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Electronic structure of 5d transition metals adsorbed on the stoichiometric„110… rutile surface
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Electronic structures and charge transfers of 5d transition-metal rows~Ta to Au!, adsorbed on the stoichio-
metric ~110! surface of TiO2, have been calculatedab initio in a model configuration. Their detailed analysis
clarifies the concepts of oxidation and reduction of the rutile for adsorption on the fivefold titanium site. It is
found that no large charge transfers occur, and that there is covalent bonding between the metal and the
titanium neighbor. The variations of the charge transfers, although small, correlate with noticeable variations of
the core-level shifts and of the adsorption energies.@S0163-1829~98!11039-1#
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INTRODUCTION

Adsorption of metals on rutile involves a variety of ph
nomena at different scales; yet, despite the complexity,
is tempted to extract general trends across the Periodic Ta
For example, while the noble metals tend to cluster on
rutile substrate,1,2 wetting is said to be favored the higher th
reactivity of the metal towards oxygen.2 Deposition of a re-
active metal, from the point of view of the electronic stru
ture, would also be accompanied by the appearance of
titanium oxidation states. One would therefore like to see
a simpler situation, to what extent such concepts as corr
tion of the observed behavior with metal-oxygen affinity a
titanium reduction apply at the atomic level, in terms of ele
tronic structure.

Technologically, metals on TiO2 have raised much inter
est and are being used as photocatalysts, chemical sen
and heterogeneous catalysts under reducing atmosphere
all these applications, a major point is the interplay of t
adsorbed substance with the electronic structure of the
ichiometric or defective TiO2 system. Experimentally
surface-science spectroscopies now allow investigation o
trathinly grown metal overlayers. A systematic body of e
perimental data has been formed over the years,1–3 and state-
of-the-art techniques are currently being used in this are4,5

There is also the hope that local probes such as scan
tunneling microscopy~STM! will yield information, at the
atomic scale, on the electronic structure of such system6,7

The need for a proper description of interactions at an ato
scale has recently even motivated studies of catalysis
noble metal/TiO2 materials with a metal coverage in the su
monolayer range.8

On the modeling side, metal/oxide studies have conc
trated on Al2O3 and MgO, where the cation is in a fixe
oxidation state.9,10 The theoretical interest in metal on ruti
systems arises from the different oxidation states of titan
in titanium oxides.11 In a purely qualitative approach, on
would think that quantities such as the ionization potentia
the metal~its resistance to giving up an electron!, or, con-
versely, its oxygen affinity, can be related directly to met
substrate charge transfer. In practice, though, the ch
transfer, relative positions of the densities of states, a
more generally, the energy and spatial distribution of
charge can only be known through a self-consistent calc
PRB 580163-1829/98/58~19!/13233~9!/$15.00
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tion of the charge and the potential simultaneously.9 This can
be done through self-consistent semiempirical models12 or
ab initio calculations;13,14 in the present study anab initio
approach is used.

We would like to emphasize also that, so far, few co
parisons between different metals on a single oxide w
made, because bulk interfaces were considered and, th
fore, the metal had to be chosen so that lattice matching
favorable. Our calculations relate to the early stages of m
deposition: there is at most one metal atom per elemen
surface unit. In such configurations it is possible to perfo
calculations for a series of metals.

Using the FP-LMTO method,15 we have investigated
bonding at a special site of the TiO2~110! surface for seven
5d transition metals—Ta, W, Re, Os, Ir, Pt, and Au—
order to compare results across the series for the same
ometry. In Sec. I, preliminary bulk and clean surface calc
lations are summarized; the geometry of the cells and c
putational details are given. In Sec. II, the effects of me
adsorption on the substrate density of states are shown
well as two examples of the detailed interactions of the me
with surface atoms. In Sec. III, charge transfers and bond
across the series are analyzed. We describe how the rel
positions of the atomic core levels reflect the electrostatic
the system and are helpful to explain the variations of
density of states for some atoms. Section IV completes
picture with calculations for half-coverage systems and sp
polarized calculations. Finally, the results are discussed
Sec. V.

