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Using the recently modified electron scattering quantum chemical approach, we have performed simulations
of the scanning tunneling microscof®TM) image contrast associated with elementary steps,daigsocia-
tion on platinunil1l). Two metastable molecular precursors, binding to different adsorption sites, and the
stable atomic species have been studied. The two molecular chemisorbed structures have been identified very
recently with a low-temperature STM. From density-functional-theory calculations, which allow a full geom-
etry optimization of the adsorbate and the surface, two molecular precursors adsorbed at the fcc hollow and
bridge sites have very similar chemisorption energy. In the calculated STM image, with a tip ending with a Pt
atom, the @ molecule and the O atom appear as a depression, which only agrees with the experiment in the
case of the O atom. However, the image is found to be strongly dependent on the value of the gap resistance
and on the termination of the tip. A tip ending with a CO molecule, which models a tip contaminated with an
adsorbate, gives images in good agreement with the experimental rESQt63-182¢09)02823-4

[. INTRODUCTION mental parameters such as the gap resistance and the tip ter-
mination.
The scanning tunneling microscof®TM) has proven to In Sec. Il, previous experimental and theoretical studies

be an exceptional tool for the study of adsorbates at metalliare summarized, with a special emphasis on the recent STM
or semiconducting surfaces. Images of individual moleculegxperiment. In Sec. lll, the results of our density-functional-
or dense layers can be obtained with molecular resolution. ttheory (DFT) calculations on the structure and energy of the
has been shown that the internal structure of the moleculprecursor and dissociated states are described. Maps of the
STM pattern is not directly related to the atomic structure butocal density of states at the Fermi level are shown, and they
depends on the bonding site at the surfateis therefore can be seen as a first approximation to the STM images in
clear that the shape of the molecular feature on the imaghe framework of the perturbative Tersoff-Hamman ap-
cannot be directly related to the molecular geometry and naProach. In Sec. IV, our scattering theory approach to STM
ture. A theoretical calculation is then needed in order to unimage calculations is briefly summarized, and the simulated
derstand the relation between image and structure. images for the oxygen species or(1Rtl) are presented. Fi-
Molecules do not only chemisorb at surfaces, they a|35?ally, in Sec. V, the influence of the gap resis'tance and of the
transform and react. The fundamental knowledge of thesHP apex structure on the calculated images is addressed.
elementary reactions at surfaces is of large interest to the
applied fields of catalysis, corrosion, etc. It is clear that the

time scale for the chemical transformation itself is much Il. OVERVIEW OF THE EXPERIMENTAL
shorter than the STM acquisition time. However, metastable AND THEORETICAL STUDIES ABOUT O
intermediates of the transformation can be frozen and im- ON Pt(11D)

aged with a variable low-temperature STM. The transforma-  at very low temperature{<40K), O, physisorbs on the
tion of molecular oxygen on a Rtl1) surface is a case of syrface with a structure unchanged compared with the gas-
special interest because it presents a variety of adsorbaghase structure. At higher temperature, first’caed later
structures with different strengths in the adsorbate-substratgvo® distinct chemisorbed structures have been found experi-
interaction. The key point is whether the STM is able tomentally, with different bonding sites at the surface and ac-
follow the chemical transformation of this molecule in con- tivation of the O-O bond. The first chemisorption is de-
tact with a platinum surface, and to recognize the differenscribed as ar interaction with an O-O elongation of 0.16 A,
metastable intermediates by assigning each to a particulavhile the second situation yields more charge transfer to-
image pattern. It is also important to understand under whichvard the antibonding molecular orbitals and corresponds to a
condition recognition with the STM of these intermediates iso interaction, with a 0.23-A bond-length increase. At a tem-
possible, and to address the influence of the general expefperature above 150 K the molecule is dissociated, and atomic
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oxygen is found on the surface with a threefold adsorption

site. L3
A low-temperature STM study recently appeafetiwo -
types of chemisorbed LOspecies on a flal1l) terrace on o I

platinum were resolved. One molecular feature resembles ¢ =
“four-leaf clover” shape centered on bridge sites, and was

