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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 adft&nsition-metal rowgTa to Au), adsorbed on the stoichio-
metric (110 surface of TiQ, have been calculateab 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 enerdi€9163-18208)11039-1

INTRODUCTION tion of the charge and the potential simultaneodshis can
be done through self-consistent semiempirical mddeds

Adsorption of metals on rutile involves a variety of phe- ab initio calculations:*in the present study aab initio
nomena at different scales; yet, despite the complexity, onapproach is used.
is tempted to extract general trends across the Periodic Table. We would like to emphasize also that, so far, few com-
For example, while the noble metals tend to cluster on thearisons between different metals on a single oxide were
rutile substraté;? wetting is said to be favored the higher the made, because bulk interfaces were considered and, there-
reactivity of the metal towards oxygérDeposition of a re-  fore, the metal had to be chosen so that lattice matching was
active metal, from the point of view of the electronic struc- favorable. Our calculations relate to the early stages of metal
ture, would also be accompanied by the appearance of nedeposition: there is at most one metal atom per elementary
titanium oxidation states. One would therefore like to see, irsurface unit. In such configurations it is possible to perform
a simpler situation, to what extent such concepts as correlaalculations for a series of metals.
tion of the observed behavior with metal-oxygen affinity and  Using the FP-LMTO methof, we have investigated
titanium reduction apply at the atomic level, in terms of elec-bonding at a special site of the TiQ@10 surface for seven
tronic structure. 5d transition metals—Ta, W, Re, Os, Ir, Pt, and Au—in

Technologically, metals on TiChave raised much inter- order to compare results across the series for the same ge-
est and are being used as photocatalysts, chemical sensopspetry. In Sec. |, preliminary bulk and clean surface calcu-
and heterogeneous catalysts under reducing atmospheres.létions are summarized; the geometry of the cells and com-
all these applications, a major point is the interplay of theputational details are given. In Sec. Il, the effects of metal
adsorbed substance with the electronic structure of the st&dsorption on the substrate density of states are shown, as
ichiometric or defective Ti@ system. Experimentally, well astwo examples of the detailed interactions of the metal
surface-science spectroscopies now allow investigation of ulith surface atoms. In Sec. 1ll, charge transfers and bonding
trathinly grown metal overlayers. A systematic body of ex-across the series are analyzed. We describe how the relative
perimental data has been formed over the y&atand state-  positions of the atomic core levels reflect the electrostatics of
of-the-art techniques are currently being used in this 4rea. the system and are helpful to explain the variations of the
There is also the hope that local probes such as scannirignsity of states for some atoms. Section IV completes the
tunneling microscopySTM) will yield information, at the picture with calculations for half-coverage systems and spin-
atomic scale, on the electronic structure of such sysfems. polarized calculations. Finally, the results are discussed in
The need for a proper description of interactions at an atomiSec. V.
scale has recently even motivated studies of catalysis on
noble metal/TiQ materials with a metal coverage in the sub-
monolayer rangé.

On the modeling side, metal/oxide studies have concen- The reader is referred to Ref. 11 for details on the bulk
trated on A}JO; and MgO, where the cation is in a fixed and (110 stoichiometric surface, as well as the reduced 1
oxidation stat€:'° The theoretical interest in metal on rutile X1 surface. Still it might be useful to summarize the main
systems arises from the different oxidation states of titaniunfeatures of the electronic structure in relationship with the
in titanium oxides'! In a purely qualitative approach, one surface geometry. The rutile structure can be seen as built
would think that quantities such as the ionization potential offrom octahedrgFig. 1), where each titanium has four equa-
the metal(its resistance to giving up an electjoor, con-  torial and two apical oxygens as nearest neighbors. The en-
versely, its oxygen affinity, can be related directly to metal-ergy bands of most interest are, essentially, a low-lying nar-
substrate charge transfer. In practice, though, the chargew O 2s band and a filled valence band with mainly @ 2
transfer, relative positions of the densities of states, and;haracter. A gap of 1.7 eV separates this valence band from
more generally, the energy and spatial distribution of thehe mainly Tid empty conduction band. Nevertheless, hy-
charge can only be known through a self-consistent calculddridization between Td and O 2 orbitals cannot be ne-

