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Origin of contrast in STM images of oxygen on Pd(111) and its dependence
on tip structure and tunneling parameters
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The dependence of the contrast and symmetry of scanning tunneling microscope images (GfLQ /2d
X 2 on the structure of the tunneling tip and on tunneling parameters is explained using first-principles density
functional theory. Experimentally, the contrast changes in different ways when a metal-terminated tip over hcp
and top sites changes its bias and tip-sample distance. These changes are also reflected in the symmetry of the
image. A detailed analysis of the tunneling contributions indicates that for the metallic tips, therBithls are
determining the image symmetry at close range and low bias, while at larger separations and high bias the
Pdp, orbitals are the ones that control the image contrast. For oxygen-terminated tips, we predict a positive
image contrast, associated with the tip oxygen bonds, as opposed to the negative contrast images obtained with
metallic tips.
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The study of the atomic structure of surfaces and theithe data of Fig. (b) correspond to an Ir tip and a larger bias
relation with chemical and physical properties is one of theV=-1.4V and1=0.7 nA).
most active areas of research in the materials sciendes. The crystallographic orientation of the surface was deter-
derstanding the nature of the adsorption sites of atoms anained from images showing the atomic corrugation in two
molecules and their dissociation provides insight into the baeonsecutive terraces separated by monoatomic steps. In this
sic steps of generally complex catalytic processes. Scanninganner, the low coverage image presented in Fig), 1
tunneling microscopySTM) plays a key role in the charac- where both the oxygen and surrounding metal atoms are im-
terization of the adsorption of molecules as it provides un-aged, can be interpreted in terms of oxygen atoms adsorbed
paralleled detail of the structure of the adsorption site oron hollow fcc sites and producing a depression. These same
ideally clean metal surfaces or in the proximity of defécts. interpretation can be applied to the denser arrays shown in

Because the tunneling process involves wave functiongig. 1(b), where the oxygen atoms are responsible for the
associated with specific electronic orbitals, it is clear that thelark areas in the image. However, apart from this basic fea-
image contrast depends on the surface and tip electronigire, common to most of the experimental imagesses in
structure. In this work, we analyze experimentally and theowhich O atoms are imaged as protrusions are also observed
retically the structure of STM images of atomic oxygen ad-and will be discussed belgwthe shape of the depression
sorbed on PA11), which form a 2<2 periodic structure at associated to the oxygen atom in both topographs is substan-
low coverage. As we shall see, proper consideration of th@ally different: triangular in Fig. (a) and circular in Fig.
tunneling parameters, including applied bias and tip-samplé(b). The differences in the contrast structure of the two im-
distance, as well as tip composition, allows us to understangdges are manifested more quantitatively in the line scans
the contributions to the image contrast of various tip andshown as insets in Fig. 1, taken along the same crystallo-
surface orbitals, which is crucial for a correct interpretationgraphic direction. As can be seen, the maxima in the images
of STM images. (brighter spotsare associated with either top or hollow hcp

Figure 1 summarizes the results of two different experi-positions, showing that the naive identification of protrusions
ments addressing the same O(PH)-2X2 system. In  with atomic positions is not always justified. Relevant to the
both experiments, the Pd crystal was cleaned by cycles gdresent discussion is the shift of the contrast maximum from
ion-sputtering and annealing. In the first case, the atomithe top site, near the center of the scan linéa)at low bias,
oxygen layer was prepared by thermal dissociation of a layeto the hcp hollow site in the case of the high bias image
of adsorbed molecules from 60 to 160 K, which producedshown in(b).
patches or islands with interné2 X 2) ordering. Large, or- This change in image contrast and symmetry calls for a
dered areas of the same structure were produced in the othinst-principles analysis that goes beyond the standard
set of experiments by exposure to molecular oxygen gas dtersoff-Hamman approachin this paper, we combine stan-
room temperature. In both cases, STM images were acquirethrd density functional theoryDFT) plane-wave (PW)
at low temperature. The image of Figalwas obtained with  pseudopotential methods for the accurate determination of
a Pt tip and low biagV=-0.059V and|1=16.9 nA), while  the tip and sample structure and electronic properties, with a
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1 M whereV is the bias voltagef;(w) (i=t,s) is the correspond-

0.5 - ing Fermi-Dirac distribution functionl,s are the correspond-

ing matrix elements linking the basis orbitals in the tip and
sample, andp; and pgs are the respective density of states

matrices for the isolated tip and samglgs=0). I;; repre-
sents the tunneling current associated with the sartiple
bond; fori=j, |;; represents the current through therbital.
Similarly, we can writel ==l ., 14 being the current asso-
ciated with the tip(pg) bond.