I. BACKGROUND FOR THE CALCULATIONS

The reader is referred to Ref. 11 for details on the b
and ~110! stoichiometric surface, as well as the reduced
31 surface. Still it might be useful to summarize the ma
features of the electronic structure in relationship with t
surface geometry. The rutile structure can be seen as
from octahedra~Fig. 1!, where each titanium has four equ
torial and two apical oxygens as nearest neighbors. The
ergy bands of most interest are, essentially, a low-lying n
row O 2s band and a filled valence band with mainly O 2p
character. A gap of 1.7 eV separates this valence band f
the mainly Ti d empty conduction band. Nevertheless, h
bridization between Tid and O 2p orbitals cannot be ne
13 233 ©1998 The American Physical Society
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13 234 PRB 58L. THIÊN-NGA AND A. T. PAXTON
glected. There is a substantial amount of covalency in Ti2;
even though there is a degree of arbitrariness when attri
ing charge to one atom or the other through projection on
atomic basis, it is found that Ti bears a 1.21 charge and O is
0.62, instead of the formal ionic charges 41 and 22.

There is agreement on the fact that the~110! stoichio-
metric surface is the most stable surface for the compou
Figure 1 shows that there are two inequivalent titanium
oms on the surface: one of them is at the center of an o
hedron which the~110! plane ‘‘cuts,’’ and is fivefold coor-
dinated; the other one is sixfold coordinated, bound to t
oxygens which stand above the surface and are na
‘‘bridging oxygens.’’ The density of states for the surfa
retains the features of the bulk density: there are no sur
states in the gap. Changes in the density of states comp
to the bulk are bound to arise from coordination changes
modifications of the Madelung potential at surface sit
They can be analyzed by examining the local densities
states~LDOS! ~see Fig. 2!. We have checked that the ele
trostatic shifts decay rapidly with distance from the surfa
for a five-layer slab, they are less than 0.2 eV at the cente
the slab.

FIG. 1. ~a! Supercell geometry for the full row of metal atom
~medium gray! adsorbed on the stoichiometric~110! surface: tita-
nium atoms~dark gray! are at the center of oxygen~light gray!
octahedra.~b! M to Ti~2! distance minimization, using fourk points,
for metals at the extremities of the series.
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We chose to investigate a site where the metal sits on
of the titanium. The supercell is a three-layer slab with
metal atom on top of the fivefold titanium~Fig. 1!, which
completes the surface octahedron. The geometry is, on
hand, simple and computationally reasonable, and on
other hand, it has been shown experimentally that Pt ato
tend to sit on that site at very low coverage.16 One should
emphasize that this study does not aim at finding the m
mum energy configuration of the seven metal-oxide syste
This cannot be done for a full series of elements. There
deep reason for using only one geometrical configuration
the real world, the adsorption geometries are likely to be~at
least some of them! very different and hardly comparable, s
that it would be impossible to really separate the effects
metal-oxygen affinity and adsorption geometry. This study
a model calculation where we would rather see trends in
details of the interactions for the same geometry in orde
compare ‘‘like with like,’’ at a site which is plausible fo
some of the elements.

With the periodic boundary conditions, we are actua
dealing with a row of metal atoms with a spacing equal
the lattice parameterc ~5.5 a.u., while the average neares
neighbor distance of these metals is 5.3 a.u.!. Given the con-
flicting results on the surface relaxations in the community
the beginning of our study, we chose to set the rutile in
unrelaxed configuration. Some calculations were then car
out to test the influence of surface relaxations. For the m
atom, the distance to the substrate is kept constant acros
series at 4.85 a.u. above the plane, the distance being d
mined by minimization for Au with only fourk points used
in the Brillouin-zone integration. Again this was a compr
mise to achieve a rough local minimization with an affor
able amount of computation. It can be seen indeed in F
1~b! that this distance is not unreasonable for Ta either, at
other end of the series.