assigned to a superoxo,Ospecies. The other {molecule yL
is positioned at a hollow site, and the image has a “pear z X
shape” with a bright lobe in the direction pointing to the top

site. The authors conclude from comparison with previous

spectroscopic studigshat this structure has a weaker O-O

bond. A third molecular feature has also been found at the
Le_r(rjace gdgeTsr,] and fl1t appears as tW? Iollaesfcentered on theFIG. 1. Optimized structures of the two chemisorbed molecular
ridge site. ese three positive molecular features are abrecursors and of the atomic dissociation state for oxygen on

ways surroundgd by f"l lateral depresS'on compared to t 111). These geometries result from GGA local-spin-density cal-
bare surface. With an increase of the bias voltage and tunng|,ations including a relaxation of the adsorbate and the substrate

current, dissociation of individual molecules on the surfacewyo outer layers
was induced, leading to a strong change in the STM contrast

of the adsorbates. Depending on the chosen image, atomgcyum gap equivalent to four Pt layers. A single oxygen
oxygen appears as a hole, in agreement with previouglecule is introduced on one side of the slab, and thus
studies’ or with a small bump in the middle of the hole. (epresents a 0.5-ML coverage as in the experimental studies.
When the oxygen is seen as a simple hole, no atomic res@syjjouin-zone integrations have been performed on a grid of
lution is achieved on the bare surface, while in the images 5% 1 k points, using a Methfessel-Paxton smearing of
where oxygen presents a bump in the middle of the hole,_ g 25ev. The adsorbate and two outer Pt layers are al-
individual Pt atoms are clearly seen on the substrate. Thig,yeq to relax until the largest residual force is less than 0.1
strongly suggests that this second type of image has begfy A~ as usual for similar calculations. The other two Pt
obtained with a contaminated tip apex. Important conclujayers adopt a fixed geometry with the equilibrium lattice

sions stem from this paper. Two molecular precursors coexzgnstanta= 4 A, which corresponds to a Pt-Pt bond length
ist on the surface, assigned to bridge and fcc hollow adsorpss 2 g2 A

tion. Three diffgrent .image shapes have been shown that e O, molecule is chemisorbed with the O-O axis more
need to be precisely interpreted. _ or less parallel with respect to the surface. We have calcu-
The chemisorption of ©on P(111) has been the subject |5teq the molecular adsorption on four classical symmetry
_of theoretical studies. In the earliest one, W|th a semiempirsjtas(hep hollow, fcc hollow, bridge, and topogether with
ical approach, the most favorable molecular site was found o possible azimuthal orientations of the molecular axis
to be the bridge site, with the O-O axis parallel to the SUr(parallel and perpendicular to the Pt atomic rpvend we
face, and to the Pt-Pt bond. More recent DFT StLjid'espresent only the most stable situations, i.e., the fcc and hcp
showed that two molecular precursors exist: one on th@yemendicular hollow structure and the parallel bridge one.
bridge site and one on the hollow site, in very good agreeyye have also optimized the geometry for an atomic oxygen,
r_nent \_N|th the STM results. Very _recently, resylts from ayhich prefers to be on a fcc hollow site.
tight-binding ~ molecular ~ dynamics —simulation ~were |5 Fig 1, the geometrical results of the calculations are
published” In contrast with previous studies, a low- schematically drawn. Only one hollow site is depicted, since
symmetry site was proposed, while STM images are simug,ey yield a similar chemisorption structure. The bridge O
lated with a Tersoff-Hamann approath. species lies flat on the surface, with a moderate elongation of
the O-O bond length compared to the gas-phase molecule

Il STRUCTURAL DETERMINATION OF THE (+0.11 A). For the hollow sites, the Omolecule is perpen-

MOLECULAR AND ATOMIC CHEMISORBED STATES d_icular to Pt rows, its center is shifted 0.16 A towar_d the top
site, and the oxygen atom near the top is 0.26 A higher than