The relaxed structure and electronic properties of the iso-
lated tip and sample have been determined uskgrer® a
first-principles total energy DFT generalized gradient ap-
proximation pseudopotential plane-wave céfleln the
0O/Pd111)-2x2 relaxed geometry, the three Pd atoms
close to the O have in-plane and upwards movements of
0.05 A, the fourth Pd atom on the unit cell moves down-
wards 0.02 A(with respect to their positions in the clean
surface and the O stands 1.12 A above the surface, in agree-
ment with previous calculatioris.

The tip apex was simulated by a tetrahedral four-atom
cluster coupled to th€11l) slab of the corresponding bulk
material (Pt or Ir). Tip chemical composition was simulated
with either a pure Pd tip or by replacing the apex Pd atom by
O. Details on the relaxed structures of the different tips will
be published elsewheté.

As mentioned above and as discussed in detail in Ref. 6,
the connection between the structural and transport calcula-
tions is done through a fast local-orbital DFT technique
(Fireball2003.78 In Fireball, the valence wave functions for

FIG. 1. (Color onling STM images for O adsorbed on @d1)  €ither O or the transition metal atoms are expanded in a set
forming a 2x 2 superstructure(@ Low coverage limit measured Of strictly localized pseudoatomic orbitals. This offers a very
with a Pt tip, V=-0.059 V andl=16.0 nA; the underlying metal favorable accuracy/efficiency balance if the atomic-like basis
surface is also showiib) Monolayer coverage measured with an Ir Set is chosen carefullisee Refs. 13-15
tip, V=-1.4 V,1=0.7 nA. The hopping elementdy),,; have been calculated using a

dimer approximation, whereby each atom is described by

pseudoatomic orbitals with a cutoff radius larger than 10 A,
calculation of STM currents based on nonequilibriumthus reproducing the behavior of the real free-atom orbitals.
Keldysh-Green function techniqués® The connection be- It is shown in Ref. 6 that this prescription yields accurate
tween the structural and transport calculations is donéunneling currents for long tip-sample distances, which is the
through a fast local-orbital DFT techniquEireball2003,”2  case that corresponds to the present study.
which efficiently maps the electronic Hamiltonian deter- In Fig. 2(@) we show calculated O/R#11) -(2 X 2) con-
mined from the PW calculation, and can be naturally linkedstant current STM images for a tetrahedral Pt tip, a negative
with the transport formalism, which is expressed in terms ofbias of 60 meV, and a tip-sample current of 58 giving a
localized orbital€. This approach incorporates the influence contact resistance of10° (), in agreement with Fig. (&)
of the bias and current conditions as well as a realistic deeonditiond. The inset of Fig. 2 shows the corrugation
scription of the tips chemical natufeither Pt or Iy used in  along the relevant scan line. The good agreement between
the experiments and their possible contamination. our calculations and the experimental data in Fi¢p) is

In our approachi;® the electrical current flowing through evident. The shape of the STM image, which depends criti-
the tip-sample systen{assumed to be described in an or- cally on the relative corrugation heights of the top and hcp
thogonal local orbital basjsn the limit of small T, that is  positions along the scan line, is also correctly predicted. The
relevant to the typical tip-sample distances in the experimain result is that when the corrugation height of the top
ments, is given by position is higher than that of the hcp site a triangular shape
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the STM image depends crucially on the dPdensity of
states. This finding also explains the dependence of STM
images with the tip-sample distan@eot shown experimen-
tally in this papey. for large distances, the contribution of the
Pdd orbitals to the tunneling current decreases more rapidly
than the contribution from the more extendeadp orbitals

and tend to make the Rd-s or d-p) orbital contributions

to the current negligible. This explains why the shape of the
STM image around O for large distances is a circle.

