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1. Introduction

The development of the scanning tunneling micro-
scope (STM) by Binnig and Rohrer® was extremely
important because, for the first time, it enabled the
imaging of solid surfaces with atomic resolution.
Early applications of the STM concentrated on imag-
ing of clean semiconductor and metal surfaces, with
elucidation of both the physical and electronic struc-
ture of many systems. Early STM images of mol-
ecules, however, were not promising because they did
not yield high resolution. For example, although the
reconstruction of Pt(100) induced by chemisorbed CO
molecules was observed, the individual CO molecules
were not resolved.?® Low-resolution images were
also obtained for copper phthalocyanine molecules on
silver films and were attributed to the effect of the
applied electric field of the tunneling tip on the
surface diffusion of the molecules.* Images of a
cadmium arachidate bilayer on graphite, deposited
by the Langmuir—Blodgett technique, showed bright
elliptical spots in STM constant height images, which
were assigned to individual molecules which were
diffusing rapidly in the field of view.5 In addition,
STM images of the products of the chemical reaction
of ammonia dissociating on the Si(111) (7x7) show
that the contrast of dangling bond states of the Si
changes upon reaction with ammonia.t

Within a few years, however, the STM was suc-
cessfully applied to the imaging of individual mol-
ecules on surfaces. To date, many different types of
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molecules have been successfully imaged by STM,”
including conducting organic molecular crystals (e.g.,
TTF—TCNQ),® liquid crystals,® 2 polymers,'3-16
fullerenes,’’~25 and biological molecules.?® Atomic
scale resolution has been obtained on many molecule—
substrate systems. For certain chemisorbed systems,
the STM molecular images are of extremely high
resolution, showing internal structure of the mol-
ecules with details that can be often understood by
comparison with the calculated density of states of
the molecule—substrate system. Such images may
be used to determine molecular adsorption sites on
surfaces. In addition, high-resolution STM images
have recently been used to investigate the details of
chemical reactions on surfaces, such as site specificity
and reaction kinetics. These applications of molec-
ular imaging will continue to grow in importance in
the future. This review concentrates on the imaging
of small adsorbed molecules on metal surfaces in an
ultrahigh vacuum (UHV) environment, as these are
systems for which particularly high molecular resolu-
tion images have been obtained.

© 1997 American Chemical Society
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A number of factors which influence how well the
STM can image a particular molecule on a given
surface have been discussed in detail in several
recent publications.?’—30 A key factor is the contribu-
tion of the adsorbate electronic structure to the STM
image. If the STM image is dominated by the adsor-
bate electronic states, the molecular image can be
more readily interpreted than if the STM image is
dominated by the electronic structure of the substrate
with a small modification induced by the adsorbed
species. Thus, STM imaging of adsorbed molecules
has been successful when the adsorbate contribution
to the wave function is >10%, while imaging of the
internal structure of adsorbed molecules has been
most successful for strongly chemisorbed molecules
for which the adsorbate contribution to the wave
function is ~30—50%.2” Characteristics of the sub-
strate, such as flatness and cleanliness, can also
affect how easily adsorbed molecular structures can
be distinguished from substrate structures.?®

Characteristics of the tip, such as its size and
geometry, as well as its chemical composition,3 can
affect the images. The tip can exert significant forces
on the molecules, both van der Waals and electro-
static ones,?*3 which can cause molecular motion
during imaging. Of course, such motion can be used
to deliberately place atoms on a surface in a particu-
lar arrangement.®>3 Choosing a voltage and a
current which move the tip closer to the surface may
result in higher resolution images, if there are appro-
priate molecular electronic states for tunneling, but
may also induce motion of the molecule. The amount
of molecular diffusion or rotation on the surface
during imaging may determine whether high-resolu-
tion imaging is possible.?* Parameters such as tem-
perature, coverage, and coadsorption® of other mol-
ecules can be varied to adjust the diffusion constant
of an adsorbed molecule on the surface. Adsorption
in different binding sites can change the observed
molecular images because the electronic structure of
the adsorbate—substrate system varies for different
sites.’® The symmetry of the molecule with respect
to the substrate affects the reproducibility of binding
sites and therefore how easily a particular structure
in an image may be associated with an adsorbed
molecule.®” In addition, the STM images always
involve both topographic and electronic contributions,
which can be difficult to separate.

The mechanisms for transfer of the tunneling
current between the tip and sample and for molecular
contrast in STM imaging are not completely under-
stood, and numerous possible explanations have been
discussed. One proposed contrast mechanism is that
the variations in the polarizability of the molecule
could cause a spatially varying work function, leading
to molecular contrast in STM images.’® Another
possibility considers electronic states in organic
molecules which evolve by relaxation processes after
injection of a charge, assuming a strong dependence
on the interaction between the tip and sample for the
charge injection.3® Other mechanisms are the in-
tramolecular through-bond charge transfer process*®
and nonresonant through-bond or through-space tun-
neling processes.*! Surface conductivity has also
been discussed as an explanation for measuring
tunneling currents on insulating molecular layers.*?
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Figure 1. Three dimensional view of STM image of
benzene coadsorbed with CO in (3x3) structure on Rh(111).
Benzene molecules appear 3-fold, ~2 A high, with a
depression at the center: V; = —0.01 V, I, = 2 nA.
(Reprinted from ref 43. Copyright 1988 American Institute
of Physics.)

