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Site Dependence of the Apparent Shape of a Molecule in Scanning Tunneling Microscope Images:
Benzene on Pt/111)

P. S. Weiss' and D. M. Eigler'
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95/20

Department of Chemistry, The Pennsylvania State University, University Park, Pennsylvania l6802
(Received 19 November 1992; revised manuscript received 13 July 1993)

We present scanning tunneling microscope images of benzene adsorbed on the Ptjl 1 lj surface. We
find three distinct types of images for isolated benzene molecules, depending upon the benzene adsorp-
tion site. This site dependence is in agreement with recent theoretical calculations, and may limit the
usefulness of the scanning tunneling microscope in elucidating the structures of adsorbed molecules.

PACS numbers: 61.16.Ch, 68.35.Bs, 71.20.Hk

Scanning tunneling microscope (STM) images display
aspects of the structure of molecules adsorbed on sur-
faces. Motivations to interpret these images unambigu-
ously include the desire to identify unknown molecules on
surfaces according to their appearance, and to determine
the structure and composition of molecules and of molec-
ular complexes. The unambiguous interpretation of these
images is complicated by the fact that the STM does not
record the location of atomic nuclei. What it does record
is the local variation in the electronic structure of the sur-
face at the adsorbed molecule. Here we report on the im-
aging of isolated benzene molecules on Ptjl 1 lj at 4 K
and demonstrate that the appearance of a molecule, as
imaged with the STM, can vary dramatically according
to the binding site of the molecule. On one hand, this
places constraints on the use of the STM as an analytical
tool; on the other, it demonstrates the STM's sensitivity
to variations in the chemical environment of adsorbed
molecules.

Benzene was the first adsorbate imaged with the STM
which appeared to show internal structure [1]. Ohtani et
aI. coadsorbed benzene with CO in order to form an or-
dered overlayer on the Rh[l 1 lj surface [1,2]. Benzene
appeared as a feature with three lobes at the vertices of
an equilateral triangle with spacings close to the meta
carbon separations. All of these triangles were oriented
in the same direction, but within each molecule the lobes
were not all the same height. Ohtani et al. [1,2] inferred
from their data and the previous low energy electron
diffraction (LEED) results [3] that these images were
due to benzene molecules adsorbed parallel to the surface
at hcp-type threefold hollow sites. Theoretical calcula-
tions by Sautet et al. of these STM images are consistent
with the experimental positions and orientations of the
lobes, but show lobes of equal height [4].

Further calculations of adsorbed benzene have predict-
ed varying STM images depending upon the surface, ad-
sorption site, metal Fermi level, and tunneling conditions
[4-7]. Sautet and Bocquet have recently performed cal-
culations of isolated benzene molecules adsorbed on
Pt[l 1 1 j directly related to the experimental data present-
ed here, and find that the images vary based upon adsorp-

tion site [5]. They find that the benzene in hcp and fcc
hollow sites and in bridge sites have essentially the same
chemisorption energy, —30 kcal/mole. Benzene ad-
sorbed at atop sites was less stable, with substantially
lower chemisorption energy, —20 kcal/mole. Site depen-
dent STM images at low bias voltages have also been pre-
dicted in theoretical studies by Fisher and Blochl for ad-
sorbed benzene on Mosz and graphite [6]. Wander et al.
have recorded diA'use LEED data for disordered benzene
at high coverage and surface temperatures of 170
& T & 300 K on Ptjl 1 1 j, and found benzene adsorbed at

bridge sites and somewhat distorted [8]. The images and
sites calculated by Sautet and Bocquet correspond closely
to those found here, and are discussed below.

In Fig. 1 we present an STM image of the Pt crystal
recorded after dosing to a coverage of approximately
0.001 monolayer (ML) of benzene. The benzene mole-
cules appear as protrusions from the otherwise Aat ter-
races of the Pt[l 1 1 j surface. When these features are ex-
amined at higher resolution, as shown in Figs. 2(a)-2(c),
we find three characteristic types of protrusions. It is this
variety among image types that is the main focus of this

FIG. 1. STM image of a 500 A&500 A region of Pt[1 1 lj
which has been covered with 0.001 monolayer of benzene. One
monatomic height step is shown in the image which was record-
ed with the tip at Vb;„=—0.010 V and with It„„,]=100 pA.
The vertical scale is expanded so as to fill the image, and the
minimum to maximum height dilTerence in the image is 3.95 A.
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(c)

FIG. 2. STM images of three different 15 AX15 A regions
of Pt[111] each showing a single adsorbed benzene molecule.
The images were recorded with (a) Vb;,.= —0.050 V,
It»«~=100 pA; (b) Vb;„=—0.010 V, It,„„,~=1 nA; and (c)
~bias = 0.010 V~ Igunne]