|. BACKGROUND FOR THE CALCULATIONS
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FIG. 2. Projected Mulliken densities of states of surface sites of
the clean rutile surfacghick line): fivefold-titanium(2), plane oxy-
gen(3), bridging oxygen(0), and sixfold-titanium(1). From left to
right, the peaks have Os2 O 2p, and Ti 3 character. The dashed
line is the upper boundary of the filled levels. The corresponding
bulk densities of states are showthin line), which shows the sig-
nificant Madelung shifts occurring at the surface.

We chose to investigate a site where the metal sits on top
of the titanium. The supercell is a three-layer slab with a
metal atom on top of the fivefold titaniurtiFig. 1), which
completes the surface octahedron. The geometry is, on one
hand, simple and computationally reasonable, and on the
other hand, it has been shown experimentally that Pt atoms

0f

el ]
ol ] tend to sit on that site at very low covera§eOne should

SSTTTTITTO T TORTTOITE emphasize that this study does not aim at finding the mini-

4 43 46 49 52 55 mum energy configuration of the seven metal-oxide systems.

(b) M-2 distance (a.u.) This cannot be done for a full series of elements. There is a

deep reason for using only one geometrical configuration. In
the real world, the adsorption geometries are likely tqdte

nium atoms(dark gray are at the center of oxygefiight grayy  '€ast some of thejnvery different and hardly comparable, so
octahedra(b) M to Ti(2) distance minimization, using fowrpoints, ~ that it would be impossible to really separate the effects of
for metals at the extremities of the series. metal-oxygen affinity and adsorption geometry. This study is
a model calculation where we would rather see trends in the
glected. There is a substantial amount of covalency in,TiO details of the interactions for the same geometry in order to
even though there is a degree of arbitrariness when attributompare “like with like,” at a site which is plausible for
ing charge to one atom or the other through projection on theome of the elements.
atomic basis, it is found that Ti bears a 1.2harge and O is With the periodic boundary conditions, we are actually
0.6, instead of the formal ionic charges 4and 2. dealing with a row of metal atoms with a spacing equal to
There is agreement on the fact that ttil0) stoichio- the lattice parameter (5.5 a.u., while the average nearest-
metric surface is the most stable surface for the compoundieighbor distance of these metals is 5.3)a@iven the con-
Figure 1 shows that there are two inequivalent titanium atflicting results on the surface relaxations in the community at
oms on the surface: one of them is at the center of an octdhe beginning of our study, we chose to set the rutile in an
hedron which thg110 plane “cuts,” and is fivefold coor- unrelaxed configuration. Some calculations were then carried
dinated; the other one is sixfold coordinated, bound to twaout to test the influence of surface relaxations. For the metal
oxygens which stand above the surface and are nameatom, the distance to the substrate is kept constant across the
“bridging oxygens.” The density of states for the surface series at 4.85 a.u. above the plane, the distance being deter-
retains the features of the bulk density: there are no surfacmined by minimization for Au with only fouk points used
states in the gap. Changes in the density of states comparéuthe Brillouin-zone integration. Again this was a compro-
to the bulk are bound to arise from coordination changes anthise to achieve a rough local minimization with an afford-
modifications of the Madelung potential at surface sitesable amount of computation. It can be seen indeed in Fig.
They can be analyzed by examining the local densities ol(b) that this distance is not unreasonable for Ta either, at the
states(LDOS) (see Fig. 2 We have checked that the elec- other end of the series.
trostatic shifts decay rapidly with distance from the surface: The calculations use the FP-LMTO method, which is an
for a five-layer slab, they are less than 0.2 eV at the center ddll-electron ab initio density-functional theory approach
the slab. within the local (spin density approximatiofiL(S)DA]. In

