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Spatially inhomogeneous inelastic electron tunneling in oxygen-ethylene complexes on Ag(110)
resolved with a scanning tunneling microscope
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Inelastic electron-tunneling spectroscopy and microscopy with a scanning tunneling microscope revealed
two vibrational modes of O, in single 0,-C,H, complexes adsorbed on a Ag(110) surface at 13 K, showing
both increased and decreased ac conductance. While both modes exhibit spatial variations in the intensity, the
lower energy mode shows unexpected changes in the sign and lineshape of the peak. The observed spatial
variations in the inelastic electron-tunneling signals may be induced by the broken symmetry of the O, due to
the asymmetrically coadsorbed C,H, and strong localization in the coupling between the vibrational motion

and the electronic molecular orbitals.
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I. INTRODUCTION

The exceptional ability of the scanning tunneling micro-
scope (STM) for the study of molecular adsorption at the
single-molecule level has been greatly expanded with the
demonstration of its ability to measure molecular vibrations
through the detection of inelastic electron-tunneling (IET)
processes.' STM-based IET spectroscopy (STM-IETS) is a
very powerful tool for probing elementary excitations, such
as vibrations, phonons, and plasmons, and for understanding
the nature of chemical bonding and local chemical environ-
ment at the molecular level. STM-IETS detects the vibra-
tional modes of a single molecule by measuring the total
conductance change resulting from IET.”~!2 Observations of
a wide range of vibrations and their changes in various
chemical environments (e.g., in the presence of adsorbate-
adsorbate interactions) should further broaden the usefulness
of STM-IETS as an analytical technique. In addition to the
vibrational spectra, high spatial resolution achieved in topo-
graphical imaging and vibrational microscopy provides in-
sights into the nature of electron-vibration couplings of ad-
sorbed molecules.

In the present study, we used STM-IETS to observe the
spatial variations in vibrational intensity and lineshape of a
single O, interacting with a nearby coadsorbed C,H, on a
Ag(110). Upon formation of single O,-C,H, complexes from
isolated molecules, the tunneling conductance increases at
the lower energy vibrational mode over the one O atom away
from the C,H,. On the other O atom, however, the vibra-
tional property is similar to that of the isolated O,. We ob-
serve that the vibrational excitation process can be spatially
localized and inhomogeneous in a single molecule. The O,
on silver is a model system for studying interactions between
adsorbed molecules because of its distinct states of O, ad-
sorption at different temperatures. Between 40 and 150 K,
O, is chemisorbed and the O-O bond is considerably weak-
ened by electron transfer from the silver to the O, molecular
orbitals.'>!* Both O, and C,H, are adsorbed parallel to the
silver surface.!31

II. EXPERIMENT

Experiments were carried out using a homemade,
variable-temperature STM,!” housed inside an ultrahigh
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vacuum chamber with a base pressure of 2 X 10~'! Torr. The
Ag(110) sample was prepared by ion sputtering followed by
annealing. The O, molecules were adsorbed on the sample at
45 K to ensure molecular chemisorption. The O, coverage
was kept below 0.01 monolayer (ML). Following adsorption,
the sample and the STM were cooled to 13 K. The C,H,
molecules are coadsorbed on the surface at 13 K
(<0.01 ML).

III. RESULTS AND DISCUSSION

Figure 1(a) shows a STM topographical image of a phy-
sisorbed C,H, and a chemisorbed O, molecule. The C,H,
appears as an oval-shaped protrusion elongated along the
[001] direction on Ag(110) while the O, appears as an oval-

shaped depression elongated along the [110] direction. The
isolated C,H, binds at the atop site, in agreement with theo-
retical calculations.'® In addition, previous studies'® revealed
that (i) C,H, adsorbs onto a Ag(110) surface via a weak
bond, (ii) the adsorption is strongly promoted by the pres-
ence of adsorbed oxygen, and (iii) when coadsorbed with O
atoms, C,H, adsorbs selectively onto Ag atoms in which a
positive charge has been induced by the O atoms. Theoretical
calculations'® predict that adsorption of C,H, is 0.02 eV