Successful high-resolution STM images of small
adsorbed molecules on single-crystal metal surfaces
in a UHV environment have now been obtained on
many systems. Those discussed below fall into the
following categories: (a) small aromatic molecules,
including particularly benzene, naphthalene, and
azulenes, (b) porphyrins, particularly copper phthalo-
cyanine, (c) carbon monoxide, (d) ethylene, and (e)
other molecules.

Il. Aromatic Molecules

a. Benzene

Benzene was the first molecule to be successfully
imaged on a surface by high-resolution STM. Ohtani
et al.*3 coadsorbed benzene and CO together on Rh-
(111) in a (3x3)(CsHs+2CO) structure and obtained
the first high-resolution images showing that benzene
has a ring structure (Figure 1). The structure of this
surface had previously been determined by dynamical
low-energy electron diffraction (LEED) analysis.**
The unit cell has one benzene molecule lying flat and
two upright CO molecules, all chemisorbed over hcp-
type 3-fold hollow sites directly above second-layer
Rh atoms. Note that the benzene molecule appears
to have 3-fold symmetry because the STM images
molecular orbitals which are hybridized with the
rhodium substrate atoms below; the lobes of the
observed benzene features are situated over the
bridge sites between two rhodium atoms. The CO
molecules in the unit cell, however, were not clearly
resolved in the (3x3) structure. Subsequent mea-
surements of the c(2+/3x4) rectangular structure on
Rh(111), which has one benzene molecule and one
CO molecule per unit cell, did resolve CO molecules
for the first time.*> These results first demonstrated
that the STM could be used to distinguish two
different types of molecules on a surface, with great
implications for the real space imaging of chemical
reactions on surfaces. Images of this latter overlayer
also showed features such as translational and
rotational domain boundaries, molecules adsorbed
near step edges, and evidence for surface diffusion.4¢
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A very recent study of coadsorbed benzene and CO
on Rh(111) used STM imaging to study the dynamics
of ordering as a function of CO coverage.*” The time
evolution of the surface structures was observed, both
for CO introduced onto a benzene-covered surface and
for benzene introduced onto a CO-covered surface.
Benzene was found to adsorb preferentially at steps
at low coverage where it is immobile and therefore
easily imaged by STM. CO inhibited the diffusion
of benzene on the surface and helped to form ordered
overlayers.

Weiss and Eigler immobilized benzene on Pt(111)
for STM imaging by using an instrument at 4 K.*8
The STM images of the isolated benzene molecules
had three different characteristic shapes: (1) a three-
lobed structure, observed in two rotational orienta-
tions, 60° apart, similar to that previously observed
for benzene on Rh(111),* (2) a cylindrical volcano
with a small depression in the center, and (3) a
simple bump (Figure 2). These different types of
images were ascribed to different adsorption sites on
the surface by comparing with the calculated images
of Sautet and Bocquet.*® Those calculations used the
electron-scattering quantum chemistry (ESQC) tech-
nique of Sautet and Joachim to calculate the tunnel-
ing current between the tip and substrate through a
molecule from the generalized Landauer formula
using a scattering matrix, which has been calculated
exactly.*® The electronic structures of the tip,
molecule, and substrate were calculated using ex-
tended Huckel molecular orbital theory. The calcu-
lated images were used to assign the three-lobed
structures to benzene in both hcp-type and fcc-type
3-fold hollow adsorption sites, while the volcano
structure and the simple bump were assigned to an
on-top site and a bridge site respectively. Clearly,
through their sensitivity to the detailed surface
electronic structure, the STM images can be used to
provide information on the chemical environment of
a molecule. This same dependence, however, can
complicate the identification of different molecules
in an STM image.

Benzene molecules have also been observed on Cu-
(111) at 77 K.5%52 This system was used as a model
of a two-dimensional gas—solid interface. The STM
permitted the imaging of the interface between
adsorbed benzene forming a two-dimensional (2D)
solid structure along the Cu step edges and benzene
molecules on terraces which move freely across the
surface as a 2D molecular gas. The atomic scale
dynamics of this interface was studied by imaging
the motion of individual molecules near the Cu(111)
step edges. Lateral diffusion, 2D adsorption, and 2D
desorption were observed at the interface between
the 2D gas and the 2D solid.

Benzene in a c(4x2) structure on Pd(110) was
imaged under tunneling conditions that allowed
resolution of both the benzene features and the Pd
surface atomic corrugation, allowing the determina-
tion of a 4-fold hollow binding site of the surface.>®
STM imaging was performed over the temperature
range from 100 to 300 K, and the benzene molecules
were observed to migrate on the surface above ~220
K. From the images as a function of temperature,
the migration barrier along the [001] direction was
estimated at about 0.57 eV.
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Figure 2. STM image of three different 15 A x 15 A
regions, each showing a single adsorbed benzene molecule.
These images have been assigned to (a, top) hcp 3-fold
hollow site, (b, middle) on top site, and (c, bottom) bridge
site, respectively. The images were recorded with (a) Vpias
= —0.050 V, I = 100 pA; (b) Vpias = —0.010 V, |1 = 1 nA;
(€) Vpias = —0.010 V, Iy = 100 pA. The minimum to
maximum height differences in the images are (a) 0.58 A,
() 0.72 A, and (c) 0.91 A, respectively. The observed images
of the individual molecules did not change qualitatively for
a wide range of tunneling parameters. (Reprinted from ref
48. Copyright 1993 American Institute of Physics.)