FIG. 1. (a) Supercell geometry for the full row of metal atoms
(medium gray adsorbed on the stoichiometi(it10 surface: tita-
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this method the core is allowed to relax, but is treated as ] ' il
spherically symmetric. All relativistic effects except spin- op T ] sor M U/\M
oy . | I f

orbit coupling are included. For LSDA calculations we use or : ) 0

the functional of von Barth and Hedin, modified by Mor- 501 2Ti) MLMA/M\ 25} u
ruzzi, Janak, and William¥. For the technical details regard- 0 i J 0 prrmr AN ]
ing the choice of orbitals, for example, the reader is referred  sof s0p) ; ] 25}

to Ref. 11, as the same basis set was chosen for this study  f L ] 0 ; e
For the metal, 6, 6p, and 5 levels were taken as valence soL o-oth) ] ZSM

levels and 5,5p levels were included in the semicore. It was ol M,_ o] 0 N

found that, in the plane of the surface X444 k points on the

main panel were needed to achieve a convergence of 1 mRyg ke

A set of calculations where every other metal atom was re- £

moved was also made, with spin polarization included. The® ol

dimensions of the supercell are doubled along thaxis,

while other dimensions are unchanged. The metal free aton

reference energy was determined from atomic calculation. I A 5
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whereS,, ;4 is the overlap integral betweeh «) and|j,8) ol
defines the COOP between sifeandj. of g

Finally, electronic core levels are given as output of these ,
calculations; their relative positions can then be compared o M o

between different calculations. .
Il. EFFECTS OF METAL ADSORPTION oF — 5 e

ON THE DENSITY OF STATES 0] -0k ; ]

When metal atoms are deposited in the trough between, b gﬁﬂgy(’(ﬁy) e
the bridging oxygen rows, on top of every fivefold titanium,
the metal-metal distance alor@01] allows dispersion in
this direction. In the case of tantalum, after iteration to self-
consistency, the metal conduction band sits in the middle of F|G. 3. Tantalum row: projected Mulliken densities of states.
the rutile band gap. The adsorbed metal induces new statgg Left panel, projected Mulliken densities of states. The dashed
on the substrate, situated in the d&ig. 3(@)]. These states, line represents the Fermi level, drawn between the mainly oxygen
which were discovered by Heiffein the context of metal- 2p valence band and the mainly TéZonduction band. The origin
semiconductor interfaces, are called MIGBetal-induced of the energies is arbitrary. Note the covalency of the compound.
gap states These mainly appear on the surface fivefold tita-The tantalum density of states sits in the middle of the gap. Right
nium. A more detailed picture of the interaction is given by panel, enlargement showing the metal-induced gap staésS)
the overlap spectral densitf¢OOP’S (Fig. 4). The interac- from the top of the center oxygen valence bdddtted ling to the
tion happens near the Fermi level, in the energy window~ermi level(dashed ling (b) Gold row, projected Mulliken densi-

where MIGS have appeared. It involves mainly tantalum andies of states. In this case the metal density of states is aligned with
the valence band.
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FIG. 4. Trends of the COOPS across the series. Left panel, mél-TOOPS(in a.u), showing the progressive filling of bonding
levels and increase in the splitting of the bonding-antibonding groups. Right panel, ni@taQOPS, showing the progressive filling of
the antibonding levels.

titanium d orbitals, which can also be visualized by plotting width comparable to the tantalum case was chosen to plot the
the charge density associated with these states: in Ep. 5 charge-density mapFig. 5b)]. Now the metald orbitals
the predominantlyds,2_,2 character of the metal orbitals is involved have a different symmetry. Compared to tantalum,
shown. Clearly there is covalent bonding, and COOP’s showhe average level of the antibonding orbitals is shifted down-
the two groups of bonding and antibonding levels formed bywards(=~50 mRy), when the Fermi levels are aligned. More
the tantalum and titaniurd levels. In this tantalum case, the significantly, the spacing between bonding and antibonding
bonding levels are partially filled. groups has increased by, roughly, 200 mRy. This is consis-
For gold, at the other end of the series, the situation igent with a covalent picture of the metal-titanium bond, using
different: metald levels sit much lower relative to the sub- lower d levels for gold than for tantalurfFig. 6@]: as an
strate, and, as a consequence, no MIGS are forfR@gl indication, the difference in the first ionization potentials of
3(b)]. Looking at the COOP’s, the metal and titanium inter- gold and tantalum is about 100 mRy. For all metals, interac-
act on a broader energy window, centered on the valenciéion with oxygen is essentially interaction with the in-plane
band. Around the bonding peak, an energy window with aoxygens. It is bonding at the bottom of the valence band, and

