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Structure and apparent topography of TiO,(110 surfaces
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We present self-consisteab initio total-energy and electronic-structure calculations on stoichiometric and
nonstoichiometric Ti(110) surfaces. Scanning tunneling microscd@fyfM) 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 X1 or missing-row % 1 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-deficientl surface[S0163-18207)04840-9

. INTRODUCTION been considered to explain these featdreSHowever, such
a model appears to be inconsistent with the observed registry
Rutile TiO, has become something of a model system forof the bright rows on neighboring>1 and 2<1 domains,
the understanding of transition-metal oxide surfaces. In parin view of the conclusion that one is imaging undercoordi-
this is because of the usefulness of Ji@ a support for nated Ti atom$: Fischeret al. have proposed that not only
transition-metal catalysts and as a catalyst for photodissocidhe bridging oxygen rows but also the Ti atoms underneath
tion of water. But it also results from the fact that the are removed. However, this model does not appear to be
TiO,(110) surface is relatively easy to prepare and characvery well motivated, and in any case it has the same registry
terize and, for the stoichiometric surface at least, has a relgroblem as for the missing-row model. Finally, Onishial.
tively simple surface structure. Considerable experimentahave proposed a model in which extra rows of oxygen-
information on this surface has been amassed using a varietieficient TyO3; units are added on top of the surface, cen-
of high-vacuum, surface-sensitive experimental techniquesered above the exposed Ti rov&vidently, some mass ex-
including low-energy electron diffraction, electron-energy-change with surface steps would be needed for this structure
loss spectroscopy, x-ray photoelectron spectroscopy, ultrde arise during surface treatments leading to oxygen defi-
violet photoelectron spectroscopy, and inverse photoemissiency. However, this may well occur at elevated tempera-
sion spectroscopy.Among these surface-sensitive studies,tures or with subsequent annealing and the model has the
scanning tunneling microscop§STM) is the most natural advantage of being free of the registry probléioreover,
and promising method to study atomic-scale structure on ththe model is also supported by recent experimental Work.
surfaces. However, since STM is only sensitive to the local Theoretical work investigating these surface defect struc-
electronic density of states above the surface, it was not cleaures has so far been limitéd®'*We? carried out calcula-
whether the bright rows observed on stoichiometrictions on the X4 1 oxygen-deficient surface by first-principles
TiO,(110) should correspond to physically raisée.g., pseudopotential methods. However, we are unaware of cor-
bridging oxygen or depressede.g., undercoordinated JTi responding calculations on the other models mentioned
surface features. In our previous work, in collaboration withabove. Thus, in the present work we extend our previous
Diebold et al,? we concluded that the STM is imaging the studies to include the added-row model of Onishal® We
undercoordinated Ti atoms. The apparent corrugation in thénd not only that this model is in good agreement with the
image isreversedrom the physical one and the imaging on STM observations, but also that it has a lower surface energy
the surface is dominated by electronic effects. than the missing-row structure. Our work thus supports the
However, the interpretation of structures observed oridentification of the added-row model to explain the ob-
oxygen-deficient Tig(110) surfaces remains somewhat in- served 2<1 reconstruction on the oxygen-deficien{1I1i0)
conclusive. Oxygen deficiency is easily induced on the sursurface.
face by means of ion bombardment or controlled thermal The plan of the paper is as follows. Section Il gives a
annealing and quenching. For a neutral surface, this wilbrief summary of the technique used to perform the calcula-
leave electrons lying in states of @licharacter at the bottom tions. In Secs. Il and IV we summarize our work on the
of the conduction band, making the surface metallic. Thesstoichiometric X1 and oxygen-deficient missing-row 2
defect structures strongly affect the chemical and electronix 1 (110 surfaces, respectively. In Sec. V we present the
properties of the oxide surfaces. Much experimental workSTM simulations of the added-row model proposed by On-
has been directed towards imaging and characterizing thesshi et al® and discuss the interpretation of the STM images
defects in recent years? but there are still many observed in view of our results on this and other competing models.
features that remain unexplained. For example, several aWe also present the calculated surface energies of different
thors report a X 1 reconstructed phase on the surfadeA  models in Sec. VI and identify the energetically favored
model having alternate bridging oxygen rows removed hasnodel. Finally, in Sec. VII we conclude by indicating what
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light we think our work has shed on the understanding of the
surface structure of this material. (a)