more favorable when the C=C axis is parallel to the [110]
direction compared to the [001] direction [Fig. 1(b)]. For O,
two predominant adsorption geometries have been
identified,”!%?° one with the molecular axis aligned along the
[001] direction of the substrate [0,(001), Fig. 1(a)] and the

other with the molecular axis aligned along the [110] direc-

tion [O,(110), not shown]. The weak binding of C,H, to
Ag(110) enables the lateral manipulation of a C,H, by main-
taining an appropriate sample bias voltage and tunneling cur-
rent at a substrate temperature of 13 K.2! Specifically, the
C,H, was moved laterally by applying a positive sample
voltage pulse of ~250 mV with feedback off after setting
the tunneling gap over the molecule at a sample bias voltage
of 70 mV and a tunneling current of 1 nA. By applying
repeated voltage pulses, the C,H, was moved to adjacent to
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FIG. 1. (Color online) STM topographical images showing
C,H, and O,(001) molecules adsorbed on Ag(110) and STM-IETS
spectra recorded on the O,(001). See the text for the notation. The
images were obtained with a bare tip at 70 mV sample bias voltage
and 1 nA tunneling current at 13 K. (a) An O,(001) molecule and a
C,H, molecule separated by 14.5 A. The scan area is 34 X 34 A2
(b) A schematic for the adsorption geometries of the molecules. The
C,H, is adsorbed on the on-top site and the O,(001) is on the
fourfold hollow site. The C,H, was moved to the O,(001) by ap-
plying sample bias voltage pulses (+250 mV) after positioning the
tip over it, which led to the formation of an 0,(001)-C,H, complex
in (c). Arrow in (b) indicates the C,H, movement. The scan area is
23x23 A2 (d) A schematic of the complex. In the diagrams, the
smallest green, black, red (dark gray), and largest gray circles rep-
resent hydrogen, carbon, oxygen, and silver atoms, respectively.
Grid lines in the images are drawn through the silver surface atoms,
which can be resolved in the images obtained with a
C,H,-terminated tip (Ref. 7) (e) STM-IETS spectra for O,(001) at
the positions marked by asterisks in images (a) and (c). The spectra
displayed are averages of multiple scans from —125 to +125 mV
and back with subtraction of the background spectrum taken over
clean Ag(110).

the 0,(001), leading to the formation of a O,(001)-C,H,
complex [Figs. 1(c) and 1(d)].

To investigate the change in the vibrational behavior of
0,(001) upon formation of the O,(001)-C,H, complex, we
recorded vibrational spectra [Fig. 1(e)] with STM-IETS on
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positions I, II, and IIT over the O,(001). The vibrational fea-
tures were supported by oxygen isotope spectral shifts. At
position I, the spectrum exhibited two dips at positive sample
bias voltage (36 and 77 mV in curve I) and two correspond-
ing peaks at negative bias. These two vibrational modes are
assigned to the O-O stretch (77 meV) and antisymmetric
0,(001)-Ag stretch (36 meV), respectively.’

Comparing the spectra recorded at position I on the iso-
lated O,(001) and positions II and III on the O,(001) in the
complex, we observed two distinct changes associated with
the formation of the complex. First, in curve II, we observed
a large peak and a dip at positive sample bias voltage and a
corresponding dip and peak at negative bias (curve II). The
dip (peak) of the low-energy mode at positive (negative)
sample bias in curve I is changed to a peak (dip) in curve IL
The intensity of the 32 meV mode is approximately eight
times higher than that at 77 meV. Second, the change in the
lineshape causes an apparent shift in the low-energy mode
(36 meV) in curve I to 32 meV in curve IT while the energy
of the higher energy mode (77 meV) remains unchanged. At
position III, the vibrational energies of the two modes are the
same as those of curve I and no changes in peak and dip
structures are observed. We also note that the intensities of
the higher energy mode in curves II and III are weaker than
for isolated O, (curve I). These results show that the inelastic
electron-tunneling cross section and lineshape vary with the
position where the spectrum is obtained. To further charac-
terize this effect on the spatial distribution, we recorded vi-
brational spectra at 11 positions over the complex and the
isolated O,(001) (Fig. 2).