= 100 pA, respectively. The minimum
to maximum height differences in the images are (a) 0.58 A,
(b) 0.72 A, and (c) 0.91 A, respectively. The observed images
of individual molecules did not change qualitatively for a wide
range of tunneling parameters.

paper. In the hundreds of images that we have recorded
of isolated benzene molecules, we found for each mole-
cule only one of these three types of images. For bias
voltages of 0.01 ~

j Vb;„~~ 0.3 V, and tunneling currents
up to l nA, we have found no qualitative changes in the
images for any single benzene molecule. Let us consider
the possible explanations for these multiple characteristic
image types.

The Pt crystal was essentially free of protrusions prior
to dosing. We may thus eliminate the possibility that the
protrusions are due to the process used to prepare the Pt
surface. The purity of the benzene was checked in situ
by mass spectroscopy prior to dosing. This would have
revealed any significant contamination of the source ben-
zene or the presence of undesired chemical reactions be-
tween benzene and species adsorbed on the walls of the

UHV system. Auger spectra of the "as prepared" Pt
crystal indicated (0.2-2)% carbon impurity in the near-
surface region [9].

The images of Figs. 2(a)-2(c) are characteristic in

that no simpler or higher resolution images of these pro-
trusions could be obtained despite many deliberate rear-
rangements of the atoms on the end of the STM tip. In
addition, we have recorded images in which all possible
pairs of the image types appear, and the STM tip did not
change during multiple, identical sequential images. We
thus eliminate tip eA'ects as a possible explanation for the
distinct image types.

Despite our occasional ability to image the Pt[111] lat-
tice corrugation, we are unable to determine the benzene
adsorption sites directly from our images. This is partly
because the mechanism by which the fcc[111}lattice is

resolved remains unclear [10], and it is thus uncertain
whether the observed peaks of the lattice corrugation cor-
respond to the metal atom positions.

The type of image found in Fig. 2(a) matches the ap-
pearance of benzene coadsorbed with CO on Rh jl 1 1 j in

Refs. [1] and [2] and is thus unlikely to be associated
with a surface defect. While Ohtani et al'. found only one
orientation of the three lobes on the surface [1,2], we

have found two possible orientations, rotated 60 with

respect to one another. Ohtani eI al. attributed their ob-
servation of a single orientation to occupation of only
hcp-type sites for the ordered overlayers, consistent with

the structures determined from LEED. Because we ob-
serve two orientations, we infer that we have imaged ben-
zene at both hcp-type and fcc-type adsorption sites. Cal-
culations by Sautet indicate that these sites have nearly
identical chemisorption energies, are stable in that no
lower energy sites exist on the perfect crystalline surface,
and give STM images with three symmetric lobes [5].
With the exception of the symmetry of the lobes, these
predictions match our experimental data.

We have only found the image type shown in Fig. 2(b)
near other adsorbates or defects on the surface. We do
not know the role of the surface environment in determin-
ing the image type shown in Fig. 2(b). Sautet and Boc-
quet have calculated that benzene adsorbed at atop sites
should give ringlike images with six lobes weakly resolved
for their atomically sharp theoretical tip, but should be
unstable relative to translation to energetically more
favorable sites [5]. We have not resolved lobes within the
ringlike structures. We conclude (as do Sautet and Boc-
quet) that the chemical environment, i.e. , the nearby ad-
sorbates and defects, may play a role in stabilizing ad-
sorption at the atop site, and tentatively assign the image
type shown in Fig. 2(b) to these sites.

We have eliminated the possibility that the image type
displayed in Fig. 2(c) associated with a defect on the sur-
face by picking up such a molecule with the STM tip,
moving it elsewhere on the surface, and then reexamining
the original adsorption site [11]. For high coverages of'

disordered benzene, Wander et al. found that benzene ad-
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sorbed at bridge sites, rotated 30' from the orientation
found for the threefold hollow sites of coadsorbed ben-
zene and CO on both Pt[l 1 lj and Rh[l 1 lj [8]. Our im-

ages of the type shown in Fig. 2(c) often appear to have

C2,, symmetry; however, it is di%cult to distinguish this
from tip eAects. We thus cannot diAerentiate between
C2,, and higher symmetries for the images of the type
shown in Fig. 2(c). Sautet and Bocquet have calculated
that bridge-bonded benzene on Pt[1 1 1 j is stable if prop-
erly oriented, with chemisorption energies essentially
identical to those for threefold hollow sites [5]. Their cal-
culated images closely resemble the single bump structure
shown in Fig. 2(c), but are elongated perpendicular to the
"bridge" giving features with Cq„symmetry [12]. We
therefore assign the bump structures such as those shown
in Fig. 2(c) to be bridge-bonded benzene.