A full understanding of the STM image dependence on
the applied biagFig. 2(b)] can be obtained by analyzing the
current components;, as shown in Fig. ®). Comparing

FIG. 2. (Color onling Calculated O/Pd11)-2%X2 STM im- Figs. 3a) and 3b), we see that the main effect of the applied
ages for(a) Pt tip, V=-0.060 V and1=58 nA; (b) Ir tip, V bias is to change the shape of the current profile associated
=-1.0 V andl =158 nA. with the Pd(d-p or d-s) bonds: this component is now very

flat, yielding a total STM current with similar values at the
is obtained, as in Fig.(a); when both points have the same top and hcp site¥ As discussed below, this behavior is in-
corrugation the shape of the oxygen depression becomes cilependent of the tip metal atom, Pt or Ir.
cular[STM images calculated for a Ir tip/=-1.0V (posi- Finally, we analyzed how the STM images depend on the
tive) andl =158 nA, Fig. 2b)]. Finally, when the corrugation chemical nature of the tip. First of all, we find that different
at the hcp site is higher than that over the top site, the trianmetal atoms at the tip apex do not change the simulated
gular shape reappears but inverted relative to the one dfnages appreciably. Indeed, we obtain nearly identical tun-
Fig. 2(a).16 neling currents with Pd and Pt tips, as shown in Fitp) 4

These observations allow us to analyze all theNonmetallic tips, specifically oxygen-terminated tips, were
O/Pd111)-(2x2) STM images characterized by a depres-constructed by replacing the Pd atom at the tip apex by an O
sion at the position of the O atoms and the triangular ormatom. For the metal-terminated tips, the tunneling current is
circular shapes around them in terms of the current profileassociated mainly with the apex atdfig. 4(@)] and in par-
along the scan line. ticular, with its p, orbital. This explains why different metal

Figure 3a) shows different components of the tunneling atoms yield similar images and why tips of the same metal,
current calculated along the scan line for a constant tipbut having different geometries, may have quite different
sample distance of 6.45 A defined as the distance betweennneling currents due to changes in thelensity of states.
the centers of the apex atom and the lastlRd) layer and  However, oxygen contamination of the tip introduces signifi-
corresponds to the top position of the inset of Fige2The  cant qualitative changegsee Fig. 4b)]: oxygen atoms are
magnitude of the total current is basically given by the cur-now imaged as bright protrusions located on top of the atom
rent through Pd-Pd orbitals. The role of the O orbitals is (images for this case, in agreement with this result, will be
basically to create a large depression in the STM current opublished elsewhet.
top of the O atoms. The bonding between thepPdnd the These changes can be easily understood in terms df¢he
O p, orbitals yields the largest contribution to this image current components: while for the metal tip most of the cur-
depressiot! On the other hand, as mentioned above, theent is associated with the apex atom, for the oxygen-
shape of the image around the O is determined by the relaerminated tip, the apex atom contributes a very small frac-
tive intensities for the top and hcp positions. Figur@3 tion, and most of the current goes through the three metal
shows that the currents through the O orbitals are the sam@oms on the layer above the oxygen, a result in agreement
for both sites. The currents through the RtFs or d—p)  with previous approximate calculations using a scattering
bonds however, are responsible for the shape, round or triafiermalism and the extended Debye-Huckel approximafion
gular of the O depression, indicating that the symmetry of In conclusion, based on a DFT approach, we have shown
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100 18] The latter are dominant at large separations and/or larger bias
= 14 "‘mrmf::h‘ voltages. This behavior could be understood with the use of
21 pd apex 12 first-principles density f_unctlonal c_:alculatlons combined with
£ 104 Oxygen apex = Total a Keldysh-Green function formalism. The results also show
oo, § — 4 8 B vy that for a clean tip, the sample ) orbital is mainly respon-
£ 2] 6 @ —v— Apex-3Pd sible of the image depression at the oxygen position.
-7 i — All these results conclusively prove that the shape and
S,] v/"“\“ 2eeeoe epgescsso symmetry of the imagétriangular or circulay, depend cru-
PN o s ‘v“ Oop____hee+" O . tof cially on the contribution to the tunneling current of thedPd
t°?.4 _.2h°D : Oé ‘.1° Ll 5 sl :” — 'I"' orbitals that can be reduced or increased by changing the
Tip apex position (A) Tip apex position (A) tip-sample distance or the applied bias. Additionally, we have

also shown that the protrusion found on top of oxygen for an
FIG. 4. (Color onling Different components of the tip-sample 0xygen contaminated tip is associated mainly with the tip
conductance as a function of the tip position along the scar(dee Pd—O bonds.
Fig. 2) with a tip-sample distance of 6.45 A, f¢a) a Pd tip andb) . .
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