Benzene has also been observed to interact with
an oxygen-precovered Ni(110) surface at room tem-
perature. For an initial oxygen coverage of 0.3
monolayer (ML), the benzene causes a compression
of the Ni—O added rows from a (3x1) to a (2x1)
structure, and the benzene molecules occupy the
troughs created by the compression. The benzene
molecules disappeared from the images due to the
dissociation of the molecules as the temperature was
raised above ~400 K.

Strohmaier et al.>> measured very high-resolution
images of hexabromobenzene (CsBrg) on highly ori-
ented pyrolytic graphite (HOPG) and on MoS,. The
flat-lying molecules form a close-packed, incom-
mensurate, physisorbed array on these substrates at
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Figure 3. (a) High-resolution STM image of ordered
naphthalene on Pt(111), ~90 A x 150 A in size, Vsample =
+0.822 V, Iy = 2.5 nA. Naphthalene corrugation is ~1 A
high. The image skewing is due to the correction for severe
thermal drift at the time of the data collection. (b) Sche-
matic diagram of the overlap of a Pt(111) lattice with
molecular positions. Glide symmetries are indicated by
dashed lines. (Reprinted from ref 57. Copyright 1991
American Institute of Physics.)

room temperature. In images with submolecular
resolution, the molecules appear different on the two
substrates, although the molecular image contrast
does not depend on the adsorption site for these
substrates. The detailed submolecular pattern de-
pends strongly on the tunneling voltage for molecules
adsorbed on graphite. On MoS;, the molecules show
a less-pronounced inner structure, as expected from
calculations for benzene on this substrate by Fisher
and Blochl.%®

b. Naphthalene, Azulene, and Methylazulenes on
Pt(111)

Hallmark, et al. performed a series of high-reso-
lution STM studies on naphthalene (CioHs),
azulene (CyoHsg), and several methylazulenes on
Pt(111).343557-62 These molecules are strongly chemi-
sorbed on Pt(111), making room temperature STM
imaging possible. Naphthalene on Pt(111) forms an
ordered (6x3) structure on Pt(111) when the molecule
is deposited onto a substrate at temperatures be-
tween 100 and 200 °C. This structure has a LEED
pattern with missing beams ascribed to glide plane
symmetries.®® Figure 3 shows an STM image of this
structure, in which the molecules appear as bilobed
structures, with three rotational orientations on the
surface, 120° apart.>” The molecules are situated on
(3x3) Pt lattice sites in small domains, typically <50
A apart. Domain boundaries usually involve a mo-
lecular shift by an additional Pt lattice constant, as
shown in the schematic diagram in Figure 3b.
Despite the fact that very few of the proposed (6 x3)
herringbone unit cells are seen, the molecular ar-
rangement does possess a high degree of order:
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Figure 4. Coadsorbed naphthalene and azulene on Pt-
(111) with all three orientations of the elongated naphtha-
lene molecules marked with ovals and symmetric azulene
molecules marked by circles (~90 A x 90 A, V, = —0.05 V,
I = 1 nA). Typical molecular height is ~1 A. (a) Low-
resolution image. (b) Higher resolution, with double rings
apparent for naphthalene and single rings for azulene.
(Reprinted from ref 35. Copyright 1993 Elsevier.)

~40% of the molecules in the (3x3) domains satisfy
the required glide plane symmetry operations and
~30% of the molecules display correlated orientations
at six times the Pt lattice spacing. The bright defect
spots in the image probably correspond to neighbor-
ing tilted molecules located closer to one another than
to the Pt (3x3) lattice sites. Images were also
measured for low-coverage naphthalene, for which
subsequent images showed evidence for rotating and
translating molecules, and for disordered naphtha-
lene adsorbed at room temperature.5®

Azulene (C,0Hg) has a 7-membered ring and a
5-membered ring and is an isomer of naphthalene.
When adsorbed at low coverage on Pt(111), the STM
has difficulty measuring individual molecules as they
diffuse rapidly on the surface at room temperature.3®
At near saturation coverage, however, discrete azu-
lene molecules are imaged as round bumps. Coad-
sorption of naphthalene and azulene together on
Pt(111) leads to two advantages for STM imaging:
(1) the more strongly bonded naphthalene helps to
localize azulene molecules on the surface so that they
can be better imaged and (2) examining both types
of molecules simultaneously with the same tip elimi-
nates tip artifacts from affecting the comparison of
the images of the two types of molecules with one
another.35%° In images of the coadsorbed isomers,
naphthalene typically appears as a bilobed feature,
while azulene typically appears as a single bump
(Figure 4a). Very occasionally, with a particularly
good tip, naphthalene appears as a double ring and
azulene appears as single ring (Figure 4b).
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Figure 5. (a) Sample with coadsorbed 1-methylazulene (e.g., in circles) and 2-methylazulene (2-MA) (e.g., in squares)
and then saturated with naphthalene. Long bars in left corner show three possible orientations of naphthalene molecules.
The long axis of the pear-shaped 2-MA molecule, indicated by cross, is oriented 30° from the naphthalene axis. Typical
molecular height is ~1 A. (b) Low-resolution image of 6-methylazulene (6-MA), showing diamond shapes. (c) High-resolution
image of 6-MA, showing internal molecular structure. (Reprinted from ref 34. Copyright 1994 American Vacuum Society.)

