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Single Molecule Imaging and Vibrational Spectroscopy with a Chemically Modified Tip
of a Scanning Tunneling Microscope
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The tip of a scanning tunneling microscope can be chemically modified by transferring a single
molecule from the surface. Such a molecule-terminated tip yields enhanced resolution in topographical
imaging of substrate atoms and molecular orbitals of molecules adsorbed on the surface. In addition,
vibrational modes are detected in single molecule inelastic electron tunneling spectroscopy which are
not observed with a bare tip. These new findings are revealed by transferring a carbon monoxide or an
ethylene molecule to the tip and probing single carbon monoxide and oxygen molecules adsorbed on
Ag(110) at 13 K.
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A general limitation encountered in scanning tunneling
microscope (STM) is the lack of precise knowledge of the
morphology and chemical composition of the tip. Despite
this uncertainty, the STM has become a versatile tool for
probing surface phenomena with unprecedented resolution
and control. Nevertheless, a well-defined tip may enable
new applications and expand the capabilities of the STM.

Modification of probe tips has previously been accom-
plished in the atomic force microscope (AFM) and the
STM. Covalent bonding of a self-assembled monolayer to
the cantilever tip in AFM made it possible to image func-
tional groups by measuring the adhesive and friction forces
between the tip and organic monolayer [1]. A nanotube can
also be grown on the AFM tip, which enhances lateral reso-
lution and enables clearer images of proteins and other
large molecules [2]. Atom or molecule transfer between
the STM tip and surface by applying a voltage pulse has
been reported [3,4] and such transfer induced changes in
the appearance and corrugation of STM images [4,5].

In this Letter, we demonstrate a reproducible method of
preparing a tip in situ by transferring a single molecule
from the substrate surface to the tip apex. A single car-
bon monoxide (CO) or ethylene (C2H4) molecule was re-
versibly transferred between the surface and the tip through
controlled manipulation with tunneling electrons. With
this molecule-terminated tip, atomically resolved surface
corrugations were obtained and new vibrational modes
were observed which were not achieved with a bare tip.
While direct imaging of the substrate atoms allows deter-
mination of the adsorbate binding sites, the observation of
previously missing vibrational modes expands the range
of application and understanding of inelastic electron tun-
neling spectroscopy with the STM (STM-IETS) [6]. The
tip functionalized with a single CO molecule (CO tip) or
C2H4 molecule (C2H4 tip) was used to image and record
the vibrational spectra of single CO and O2 molecules ad-
sorbed on Ag(110) at 13 K.

Experiments were carried out using a homemade, vari-
able temperature STM [7] housed inside an ultrahigh vac-
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uum chamber with a base pressure of 2 3 10211 Torr. The
Ag(110) sample and etched polycrystalline tungsten tips
were cleaned by cycles of Ne ion sputtering and annealing
cycles prior to use. The O2 molecules were adsorbed on the
sample at 45 K in order to ensure molecular chemisorption.
The O2 coverage was below 0.01 monolayer (ML). The
sample and the STM were then cooled to 13 K for imag-
ing, manipulation, and spectroscopy; experimental details
have been described elsewhere [6–8]. Low coverages of
CO and C2H4 molecules (,0.001 ML) were coadsorbed
on the surface at 13 K. The molecules were found to be
dispersed on the surface, thereby eliminating interactions
between coadsorbed species.

Controlled vertical transfer of single molecules between
the tip apex and the surface was possible by applying
appropriate tunneling current and sample bias. The
procedure for the formation of the C2H4 tip was similar
to that of the CO tip [9] except for the sample bias.
The bare metallic tip was positioned over a single C2H4
(or CO) molecule [10] with the junction set by 0.1 nA
tunneling current and 170 mV sample bias voltage.
While keeping the feedback loop on, the bias was flipped
to 270 mV (to avoid tip crash) and then decreased
to 2140 mV (compared to an increase from 170 to
1250 mV for CO). The tunneling current was then
ramped from 0.1 to 10 nA to induce the transfer of the
C2H4 (or CO) molecule to the tip. It was consistently
possible for either the CO tip or the C2H4 tip to resolve
surface atoms as illustrated in Figs. 1a and 1d. The
spatial resolution of the C2H4 tip was less in the �11̄0�
direction than that of the CO tip, which is attributed to
the elongated electronic structure of C2H4 as reflected in
its STM images [10]. According to the near-edge x-ray
absorption fine-structure measurement [11], the C2H4
molecule adsorbs on the Ag(110) surface through weak
p bonding with the two CH2 planes nearly parallel to the
surface.