Our calculations are based on density-functional theorghe atom near the bridge. The O-O bond is elongated by 0.15
and the use of a spin-polarized version of the Viemba A. For all sites, we observe a small but significant geometric
initio simulation program(VASP).!*12 The code gives an relaxation of the surface atom neighbors of the adsorbate
iterative solution of Kohn-Sham equations of local-spin den<in-plane and out-of-plane displacements are smaller than 0.1
sity, in a plane-wave basis set and using fully nonlocal®). Let us now discuss the energy results. The adsorption
Vanderbilt-type ultrasoft pseudopotentials to describe thenergies are compiled in Table I. The adsorption energy is
electron-ion interactiof® Nonlocal corrections are added in defined as the difference between the energy of the chemi-
the form of the generalized gradient approximati@GA) sorbed systenfinal state and the energy of the initial state.
of Perdewet al1* For moleculanrespectively atomicoxygen, this initial state

In relation to the ultrasoft pseudopotentials, a cutoff forenergy is the sum of the energy of the clean Pt system and of
the plane-wave expansion of 400 eV was selected, assuringthe energy(half the energy of the “isolated” oxygen mol-
very good convergence of the energy. ThélP1) surface is ecule in the same box. We distinguish the results with and
modeled by a four-layer slab, with ax2 surface cell. A  without taking substrate relaxation into account. This relax-
supercell geometry is used, and slabs are separated bya#ion does not change the molecular geometry but stabilizes
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TABLE I. Calculated chemisorption energin eV) for the mo-
lecular precursors and the atomic adsorption for oxygen @Bt
The influence of surface relaxation is underlined.

Adsorption energy Without/with 0.

(eV) surface relaxation bridge site

O, bridge —0.53/~0.64
O, hcp hollow —0.40/~0.46
O, fcc hollow —0.47/-0.65
O fcc hollow —0.86/~1.08

the adsorbed structures in a nonequivalent way. 0,
For the molecular chemisorption, the fcc hollow site and
the bridge site are found to be the most stable ones. If surface
relaxation is not taken into account, the bridge site is favored
by 60 meV. The situation is reversed when surface relaxation
is allowed, and the fcc hollow site becomes 10 meV more
stable. Those differences are small but, to our knowledge,
this is one of the first times that substrate relaxation is shown
to yield a change in the most stable chemisorption site. The
two sites therefore have a very similar chemisorption energy

which is consistent with their coexistence on the surface.

In agreement with experiment, we find the hcp hollow site fec hollow site
to be less stabléabout 200 meV legs Among all the con-
sidered structures only the bridge site chemisorption shows a
residual spin polarization on the,QOnolecule (0.89 ub).
These results show small differences compared to a previous
study by Eichler and Hafn&mwith the same code. Those FIG. 2. Fermi-level charge density, obtained from the DFT cal-
differences arise from non equivalent calculation conditionsculations, in a plane parallel to the surface at a 4-A distance from
For example ac(4X2) unit cell[instead of (2<2)] and a  the Pt surface layer. The three structures of Fig. 1 are considered:
smallerK mesh was used in this previous study. O, in a bridge site(top), O, in a fcc hollow site(middle), and

Two-dimensional maps of charge density in a plane paratomic O in a fcc hollow sitébotton). The black-to-white scale is
allel to the surface over the chemisorbed system have beessociated with the minimum-to-maximum amplitude values. The
calculated, and are represented in Fig. 2. States within apositions of oxygen atomgand some Pt atomsare labeled with
energy interval of 0.1 eV centered at the Fermi level weresquare(crosg markers.
considered, and the plane was positioned at a 4-A distance
from the Pt surface. If the perturbative approach of TerSOffapproach already detailed in previous papéfhe system is
and H_amma’r? is considered, these plots are models of thedescribed by two semi-infinite Pt solids ending with two
STM images. All adsorbates appear as a clear protrusm&ln surfaces separated by a gap. On one &ide surface

with no depression around them._The structures are aSSOCA’periodic chemisorption of an,@nolecule(or O atom in a
ated with enhanced charge density on the adsorbates COBs 5 cell is considered, in order to model an “isolated”