Three different isomers of monomethylazulene
have also been adsorbed onto Pt(111) and imaged by
the STM.343561 The images can be used to distin-
guish 1-methylazulene (kidney-bean shape) and 2-
methylazulene (pear shape) when they are coad-
sorbed together on the surface (Figure 5a). Low-
resolution images of 6-methylazulene display a dia-
mond shape (Figure 5b), while high-resolution images
of this molecule display internal structure (Figure
5c). Dimethylazulene and trimethylazulene can also
be individually imaged by the STM, with trimethyl-
azulene appearing as a 4-fold cloverleaf with one
bright spot and dimethylazulene appearing quite
similar.3*%1 The STM images were clearly useful for
distinguishing these related molecules (naphthalene,
azulene, and various methylazulenes) on the Pt(111)
surface on the basis of their observed shapes. Com-
paring STM images also allows for determination of
the relative sticking coefficients and relative diffusion
rates for this series of molecules at room tempera-
ture.3* The orientations and binding sites of several
of these molecules on the surface could also be
assigned. In addition, extended Hickel molecular
orbital calculations for an individual adsorbed mol-
ecule on a cluster of Pt atoms were used to calculate
the expected local density of states at the Fermi level
for the molecule—substrate system, thus giving pre-
dicted STM images.562 These predicted images
appear to agree quite well with the measured images
for this series of molecules, with the exception of
azulene which moves too quickly at room tempera-
ture.

c¢. Other Aromatic Molecules

Many other aromatic molecules have now been
imaged with molecular resolution on metal surfaces.
These include thiophenes, phenoxy species, and py-
rimidine.

STM images of thiophene, 2,5-dimethylthiophene,
and 2,2'-bithiophene on Ag(111) have been obtained
at 120 K.5465 All three molecules were found to
preferentially adsorb at step edges. While thiophene
molecules appeared nearly circular, the 2,5-dimeth-
ylthiophene, and 2,2'-bithiophene appear to be elon-
gated at the step edge, reflecting the intrinsic shapes
of these molecules. Figure 6 shows STM images of
three different ordered structures of thiophene on Ag-
(111) as a function of increasing coverage. The
higher coverage structures have higher packing
density, suggesting that the thiophene molecules in
Figure 6¢c and possibly also in Figure 6b are tilted
away from the surface and interacting with it through
the sulfur lone pair orbitals. Thiophene occupies the
upper step edge at lowest coverage and, in addition,
the lower step edge at higher coverage. The STM
images give direct evidence for the preferential
rotational alignment of molecules adsorbed at step
edges. The 2,2'-bithiophene has the long molecular
axis aligned parallel to the step edges. In contrast,
the 2,5-dimethylthiophene adsorbs with the molecule
aligned perpendicular to the step edge. Clustering
of these molecules near the step edge suggests that
the interaction between molecules at the step edge
is attractive.
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(a)

Figure 6. STM images of Ag(111) exposed to thiophene
at increasing coverage. (a) A 40 L exposure, producing
c(2+/3x4) rect ordered overlayer, with three domains
evident in the image. (b) A 90 L exposure, producing
(2+/7x2+/7) overlayer. (c) A 150 L exposure, producing
herringbone structure. (Reprinted from ref 65. Copyright
1996 American Vacuum Society.)

The order and periodicity of 3-thiophenecarboxylic
acid on Cu(110) in the c(4x8) and p(2x1) structures
have also been investigated in a study using high-
resolution electron energy loss spectroscopy
(HREELS), STM, and LEED.®® The size and spacing
of the bright features in the STM images for the
c(4x8) structure with coverage of 0.25 ML suggest
that the each feature is a single upright thiophene
carboxylate species. At higher coverage (~0.5 ML),
the more densely packed p(2x1) structure has mol-
ecules with the rings twisting out of plane, as inferred
from HREELS.

STM has also been used to investigate the mono-
layer structure of adsorbed phenoxy (PhO) species on
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Cu(110), which is formed by exposing the surface to
phenol (PhOH) at room temperature.’” Individual
molecules are clearly observed in the images, and the
ordering of the molecules is examined. Although a
c(4x2) LEED pattern was found, three different

overlayer structures for the adsorbed molecules were

observed: (1) a densely packed c(4x2) or (g 5) struc-

ture with a coverage of 0.25 PhO per surface copper
atom (Figure 7), (2) more densely packed phenoxy
chains separating the c(4x2) regions with a local
coverage of 0.33PhO per Cu, and (3) a distorted
c(4x2) or (i) structure consisting of phenoxy
chains. The dimensions of the structures in the STM
images were used to develop structural models, which
have a constant binding site for the phenoxy species
and different orientations (from nearly parallel to
almost normal) with respect to the surface plane.

Isolated molecules of pyrimidine (1,3-diazine,
C4H4N,) on Pd(110) are observed in STM images as
0.6 nm x 0.6 nm rectangular shapes with two parts
of elongated protrusions.® Two binding sites are
observed: on the row and between the [110] close-
packed rows of the Pd(110) surface. Even at low
coverage, 20—30% of the molecules form dimers,
indicating a strong attractive interaction between two
adsorbed molecules.