IIl. METHODS

Our theoretical analysis is based on first-principles plane
wave pseudopotential calculations carried out within the
local-density approximation following the methods of Ref.
14. The pseudopotentials for Ti and O are those used in Re
14 and were generated using an ultrasoft pseudopotenti
schemé?® Periodic supercells containing 18 and 30 atoms
(6.46x2.93 A?) were used to study the stoichiometric 1
X1 surface, while 34-atom cells (12.92.93 A%) were
used to study the nonstoichiometrickx4 surface and the
added-row model. For all cases, spedigboint sets were
chosen to correspond to ax#4 Monkhorst-Pack set in the
full Brillouin zone of the X1 surface, withk,=0 in the
perpendicular direction. For example, 16 and 8 points wert
used in the full Brillouin zone of the X1 and the X1
surfaces, corresponding to four and two points in the irreduc
ible Brillouin zones, respectivef. Self-consistent total- (C)
energy and force calculations were used to relax the atomi
coordinates until the forces were less that 0.1 eV/A and the
a band-structure run was carried out to obtain the valence
and conduction-band electronic wave functions. These wer
used to analyze the local density of state®OS) in the
vacuum region above the surface.

The information in the LDOS was then used to simulate
STM images. Since virtually all useful atomic-resolution
STM images on this surface are obtained under positive bia
conditions>~*in which electrons are tunneling into unoccu-
pied conduction-band states, we focus on the LDOS in the ) _
region of the lower conduction band. In rough correspon- FIG. 1. BaII-and-st!ck represent_atlon_s of the re_Iaxe_d structures
dence with the experimental conditions, we integrated th&f the (110 surfaces investigated in this work. View is roughly
LDOS over an energy window from 0 to 2 eV above thea|0“9[091]_- (a) Stoichiometric X 1 surfac_e._(b) Oxygen-deficient
conduction-band minimur{CBM) to find a “near-CBM 2x 1 missing-row model.(c) Oxygen-deficient X1 added-row
charge density.’(In practice, we simply summed the charge model.
densities of unoccupied states falling in this energy range. . . . _
For oxygen-deficient surfaces, where some electrons occuﬂ dii for T.' and O are about 1-2 a)uapd SO Its omission
conduction-band-like states, those occupied states were thg9€S not in any way affect the LDOS in the vacuum region
excluded from the sumFor comparison, we also considered © interest for STM.
an energy window extending downward by 1 eV from the
valence-band maximurfVBM) and thus obtained a “near- lIl. THE STOICHIOMETRIC TiO , (110 SURFACE
VBM charge density.” o ]

As a technical point, it should be noted that our computed 1he relaxed structure of the stoichiometric F{®10) sur-
charge densities do not include the core augmentation cofi@ce is shown in Fig. (). The surface has rows of fivefold-

tribution that appears as the second term in the expression@nd sixfold-coordinated Ti atoms along the b{@01] direc-
tion. These are parallel to rows of twofold-coordinated oxy-

gen atomgbridging oxygen atomswhich are about 1.25 A
5 | Lo above the surface. In our first-principles calculations, three-
n(r)=2 | i (r)] +n2ml Qnm(N{ @il BBl i) | (1) ayer (18-atom and five-layer(30-atom periodic supercells
o were used, with the atomic positions relaxed to equilibrium.
Both sizes of slab give very similar results for the LDOS in
for the electron density within the ultrasoft pseudopotentialthe vacuum region.
schemé?® For the STM simulations, only the first term de-  Contour plots of the[001]-averaged LDOS integrated
scribing the normal contributions of plane-wave componentover the VBM and CBM energy windowsee aboveare
was included. The augmentation charge has been omitted shown in Figs. 2a) and 2b), respectively. In all such charge-
order to avoid unwanted spurious oscillatidfialiasing ef-  density plots, to enhance the readability we actually plot the
fects”) in the vacuum region resulting from the Fourier logarithm of charge densitynote that equally spaced con-
transform of a rapidly varying core charge. The augmentatours are thus expected in the region of exponential decay
tion charge is strictly localized in the core regioftise core into the vacuum According to the theory of Tersoff and
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FIG. 2. (a) Contour plots of 001]-averaged charge densities for ~ F|G. 3. Near-CBM charge-density profile plotted in a surface
the relaxed stoichiometric41 surface(a) Near-VBM charge den-  (110) plane for four unit cells of the the stoichiometric<1l sur-
sities obtained by integrating the LDOS over a 1-eV energy windowface. Herex andy label[110] and[001], respectively. The plane of
near the valence band maximufin) Near-CBM charge densities the plot is located 1.5 A above the bridging oxygen atoms, the
obtained by integrating over a 2-eV energy window near the conguantity plotted is actually averaged over 0.5 A along[tti0] (2)
duction band minimum. Contour levels correspond to a geometrigjirection, and the height of the plot is proportional to the logarithm
progression of charge density, with a factor of 0.56 separatingf charge density.
neighboring contours.