The calculations use the FP-LMTO method, which is
all-electron ab initio density-functional theory approac
within the local ~spin! density approximation@L~S!DA#. In

FIG. 2. Projected Mulliken densities of states of surface sites
the clean rutile surface~thick line!: fivefold-titanium~2!, plane oxy-
gen~3!, bridging oxygen~0!, and sixfold-titanium~1!. From left to
right, the peaks have O 2s, O 2p, and Ti 3d character. The dashe
line is the upper boundary of the filled levels. The correspond
bulk densities of states are shown~thin line!, which shows the sig-
nificant Madelung shifts occurring at the surface.
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PRB 58 13 235ELECTRONIC STRUCTURE OF 5d TRANSITION . . .
this method the core is allowed to relax, but is treated
spherically symmetric. All relativistic effects except spi
orbit coupling are included. For LSDA calculations we u
the functional of von Barth and Hedin, modified by Mo
ruzzi, Janak, and Williams.17 For the technical details regard
ing the choice of orbitals, for example, the reader is refer
to Ref. 11, as the same basis set was chosen for this s
For the metal, 6s, 6p, and 5d levels were taken as valenc
levels and 5s,5p levels were included in the semicore. It wa
found that, in the plane of the surface, 14314 k points on the
main panel were needed to achieve a convergence of 1 m
A set of calculations where every other metal atom was
moved was also made, with spin polarization included. T
dimensions of the supercell are doubled along thec axis,
while other dimensions are unchanged. The metal free a
reference energy was determined from atomic calculat
Once the calculation is performed, the local density of sta
~LDOS! and crystal orbital overlap population~COOP! for
each a5 lm or l index are obtained through a Mullike
analysis. If an eigenstatecn is written in the basis set as

cn5(
i ,a

ai ,a
n u i ,a&,

wherei is the site index, then

ni~E!5(
n

occ

(
a

uai ,a
n u2d~E2En!

1(
a

(
j ,b

(
n

occ

āi ,a
n Sia, j baj ,b

n d~E2En!

defines the Mulliken density of states projected onto the
sis functionu i ,a& and

nia, j b~E!5(
occ

n

āi ,a
n Sia, j baj ,b

n d~E2En!,

whereSia, j b is the overlap integral betweenu i ,a& and u j ,b&
defines the COOP between sitesi and j.

Finally, electronic core levels are given as output of the
calculations; their relative positions can then be compa
between different calculations.

II. EFFECTS OF METAL ADSORPTION
ON THE DENSITY OF STATES

When metal atoms are deposited in the trough betw
the bridging oxygen rows, on top of every fivefold titanium
the metal-metal distance along@001# allows dispersion in
this direction. In the case of tantalum, after iteration to se
consistency, the metal conduction band sits in the middle
the rutile band gap. The adsorbed metal induces new s
on the substrate, situated in the gap@Fig. 3~a!#. These states
which were discovered by Heine18 in the context of metal-
semiconductor interfaces, are called MIGS~metal-induced
gap states!. These mainly appear on the surface fivefold ti
nium. A more detailed picture of the interaction is given
the overlap spectral density~COOP’s! ~Fig. 4!. The interac-
tion happens near the Fermi level, in the energy wind
where MIGS have appeared. It involves mainly tantalum a
s
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FIG. 3. Tantalum row: projected Mulliken densities of state
~a! Left panel, projected Mulliken densities of states. The das
line represents the Fermi level, drawn between the mainly oxy
2p valence band and the mainly Ti 3d conduction band. The origin
of the energies is arbitrary. Note the covalency of the compou
The tantalum density of states sits in the middle of the gap. R
panel, enlargement showing the metal-induced gap states~MIGS!
from the top of the center oxygen valence band~dotted line! to the
Fermi level~dashed line!. ~b! Gold row, projected Mulliken densi-
ties of states. In this case the metal density of states is aligned
the valence band.
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FIG. 4. Trends of the COOPS across the series. Left panel, metal-Ti~2! COOPS~in a.u.!, showing the progressive filling of bondin
levels and increase in the splitting of the bonding-antibonding groups. Right panel, metal-O~3! COOPS, showing the progressive filling o
the antibonding levels.
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titanium d orbitals, which can also be visualized by plottin
the charge density associated with these states: in Fig.~a!
the predominantlyd3z22r 2 character of the metal orbitals
shown. Clearly there is covalent bonding, and COOP’s sh
the two groups of bonding and antibonding levels formed
the tantalum and titaniumd levels. In this tantalum case, th
bonding levels are partially filled.