Monolayers of the organic molecules naphthalene-
1,4,5,8-tetracarboxylic dianhydride (NTCDA)%® and
perylene-3,4,9,10-tetracarboxylic dianhydride (PTC-
DA)® have also been studied on graphite and on
MoS,, both weakly interacting substrates. Internal
structure was observed for these molecules and was
correlated with the calculated molecular electronic
structure. Various crystallographic phases of these
materials, including both flat-lying molecules on the
surface and bulklike stacks of molecules with the
molecular plane perpendicular to the substrate, were
also observed.

lll. Porphyrins

a. Copper Phthalocyanine

Lippel et al. obtained the first STM images showing
the internal structure of isolated molecules for the
system of copper phthalocyanine (Cu-phth) on Cu-
(100).3” The STM images show molecules adsorbed
in two different rotational orientations, in agreement
with the two different domains evident in LEED
measurements.’* For the first time, unusual molec-
ular binding sites at step edges were observed, an
important step toward studying the chemical reactiv-
ity of such sites. Figure 8 shows high-resolution
images of this molecule, with the internal structure
clearly evident. The observed internal structures
compare well with the calculated highest occupied
molecular orbital (HOMO) of the free molecule which
was embedded in the experimental image. Tip-
induced motion was observed, as was an isolated
molecule above a measurably corrugated metal sur-
face. For this system, the choice of substrate allowed
the molecule to adsorb in a unique binding site, thus
facilitating the measurement of reproducible high-
resolution molecular images which reflect the ex-
pected 4-fold symmetry of the molecule. Recently,
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Figure 7. STM topographic image and proposed structure for c(4x2) phenoxy overlayer on Cu(110) at 300 K. All numbers
are in angstroms. Two cross sections (A and B) are shown with peak-to-peak distances corresponding to the unit cell of the
c(4x2) structure indicated in the structural model. The corrugation heights are 0.7—0.9 A: Vsample = —94.2 mV, Iy = 1.09

nA. (Reprinted from ref 67. Copyright 1995 Elsevier.)

these images were more carefully interpreted using
the ESQC theoretical technique.>

High-resolution images have also been obtained for
Cu-phth on the following substrates: GaAs(110),7? Si-
(100) (2x1),® Si(100) and Si(111),” reduced SrTiO3,”
and HOPG and MoS,.7® For all of these systems, the
molecular images have 4-fold symmetry, typically
appearing like a clover leaf, reflecting the shape of
the Cu-phth molecule.

b. Other Porphyrins

Lead phthalocyanine (Pb-phth) has also been suc-
cessfully imaged on MoS,.”” Unlike Cu-phth, this
molecule is nonplanar due to the large ion radius of
the Pb?*. The molecule can appear in two different
states in submolecularly resolved clover-leaf-type
images, with either a dark or bright center, an effect
attributed to the two possible adsorption geometries,
with the molecule adsorbed with the Pb above or
below the molecular plane. Transitions between the
two states were observed and could also be explicitly
induced by applying voltage pulses with the tunnel-
ing tip. The crystallographic structure of the Pb-phth

layers was determined with respect to the underlying
substrate structure by comparing images of the
overlayer with those of the substrate. The substrate
was imaged by increasing the tunneling current to
several nanoamperes so that the molecules were
removed by the tip, leaving the underlying substrate
visible. Three different crystallographic phases in
the arrangement of the Pb-phth on the surface were
identified: a close-packed phase, a rowlike phase, and
a phase in which three close-packed rows alternate
with one or two isolated single rows.

The molecule copper tetra(3,5-di-tert-butylphenyl)-
porphyrin (Cu-TBP-porphyrin) with four di-tert-bu-
tylphenyl (DTP) substituents (legs) has also been
imaged with very high resolution on Cu(100).7® The
image of each molecule consists of four bright spots,
corresponding to the four DTP substituents (Figure
9). This particular molecule—substrate system al-
lowed the achievement of two-dimensional position-
ing of intact individual molecules at room tempera-
ture using an STM tip to “push” the molecules across
the surface. The DTP groups allowed a strong
enough interaction with the surface to prevent ther-
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Figure 8. (a) High-resolution image of Cu-phth on Cu-
(100) at submonolayer coverage: Vi= —0.15V, I, =2 nA.
Molecule corrugation is ~2 A. A gray scale representation
of the HOMO, evaluated at 2 A above the molecular plane,
has been embedded in the image. (b) High-resolution image
near 1 ML coverage: Vi = —0.07 V, I, = 6 nA. (Reprinted
from ref 37. Copyright 1989 American Institute of Physics.)

mally activated molecular diffusion, but also allowed
molecular translation with the tunneling tip. Imag-
ing was performed at high gap resistance (27.5 GQ,
with Vi = 42200 mV, I; =~ 80 pA), and manipulation
was at low gap resistance (10—15 MQ, with V; ~ £30
mV, I, ~ 2—3 nA). Molecular mechanics simulations
demonstrated the crucial role of flexure during the
positioning process. STM images of the same mol-
ecule on Cu(100), Au(110), and Ag(110) have also
been used for the first time to give conformational
analysis of an individual molecule in real space.”

IV. Carbon Monoxide

The first images of individual molecules of ad-
sorbed carbon monoxide were obtained by Eigler and
co-workers, using an STM operating at 4 K.*2 CO
molecules on Pt(111) appeared in two different forms,
a “bump” and a “sombrero.” Furthermore, the ap-
pearance of a CO molecule could be changed between
the two forms by sliding it along the surface. From
the stability of the structures, the number of possible
sites for a particular form per unit cell, and consis-
tency with other surface science measurements such
as infrared and electron energy loss spectroscopies
and LEED, the bump state was assigned to CO
bonded in an on-top site and the sombrero state to a
bridge site. Theoretical calculations of the expected
images confirmed these assignments.8 The theory

Figure 9. STM topograph of Cu-TBP-porphyrin on Cu-
(100), showing islands with a (v/58 x+/58) superstructure.
Each individual molecule is imaged as four bright lobes
corresponding to the four DTP substiutents: V;~ 2200 mV
and I ~ 80 pA. Image area is 21 nm x 21 nm. (Reprinted
from ref 78. Copyright 1996 American Association for the
Advancement of Science.)

also allowed detailed understanding of the through-
space and through-molecule components of the tun-
neling current and their effects on the observed STM
images.