7 . . model of this surface is shown in Fig(kd. The slab thick-
Hamann’” the local density of states approximately deter-jocc”ang other theoretical details are the same as for the
mines the apparent topography exptected from STM. Thu toichiometric case.
under constant-current tunneling conditions, the STM tip is The near-VBM charge densityot shown again closely
roughly expected to follow one of the equal-density contour§egemples the geometric corrugation of the surface, since
several angstroms above the surface. The contours of tr}ﬁme again the dominant contribution comes from the’po 2
near-VBM charge density shown in Figa2 follow the geo-  gia165 "On the other hand, the near-CBM charge density
metric corrugation closely, as would be expected from theyy, 1 in Fig. 4, has a broad high-density feature above the
dominance of the O 2 states around the VBM. However, icqing pridging O atoms and shows a depletion around the
the experimental conditions correspond to probing the UnoCeemaining O atoms. The corrugation of the constant-density
cupied conduction-band states. Figur(_sb)ZcIearIy shows contours is about 1 A. Again one finds that the apparent
that t.he contours_ of constant unoqcupled near—.CBM charg orrugation is the reverse of the geometric one and that the
denS|t_y ex?end higher above the flv.efold-coordmatgd Ti ateaiculation is consistent with the interpretation that the tun-
oms, in spite of the physical protrusion of the bridging oxy-
gen atoms. This demonstrates that the STM is imaging the
surface Ti atoms on the stoichiometric surface, i.e., that
electronic-structure effects cause the apparent corrugation to
be reversed from naive expectations. This is explained by the
fact that the low-lying conduction-band states have a strong W
Ti 3d charactett* leading to an enhancement of LDOS
around the fivefold-coordinated Ti atoms. The apparent cor-
rugation at a distance of 4-5 A above the surface is about
0.5-0.6 A, in reasonable agreement with the experimentally .
observed results.

The two-dimensional variation of the near-CBM charge
density is plotted for this surface in Fig. 3. The plane of the
plot is 1.5 A above the bridging O atoms. This representation
allows a more direct comparison with the actual STM im- z
ages. The narrow bright stripes in the STM images should
thus correspond with the elongated ridges visible in Fig. 3. Eﬁy
The latter are located above the surface Ti rows.
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IV. THE 2 x1 MISSING-ROW MODEL FIG. 4. Near-CBM charge-density profile plotted in a surface
(110 plane for two unit cells of the oxygen-deficienkZ missing-
The 2x1 missing-row structure is arrived at by removing row structure. Details are as in Fig. 3; the vertical scale is identical
alternate rows of bridging oxygen atoms. A fully relaxed to facilitate comparison.
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TABLE I. Relaxed coordinates for theX21 added-row struc-
ture. Only symmetry-distinct atoms in the added row and in the
original top layer are listed, y, andz are the[110], [001], and
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) ,/,,iv.'ﬁ'\‘ [110] directions, respectively. Units are 12.21 a.u., i.e., the long
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FIG. 5. Near-CBM charge-density profile plotted in a surface
(110 plane for two unit cells of the oxygen-deficienk2 added- f he phvsical . f the added b
row structure. Details are as in Fig. 3; the vertical scale is identicat”‘part rom the physical protrusion of the added atoms above

to facilitate comparison. the surface, the added ;05 units are themselves slightly
nonstoichiometric.
neling is enhanced by the strong Td &haracter of the low- Moreover, unlike the missing-row model, the added-row

lying conduction-band staté8.In fact, the tunneling is evi- model exhibits the expected reg_istry be_tweer_1 the features of
dently especially strong into the four-fold-coordinated Tithe 2<1 and Ix1 phases. Consider a single isolated row of
atoms at the sites of the missing bridging O atoms. CIearIyT'zOs units (sitting above flvefoIQ—coord_lngted Ti atoms as in
the present results suggest that if the missing-row modédhe 2X1 structur¢ on an otherwise stoichiometric<1 sur-
were the correct one for thex2L reconstructed phase, then face. In the near-CBM charge densignd thus in the STM
the broad bright lines visible in STM images of this phaselMag® we would then expect a large peak at the position of
would correspond to the missing O rows, which, accordingihe added_ row. Moreover, the flvefo'ld—coordlnatgd Ti atoms
to the results of Sec. Ill, ought to coincide with the positions®n both sides of the added row will also contribute some
of the dark rows of the stoichiometric X1 surface. How- Peaks of corrugation of about 0.5 A This corresponds
ever, thisis notwhat is observed. Experimentally, the regis- cl0Sely W'th3What is seen in the STM image as reported by
try of the bright features of thex21 structure coincides with Novaketal.” In particular, all the peaks in the image are in
that of thebright rows of the X1 structuré®® Thus our reg|stry with the fivefold-coordinated Tl atoms. Therefore,
theory is not consistent with the missing-row model and it isthiS @dded-row model seems to be quite satisfactory for ex-
important to consider other models to explain the observe®!@ining the observed 21 reconstruction, as well as the
effects. isolated bright lines, observed on tfELO) surfaces.