(@ ] (b)

FIG. 5. Cross section of the energy-resolved charge densities along the metdbrd@harge integrated within the tantalum MIGS
window. Density contours: (5—%10 3e /(a.u.y, dotted line; (1-3X 10 %e /(a.u.f, solid line. (b) Charge integrated around the
“ponding peak:” (—0.62 to —0.60 Ry). Density contours: (2—710 3e~/(a.u.f, dotted line; (1—-3X 10 2e /(a.u., solid line. Note
the covalency between Ti and O.



PRB 58 ELECTRONIC STRUCTURE OF & TRANSITION . . . 13 237

E Titanfum d - O1r o -0 ]
a Op-mmmmmees R e i iy
w @ - |
., Metal 5d £ 01
‘ E, 3 0lp 4-0 ]
. ] -
S L e o © o * 4, 4 -
0.1+ -
2 2 2
@ w=4h +(E - E) Ta W Re Os Ir Pt Au
021 e ® o _
T - L 4
5 - [ 4 0.1F * . ]
= . L) Y 5 0 '_ _________________________ 2-Ti(p) B
< 03| U . g
= . B (U R L L L e PP R —
28 | i L ]
? 0.1 e o o o o o ° =
02 - 02 1-Ti -
< [}
E- i | Ta W Re Os Ir Pt Au
Ta W Re Os Ir Pt A total charge transfer
u
b
(b) 0.2 0 ' oxidizing ]
. . . . - T - I -
FIG. 6. (@) Spacing between bonding and antibonding energy or o "o T . ]
. . . . . reaucin,
levels in a molecular orbital picturbé=hopping integral(b) Metal =02 e ° -
d-titaniumd bond order(a.u) across the series in the full-row con- Ta W Re Os Ir Pt Au

figuration. Note the parabolic behavior. ] N
FIG. 7. Full-row charge transfers, showing the transition from

reducing to oxidizing behavior. Positive sign: electrganed by

antibonding close to the Fermi level; the mean spacing pethe substrate on adsorption. The variation of the total transfer can be