Meyer, Neu, and Rieder also observed individual
carbon monoxide molecules on Cu(211) at low tem-
peratures between 30 and 80 K.318183 |In some
images, usually at high CO coverage, the molecules
appeared as bumps, while in others, usually for low
coverage, they appeared as dips (Figure 10). Thus,
a difference in chemical composition of the tip was
inferred, with a metallic tip used to produce images
with molecules appearing as dips, and a molecule at
the tip apex for images in which the molecules
appeared as bumps. Several different ordered struc-
tures for the CO molecules were identified, including
a (2x1) phase corresponding to Y/, ML coverage, a
(3x1) phase with ?/3 ML, and a (4x1) phase with %/,
ML.3* The molecular images gave the absolute
coverage determinations, as well as the registry of
the adsorbates with respect to the substrate. The
individual CO molecules were also moved laterally
along the surface with the STM tip, and the mol-
ecules on the surface were arranged to formed the
letters “F” and “U” for the abbreviation of the authors’
university.8178 The principles for laterally moving
atoms and molecules and repositioning them into
atomic scale structures were developed by Eigler and
co-workers.32848 Tgo move CO molecules across the
surface, the tip is brought close to the molecule by
reducing the tunneling resistance to about 1 MQ, and
then the tip is moved parallel to the surface, dragging
or pushing the molecule with it. Then, the tip is
withdrawn slightly to the scanning mode distance,
and a new STM picture is measured to check the
result of the manipulation. For CO on Cu(211), the
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Figure 10. STM images of CO on Cu(211) at low coverage
at 30 K. (@) CO molecules appear as bumps 0.2 A high:
0.05 ML of CO, Vsample = —1.3 V, 0.1 nA, 8 nm x 8 nm. (b)
CO molecules appear as dips: 0.12 ML of CO, Vsample =
0.1 V, 0.1 nA, 10 nm x 10 nm. (Reprinted from ref 31.
Copyright 1995 Elsevier.)

anisotropy of the substrate results in CO molecules
moving easily along the step edges, but motion
perpendicular to the steps is difficult.

In contrast with earlier studies reporting that
chemisorbed CO could not be atomically resolved at
room temperature in STM images,>38°% it has now
been demonstrated that CO can indeed be imaged
at room temperature by STM for several different
systems. These include CO adsorbed on Ni(110),58
Ni(111),% and Pt 1Nig(100) alloy.®® For these sys-
tems, the STM images are used to determine the
overlayer structure directly, as well as to determine
the adsorbate binding site. Atomically resolved STM
imaging of CO on Ni(110) and Ni(111) was only
possible for a saturated adlayer, achieved under a
relatively high pressure of CO gas (107® mbar),
presumably because frustrated molecular vibrations
and rotations were minimized under these conditions.
The images were used to demonstrate that the Ni-
(110) (2x1) 2CO structure consists of zigzag rows of
CO oriented along the Ni[110] row, alternately tilted
away from the normal within the (001) plane®®
(Figure 11). By coadsorbing the molecules with a
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Figure 11. STM image of clean Ni(110) exposed to CO at
1076 mbar pressure at room temperature clearly shows
(2x1) structure with 2 molecules per unit cell correspond-

ing to 1 ML of CO coverage (60 A x 60 A). (Reprinted from
ref 88. Copyright 1995 Elsevier.)

small amount of O or S, which have known registry
with respect to the substrate and the CO overlayer,
the CO was shown to be bonded in the short bridge
site at saturation coverage. For the Ni(111) c(4x2)
2CO structure at room temperature, the CO was seen
to occupy both fcc and hep 3-fold hollow adsorption
sites with the molecular axis tilted with respect to
the surface normal.8 Carbon monoxide adsorbed in
a full c(2x2) overlayer on Pty 1Nip9(100) lifted the
shifted row reconstruction of the substrate.®® Simul-
taneous imaging of the molecules with the substrate
led to an assignment of the on-top site for the CO.

Several studies have involved the coadsorption of
CO with other atoms, such as S, O, and K, on metal
surfaces. For the CO/O/Ni(110) and CO/S/Ni(110)
systems at room temperature, the coadsorbed species
phase separate in large domains due to the large local
repulsion between the differing species.®® The addi-
tion of CO to precovered O/Ni(110) and S/Ni(110)
causes an increase in the ordering of the O (3x1) and
S ¢(2x2) structures respectively. For local coverage
of CO less than saturation, individual CO molecules
are not resolved. Again, however, when the partial
pressure of CO is raised to 107¢ mbar, individual CO
molecules are resolved in the p2mg(2x1) structure
for both systems.