The molecule on the tip apex can be returned to the sur-
face with spatial selectivity by applying a positive sample
© 2001 The American Physical Society 196102-1
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FIG. 1 (color). Schematic diagrams showing the transfer of a
single molecule from the tip to the surface. The sizes of the
circles are scaled to the atomic covalent radii of H, C, O, and
Ag. The topographical images were obtained before [(a) and (d)]
and after [(b) and (e)] molecular transfer. (a) The CO tip was
positioned over a Ag atom followed by a 1440 mV sample bias
pulse. (b) The voltage pulse induced the detachment of CO from
the tip and its bonding to the Ag atom. (c) Tunneling current
during the 1440 mV pulse showing the moment of transfer
(step at �2.65 s). (d) The C2H4 tip was positioned over a Ag
atom followed by a 1390 mV sample bias pulse. (e) The pulse
induced the detachment of C2H4 from the tip and its bonding
to the Ag atom. (f) Tunneling current during the 1390 mV
pulse showing the moment of transfer (step at �2.34 s). Both
CO and C2H4 molecules are bonded on atop sites, determined
by imaging with the CO tip or the C2H4 tip. The images in (a),
(b), (d), and (e), 20 Å 3 20 Å, were taken at 70 mV sample
bias and 1 nA tunneling current.

bias pulse. The molecule-terminated tip was positioned
over a Ag atom. The feedback was then turned off and
a sample bias pulse of 1440 mV for CO (1390 mV for
C2H4) [12] was applied. A rescan of the same area shows
the CO (or C2H4) molecule was transferred from the tip to
the Ag atom (Figs. 1b and 1e). It should be noted that Ag
surface atoms were not resolved with bare metallic tips.
The tunneling current during the bias pulse in Figs. 1c and
1f shows a sudden increase after 2 s which indicates the
moment of transfer of the CO (or C2H4). Calculations
[13] show that at a given tunneling current, a molecule-
terminated tip should be closer to the surface than a bare
tip. Thus the observed increase in the tunneling current
can be understood when the molecule is transferred from
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the tip to the surface while the feedback is turned off (tip
height does not change). The enhanced spatial resolution
is attributed to the spatially localized molecular orbital of
CO (or C2H4) on the tip apex overlapping with the elec-
tronic states at the surface.

The chemically modified tips were used to image single
CO and O2 molecules, which revealed new features in
the electronic structure of the adsorbates. Two types of
chemisorbed O2 species exist on Ag(110). The O2 mole-
cule can be bonded with the O-O axis oriented paral-
lel to the surface and along the [001] direction, O2�001�.
This bonding geometry was determined from first prin-
ciples calculations [14] and symmetry of the vibrational
microscopy images [8]. The O-O axis has also been found
to be oriented along the �11̄0� direction, O2�11̄0�. This
bonding geometry was inferred from calculations [14] and
the observation that the molecule was induced by tunneling
electrons to dissociate into two O atoms along the �11̄0�
direction [15]. With a bare metallic tip, the CO is im-
aged as an inverted sombrero (a round depression with
an elevated rim), as shown in Fig. 2a. For O2�11̄0�, an
oval-shaped depression is elongated along the �11̄0� direc-
tion, the same direction as the O-O axis (Fig. 2e). The
atomic scale of the surface atoms was not resolved in ei-
ther image. In contrast, with the CO tip, CO imaged as a
sharp protrusion at the center (over an underlying Ag atom)
with four depressions around it (Fig. 2b). The topographi-
cal image of O2�11̄0� obtained with the CO tip exhibits a
hexagonal shape with an internal structure (Fig. 2f). Two
depressions can be seen inside the hexagon and are sym-
metrically located with respect to the �11̄0� axis. With
the C2H4 tip, less details were resolved for CO (Fig. 2c).
The image is not much different from that of the bare
metallic tip except for the asymmetry inside the central
round-shaped depression. For O2�11̄0� imaged with the
C2H4 tip, a hexagon-shaped depression without an internal
structure was observed (Fig. 2g), in contrast to the richer
image taken by the CO tip. The resolution of a C2H4 tip
is intermediate between those of a bare tip and a CO tip.

Atomic resolution of substrate atoms with either the CO
tip or the C2H4 tip allowed the determination of the ad-
sorption site as atop and the fourfold hollow for CO and
O2�11̄0� adsorption, respectively (Figs. 2d and 2h). No
significant differences were observed between topographi-
cal images taken at positive and negative sample biases. It
is possible that the molecule-terminated tips are not per-
fectly symmetric. For �200 molecule-terminated tips we
have made, the features in the single molecule images
taken with them are slightly asymmetric while those ob-
tained by the bare metallic tips are symmetric, as exempli-
fied by Fig. 2. The asymmetry observed by the modified
tips is not due to the adsorption geometry on the surface
but the geometry of the molecule at the tip apex. This pos-
sibility is shown schematically as slightly tilted adsorption
geometry for CO and C2H4 in Figs. 1a and 1d.