Figure 2(c) shows the energy of the low-energy mode as a
function of position above the O, for an isolated O,(001)
[Fig. 2(a)] and the O,(001)-C,H, complex [Fig. 2(b)]. The
vibrational energies in this plot were determined from spec-
tra recorded with the tip positioned at locations a—k along
the [001] direction of the O, in each system. For the isolated
0,(001), the vibrational energy was ~36 meV at all posi-
tions except for the center (point f), a, and k, where the
intensity vanishes. For the O, in the complex, however, the
vibrational energy was ~32 meV at positions b—e, and
~36 meV at positions g—j [Fig. 2(d)]. It is interesting to
note that the energy of the low-energy mode of the O, in the
complex was the same as for the isolated O,(001) (negative
peak at 36 meV) on the C,H, side of the complex (from g—j)
while the energy on the opposite side was 32 meV for the
positive peak (from b—e). In the case of the O-O stretch
vibration, no differences in the spatial distribution of the vi-
brational energy and shape were observed compared to those
of isolated O,(001) [Fig. 2(d)].

The spatial distribution of the STM-IETS intensity (peak
and dip) can also be probed by recording the topographic and
vibrational images simultaneously at a fixed bias voltage,
which is useful for understanding electron-vibrational cou-
pling and the geometric structure of the complex. Figures
3(b) and 3(d) show vibrational images of an O,(001)-C,H,
(32 meV) and an isolated O,(001) (=36 meV), respectively.
Simultaneous topographical [Figs. 3(a) and 3(c)] and vibra-
tional imaging allows the spatial localization of the IET sig-
nal to be compared with the molecular topography. Cross-
sectional cuts along the [001] direction [Figs. 3(e)-3(h)]
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FIG. 2. (Color online) STM topographical images of (a)
0,(001) and (b) the O,(001)-C,H, complex on Ag(110). (c) Open
blue triangles and filled red squares indicate the positions of the
low-energy vibration at positive bias for the O,(001) and
0,(001)-C,H, complex, respectively. (d) Spatially resolved, back-
ground subtracted vibrational spectra of the O,(001)-C,H, complex
on Ag(110). The spectra a—k were obtained along the [001] direc-
tion and were fitted to determine the positions of the peaks or dips.
The intensities of spectra a—f obtained within =55 mV were re-
duced by half in order to better show the high-energy vibration.

reveal quantitative variations in the topographical and vibra-
tional intensity. The highest and lowest intensities of the vi-
bration in the O,(001)-C,H, complex occur when the tip is
located ~1.5 A away from the center (“ * in the image) of
the O,(001) along the [001] direction. The positions of maxi-
mum and minimum vibrational intensity (peak at 32 meV
and dip at 36 meV, respectively) are very close (within
0.1 A) to those of the maxima (two peaks at —36 meV) of
an isolated O,(001) [Fig. 3(d)]. Given that the vibrational
intensity reflects in part the adsorption position and geometry
of the molecule, these findings suggest that the geometric
orientation of the O,(001) in the complex is not very differ-
ent from that of the isolated O,(001). To form the complex
[Fig. 1(c)], the C,H, should be moved from the on-top silver
atom to near the short bridge.

The observed spatial distribution of the vibrational inten-
sity and lineshape of O,(001) indicates that the vibrational
excitation process of the O,(001) in the complex is similar to
that of the isolated O,(001) on one O atom but is different
from that on the other O atom, i.e., the low-energy mode is
observed at 32 meV and the tunneling conductance greatly
increases (positive peak) at the vibrational excitation energy.
Whether the tunneling conductance shows an increase or a
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FIG. 3. (Color online) Comparison of the topographical images
and the spatial distributions of STM-IETS intensities for the
0,(001)-C,H, complex (32 meV) and the isolated O,(001)
(=36 meV) vibrations on the Ag(110) surface. (a) Topographical
image of the 0,(001)-C,H, complex taken at 70 mV sample bias
voltage and 1 nA tunneling current. (b) Vibrational image (32 meV)
simultaneously recorded with the topographical image (a). The raw
data, 15X 15 A2 area, are shown at a resolution of 0.3 A per pixel.
(c) Topographical image of the isolated O,(001) taken at 70 mV
sample bias voltage and 1 nA tunneling current. (d) Vibrational
image (—36 meV) simultaneously recorded with the topographical
image (c). The raw data, 12X 12 A? area, are shown at a resolution
of 0.3 A per pixel. (e), (f), (2), and (h) are cross-sectional cuts
taken along the [001] direction (solid lines) in the images (a), (b),
(c), and (d), respectively. The O,(001)-C,H, complex and the iso-
lated O,(001) were studied on two different sample preparations
when the surface crystallographic directions [001] and [110] were
not controlled.