pared to the naked metallic surface. The two molecular Pré3dsorbate. On the other side of the gap, a tetrahedral cluster

cursors give images that compare reasonably well W'”bf Pt atoms pointing toward the surface is positioned in order
experiment for the fcc hollow site with a pear shape feature,, 1ol the metallic tip

but less for_the bridge site, where_ a double bump IS S€eN IN - A set of atomic orbitals is associated to each atom and the
the calculations. The agreement is however not satisfactoryc e semi-empirical extended Ekel techniqu¥ is used
for the oxygen atom, where a marked bump appears in th

h density i i has b tedly | q f order to calculate the Hamiltonian matrix elements. The
charge densily Image: oxygen has been repeatedly Imaged g ne| current is calculated from the electronic scattering ma-
a hole(leventtfg%\_/rvgh a bumpfln “’r‘f n;l_ddle of the hbh?; b trix and the Landaué? approach. Compared to previous
several metals. e reason for this discrepancy cou € studies, the procedure for the calculation of the scattering
the absen.ce O.f aprecise descnptlon. of the tip apex eIeCtronVﬁatrix has been modified from a propagative to a generalized
structure_m th's model and/or the ¢sta_r(deA) between a Green-function formalisr®® This algorithm presents, as
hypothetical tip and the gurface wh|ch IS far too close COMinain advantages, the possibility to treat a bias voltage be-
pared to common experimental (_:ondltloﬁs—B A). Larger ond linear response in the current, accurate integrations
distances cannot be reached with VASP due to accura

bl i th I ch densitv far f h : ver the two-dimensional Brillouin zones both at the sub-
probiems n the small charge density far from the surface. qyate and the tip, and an improved computational efficiency

and stability. Here a small 10-mV bias voltage has been con-
sidered, and no effect on the STM contrast was noted com-
pared to the zero-bias limit, as could be expected. For the
In order to simulate STM images, calculations of the tun-surface and tip, a set of 100 points was selected, corre-
nel current have been performed with a scattering matrixsponding to 40K points for the Pt bulk two-dimensional

fce hollow site

atomic O

IV. STM IMAGES OF THE SEQUENCE
OF INTERMEDIATES
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FIG. 3. Atom-projected densities of states for atomic oxy@ep) and the bridge site Omolecule on RL11). The DFT resul{right) is
compared to the extended ekel calculations with a standard (b rbital energy(—14.8 eV, lefy or a less negative shifted valge 12.6
eV, middlg. Energies are relative to the Fermi level. The following projections are given: Pt@michgray, O 2p, orbital (full line), and
O 2p, orbital (dashed ling

Brillouin zone, and assuring a good convergence. A Slaterstructure close to the Fermi level is especially relevant here,
type basis set of atomic orbitals was considered: Pt atoms igince the scattering channels for the STM simulation are
the substrate and tip bulks are only represented bylza8is, taken at the Fermi level. This shows that, despite its simplic-
while in the gap regiorione surface layer, adsorbates, and aity, this approach grasps the main qualitative features of the
tip clustey full valence 5, 6s, and & bases are used for Pt electronic structure for oxygen on(R11).

and X and 2 bases for O. The atoms in the gap region are Calculated images for the bridge and fcc hollow molecu-
described by a doublé Slater basis set in order to better lar O, precursors and for the final dissociated state are repro-
describe the long-range interaction in the tunnel junctionduced in Fig. 4. The molecular species appear as a clear
The orbital exponents are obtained from atomicdepression elongated along the O-O bond, in contrast with
calculationé® and the orbital energies are taken from thethe bump shape from the data of Stigteal# The fcc hollow
literature?? The only parameter that we have adjusted is thesite only shows a weak feature in the middle of the hole. The
orbital energy of the oxygenglevel, that was moved from asymmetry between the two O atoms is mainly a geometrical
—14.7to—12.6 eV. This allows us to raise the energy of theeffect due to the different adsorption heights of the two at-
O, and O levels, decrease the charge transfer toward thems, since, if we suppress the tilt of the molecular axis, this
adsorbate, and significantly improve the comparison betweeimternal feature disappears leading to a simple elliptic depres-
the DFT and semiempirical one-electron structures. This ision along the O-O axis. The oxygen atom also appears as a
illustrated in Fig. 3, where partial densities of state®S’s)  spherical hole, this time in agreement with several experi-
are compared. A projection is given on the Pt atom interactmental observations.

