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on the Rh(111)-(3 x 3) (C¢Hg +2CO) Surface
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Scanning tunneling microscopy (STM) images of the (3x3) superlattice of benzene and carbon
monoxide coadsorbed on the Rh(111) surface reveal a well-ordered array of ringlike features associated
with individual benzene molecules, while CO is not resolved. Images further show translational domain
boundaries, step-edge structures, and evidence for surface diffusion. The origin of the STM image con-
trast of these molecules and implications for STM imaging of other molecular adsorbates are briefly dis-

cussed.

PACS numbers: 68.35.Bs, 61.16.Di

Scanning tunneling microscopy (STM) has been prov-
en to be a very powerful tool for atomic resolution imag-
ing of surfaces. This technique has been successfully ap-
plied to semiconductor and metal surfaces, both with and
without atomic adsorbates.! Early results for molecular
adsorbates on metal surfaces have been somewhat less
encouraging. For example, chemisorbed carbon monox-
ide molecules have not been resolved on Pt(100) sur-
faces, even though the CO-induced restructuring of the
metal surface was observed.? Images of Cu phthalo-
cyanine on Ag surfaces® showed low symmetry and reso-
lution, which was interpreted in terms of molecular
motion induced by the electric field gradients near the
tip. The difficulties in imaging of molecular adsorbates
have been thought to be due either to rapid surface
diffusion, possibly augmented by electric fields, or to the
absence of molecular orbitals near the Fermi level (Eg),
which are accessible by STM.

In this Letter, we report the first real-space images of
an ordered array of coadsorbed molecules on a clean
metal surface. This allows us to study, for the first time,
the source of STM image contrast for different mole-
cules under the same experimental conditions. The sys-
tem studied is the ordered (3x3) superlattice of coad-
sorbed benzene (C¢Hg) and CO on a Rh(111) surface,
which has been well characterized by other surface tech-
niques.*~® The detailed geometry of this 3% 3 overlayer,
as determined with a dynamical LEED analysis,® is
shown in Fig. 1. The unit cell contains one flat-lying
benzene molecule and two upright CO molecules, all
chemisorbed over hcp-type threefold hollow sites which,
as opposed to fcc-type hollow sites, are directly above
second-layer Rh atoms. STM images of this structure
reveal individual benzene molecules as threefold ringlike
features. Carbon monoxide is not resolved within this
structure, as in previous STM work.? We analyze the
structure of the overlayer at step edges and domain
boundaries and find evidence for diffusion of benzene
molecules. Our observations are an important step to-
wards real-space imaging of surface-molecule interac-
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tions.

The sample was prepared and analyzed in a surface
preparation and analysis chamber connected to the STM
chamber by internal transfer mechanisms, which is de-
scribed elsewhere.” The Rh(111) sample was cleaned by
repeated cycles of 1-keV ion bombardment and heating
at 1000°C in the presence of 4x10~° Torr Ar and
8x107'% Torr O,. The sample was then annealed at
800°C for 10 min. Azimuthal orientation of the crystal
was determined by comparison of LEED spot intensities
for the clean Rh(111) sample with data in the litera-
ture.® The Rh(111)-(3x3)(CgHg+2CO) structure was
obtained by dosing, at room temperature, with 2x10 "~
Torr s of CO followed by saturation of the surface with
3.6%10 "¢ Torr s of benzene. A sharp (3x3) LEED
pattern was verified before and after the STM experi-
ments. The clean Rh(111) surface has not been exam-
ined because it becomes contaminated with CO in times
comparable to those required for instrumental drifts to
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FIG. 1. The structure for Rh(111)-(3x3)(CsHe+2CO)
determined by LEED crystallography (Ref. 6). Large circles
and small dots represent the first- and second-layer metal
atoms, respectively.
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reach acceptable levels. STM images were obtained in
the constant-current slow-scan mode (0.5 Hz/line)' for
tip biases varying from —2 V to 2 V. Higher biases
were useful primarily for tip sharpening. Images ob-
tained by tunneling into empty states of the sample
showed more corrugation than filled-state images and
are presented exclusively here. A fuller account of this
work will be given later.’