decrease at the energy of vibrational excitation has important
theoretical implications for understanding the mechanism of
STM-IETS.!'%!1:22 Two theoretical studies have predicted that
both positive and negative contributions to the conductance
are possible at the threshold energy of an inelastic
process: 122 the inelastic contribution to the conductance in-
duces a conductance increase whereas a decrease in conduc-
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tance occurs at the same energy in the elastic channel. The
latter are caused by the interference of electron states, which
correspond to direct tunneling on the one hand and the exci-
tation and reabsorption of virtual molecular vibrations on the
other. For the case of O,(001) on Ag(110), a resonant inelas-
tic tunneling process occurs through the 1, orbital of
0,(001), which is an electronic orbital of the molecule over-
lapping with the Fermi level of the substrate. The onset of
vibrational excitation leads to an overall decrease in the tun-
neling conductance due to the suppression of elastic
tunneling.®?> Therefore, depending on which of the contribu-
tions (elastic or inelastic) prevails, various line shapes can
appear in the spectra. The relative amounts of the two con-
tributions depend on the coupling between the electronic
states and vibrations, and changes in the adsorption features
(geometry and charge states) of the molecule may modify
this coupling. The present spatial distribution of conductance
of 0,(001) indicates that the relative amounts of the two
contributions depend on the position over the O,(001) and is
caused by the interaction with C,Hy.

In the complex, the two O atoms are no longer equivalent
since one O atom is closer to the C,H, than the other and the
symmetry of O, is reduced. The apparent frequency shift of
4 meV between 32 and 36 meV of this low-energy vibra-
tional mode is due to a change in the lineshape, including the
sign of the peak. The different spatial dependence of the
elastic and inelastic contributions is shown to lead to a sign
change in the IET signal from one side of the molecule to
another due to the influence of the C,H,. The 32-36 meV
mode is assigned to the antisymmetric O,(001)-Ag stretch
with each oxygen atom vibrating against the surface.” The
0O-O stretch energy at 77 meV is unchanged, indicating a
negligible effect of the C,H, on the O-O bond IET signal.
The two molecules are too far apart to allow direct chemical
bonding between them. The C,H, indirectly interacts with
the O,(001) through the silver substrate and changes the spa-
tial dependence of the IET cross section for the O,(001)-Ag
antisymmetric stretch. Although the O,(001)-Ag stretch
mode and the electronic states should be extended over the
whole molecule, the coupling of the vibration to the molecu-
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lar orbital is spatially inhomogeneous and highly localized,
as well as the inelastic tunneling process.

IV. SUMMARY

In summary, we observed that the vibrational behavior of
an isolated O, molecule adsorbed on Ag(110) is significantly
changed when a C,H, molecule is coadsorbed nearby. We
found sudden changes in intensity and peak shape (sign) in
the lower energy mode of O, when the STM-IETS is re-
corded along the O-O bond, whereas the higher energy mode
only shows a variation in the intensity. This indicates that the
vibrational excitation process, including the coupling of vi-
brational motion and the electronic molecular orbitals, can be
spatially inhomogeneous and highly localized on a single
molecule. These observations provide a special challenge in
regard to the development of quantitative theories for, and
fundamental understanding of, STM-IETS for coadsorbed,
interacting molecules. Our results suggest that differences
between molecular layer and single-molecule inelastic tun-
neling measurements could arise from the limited sampling
of molecules in single-molecule experiments. The depen-
dence of vibrational energy, intensity, and lineshape on the
adsorption environment might explain the increase in the
number of vibrational modes detected in molecular film mea-
surements compared to STM-IETS measurements. Molecu-
lar films could potentially contain many molecular configu-
rations and interactions. Understanding the conductance in
molecular systems would require the identification of mo-
lecular modes that affect the conductance and knowing the
differences between single-molecule and ensemble
measurements.”3
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