ing with the adsorbate, and on thg andp, orbitals of the O Let us explain the origin of the depressions for these cal-
atoms which describe the O-@ system(for axis labels, see culated images of precursors. In fact, our approach provides
Fig. 1. The two first columns correspond to the extendedan interpretation of the current based on the decomposition
Huckel approachiwith —14.8 or —12.6 eV for the O P of the interactions within the tunnel gap. As in previous
orbital energy, while the third one corresponds to the DFT studies> a clear and simple physical insight is obtained by
calculations. The Pt-band-width is narrower in the ex- decomposing the current into through-molecule and through-
tended Hegkel calculation, which can be associated to a scalsurface contributions, respectively, arising from the tip-
factor in the energy axis. However, the relative positions ofmolecule and tip-surface interactions. This contrast decom-
the oxygen-induced features are well reproduced with reposition is performed on current cross sections, as shown in
spect to the Pt band and the Fermi level, if the modified Fig. 5. The tip-surface separation is kept constant for the
—12.6-eV O D energy is selected, and the semiempiricalthree chemisorption cases, at a value of 7.2 A giving a cur-
partial DOSs are in qualitative agreement with the DFT onestent of 1 nA for a bias of 10 mV for the bare surface.

In the case of atomic oxygen, the @ Deaks are located at The atomic contrast has already been detailed in a previ-
the lower Ptd-band edge. In the case of,he 7 levels are  ous paper® and here we focus on the chemisorbed states. In
right below the Ptd band while the antibondingr* peaks Fig. 5 we show that the presence of the adsorbate induces a
are in the vicinity of the Fermi level. The good agreementdepression in the through-surface current, by perturbation of
between DFT and semiempirical results for the electronidhe surface atoms; this depression is important for the mo-



PRB 59 TRANSFORMATION OF MOLECULAR OXYGEN ONA . .. 15441

—total ----- through molecule
— — -through surface = - through =*
2 FENTE ENSTETEN T BN STErAr rAArEre BT ST A 2
0, Ah = 1.3A : bridge O
M=74A 1 %%
bridge site m=6.1A z
[~
€
e
5
(8]
(o)
2 Ah = 0.8A
fce hollow site 1:1]4 : ggﬁ 1
— 1.5]
< -
= ]
€ 14
o ]
3]
0.5
atomic O Ah = 0.7X ]
M =7.4A 1
fcc hollow site m:Z]A O. 5 -I4 -|3 -|2 -11 0 . 1
Pt-tip scan (A)

FIG. 5. Current(solid line) for a scan along the O-O direction
centered on the molecule for a fixed tip heigh®2 A) relative to the
surface, and for a bias voltage of 10 mV. The current is decom-
posed through surfacgong dashed ling molecule(dashed ling
and 7* molecular-orbital(dotted ling contributions.

FIG. 4. 10x 10-A% STM topographic computed imagésias 10
mV, current 1 nA, Pt tip together with their minimumm) and
maximum (M) z values. The overall image corrugatid is also