We conclude that the variations between the charac-
teristic image types are due to adsorption of benzene at
diferent sites on the surface for three reasons. First, ex-
periments and calculations have shown that when ben-
zene is adsorbed on the Pt[1 1 lj surface it adsorbs at mul-
tiple sites [5,8, 13]. Second, there are many examples
where the overlap of the conduction electrons with molec-
ular orbitals at the Fermi level depend upon the binding
site of the molecule [14]. Since at low bias voltages the
STM images the extent to which the Fermi-level conduc-
tion electrons extend beyond the surface, variations in ap-
pearance according to binding site are to be expected. As
detailed above and in Ref. [5], STM images of benzene
on PtIl 1 1 j have been calculated to be strongly dependent
upon adsorption site [15], in agreement with our data.
Third, when we dose the Pt[1 1 lj surface at different tem-
peratures and then record STM images at 4 K, we get
diAerent distributions of these three types of images.
Dosing at room temperature, then cooling the crystal to 4
K before imaging, leads to ratios of ca. 2:1:3 for the im-

age types displayed in Figs. 2(a), 2(b), and 2(c), respec-
tively. Dosing the crystal at 4 K with benzene let into the
room temperature chambers as for Xe in Ref. [17], then
imaging without warming the crystal, we find predom-
inantly the image type shown in Fig. 2(c), with small per-
centages of the other two types. For room temperature
adsorption, the benzene molecules are able to diffuse
across the surface to find energetically favorable sites
(i.e. , some of the small number of surface defect sites).
Upon cooling, as the crystal is moved to the 4 K STM,
the molecules freeze into specific sites (at some tempera-
ture). The ability of the molecules adsorbed at room
temperature to sample the surface leads to many more
molecules at and near defects [e.g. , molecules such as the
one shown in Fig. 2(b)l than are found for adsorption at
4 K. For low temperature adsorption there is no thermal-
ly activated diAusion and the only means by which ben-
zene molecules sample the surface is via transient mobili-
ty upon adsorption before losing their momentum parallel
to the surface [17,18]. From the distribution of the iso-
lated benzene molecules we can place an upper limit of a

few lattice sites on the accommodation lengths for this
parallel momentum. We thus understand the larger frac-
tion of molecules adsorbed at and near defects in the case
of room temperature adsorption to be due to these mole-
cules sampling a larger area of the surface and having the
opportunity to find defect sizes, whereas the molecules
adsorbed at 4 K do not [19]. We conclude that the
difrerent image types correspond to diAerent benzene ad-
sorption sites.

In the images of benzene having three "lobes" such as
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FIG. 3. Topographic displays of STM images of two 20
A&&20 A regions of Pt[111j showing isolated benzene molecules
which appear as three lobed features. The lobes of the two mol-
ecules appear rotated 60' from each other. The images were
recorded with (a) Vb;„=—0.050 V, Ii„„,!=100 pA and (b)
Vbt, s

= +0.010 V, Itt pge[
= 100 pA, respectively. Note the

depressions in the images of the surrounding metal along the
direction of the lobes from the center of each molecule.
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in Fig. 2(a), there appear three depressions in the images
of the surrounding metal substrate. As shown in Fig. 3,
both the depressions and lobes due to the benzene occur
in only two possible orientations, rotated 60' about the
surface normal with respect to each other. These are the
structures attributed to the fcc-type and hcp-type three-
fold hollow sites. The surrounding depressions appear to
be 6-10 A from the center of the molecules nominally
along the direction of the lobes [20]. We interpret these
depressions within the framework of the TersoA'-Hamann
approximation [21] to indicate a long-range electronic
perturbation of the local density of states induced by the
adsorbed benzene. Such effects were not seen for the oth-
er two types of benzene images. We speculate that these
eAects depend upon the specific adsorption site, and thus
the specific electronic interactions of the adsorbate with

its underlying surface atoms [22]. Such long-range elec-
tronic eAects may have dramatic consequences in direct-
ing the approach of electrophilic versus electrophobic
species to adsorbates. This may allow directed chemical
synthesis with mediation (or modulation) of the
adsorbate-adsorbate interaction by the charge redistribu-
tion that one or both adsorbates induce in the substrate.

We have shown how the appearance of adsorbates in

STM images can vary according to binding site. While
providing useful information on how electronic structure
varies with chemical environment, it also places con-
straints on using the STM to identify molecules on sur-
faces.
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