For gold, at the other end of the series, the situation
different: metald levels sit much lower relative to the su
strate, and, as a consequence, no MIGS are formed@Fig.
3~b!#. Looking at the COOP’s, the metal and titanium int
act on a broader energy window, centered on the vale
band. Around the bonding peak, an energy window wit
w
y

is

ce
a

width comparable to the tantalum case was chosen to plo
charge-density map@Fig. 5~b!#. Now the metald orbitals
involved have a different symmetry. Compared to tantalu
the average level of the antibonding orbitals is shifted dow
wards~'50 mRy!, when the Fermi levels are aligned. Mo
significantly, the spacing between bonding and antibond
groups has increased by, roughly, 200 mRy. This is con
tent with a covalent picture of the metal-titanium bond, usi
lower d levels for gold than for tantalum@Fig. 6~a!#: as an
indication, the difference in the first ionization potentials
gold and tantalum is about 100 mRy. For all metals, inter
tion with oxygen is essentially interaction with the in-plan
oxygens. It is bonding at the bottom of the valence band,
S
e

FIG. 5. Cross section of the energy-resolved charge densities along the metal row.~a! Charge integrated within the tantalum MIG
window. Density contours: (5 – 7)31023e2/(a.u.)3, dotted line; (1 – 3)31022e2/(a.u.)3, solid line. ~b! Charge integrated around th
‘‘bonding peak:’’ ~20.62 to20.60 Ry!. Density contours: (2 – 7)31023e2/(a.u.)3, dotted line; (1 – 3)31022e2/(a.u.)3, solid line. Note
the covalency between Ti and O.
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PRB 58 13 237ELECTRONIC STRUCTURE OF 5d TRANSITION . . .
antibonding close to the Fermi level; the mean spacing
tween bonding and antibonding groups diminishes by
mRy from the beginning to the end of the series, while an
bonding levels get progressively filled.

III. CHARGE TRANSFERS AND CORE-LEVEL SHIFTS

By integrating the projected density of statesni(E), the
distribution of the charge by atom is obtained. Althou
there is a degree of arbitrariness as in the choice of
LMTO basis, the projection basis itself does not change fr
one calculation to another so that we can then compare
series of results. To get the atomic charges, O 2s as well as
O 2p levels were included. By subtracting the atom
charges obtained for the clean surface from the ato
charges with adsorbed metal, a charge transfer is calcula
as well as its splitting among the different surface atoms

Figure 7 shows the variations of the transfer for the se
of elements. The total transfer to the substrate, in abso
value, is always small, less than 0.2e2; it becomes negative
~oxidizing! towards the noble metals.