given. The geomgtries are the relaxed ones drawn in Fig. 1. Labfeﬁ]e bumps being locate2 A away from the molecule center
for the atom positions are the same as in Fig. 2. The black-to-whit¢; 5,14 he noted that the interlobe distance is much longer
scale is associated with the minimum-to-maximumzigelues. than the 0-O bond lengthThe double-lobe pattern reflects
the predominance of antibonding orbitals, that have a nodal
plane bisecting the molecule and could correspond to the two
lecular and atomic chemisorption, but would be negligiblepositive experimental image@our-leaf clover and double
for a weaker interaction such as a physisorbed state. In fachump if their amplitudes were not masked by the through-
as soon as the molecule draws close to the surface, allowirgurface contribution. The same conclusion stands for the hol-
substantial orbital overlaps, the metallic states at the surfadew chemisorbed @ with a pear shape through-molecule
are consequently shifted away from the bulk levels. Thiscurrent, which is mostly masked by the large depression in
energetic shift cancels the resonance with the bulk states, artde through-surface contribution. The final information pro-
the resulting current is thus decreased. Hence, as soon as thisled by Fig. 5 is that the two current components, through-
interaction is strong enough, the through-surface contributiosurface and through-molecule, are combined with a strong
creates a hole in the image. A through-molecule current islestructive interference effect. The main consequence of this
also induced. This through-molecule current is reduced whedestructive interference is to enlarge the hole associated with
the molecule approaches the surface for a given tip heighthe chemisorbed states.
and the nature of the molecular orbitals, important for tun- The key point for the resulting contrast of the molecule is
neling, is changed fromr to = orbitals. Oxygen, which is an therefore the balance between the through-surface and
electronegative element, has contracted atomic orbitalthrough-molecule currents. The simulation presented in Fig.
Therefore for the atomic and molecular chemisorption, thet is dominated by the through-surface component, which im-
height difference between the oxygen and the surface is nqioses its depression in a way certainly exaggerated compared
able to counterbalance the important orbital expansiorio the published images. It is therefore important to under-
change between oxygen and platinum orbitals. The throughstand which parameter in the STM experiment and calcula-
molecule current is hence not strong enough to compensat®ns can influence this balance.
for the hole created in the through-surface current. This is Three effects have been tested: the substrate relaxation,
why all adsorbate contrasts are negative, reflecting the pethe contamination of the tip apex, and the tunneling resis-
turbation of the surface metal atoms by the adsorbate. tance. Images presented in Fig. 4 already include the relax-
Moreover, the shape and amplitude of the through-ation of the substrate for the chemisorbed species determined
molecule current greatly depends on the adsorption site. lby our ab initio calculations. This geometrical effect has a
the chemisorbed bridge case, a double-lobe shape is foundery minor influence on the contrast. For both sites, the re-
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laxation slightly reduces the amplitude of the contrast. Con- ——10MO——-1MO----- 0.5 MO -+ 0.1 MO
versely, the last two parameters which are related to experi- TR T N TTI NT
mental conditions have a great influence on the image. ] bridge O .
7_:\_/2/;7
V. INFLUENCE OF EXPERIMENTAL STM PARAMETERS <
ON THE CALCULATED IMAGES £ 6‘;\ < Phein
p S s .-7r
When looking carefully at the published experimental im- 2 5 ‘\\ < _ /, [ 5
ages, we have already noted in Sec. Il that the images of & . N T~—T o Lt
atomic oxygen and the resolution of the metal substrate at- N Rl PR
oms can vary in a significant way. A different atomic struc- ] T 3 F
ture at the tip apex could explain these variations. Another 3+ e - 3
way to modify the image contrast, and presumably to raise -4 -3 -2 '1'1 0 k 2 3 4
the through-molecule contribution, is to move the tip closer ‘P scan (R)
to the surface, which means tunneling at a lower gap resis- T )
tance. ] hollow fcc O :
In Fig. 4, the resistance was fixed at a value of 1Q.Nh - 7{\_2/}7
Fig. 6, the influence of a decrease of the gap resistance inthe < ] C
calculated image topography is shown for the same Pt tip = 6—‘.\\\ - e "6
apex. The considered range of gap resistance 0.1-00 M =4 RSN e
includes the domain of the experimental imagks10 MQ). < 54 S -o -, -5
Scans across the molecule, along the O-O direction and £ ] . REIEE \\_:', """ ’ P o
across the atoms, are given. All cases show an enhancement 4 RN -4
of the through-adsorbate contribution. For the molecule, ] E
shoulders appear within the depression already at a resistance 3 e 3
of 1 MQ and local maxima when the tip draws closer. Fea- 432 Ond 28
tures from the molecule are then visible at low gap resis-
tance, but the effect is not strong enough to yield a real R .
contrast reversal, and the molecule area is still lower than the ] atomic O