tween bonding and antibonding groups diminishes by 50’;1ttributed to the fivefold titanium and the bridging oxygen.
mRy from the beginning to the end of the series, while anti-
bonding levels get progressively filled.
although this charge transfer is quite small in any case; this is
also true of the fivefold titanium core-level shifts.
Integrating the COOP’s, the variations of the bond orders
By integrating the projected density of state¢E), the  for the metal-titanium and metal-oxygen interactions can be
distribution of the charge by atom is obtained. Althoughfollowed. For titanium[Fig. 6(b)], the bond order is domi-
there is a degree of arbitrariness as in the choice of theated by metati/titanium-d interaction, which, like elemen-
LMTO basis, the projection basis itself does not change fromal transition metals, goes through a parabolic maximum in
one calculation to another so that we can then compare thiae middle of the 8 row. The metal-oxygen bond order is
series of results. To get the atomic charges,€a8 well as  essentially metal—in-plane oxygens interactitive length of
O 2p levels were included. By subtracting the atomicthese bonds is 5.2 a.u., the metal-bridging oxygen distance is
charges obtained for the clean surface from the atomi6.2 a.u) and is roughly a quarter of the metal-titanium inter-
charges with adsorbed metal, a charge transfer is calculated¢tion. As noted before, going towards the noble metals, an-
as well as its splitting among the different surface atoms. tibonding states are filled, so that the bond order decreases.
Figure 7 shows the variations of the transfer for the series Upon metal adsorption, the electrostatic shifts described
of elements. The total transfer to the substrate, in absoluten Sec. | are liable to be modified by both screening and
value, is always small, less than 8.2 it becomes negative charge transfer. The shifts of oxyges levels (relative to
(oxidizing) towards the noble metals. the oxygens in the middle of the slab, taken as the bulk
At the center of the slab, the charge transfer is negligibleeferencg and the shifts of titanium €,2s,2p (relative to a
(<0.027), as well as for the in-plane oxygé®8). The main  selected titanium in the middle of the s)dtave been deter-
transfers occur for the bridging oxygeéf) and the corre- mined (Fig. 8). They provide a more precise view of the
sponding subsurface oxygé), for the fivefold titanium(2)  electrostatics of our system, and, therefore, also of the align-
and the sixfold titanium below the bridging oxygé€h). The  ment of the densities of states at the Fermi level.
fivefold titanium gains electrons while the other titanium Compared to the clean surface, the oscillations of the
loses some. It is striking that all transfers are almost conshifts with depth due to differences in the Madelung poten-
stant, except for the bridging oxygen and the fivefold tita-tials are retained. Nevertheless, the amplitudes of these shifts
nium, the charge of which decreases with the number oére different, even when total charge transfer is close to zero,
transition-metal valence electrons. The general trend of thbecause of the screening due to the adsorbed atom, and be-
transfer is due to the variation of the bridging oxygen andcause a redistribution of the charges occurs among the sur-
titanium charge. The increase by0.5 eV of the core-level face and subsurface atoms as analyzed previously. Despite
shift for the bridging oxygen, going from Ta to Au, is con- the small charge transfers, shifts can vary by values up to 1
sistent with the decrease of the charge transfer on this atore). Clearly the interaction with the metal shifts the fivefold

Ill. CHARGE TRANSFERS AND CORE-LEVEL SHIFTS
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Note, across the series, the changes in the center of gravity of the
band for(0), the disappearance of the offset from the Fermi level,
titanium (atom 2 energy levels upwards, particularly at the and the lowering of the Fermi level.

left of the series, while the contrary happens to the sixfold

titanium (1). For oxygen atoms, the presence of adsorbed |v. REDUCING THE COVERAGE: ADSORPTION

metal dampens the core-level shifts. This information shows ENERGIES, EFFECT OF SPIN POLARIZATION

the part played by the Madelung shifts on the local densities

FIG. 8. Shifts of the oxygend and Ti 2p core levels, as a
function of the site, across the seriég). bridging oxygen(3) plane
oxygen,(2) fivefold titanium, (1) sixfold titanium.

of states, when going from Ta to Au: the evel is shifted Recently the issue of spin polarization in rutile systems
exactly by the value of thesLshifts, and so is the valence- Was raised in a few papets™*~**Particularly, it is remark-
band peakFig. 9). able that, in the K-TiQ(001) Hartree-Fock study both spin

The changes correlate with the charge transfer to theolarization and charge transfer were found to be 1afge.
bridging oxygen: for Au the charge is similar to the charge In our case of tantalum, the previous calculatifuil-row
for the neutral surface, and the valence-band peak is close ggeometry was also performed within LSDA. Calculations
the Fermi level, too. Once the electrostatic shifts are sewvere then performed for a half-coverage, with every other
there is still a degree of freedom left with the charge transferatom removed from the metal row alof@01], so that dis-
or, equivalently, the position of the Fermi level. Indeed, tak-persion along the metal row is strongly reduced. In that con-
ing the center oxygenslor 2s level as a reference, it can be figuration, atoms in the second cell alof@01], with no
seen(Fig. 9 that this position decreases smoothly by 305d-metal atom above, were labeled as in the first cell but
mRy (0.4 eV) from Ta to Pt. The result of these variations of with primes. For this low coverage “broken-row” configu-
the electrostatic shifts, on one hand, and of the position ofation too, both non-spin-polarized and spin-polarized calcu-
the Fermi level, on the other hand, is that, in the case of Tdations were performed and compared. In both spin-polarized
a separation distance of 40 mR9.6 e\) appears between calculations the tantalum acquires a moment. Nevertheless,
the top of the substrate valence band and the Fermi level; othe substrate atoms are very weakly spin-polarized. We can
using the language of semiconductors, the Fermi level isompare the results with our previous stlidgf the (110
pinned in the middle of the gap, giving rise to some bandl X1 reduced surface, which is a strongly reduced system; it
bending. This band bending can be seen with W too, themas found there that the most reduced surface atom acquires
disappears for the other metals. 0.2e™ and a moment of 1,25 coming from spin polarization
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reduction is weak, the charge transfer to the fivefold titanium