New vibrational modes were revealed in single mole-
cule vibrational spectra recorded by STM-IETS for CO
196102-2
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FIG. 2 (color). Topographical images of CO and O2�11̄0�
molecules obtained with bare metallic and chemically modified
tips. In the left column, the images are for a single CO
molecule obtained with (a) bare metallic, (b) CO, and (c) C2H4
tips. The images in the right column are for a single O2�11̄0�
molecule obtained with (e) bare metallic, (f) CO, and (g) C2H4

tips. All images, 25 Å 3 25 Å, were taken at 70 mV sample
bias and 1 nA tunneling current. Schematic diagrams of CO
and O2�11̄0� adsorption on Ag(110) are shown in (d) and (h),
respectively: red (O), black (C), and grey (Ag).

and O2�11̄0� with the CO tip and the C2H4 tip. Figure 3
presents d2I�dV 2 spectra taken directly over the mole-
cule (thin solid lines) and over the bare surface (dashed
lines) with bare and modified tips. Contributions from the
molecule on the tip were removed by subtracting the spec-
trum measured over the bare surface from that over an ad-
sorbed molecule. The subtracted spectra (thick solid lines)
reflect vibrational features of adsorbed molecules which
were confirmed by the spectral shifts due to isotope sub-
stitution (13C18O and 18O2). The positions of the peaks
and dips were determined by fitting the spectra to Gaussian
functions with an uncertainty of 1–2 meV. With the CO
tip, only the hindered rotation mode at 21 meV (19 meV
at negative bias scan) [16] was observed over a CO mole-
cule on Ag(110), as is the case for the bare metallic tip
(Figs. 3a and 3b).

However, in addition to the hindered rotation mode at
20 meV, a new feature at 7 meV was observed over a CO
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FIG. 3. Single molecule vibrational spectra obtained by STM-
IETS for CO with (a) bare metallic, (b) CO, and (c) C2H4 tips
and for O2�11̄0� with (d) bare metallic, (e) CO, and ( f ) C2H4
tips. The spectra taken over the clean Ag(110) surface (dashed
lines) were subtracted from the corresponding spectra taken di-
rectly over the center of the molecular images (thin solid lines)
to reveal spectra for single molecules adsorbed on the surface
(thick solid lines). Dwell time of 300 ms per 2.5 mV step and
7 mV rms bias modulation at 200 Hz were used for recording the
spectra. Tunneling gaps were set with 70 mV sample bias and
1 nA tunneling current. The line markers indicate the positions
of the vibrational modes. Isotope shifts from 12C16O were �0.9
and �0.4 meV for hindered rotation and translation modes of
13C18O, and �1.7 meV for 18O2�11̄0� vibration from 16O2�11̄0�.
Higher resolution of 0.5 mV step and 5 mV rms modulation
were used in spectra for determining the isotope shifts to within
�0.3 mV. The CO molecule on Ag(110) at 13 K is moved lat-
erally when the bias is increased toward the C-O stretch energy,
thus precluding its measurement. However, the CO molecule
is stable at the tip apex and vibrational energies of �18 and
268 meV were measured for the hindered rotation and the C-O
stretch for a CO tip positioned over the clean Ag(110) surface.

molecule (Fig. 3c) with the C2H4 tip. This feature is as-
signed to the hindered translation mode of CO on Ag(110)
[18]. In general, energies of the internal and external
stretch vibrations of CO [19–21] are higher than that of
the hindered rotational mode which in turn is higher than
the hindered translation mode. For the case of the CO vi-
bration recorded with the CO tip, the intensity of the hin-
dered rotation before background subtraction [22] is larger
than that of the subtracted one (Fig. 3b) by a factor of �2.
This result indicates that the intensity is a simple algebraic
sum of the contributions from the two CO molecules in the
tip-CO/vacuum/OC-Ag tunnel junction.

No vibrational modes were found for O2�11̄0� with ei-
ther the bare metallic tip or the C2H4 tip (Figs. 3d and
3f). However, a new mode at 26 meV was observed with
the CO tip for O2�11̄0� (Fig. 3e). This feature can be due
to either the hindered rotation of O2�11̄0� parallel to the
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surface or an O2-Ag stretch mode. This mode has not
been reported in previous experimental and theoretical vi-
brational analysis of O2 on Ag(110) [23]. The O-O stretch
mode for O2�11̄0� was not observed with the CO tip.

Spatially resolved vibrational spectra and intensity
mapping can provide unique information regarding the
mechanism of inelastic electron tunneling. Simultaneous
recording of the topographical and vibrational images
was taken at biases corresponding to the energies of the
observed modes. The observed symmetry in the topo-
graphical and vibrational intensity can reveal the vibra-
tional modes and the electronic states of the tip, molecule,
and substrate responsible for the observed images. For
systems presented in this Letter, the vibrational intensities
for all the modes exhibit a maximum at the center of the
molecules. The vibrational images are found to be more
spatially localized than the corresponding topographical
images. Detailed interpretation of these data require
theoretical analysis as well as the new modes and topo-
graphical features revealed by molecule-terminated tips.

The reversible, manipulated transfer of a diatomic or
polyatomic molecule from the surface to the tip apex pro-
vides a greater control and understanding of the tip mor-
phology and composition. In this Letter, such a chemically
functionalized tip has been shown to increase the resolv-
ing power of the STM for imaging and vibrational spec-
troscopy. Furthermore, the molecule-terminated tip adds a
new dimension in the study of catalytic reactions [25,26]
especially when the release of the molecule is spatially
controlled [9,26]. In addition to the expected increase in
the use of chemically modified tips in scanning probe spec-
troscopy and microscopy, the new results present special
challenges to theoretical calculations.
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