bare surface in the topographic image. Moreover the gap 7—:\/5—7

resistance value in order to observe the effect is smaller than < B _
the experimental ones. No contrast change is evidenced for = 64. T~ - _ - S
the O atom in the range of tunnel resistance considered. 2 ~‘ - ’__,——"' [
In order to model contamination, two different tip apex < St T e -5
structures are considered in Fig. 7 for the same values of the = T e C
gap resistance as in Fig. 6. The first tip is an oxygen-atom- 44 e F4
terminated tip, where the Pt apex atom has been substituted ] L
by an O atom, therefore chemisorbed on the hollow site of 3 4:3.2....543

the Pt tip base unit. In the second tip, all four Pt atoms have
been kept in the tip apex tetrahedron, but a CO molecule has
been vertically chemisorbed by the C atom at the tip apex FIG. 6. Influence of the tunnel gap resistance. Topographic
atom. Such a situation should be rather stable, since it wagsans along the O-O bond for different values: 10 N&olid line),
shown on stepped surfaces that CO binds more strongly &M (long dashed ling 0.5 M(Q) (dashed ling and 0.1 M) (dot-
low coordination sites. Such tip apexes have been created K§§d line. The tip ends with a Pt atom.
manipulation of CO molecules on a Q1) surface’* In all
cases, the topographicvalue is defined by the separation
between the Pt surface layer and the lowest atom at the tipf 0.5 MQ) is shown in Fig. 8. The contrast is very different
This change in the tip apex has a strong influence on th&om that of Fig. 4, and clearly illustrates the enhancing of
resulting STM image contrast. The contribution of the mol-the molecular pattern. A good agreement is obtained here
ecule is greatly enhanced compared to that of the bare suwith the experimental images: The bridge site shows two
face, and the contrast reverses to positive for tunnel residebes elongated in the direction perpendicular to the O-O
tances that compare well with the experimental values. Théond which resembles a four-leaf clover. The fcc hollow site
effect is even more marked in the case of the CO tip, and thenolecule appears asymmetric with a bright bump and a
molecule is the brightest area of the image at a®-Msis- dimer area. All molecular features are surrounded by a de-
tance. A reduced gap resistance and a contaminated appression. The image of the O atom is a hole with a bump in
have therefore roughly the same effect of enhancing the mahe middle of the hole, and corresponds well with the experi-
lecular contribution, and these effects cumulate. For the casmental images of Ref. 4.
of the O atom on the surface, the effect is smaller, but a Figure 9 shows the decomposition of the current for a
feature clearly appears at the bottom of the hole for the CQixed tip height into the through-surface and the through-
tip and for the O tip at very low resistances. molecule contributions to the current. The tip is the CO-
A set of images with a CO tip apex and a gap resistancéerminated tip, and itz is selected to obtain a similar total
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FIG. 7. Combined influence of the tip apex structure and tunnel gap resistance. Topographic scans along the O-O bond for different
values: 10 M) (solid line), 1 MQ (long dashed ling 0.5 MQ (dashed ling and 0.1 M2 (dotted ling for models of two contaminated tips:
the O-terminated tip apefteft column, and the CO molecule adsorbed on the Pt tip afpight column).

current value far from the molecule than in the case of Fig. 5the surface, the tip body is moved further from the surface if
The through-surface depression is still present, and is evethe 3-A distance between O and Pt apex is taken into ac-
more marked than in the Pt apex case. However, the througleount. The CO molecule at the tip adds a contribution to the
molecule current is strongly enhanced. It mainly correspondsurrent. Due to the low of the CO molecule and its prox-

to a contribution of ther* orbital for the bridge site, and to imity to the adsorbate, this contribution is enhanced when
a smaller extent for the hollow site. The decomposition ofthe CO tip probes the molecule on the surface. The over-
the current therefore is in concordance with the qualitativeall effects of both tips is to probe the surface wave function
interpretation of the topographic scans given in Sec. IV.  at a lower height, compared to the metallic tip.