At the center of the slab, the charge transfer is negligi
(,0.02e2), as well as for the in-plane oxygen~3!. The main
transfers occur for the bridging oxygen~0! and the corre-
sponding subsurface oxygen~4!, for the fivefold titanium~2!
and the sixfold titanium below the bridging oxygen~1!. The
fivefold titanium gains electrons while the other titaniu
loses some. It is striking that all transfers are almost c
stant, except for the bridging oxygen and the fivefold ti
nium, the charge of which decreases with the number
transition-metal valence electrons. The general trend of
transfer is due to the variation of the bridging oxygen a
titanium charge. The increase by10.5 eV of the core-level
shift for the bridging oxygen, going from Ta to Au, is con
sistent with the decrease of the charge transfer on this a

FIG. 6. ~a! Spacing between bonding and antibonding ene
levels in a molecular orbital picture.h5hopping integral.~b! Metal
d-titanium d bond order~a.u.! across the series in the full-row con
figuration. Note the parabolic behavior.
e-
0
i-

e

he

ic
d,

s
te

e

-
-
f
e

d

m,

although this charge transfer is quite small in any case; th
also true of the fivefold titanium core-level shifts.

Integrating the COOP’s, the variations of the bond ord
for the metal-titanium and metal-oxygen interactions can
followed. For titanium@Fig. 6~b!#, the bond order is domi-
nated by metal-d/titanium-d interaction, which, like elemen
tal transition metals, goes through a parabolic maximum
the middle of the 5d row. The metal-oxygen bond order i
essentially metal–in-plane oxygens interaction~the length of
these bonds is 5.2 a.u., the metal-bridging oxygen distanc
6.2 a.u.! and is roughly a quarter of the metal-titanium inte
action. As noted before, going towards the noble metals,
tibonding states are filled, so that the bond order decrea

Upon metal adsorption, the electrostatic shifts describ
in Sec. I are liable to be modified by both screening a
charge transfer. The shifts of oxygen 1s levels ~relative to
the oxygens in the middle of the slab, taken as the b
reference! and the shifts of titanium 1s,2s,2p ~relative to a
selected titanium in the middle of the slab! have been deter
mined ~Fig. 8!. They provide a more precise view of th
electrostatics of our system, and, therefore, also of the al
ment of the densities of states at the Fermi level.

Compared to the clean surface, the oscillations of
shifts with depth due to differences in the Madelung pote
tials are retained. Nevertheless, the amplitudes of these s
are different, even when total charge transfer is close to z
because of the screening due to the adsorbed atom, an
cause a redistribution of the charges occurs among the
face and subsurface atoms as analyzed previously. De
the small charge transfers, shifts can vary by values up
eV. Clearly the interaction with the metal shifts the fivefo

y

FIG. 7. Full-row charge transfers, showing the transition fro
reducing to oxidizing behavior. Positive sign: electronsgainedby
the substrate on adsorption. The variation of the total transfer ca
attributed to the fivefold titanium and the bridging oxygen.
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13 238 PRB 58L. THIÊN-NGA AND A. T. PAXTON
titanium ~atom 2! energy levels upwards, particularly at th
left of the series, while the contrary happens to the sixf
titanium ~1!. For oxygen atoms, the presence of adsorb
metal dampens the core-level shifts. This information sho
the part played by the Madelung shifts on the local densi
of states, when going from Ta to Au: the 2s level is shifted
exactly by the value of the 1s shifts, and so is the valence
band peak~Fig. 9!.

The changes correlate with the charge transfer to
bridging oxygen: for Au the charge is similar to the char
for the neutral surface, and the valence-band peak is clos
the Fermi level, too. Once the electrostatic shifts are
there is still a degree of freedom left with the charge trans
or, equivalently, the position of the Fermi level. Indeed, ta
ing the center oxygen 1s or 2s level as a reference, it can b
seen~Fig. 9! that this position decreases smoothly by
mRy ~0.4 eV! from Ta to Pt. The result of these variations
the electrostatic shifts, on one hand, and of the position
the Fermi level, on the other hand, is that, in the case of
a separation distance of 40 mRy~0.6 eV! appears between
the top of the substrate valence band and the Fermi level
using the language of semiconductors, the Fermi leve
pinned in the middle of the gap, giving rise to some ba
bending. This band bending can be seen with W too, t
disappears for the other metals.