TABLE |. Comparison between non-spin-polarized and spin- o1 FE .
polarized tantalum “broken-row” calculations. ol * . -0
. AN T R -
Atom Charge transfer Charge transfer Moment 0.1 * N
0.1 .
Ta —0.047 —0.047 2.737 g 0~‘0_
Ti(2) 0.316 0.210 0.271 § L e e o * © o o i
Ti(1) ~0.092 ~0.085 0.005 ® 01F N
Ti(2") 0.069 0.043 0.033 01r v-om
0(0) 0.073 0.088 —0.084 R e IR -
0O(5) 0.008 —0.048 0.065 0.1 e * o
Ta W Re Os Ir Pt Au
of 3d titanium orbitals. It appears, therefore, that, in the case 04F . » 2Tip)
of the tantalum, where the total charge transfer is small and 02F N S e o 3

For all metals the metal moment is found to be important: L
it is less, but follows the trend of the free atom moments.
This induces small moments on the titanium below the
metal, but the charge transfers are still very similar to the FIG. 10. Broken-row charge transfers. The variation of the total
full-row non-spin-polarized calculationgig. 10 and Table transfer can be attributed to the fivefold titanium and the bridging
). oxygens.

The adsorption energyFig. 11) varies from 5.9 to 9.5

eV/adsorbed atom. It is larger for the noble metdlable  js mainly metal—in-plane oxygens interaction, and its bond
). order is at most a quarter of the metal-titanium one. The
metal-oxygen bond order decreases through the series as an-
V. DISCUSSION tibonding levels get filled. This behavior, which is expected
from a simple molecular orbital diatomic molecule diagram,
was noted before in semiempirical calculations dftBansi-
; _ tion metals on AJO,;.2*** Nevertheless, the bond order and
as Hp, a fractionx of the oxygen forms a new oxide (H{D  yhe agsorption energy do not follow the same trend: for this
with the metal, whereas the s.ubstrate. is reduced t@.TjO ._site bonding with the in-plane oxygens is not the dominant
In many cases, though, there is no evidence of the formatiog, 1\nnent in the adsorption energy. Apart from the forma-
of a new phase, but metal adsorption induces changes on thg, ot covalent bonds between the adsorbed metal and the

substrate. In these cases reduction of the substrate migh_t %’—plane oxygens, an additional effect of metal adsorption on
cur by transfer of charge from the reactive metal to the tita-

nium atoms; such a charge transfer could explain the appear-
ance of a new titanium oxidation state suggested b%
spectroscopic experimerts.

is nevertheless the same as in the reduced surface. Finally, if e b L
we compare broken-row and full-row configurations, the tan- L0 L T .
talum moment drops to L& and the T{2) moment to g 0Ir * et ]
0.2ug, in accordance with the idea that magnetism should £ 02 T
be lessened by dispersion along the metal row. The charge 0.1 A
transfers are similar to within a tenth of an electr@ee 0'_-----.‘.--3....-.............-.2;'.T.'(.p.)._'
Table ). Also, as the total charge transfer is smaller, the —o1F 7]
band bending decreases from 0.6 eV to 0.3 eV for the lower '
coverage. Ta W Re Os Ir Pt Au
Broken-row spin-polarized calculations were then per- total charge transfer
formed for the seven elements. Using LSDA calculations for [ T
the free atoms as a reference, adsorption energies were then N I TR S AT ]
calculated, and the charge transfers compared with results for L _ Lo |
the previous coverage. _op| s L e i