The STM image, shown in Fig. 2(a), reveals a gentle
0.4-A corrugation with a (3x3) periodicity (8.1 Ax8.1
A) extending over an ordered step with a (100) face.
The protrusions in these images can be compared with
the LEED model of Fig. 1, which suggests that each
bump represents a benzene molecule. Using the known
scan distances and the LEED assignment for the benzene

FIG. 2. Three images of the 3x3 superlattice extending
across an atomic step. For each terrace, the first- and second-
layer Rh atoms are represented by big and small lozenges, re-
spectively. Images were recorded with tip bias V,=—1.25 V
and tunnel current i, =4 nA. (a),(b) Images derived from the
same data, (c) image recorded about 10 min later.

binding site, we map each terrace onto a mesh represent-
ing the top two layers of Rh atoms in a fcc lattice, as
shown in Fig. 2(b). A constant height has been subtract-
ed from the upper (left) terrace to improve the image
contrast by reducing the step (S) discontinuity. The as-
sumption that the benzene binding site is the same on
both terraces allows the unambiguous determination of
the azimuthal orientation of the crystal by STM alone,
which agrees with the LEED assignment.

Upon close examination, several interesting features in
Fig. 2 become apparent. First, benzene evidently prefers
to bind at sites adjacent to metal atoms which form the
step edge. Second, a translational domain boundary
(DB), observable on the upper terrace, preserves the hcp
hollow binding site. Third, by comparison of Fig. 2(b)
and 2(c), which were recorded about 10 min apart, it
can be seen that two benzene molecules, to the lower
right of the near vertical domain boundary, have shifted
in the latter image into (3% 3) lattice positions. Also, an
unknown disturbance (U), which may be associated with
diffusion of CO or benzene along a row in the lower ter-
race in Fig. 2(b), has disappeared in Fig. 2(c), whereas
the row of molecules just above the domain boundary on
the upper terrace take on this disturbed character in Fig.
2(c). These disturbances probably represent a time-
averaged image of molecules moving between sites.

Higher-resolution images of the internal structure of
the 3x3 cells were obtained by our maximizing the cor-
rugation by adjustment of the tip bias voltage (V,) , tun-
nel current (i,), and tip structures. At a given bias volt-
age, we found that increasing the tunnel current led to
an increase in the corrugation and to the appearance of a
dip at the center of the protrusions. When the voltages
were as large as those used for Fig. 3(a), obtained with
V,=—14 V and i,=8 nA, we could not raise the
current sufficiently to observe this dip because other in-
stabilities became apparent, as shown. Flat-topped, 2-
A-high, nearly cylindrical structures were observed. The
simplest explanation for the instabilities in this image in-
volves the hopping of benzene molecules between
equivalent sites, formation of benzene vacancies (V), and
modifications to the tip (T). These instabilities are
smaller than, but similar to, those reported for Cu
phthalocyanine.? Figure 3(b) shows a 2-A-high, ringlike
structure, which we observed for ¥, = —0.01 V and i, =2
nA. Similar features were observed at ¥, = —0.5 V with
0.5-A corrugation. The use of low bias voltages, as in
previous work on Au(111),'® appears to be advantageous
for our obtaining small tunnel gaps, which provide larger
corrugations, while maintaining reasonable tunnel cur-
rents.

Figure 4(a) shows a perspective view of the (3x3)
structure which emphasizes the ringlike character and
expands the dynamic range of the images. The typical
threefold character and the lateral dimensions of the pro-
trusions corroborate the LEED assignment of these pro-
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FIG. 3. (a) At high bias the benzene images become flat topped, nearly cylindrical, and 2 A high, but the tip and surface appear
unstable. (b) At lower bias, | ¥;| <0.5 V, a nominally threefold structure with a depression at the center is observed. According to
the superimposed mesh based on the LEED model, the lobes appear to be localized between, rather than over, the underlying metal

atoms.

trusions to benzene molecules adsorbed at hollow sites
but is not sufficient to determine the mesh registration
uniquely. Rapid diffusion of CO molecules might be a
problem on some surfaces, but in this system, one would
expect the CO molecules to be locked into the ordered
3% 3 lattice formed by stationary benzene molecules. In
Fig. 4(a), some protrusions, about 0.2 A high, are seen
close to the positions expected for CO, but these features
are so small that they may represent minor tip distor-
tions. Improvements in lateral resolution will be neces-
sary to measure the 1.5-A C—C bonds of benzene and
observe proposed Kekulé distortions of the benzene
ring.®

At the other extreme, we show a wide-scan image in
Fig. 4(b) which displays a variety of steps and defects.
The sharp, monatomic step in the middle of the image
lies along a (101) direction so that the step has the rela-
tively open face of a (100)-type square lattice, as does

(b)

FIG. 4. (a) A three-dimensional view of the image in Fig.
3(b) from the right side emphasizes the ringlike appearance.
(b) Three steps and the (3x3) superlattice on each (111) ter-
race are visible in this 300x90-A 2 image. V,=—1.25 V and
iy =4 nA. Statistical differencing (Ref. 11) has been used to
reduce the apparent height of the atomic steps and defects in
order to render the (3x3) corrugation visible.
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the double step in this image. The rougher step shown at
the left of the image has a (111)-type close-packed face.
The observation of molecules near these steps opens the
door for further studies of chemistry and diffusion on
stepped surfaces.