FIG. 8. Shifts of the oxygen 1s and Ti 2p core levels, as a
function of the site, across the series.~0! bridging oxygen,~3! plane
oxygen,~2! fivefold titanium,~1! sixfold titanium.
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IV. REDUCING THE COVERAGE: ADSORPTION
ENERGIES, EFFECT OF SPIN POLARIZATION

Recently the issue of spin polarization in rutile syste
was raised in a few papers.11,19–21Particularly, it is remark-
able that, in the K-TiO2~001! Hartree-Fock study both spin
polarization and charge transfer were found to be large.19

In our case of tantalum, the previous calculation~full-row
geometry! was also performed within LSDA. Calculation
were then performed for a half-coverage, with every oth
atom removed from the metal row along@001#, so that dis-
persion along the metal row is strongly reduced. In that c
figuration, atoms in the second cell along@001#, with no
5d-metal atom above, were labeled as in the first cell
with primes. For this low coverage ‘‘broken-row’’ configu
ration too, both non-spin-polarized and spin-polarized cal
lations were performed and compared. In both spin-polari
calculations the tantalum acquires a moment. Neverthel
the substrate atoms are very weakly spin-polarized. We
compare the results with our previous study11 of the ~110!
131 reduced surface, which is a strongly reduced system
was found there that the most reduced surface atom acq
0.2e2 and a moment of 1.2mB coming from spin polarization

FIG. 9. Relative positions of the bridging oxygen~0! ~thick line!
and bulk oxygen~8! ~thin line! valence bands and Fermi leve
~dashed line!. The oxygen 1s levels for bulk oxygen have bee
aligned. The dotted line is the position of the tantalum Fermi lev
Note, across the series, the changes in the center of gravity o
band for~0!, the disappearance of the offset from the Fermi lev
and the lowering of the Fermi level.
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PRB 58 13 239ELECTRONIC STRUCTURE OF 5d TRANSITION . . .
of 3d titanium orbitals. It appears, therefore, that, in the c
of the tantalum, where the total charge transfer is small
reduction is weak, the charge transfer to the fivefold titani
is nevertheless the same as in the reduced surface. Fina
we compare broken-row and full-row configurations, the ta
talum moment drops to 1.3mB and the Ti~2! moment to
0.2mB , in accordance with the idea that magnetism sho
be lessened by dispersion along the metal row. The ch
transfers are similar to within a tenth of an electron~see
Table I!. Also, as the total charge transfer is smaller, t
band bending decreases from 0.6 eV to 0.3 eV for the lo
coverage.

Broken-row spin-polarized calculations were then p
formed for the seven elements. Using LSDA calculations
the free atoms as a reference, adsorption energies were
calculated, and the charge transfers compared with result
the previous coverage.

For all metals the metal moment is found to be importa
it is less, but follows the trend of the free atom momen
This induces small moments on the titanium below
metal, but the charge transfers are still very similar to
full-row non-spin-polarized calculations~Fig. 10 and Table
II !.

The adsorption energy~Fig. 11! varies from 5.9 to 9.5
eV/adsorbed atom. It is larger for the noble metals~Table
III !.

V. DISCUSSION

Deposition of a transition metal on TiO2 is often viewed
as a redox reaction: in the case of a very reactive metal~such
as Hf!, a fractionx of the oxygen forms a new oxide (HfO2)
with the metal, whereas the substrate is reduced to TiO22x .
In many cases, though, there is no evidence of the forma
of a new phase, but metal adsorption induces changes o
substrate. In these cases reduction of the substrate migh
cur by transfer of charge from the reactive metal to the t
nium atoms; such a charge transfer could explain the app
ance of a new titanium oxidation state suggested
spectroscopic experiments.2,3

Although the temperature and geometry of the exp
ments cannot be represented in the modeling, we expect
analysis of ground-state calculations can give a clearer
ture of the role of oxygen in the reduction/oxidation proce
in our simplified case, and for the site we have chosen;
charge transfers and the core-level shifts can be analyzed
compared in a detailed way.