Ta W Re Os Ir Pt Au

Deposition of a transition metal on Tj0Os often viewed
as a redox reaction: in the case of a very reactive nistah

TABLE II. “Full-row” calculations. Charges are in electrons;
nly transfers superior to 0.84 are mentioned. Moments are in

Although the temperature and geometry of the experi—unlts Of s
ments cannot be represented in t.he modeImg, we expect t_haktom Charge transfer Charge transfer  Moment
analysis of ground-state calculations can give a clearer pic-
ture of the role of oxygen in the reduction/oxidation process Ta —0.049 0.027 1.319
in our simplified case, and for the site we have chosen; the Ti(2) 0.170 0.166 0.213
charge transfers and the core-level shifts can be analyzed andi(1) —0.115 —0.119 0.009
compared in a detailed way. 0(0) 0.080 0.046 —0.030
For our chosen adsorption site, there is a covalent metal- o(5) —0.076 —0.076 0.076

oxygen interaction. As could be seen in Secs. Il and lll, this
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14 [ 25). It was found that the total charge transfers are still at
most two tenths of an electron, and that the same trend from
reducing to oxidizing can be observed across the series. We
therefore believe that the neglect of atomic relaxation is ad-
missible.

The small charge transfers occurring in the systems under
the present study differ radically from the examples quoted
previously in this sectioh®?3where the metal loses an inte-
ger number of electrons. In the case of K on the stoichio-
L metric (001) surface of TiQ,® the geometry of the surface is
different although the potassium atom is also adsorbed on
top of a fivefold titanium. More importantly, K has a lower
FIG. 11. Adsorption energies for the broken rows. ionization energy than the metals in this study. It was found

that a charge-transfer process occurs; ionization of the potas-

oxygen states is the variation of the bridging oxygen chargé"um is favored with the creation of gap states localized on

across the series: while covalent interaction involves neareélﬁe. substrate. In our case, the sy_s_tem prefers to form !’“e.ta"
oxygen atoms, the electrostatic shifts give rise to varyindu'[!Ie bonds, and the energy position of the_se_bonds, inside
charge transfer to the further oxygen, and this variation is irP" 1USt @bove the valence band, justifeposteriorithat such

fact responsible for the decreasing trend of the total charg&PYValent bonds can be more favorable than higher titanium
transfer. oxidation states. It might be useful to underline, though, that

On the question of charge transfer it might be helpful tocompared to delocalization of a whole&K' to the substrate,

recall a couple of resulfsFor the calculations performed so the in_di_vidual_charge transfe_r to the fivefold titanil_Jm is not

far of metals on stoichiometric wide band-gap oxidsgO  S° strikingly different: 0.3¢™ in Ref. 19, 0.2to 0.4™ in our

or Al,Oy), the charge transfer is always found to be smalistudy. Although the absolutg values of the charge trans_fers
(~0.01 to 0.27).2922\We know of two calculations where, are small, th_ey correlate with the trenq of the adsorption
by contrast, ionization of the metal has been found: th&nergies, which do not follow the parabolic trend of the bond

reader is referred to Ref. 23. where Nb adsorbed on an cprder. This emphasizes the importance of the electrostatic

terminated AJO,., slab is seen to givees to the substrate, contibution in such systems.

and Ref. 15, where the alkali metal K leaves @97%o the In this model case, the appearance Of. a “new_titar)ium
(001) surfacé of TiQ. In the first case, the substrate is non_state” can therefore correspond to quite different situations.

stoichiometric, but carries an excess of half an oxygen Iayer\.N ith respect to surface spectrqscoples,' I was shown in Sec.
that, for example on the fivefold titanium, core-level