The addition of adsorbed CO onto p(2x2) S on Re-
(0001) and on Pt(111) results in compression of the
sulfur layers into ordered structures of high local
coverage.®>% A very unique surface reconstruction
was observed for coadsorbed CO and S on a stepped
(approximately 5° miscut) Pt(111) surface. The two
species segregated, and the surface restructured via
step splitting, with new metal terraces formed, each
containing a different adsorbate.%* For these three
systems, however, the CO molecules were not indi-
vidually resolved at room temperature, presumably
as a result of their rapid diffusion during the imag-
ing. A study of CO adsorbed onto K-precovered Ni-
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(100) showed small ordered K—CO islands in STM
images, with protrusions arranged in a p(2x2) array
ascribed to the K atoms; again, individual CO mol-
ecules were not observed.%

STM images are now beginning to yield valuable
information on the details of chemical reactions.
Crew and Madix performed a study in which they
used STM images to study the site specificity and
reaction kinetics of the oxidation of CO on Cu(110)
at 400 K to form carbon dioxide.®® The catalytic
reaction proceeds via a Langmuir—Hinshelwood pro-
cess, in which the reaction occurs between two
adsorbed species:

CO(ad) + O(ad) — CO,(g)

The STM was used to monitor this ongoing chemi-
cal reaction at elevated temperatures. The p(2x1)
overlayer of oxygen on Cu(110), consisting of -Cu—
O—Cu— “added rows” was clearly observed. In these
experiments, the CO reacted with oxygen along the
(001) oxygen rows, leaving a clean surface. The
adsorbed CO molecules themselves were not observed
in the STM images because of their short lifetime (~1
us) on the surface and their low equilibrium surface
concentration (<1073 ML). Nevertheless, by examin-
ing the coverage of oxygen and the shapes of oxygen
islands as a function of carbon monoxide exposure
and time in subsequent STM images, the reaction
appeared to occur initially at the outer edge of an
oxygen island, creating kink defects in the overlayer
structure. A model was suggested in which adsorbed
oxygen, formed by -Cu—0O- chain scission at defect
sites, is reactive to CO, in contrast to p(2x1) oxygen
in the chains, which is not reactive. This model also
explains the oxidation of CO on the same substrate
at 150 K.%7 In the study at lower temperature, the
same authors observed coadsorbed CO and oxygen
on Cu(110) at 150 K, and the adsorbed CO appeared
as regularly spaced stripes along the (110) direction
in the clean surface regions between p(2x1) oxide
islands. At the lower temperature, the CO does not
react with precovered oxygen on the surface, presum-
ably because of the strong chemisorption of the
oxygen. Instead, carbon dioxide is formed when a
surface partially covered with p(2x1) oxide and
coadsorbed CO is exposed to oxygen.

V. Ethylene

Land et al. performed one of the first STM studies
which follows a chemical reaction as a function of
temperature, using the adsorption system of ethylene
(CoHy) on Pt(111).%8-190 This system has been widely
studied by many surface science techniques, and the
following reaction steps have been identified.101-103
Ethylene adsorbs with the C=C bond parallel to the
Pt surface for temperatures up to 230 K. For 230 K
< T < 450 K, ethylene converts to ethylidyne (CCH5)
on the surface, with ethylidyne bonded with the C—C
bond perpendicular to the surface. Between 450 and
770 K, further dehydrogenation of the ethylidyne
leads to the formation of “carbidic” carbon on the
surface. Above 800 K, the carbon converts to a
graphitic structure. STM images in a variable tem-
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Figure 12. These 400 A x 400 A STM images of the
chemical reaction of ethylene to ethylidyne on Pt(111) were
obtained as a function of time at 230 K. In these images,
areas covered by ethylene molecules appear as the well-
ordered pattern, and areas covered by ethylidyne molecules
appear as a rather disordered pattern. (a) Image obtained
after annealing the sample for several minutes at 230 K.
(b) Image obtained on the same area of the surface kept
for several additional minutes at the same temperature.
(Reprinted from ref 99. Copyright 1992 American Institute
of Physics.)

perature instrument were used by Land et al. to
observe all of the steps in the reaction series.

For ethylene on Pt(111) at 160 K, the STM images
show an ordered pattern of structures of the size of
ethylene molecules.®® Annealing to 350 K leads to
the formation of ethylidyne on the surface, but the
STM sees no discernible molecular structures. When
the annealed surface was cooled to 180 K, however,
the STM images show both ethylene, which has long-
range order and a sharper pattern, and ethylidyne,
which appears rather disordered with a fuzzier
pattern.®® The lower temperature presumably re-
duces the molecular motion, allowing the STM to
resolve individual molecules. In situ STM imaging
of the conversion of ethylene to ethylidyne at 230 K
as a function of time was performed.®® Figure 12
shows two images obtained during the reaction
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Figure 13. (a) Unprocessed data and (b) processed (Fou-
rier filtered) data of two ethylene molecules on a Cu(110)
surface: field of view 20 A x 20 A, molecular height ~1.5
A, Vi = —20 meV, I, = 50 pA. (Reprinted from ref 106.
Copyright 1997 Royal Society of Chemistry.)

process. Figure 12a corresponds to a partially-
reacted surface, after the sample has been held at
230 K for several minutes, while Figure 12b was
recorded several minutes later. Some small white
protrusions can be used as markers to compare the
figures. The well-ordered sharper structures in the
top center, upper left, and middle right edge of Figure
12a correspond to ethylene, while the fuzzy, less-
ordered structures in the rest of the images cor-
respond to ethylidyne. The reaction appears to occur
at the edges of the ethylene islands. This mesoscopic
behavior observed in the STM images is directly
related to the macroscopic kinetics of the reaction,
which were recently shown to exhibit non-first-order
behavior in laser-induced thermal desorption Fourier
transform mass spectrometry experiments by Erley
et al.’® Computer simulations showed that this
behavior is consistent with the STM observations of
a reaction dominated by island boundaries. These
experiments were directly stimulated by the STM
observations and show how high-resolution images
can contribute to the development of a detailed
understanding of macroscopic phenomena.

