strong accumulation of charge around the sites of the mis
bridging oxygen atoms. This should appear as broad br
lines in the STM. However, while such lines are indeed o
served for the experimental 231 phase, the registry of thes
lines with respect to the bright rows of the 131 domains is
in conflict with the theory. The other reconstructed 231
model considered here is the added-row structure, for wh
we carried out similar calculations. We find that that t
predicted STM image for this model now has the corr
registry, giving rise to a broad peak in the near-CBM cha
density above the added-row sites. We also find that
added-row model has a lower surface energy than
missing-row model. Therefore, we conclude that the add
row model appears to be a satisfactory model for describ
the oxygen-deficient 231 TiO2 surface reconstruction.

Further work is needed to resolve the interpretation
other features observed in STM images for oxygen-defic
TiO2 ~110! surfaces. For example, as pointed out by Dieb
et al.,2 point defects that are most likely single oxygen v
cancies are observed on slightly reduced surfaces. To
energy calculations for a supercell containing an isola
missing bridging oxygen atom would be very useful for co
firming this identification. However, we have not pursu
such a calculation because of the rather severe computat
demands that were found to be necessary to obtain
needed accuracy.
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