For our chosen adsorption site, there is a covalent me
oxygen interaction. As could be seen in Secs. II and III, t

TABLE I. Comparison between non-spin-polarized and sp
polarized tantalum ‘‘broken-row’’ calculations.

Atom Charge transfer Charge transfer Momen

Ta 20.047 20.047 2.737
Ti~2! 0.316 0.210 0.271
Ti~1! 20.092 20.085 0.005

Ti(28) 0.069 0.043 0.033
O~0! 0.073 0.088 20.084
O~5! 0.008 20.048 0.065
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is mainly metal–in-plane oxygens interaction, and its bo
order is at most a quarter of the metal-titanium one. T
metal-oxygen bond order decreases through the series a
tibonding levels get filled. This behavior, which is expect
from a simple molecular orbital diatomic molecule diagra
was noted before in semiempirical calculations of 3d transi-
tion metals on Al2O3.

13,14 Nevertheless, the bond order an
the adsorption energy do not follow the same trend; for t
site bonding with the in-plane oxygens is not the domin
component in the adsorption energy. Apart from the form
tion of covalent bonds between the adsorbed metal and
in-plane oxygens, an additional effect of metal adsorption

-

FIG. 10. Broken-row charge transfers. The variation of the to
transfer can be attributed to the fivefold titanium and the bridg
oxygens.

TABLE II. ‘‘Full-row’’ calculations. Charges are in electrons
only transfers superior to 0.04e2 are mentioned. Moments are i
units of mB .

Atom Charge transfer Charge transfer Momen

Ta 20.049 0.027 1.319
Ti~2! 0.170 0.166 0.213
Ti~1! 20.115 20.119 0.009
O~0! 0.080 0.046 20.030
O~5! 20.076 20.076 0.076
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oxygen states is the variation of the bridging oxygen cha
across the series: while covalent interaction involves nea
oxygen atoms, the electrostatic shifts give rise to vary
charge transfer to the further oxygen, and this variation is
fact responsible for the decreasing trend of the total cha
transfer.

On the question of charge transfer it might be helpful
recall a couple of results.9 For the calculations performed s
far of metals on stoichiometric wide band-gap oxides~MgO
or Al2O3), the charge transfer is always found to be sm
~'0.01 to 0.1e2).10,22 We know of two calculations where
by contrast, ionization of the metal has been found:
reader is referred to Ref. 23, where Nb adsorbed on an
terminated Al2O31x slab is seen to give 3e2 to the substrate
and Ref. 15, where the alkali metal K leaves 0.97e2 to the
~001! surface of TiO2. In the first case, the substrate is no
stoichiometric, but carries an excess of half an oxygen la
It is therefore natural for each excess oxygen atom to ac
two electrons from the adsorbate. In the second case,
electron is transferred to the substrate, the correspon
state lying in the gap and being comparable to a state fo
on the reduced surface by the same authors.19,20 However,
we believe this latter state to be an artefact of the pseudo
tential method.11 Here, our study yields electron transfe
which are tenths of an electron, for coverages both with
without the additional degree of freedom given by LSD
The actual geometries of metal adsorbate clusters on a r
surface and the detailed atomic relaxations of the subs
atoms are obviously quite complex; moreover, they can
expected to vary depending on the adsorbed metal.24 Still we
found it could be interesting to see what occurs qualitativ
on displacing the bridging oxygen and the titanium bene
it. The bridging oxygen was moved downwards by 0.12 a
and the titanium by 0.25 a.u.~following values given in Ref.

FIG. 11. Adsorption energies for the broken rows.

TABLE III. Broken-row configuration: spin-polarized moment

Metal Metal moment Ti~2! moment

Ta 2.737 0.271
W 3.825 0.173
Re 4.257 20.001
Os 3.288 20.110
Ir 2.046 20.079
Pt 0.167 0.003
Au 0.000 0.001
e
st
g
n
e

ll

e
-

r.
pt
he
ng
nd

o-

r
.
ile
te
e

y
h
.