We have also investigated the electronic band structure of
the model. We did not find any gap states associated with it.
Because of the oxygen deficiency, the lowest of the

The relaxed structure of the added-row m&dsishown conduction-band levels are partly occupied. However, these
in Fig. 1(c). Starting from the stoichiometricX11 surface, states appear to be bulklikeomposed mainly of Ti 8 char-
this structure can be viewed as having been formed by thactey and are confined mainly to the interior of the slab; they
addition of extra rows of 05 units on top of alternate rows do not appear to have very strong character on the Ti atoms
of fivefold-coordinated Ti atoms. In this case, a two-|ayer,0f the added-row structure itself. In Short, we do not find any
34-atom periodic supercell was used in the calculation. Thearticularly interesting features in the electronic band struc-
limited slab thickness is dictated by limitations of computa-ture for this model.
tional time and memory. In our Ca|cu|ati0n’ we fixed the As we shall see in the next Section, the calculated surface
coordinates of the oxygen atoms in between the surface lagnergies also support the identification of the added-row
ers to their bulk values in order to avoid a buckling of themodel as the correct one for thex2 surface. Since it is
slab that was otherwise induced by the strong surface relaherefore likely to be of increasing theoretical and experi-
ations. Other theoretical details are the same as for the préaental interest, we have provided our relaxed coordinates for
Vvious cases. this model in Table I.

Once again, the near-VBM charge densihot shown
follows the geometric corrugation _of the su_rfac_e fairly VI. ENERGIES OF NONSTOICHIOMETRIC SUREACES
closely. The near-CBM charge density, shown in Fig. 5, ex-
hibits a sharp increase around the position of the addgo,Ti We have also found the difference in surface energy be-
units and the corrugation is about 1.5-2.0 A. The size of thisween the oxygen-deficient>21 missing-row and added-
corrugation is about the same as that of the defects reportedw models. Fortunately, the two periodic supercells that we
by Novak et al® This large corrugation is to be expected; have used in the total-energy calculations for these models

V. THE 2 x1 ADDED-ROW MODEL
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contain precisely the same numbers of Ti and O atoms, aktrong Ti 3 character. For the case of the oxygen-deficient
lowing a direct comparison of the energies. The added-rov2 X 1 missing-row surface, on the other hand, we predict a
model is found to be 25.5 meV/AA or 0.97 eV per X1  strong accumulation of charge around the sites of the missing
surface cell, lower in energy than the missing-row surfacebridging oxygen atoms. This should appear as broad bright
Therefore, in addition to solving the registry problem of thelines in the STM. However, while such lines are indeed ob-
STM images, the added-row model is also energeticallyserved for the experimentab2l phase, the registry of these
more favorable than the missing-row surface. lines with respect to the bright rows of thexll domains is
Following Sec. V of Ref. 14, we also consider the pos-in conflict with the theory. The other reconstructec 2
sible phase separation of either th& 2 missing-row or the model considered here is the added-row structure, for which
added-row structure individually into equal areas of twowe carried out similar calculations. We find that that the
kinds of 1X1 domain, one with all the bridging oxygen at- predicted STM image for this model now has the correct
oms presenfFig. 1(@] and the other with all bridging oxy- registry, giving rise to a broad peak in the near-CBM charge
gen atoms missing. The energy difference for phase separdensity above the added-row sites. We also find that the
tion is calculated by comparing with the average of theadded-row model has a lower surface energy than the
surface energies for the stoichiometriex1l and defective missing-row model. Therefore, we conclude that the added-
1X1 surfaces. Our slabs for thes& 1 surfaces contain 18 row model appears to be a satisfactory model for describing
and 16 atoms, respectively, so that the total is again 34 atontee oxygen-deficient 1 TiO, surface reconstruction.
and the numbers of Ti and O atoms are again identical to Further work is needed to resolve the interpretation of
both of the 2x1 slabs. Therefore, the relative energies areother features observed in STM images for oxygen-deficient
again independent of any detailed knowledge of the Ti and OO, (110) surfaces. For example, as pointed out by Diebold
chemical potentials. We find that thex2 missing-row and et al.,? point defects that are most likely single oxygen va-
added-row surfaces are both stable with respect to phasancies are observed on slightly reduced surfaces. Total-
separation, by approximately 6 and 32 meV/Arespec- energy calculations for a supercell containing an isolated
tively. missing bridging oxygen atom would be very useful for con-
firming this identification. However, we have not pursued
VII. SUMMARY such a calculation because of the rather severe computational

) demands that were found to be necessary to obtain the
We have studied a number of supercells to model botheeded accuracy.

stoichiometric and nonstoichiometrid10 surfaces. From

the results on the stoichiometric surface, we conclude that

the narrow bright stripes observed in STM topographs cor- ACKNOWLEDGMENT
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