Any explanation for the image contrast for benzene
and CO must take account of the adsorbate electronic
states. Some of the filled CO and benzene orbitals have
been observed for Rh(111) and assigned with use of pho-
toemission.> Inverse photoemission on other metal sur-
faces typically shows an empty 2z* state!>!® at least a
few electronvolts above Ef for CO. Empty benzene ey,
levels'* are found 5 eV above Ef for Cu(111) or
Ag(111), but data are not available for Rh(111). How-
ever, an extended Hiickel-theory calculation!® for ben-
zene bonded to a threefold hollow site on a Rh(111)
cluster shows that the combination of the highest filled
benzene state (e;g) with metal orbitals in a bonding
configuration shifts these occupied states a few volts fur-
ther below Ef, in agreement with photoemission data,’
while the same states combined in an antibonding
configuration result in the existence of an empty anti-
bonding Rh-benzene state just above Er. In the present
case, the existence of empty states near Er which are
partially localized on the r lobes of the benzene can easi-
ly account for large STM corrugations. The difficulty in
imaging of CO molecules probably results from the lack
of CO-Rh states near Eg. In principle, it should be pos-
sible to image the CO 2z* states with higher bias volt-
ages. If the STM is operated at higher voltages and
lower currents, however, the corrugation is reduced.
Operation at high currents, where the corrugation is
larger because of the reduced tip-sample spacing, leads
to instabilities, such as those evident in Fig. 4(b).

Other contributions to the image contrast between
benzene and CO can be considered. Adsorbate-induced
modifications to the potentials seen by tunneling elec-
trons, which may be associated with local work-function
changes,! would change the decay lengths of electron-
ic wave functions. These work-function changes are
known® for adsorbate-saturated Rh(111) surfaces (A¢
=+0.7 for CO and A¢p=—1.3 for benzene) and are
consistent with the appearance of a protrusion for ben-
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zene. The CO, however, would be expected to appear as
an array of holes in the image, contrary to observation.
Other differences, such as the different spatial distribu-
tion of the CO 2r* state as compared to the e benzene
orbitals, may also be important. Data on other systems
are needed to distinguish between these alternatives.

One pleasing result of this work is that one can image
certain chemisorbed molecules by examing mixed met-
al-adsorbate states near Ef, thereby avoiding the use of
high bias voltages which often damage the surface and
tip. Although we cannot give a simple rule for predict-
ing the magnitude of the corrugation to be expected for a
particular molecule on a given metal surface, it is likely
that large molecules, which have many closely spaced
electronic states split by strong molecule-surface interac-
tions, will often lead to states near E¢ and result in a
useful STM footprint. While the origin of the image
contrast is not clear, its existence and symmetry allow
one to obtain many of the advantages of high-resolution
real-space imaging, possibly including the determination
of molecular orientation and binding sites. In the
present case, our STM images show nearly perfect sur-
face order punctuated by occasional domain boundaries
and defects, details of registration at steps, and a preview
of surface-diffusion phenomena. Our results further sug-
gest that coadsorption techniques may be helpful in re-
ducing surface diffusion and for moving Ef closer to
molecular states. STM on carefully chosen metal-
adsorbate surfaces appears extremely promising for ob-
servations of surface chemical processes, such as molecu-
lar diffusion, nucleation phenomena, and step- or defect-
related reactivity.
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FIG. 2. Three images of the 3x3 superlattice extending
across an atomic step. For each terrace, the first- and second-
layer Rh atoms are represented by big and small lozenges, re-
spectively. Images were recorded with tip bias V,=—125V
and tunnel current i; =4 nA. (a),(b) Images derived from the
same data, (c) image recorded about 10 min later.



FIG. 3. (a) At high bias the benzene images become flat topped, nearly cylindrical, and 2 A high, but the tip and surface appear
unstable. (b) At lower bias, | ¥;| <0.5 V, a nominally threefold structure with a depression at the center is observed. According to
the superimposed mesh based on the LEED model, the lobes appear to be localized between, rather than over, the underlying metal
atoms.
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FIG. 4. (a) A three-dimensional view of the image in Fig.
3(b) from the right side emphasizes the ringlike appearance.
(b) Three steps and the (3x3) superlattice on each (111) ter-
race are visible in this 300%90-A? image. ¥;=—1.25 V and
iy =4 nA. Statistical differencing (Ref. 11) has been used to
reduce the apparent height of the atomic steps and defects in
order to render the (3% 3) corrugation visible.