25!. It was found that the total charge transfers are still
most two tenths of an electron, and that the same trend f
reducing to oxidizing can be observed across the series.
therefore believe that the neglect of atomic relaxation is
missible.

The small charge transfers occurring in the systems un
the present study differ radically from the examples quo
previously in this section,19,23 where the metal loses an inte
ger number of electrons. In the case of K on the stoich
metric~001! surface of TiO2,

19 the geometry of the surface i
different although the potassium atom is also adsorbed
top of a fivefold titanium. More importantly, K has a lowe
ionization energy than the metals in this study. It was fou
that a charge-transfer process occurs; ionization of the po
sium is favored with the creation of gap states localized
the substrate. In our case, the system prefers to form m
rutile bonds, and the energy position of these bonds, ins
or just above the valence band, justifiesa posteriorithat such
covalent bonds can be more favorable than higher titan
oxidation states. It might be useful to underline, though, t
compared to delocalization of a whole Ke2 to the substrate,
the individual charge transfer to the fivefold titanium is n
so strikingly different: 0.34e2 in Ref. 19, 0.2 to 0.4e2 in our
study. Although the absolute values of the charge trans
are small, they correlate with the trend of the adsorpt
energies, which do not follow the parabolic trend of the bo
order. This emphasizes the importance of the electrost
contribution in such systems.

In this model case, the appearance of a ‘‘new titaniu
state’’ can therefore correspond to quite different situatio
With respect to surface spectroscopies, it was shown in S
III that, for example on the fivefold titanium, core-leve
shifts are predicted to occur especially for the ‘‘reactive
metals. We would like to point out that this is not associa
with complete transfer of a metald electron to the substrate
and that minimal variations of the charge transfer to the t
nium can correspond to shifts of about 0.5 eV. We belie
this can offer alternative interpretations to experiments s
as Ref. 5; core-level shifts are seen in the early stages o
deposition that disappear for a coverage larger than 1 M
These were attributed to band-bending due to nucleatio
defect sites. Our calculations show that shifts can occur w
out defects, and indeed without electron flow from the me
to the substrate. Therefore, it may be also that, at hig
coverages, electrostatic shifts vanish as a consequenc
changes in the Madelung potentials.

CONCLUSIONS

To summarize, our first-principles calculations of 5d
transition-metal rows adsorbed on top of the fivefold ti
nium on the stoichiometric~110! surface of rutile give a
detailed account of the changes induced by the metal on
substrate. Across the series, the relative alignments of
local densities of states vary, with the occurrence of ba
bending at the beginning of the series. The nobler metals
as expected, more oxidizing. The varying part of the cha
transfer is localized mostly on the bridging oxygen and
the fivefold titanium. We do not find that the variation fro
reducing to oxidizing across the series~Figs. 7 and 10! is
associated with large changes in the substrate metal ox
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tion state. There is a degree of flexibility for the fivefo
titanium oxidation number, on the order of tenths of el
trons, but no integer electron charge transfer from the m
atoms is seen. The bonding between the metal and the
nium beneath it is covalent in nature. Yet the trend of
variations of the adsorption energies suggests these v
tions are dominated by electrostatic effects; if they w
dominated by the metal-titanium covalent bond, the tre
would be opposite to here, where metals at the end of
series are more bonding. The numerous experimental stu
of metal adsorption on TiO2 include the 5d metals Pt and
Au, but there is systematic data across the series for thed
transition metals only. In this case the wetting ability of t
metal seems greater for metals at the beginning of the se
which suggests that the adsorption energies are greate
-

y

-
al
ta-
e
ia-
e
d
e

ies

es,
for

these metals. Assuming that such a picture is also valid
the 5d series, our results would point out that the number
valence electrons of the metal alone cannot account
stronger binding of reducing species. This would emphas
the fact that the adsorption site is likely to be a determin
factor in the energetics.
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