Further heating of the ethylidyne covered Pt(111)
surface above 430 K results in further dehydrogena-
tion, leaving carbonaceous particles on the surface
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which are observed in the STM images.®® Annealing
to high temperatures and then imaging at room
temperature, the following structures are seen: 700
K, carbonaceous particles 10—15 A in diameter
uniformly distributed across the surface; 800 K,
graphite islands 20—30 A in diameter uniformly
distributed across the surface; 1070 K, graphite
islands accumulating at lower step edges, together
with many small islands on the terraces; 1230 K,
larger graphite islands at step edges and fewer large,
regularly shaped islands on the terraces.'®
Individual molecules of ethylene on Cu(110) have
recently been observed in an STM operating at 4
K.105106  Fjgure 13 shows (a) unprocessed and (b)
processed (Fourier filtered) data. The processed data
show clearly the molecule and the corrugation of the
underlying metal lattice. Itis clear that the ethylene
molecule is adsorbed on the close-packed rows, with
the C—C axis parallel to the surface and oriented in
the (1100direction. Although the molecule appears
in the processed image to occupy the short bridge
binding site on the close-packed rows, more recent
data suggests that it may not be possible to distin-
guish between the short bridge and atop sites.

VI. Other Molecules

STM imaging has also been used to study deposi-
tion of methanol on Cu(110) and the steps in the
synthesis of formaldehyde.’®” Methanol deposited
onto oxygen-predosed Cu(110) gives a methoxy spe-
cies, which then forms formaldehyde upon heating
to 300 K.

2CH,OH(ad) + O(ad) — 2CH;0(ad) + H,0(g)
2CH,0(ad) — 2CH,0(g) +H,(9)

Upon dosing the (2x1)O/Cu(110) added row recon-
struction at 270 K with 10 L of methanol, the surface
appears to be covered by “zigzag” chainlike structures
in the [001] direction, separated by c(2x2) areas?”
(Figure 14). The (2x1) O islands are seen to react
away anisotropically in subsequent images, being
replaced by zigzag chains and c¢(2x2) subunits of the
methoxy. The conversion from methanol to methoxy
appears to occur via the removal of oxygen from the
ends of the (2x1) O islands. When the sample
warmed to room temperature, the methoxy islands
disappeared, presumably one of the steps in the
synthesis of formaldehyde. Smaller methoxy islands
disappeared first, and these islands shrink in the
[001] direction, releasing incorporated Cu atoms.

Formic acid, benzoic acid, and acetic acid have also
been deposited on Cu(110), and the resulting surface-
bound formate, benzoate, and acetate species have
been imaged by STM.108-110 Formic acid deposited
onto <0.25 ML of O/Cu(110) results in formate on
the surface in a ¢(2x2) structure, while for higher O
coverage, the two adsorbates mainly phase separate
into islands of ¢c(6x2) oxygen and (3x1) formate.10®
Adsorbed formate and benzoate species on Cu(110)
cause step faceting, with bunched equidistant steps
aligned along the (112directions.'®® LEED and STM
show that adsorbed acetate, presumably standing
vertically on the surface, forms highly ordered
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Figure 14. Areas (200 A x 200 A) of Cu(110) surface. (a, left) With 5 L of oxygen, followed by cooling and dosing with 10
L of methanol, image shows (2x1) O areas coexisting with methoxy-induced “zigzag” chain and c(2x2) structures. (b,
right) Similar area as a after 40 min. Amount of (2x1) area has been reduced, and surface has evolved into (5x2)
reconstruction. A (5x2) unit cell is outlined within the inset in b. (Reprinted from ref 107. Copyright 1994 American

Institute of Physics.)

(s'%) and (;1,) domains, indicative of long-range

interactions.’'® Observation of step edge structures
gives evidence that the molecular adsorption leads
to restructuring of the metal surfaces.

In STM images of 1,3-butanediol adsorbed on Ag-
(111), the molecule appears as a depression, each of
which is considerably larger than the size of a single
molecule.!** The sample bias, varied between —1.5
and +1.5V, affects the width of the depressions more
than their depth. The anomalous appearance of the
molecule is attributed to a screening effect, in which
the adsorbate reduces the metallic density of states
near the Fermi level, in a manner similar to that
predicted by Lang for He atoms adsorbed on a metal
surface.'*?

STM studies have been performed for ammonia
deposited onto O-covered Rh(110)*% and O-covered
Cu(110).** The ammonia dehydrogenates for both
of these systems leaving surface-bound N. Similarly,
an STM study has been performed on NO dissociat-
ing on Cu(100) to form adsorbed O and N.*> These
three studies provide additional examples of how the
STM can be used to follow chemical reactions.

VII. Conclusions

Clearly, significant progress has been made in
using the STM to image individual small molecules
on metal surfaces in UHV in the last few years.
Many different molecules have been successfully
imaged under a variety of conditions: low and room
temperature, physisorbed and chemisorbed, low and
saturated coverage, varied tunneling voltage and
current parameters, and coadsorbed with other atoms
and molecules. These molecules have included aro-
matics, porphyrins, CO, ethylene, and other species.
On several systems, the STM has been used to

elucidate the details of chemical reactions on an
atomic scale in real space, including reactivity at
steps and defects. The combination of theory and
experiment allows the identification of different types
of molecules on a surface. Molecular binding sites,
orientations, diffusion rates, and sticking coefficients
can all be inferred from STM images. Further
progress will undoubtedly be made in the near future
in using the real space imaging capabilities of the
STM to better understand both details of the adsorp-
tion of molecules and the elucidation of more com-
plicated chemical reactions on surfaces.
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