It is therefore natural for each excess oxygen atom to accept . : . i
Y9 gﬂfts are predicted to occur especially for the “reactive”

two electrons from the adsorbate. In the second case, t : - Ny .
etals. We would like to point out that this is not associated

electron is transferred to the substrate, the correspondi ith complete transfer of a metdlelectron to the substrate
state lying in the gap and being comparable to a state foun o - o
ying gap 9 P and that minimal variations of the charge transfer to the tita-

h f h Ao H ; . :
on the reduced surface by the same authvfHowever, lium can correspond to shifts of about 0.5 eV. We believe

we believe this latter state to be an artefact of the pseudopg:. o . .
P b his can offer alternative interpretations to experiments such

tential method?! Here, our study yields electron transfers Ref 5 level shift in th v st f A
which are tenths of an electron, for coverages both with oftS REl. 5, COre-Ievel Shills areé seen in the early stages of Au
without the additional degree of freedom given by LSDA. deposition that disappear for a coverage larger than 1 ML.

The actual geometries of metal adsorbate clusters on a ruti&hese were attributed to band-bending due to nucleation at

surface and the detailed atomic relaxations of the substra efect sites. Our calculations show that shifts can occur with-
atoms are obviously quite complex; moreover, they can b ut defects, and indeed without electron flow from the metal
expected to vary depending on the édsorbed rﬁ,étaﬂlll we o the substrate. Therefore, it may be also that, at higher
found it could be interesting to see what occurs qualitativelfﬁverage.s" tﬁlecl\t/lrogtalmc Sh'f:S \t/_a||'1|sh as a consequence of
on displacing the bridging oxygen and the titanium beneatlf12N9€s In the Madelung potentials.

it. The bridging oxygen was moved downwards by 0.12 a.u.

and the titanium by 0.25 a.(following values given in Ref. CONCLUSIONS

adsorption energy (eV/atom)
[ ]
Ll by e by by b e b b

LIS I L L O I L

(=B S N A

Ta w Re Os ir Pt Aun

To summarize, our first-principles calculations ofl 5

TABLE lll. Broken-row configuration: spin-polarized moments. . . .
9 pine transition-metal rows adsorbed on top of the fivefold tita-

Metal Metal moment T2) moment nium on the stoichiometri¢110 surface of rutile give a
detailed account of the changes induced by the metal on the
Ta 2,737 0.271 substrate. Across the series, the relative alignments of the
W 3.825 0.173 local densities of states vary, with the occurrence of band
Re 4.257 —0.001 bending at the beginning of the series. The nobler metals are,
Os 3.288 —-0.110 as expected, more oxidizing. The varying part of the charge
Ir 2.046 -0.079 transfer is localized mostly on the bridging oxygen and on
Pt 0.167 0.003 the fivefold titanium. We do not find that the variation from
Au 0.000 0.001 reducing to oxidizing across the seriésigs. 7 and 1Dis

associated with large changes in the substrate metal oxida-
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tion state. There is a degree of flexibility for the fivefold these metals. Assuming that such a picture is also valid for
titanium oxidation number, on the order of tenths of elec-the & series, our results would point out that the number of
trons, but no integer electron charge transfer from the metalalence electrons of the metal alone cannot account for
atoms is seen. The bonding between the metal and the titgtronger binding of reducing species. This would emphasize

nium beneath it is covalent in nature. Yet the trend of thethe fact that the adsorption site is likely to be a determining
variations of the adsorption energies suggests these variggctor in the energetics.

tions are dominated by electrostatic effects; if they were
dominated by the metal-titanium covalent bond, the trend
would be opposite to here, where metals at the end of the
series are more bonding. The numerous experimental studies
of metal adsorption on TiQinclude the % metals Pt and The authors wish to thank M. W. Finnis for valuable dis-
Au, but there is systematic data across the series for the 3cussions and M. Methfessel for practical help. We also en-
transition metals only. In this case the wetting ability of thejoyed discussions with D. L. Carroll and D. Bonnell. This
metal seems greater for metals at the beginning of the seriesiork was funded by the Leverhulme Trust under Grant No.
which suggests that the adsorption energies are greater f&/203/T.
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