Even if the contamination with O and CO vyield qualita- This discussion, based on the reduced tip-adsorbate dis-
tively the same effect, these tips are not totally equivalent. Iriance, can be completed by a more precise analysis of the
the case of the O atom, the tip body draws closer to theharacter of the tip orbitals that participate in the tunneling.
surface compared to the Pt tip, and the contamination can beor the CO-terminated tip, thes5CO orbital is clearly the
seen as an additional scattering for the tunneling electronsain contributor, as it is the case when CO is chemisorbed
which adds to the tunnel gap resistance. Therefore, for an the surfacé® The 5 CO orbital is directional, and can
given imposed total resistance the “true” tunnel resistance isnore efficiently probe the out-of-phas@2lobes of ther™*
smaller, yielding an amplification of the molecular contrast.O, orbital than the spherical Pts6é Moreover, the molecular
For the CO contaminant, even if the O apex is much closer torbital energies are close, and both effects add to yield a very
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FIG. 8. 10<10-A? STM topographic computed imagésias 10 FIG. 9. Current(solid line) for a scan along the O-O direction

mV, current 20 nA with a CO molecule chemisorbed at the Pt tip centered on the molecule for a CO-terminated tip at a height of 5.3
apex. Minimum(m) and maximum 1) z values are given. Labels A relative to the surface and for a bias voltage of 10 mV. The
for the atom positions are the same as in Fig. 2. The black-to-whiteurrent is decomposed through surféleag dashed ling molecule
scale is associated with the minimum-to-maximumzialues. (dashed ling and7* molecular-orbitaldotted ling contributions.

favora*ble interaction between the tipr &0 orbital and the o5 anta) images, with positive features for the molecule,
O, #* orbital on the surface. The situation of the

O-terminated tip is somewhat intermediate between that oian only be reproduced if specific tip apexes are chosen with
the CO and Pt tips, since tip contributions arise both from theS ggﬁ contamination and if the gap resistance is reasonably
© 2p, orbitals and from the Pt$orbitals of the tip base. Indeed contamination at the tip apex either by O atoms or
The more diffuse character of the Pt orbitals compensate fo O mol ' | : i P I'fp " ; thy lecul
the atomic height difference at the tip apex. However, thes$ molecules gives a strong ampiitication ot the molecutar
metal and oxygen contributions to the tunnel current inter-eatures in the images, since the surface wave function can

fere destructively, which gives a weaker enhancement of th € probed ata 'OVYe.r height. The molecule has two effects_ on
. e tunnel current: it decreases the through-surface contribu-

7* O, current compared to the CO tip. Therefore,,. ; i : i
molecular-orbital features of a given adsorbate can be ampltlon’ but adds its own through-molecule current. This mo

fied in the tunnel current if tip states with small orbital ex- lecular contribution is dominated by the participation of the

. ; SN . ;
pansion and adequate energy level can be selected at the Eﬁ . orbital, wh|c.h is in quasiresonance with the S“”‘?‘;e
apex. In our case, the* O, contribution is efficiently en- ermi level due to its open-shell character. The calculations

hanced by a CO-terminated fi confirm that the STM is very sensitive to the precise coordi-
y P- nation of the molecule to the surface, and represents an ex-
cellent tool to study elementary molecular processes at sur-
faces.

VI. CONCLUSION

Theoretical simulations of STM images of the various ad-
sorption states of ©on P{111), characterized geometrically
by previous spectroscopic studies and #te initio local-
spin-density calculations presented here, have been analyzed. The authors acknowledge support from the Spanish-
Two molecular precursors are obtained—one chemisorbeBrench collaboration program PICASSO 98045. J.C. ac-
on the bridge site, and the other chemisorbed on the hollownowledges financial support from the Spanish CICYT under
site—with very similar chemisorption energies, but the ex-Contract No. PB96-0916.
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