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Inelastic electron tunneling spectroscopy (IETS) with the scanning tunneling microscope (STM) is a
powerful technique used to characterize the vibration and spin states at the single-molecule level. While
IETS lacks hard selection rules, historically it has been assumed that vibrational overtones are rarely seen or
even absent. Here we provide definitive experimental evidence that the hindered rotation overtone
excitation of carbon monoxide molecules adsorbed on Ag(110) can be detected with STM-IETS via isotope
substitution. We also demonstrate that the anharmonicity of the overtone excitation can be characterized
and compared between adsorption sites and find evidence of anisotropy in the vibrational anharmonicity for

CO adsorbed on the [110] step edge.
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Overtone vibrations of adsorbed molecules can reveal
valuable information about binding energies [1-3], lateral
diffusion barriers [4], and coupling between different
vibrational modes [5,6] or other adsorbates [7,8]. In this
context, single-molecule experiments using the scanning
tunneling microscope (STM) are of considerable value as
they allow an unambiguous correlation between the local
environment of the adsorbate and changes in its spectro-
scopic features, motion, or reaction rates [9—11]. Overtones
have been observed with the STM in the action spectra of
single molecules as they diffuse or desorb [3,4]; however,
this detection scheme requires molecules that readily
undergo vibration-induced changes under the STM tip. It
is highly desirable to be able to access the information
contained in the overtone vibrations directly using (IETS)
with the STM [12], but overtones are known to be scarcely
observed in IETS [13,14].

Considerable theoretical and experimental attention has
been focused on quantum interference effects in electronic
transport through single molecules [15-17], which may
provide routes to realizing proposed single-molecule devices
[18-21]. It has also been suggested that quenching the elastic
transport channel in single-molecule junctions by exploiting
destructive quantum interference can increase the inelastic
contribution to the conductance, potentially allowing obser-
vations of overtones [14]. Promising results were recently
demonstrated in IETS measurements of anthraquinone
molecular junctions [22], but the ensemble nature of the
measurements and the lack of isotope substitution to char-
acterize modes assigned to overtones make conclusive
assignments challenging. At the same time, carbon mon-
oxide (CO), one of the most well-studied molecules in
surface science [23], is also believed to exhibit quantum
interference in the STM tunneling junction [24,25]. Recently
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a new vibration mode of CO on Ag(110) was detected with
STM-IETS [26], which was speculated to be an overtone
excitation of the CO hindered rotation (HR) mode. However,
adefinitive assignment was not possible because its energy is
too close to the Ag-CO stretching mode [4].

Here we provide direct evidence via isotopic substitution
that the new vibration mode detected by Han ez al. [26] is in
fact the v = 0 to v = 2 overtone excitation of the HR mode.
Further, we use STM tip manipulation to position three
CO isotopes in different adsorption geometries, enabling
site-specific measurements of anharmonicity and aniso-
tropy in the vibrational potential energy surface.

Experiments were performed with a home-built subkelvin
STM at a base pressure of 6 x 10! torr. Chemically etched
Ag tips and Ag(110) single crystal were cleaned in situ with
several cycles of sputtering with Ne* followed by annealing.
Isotopes of '2C'%0, 13C'%0, and '*C'*0 were dosed indivi-
dually through a variable leak valve onto the Ag(110) surface
held at ~26 K. The sample was then cooled to 600 mK for all
measurements. CO molecules were transferred to the tip by
performing constant-current STM scans over the CO with a
feedback set point of 1 mV/1 nA. CO molecules were
nondestructively returned to the surface by ramping to the
feedback set point of 1.5 V/1 nA, waiting for a ~0.5 A
change in the feedback Z, then quickly ramping the bias to
<100 mV to prevent the new surface-adsorbed CO from
laterally hopping or desorbing. Unless otherwise noted, all
STM-IETS measurements were acquired with feedback set
point of 10 mV /300 pA.

CO molecules adsorbed on the Ag(110) surface appear
as dark depressions in constant-current STM topography as
shown in Fig. 1(a). Upon transferring a CO molecule to the
STM tip, the depression disappears from the surface and
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FIG. 1. STM topography and IETS of '2C!%0O molecules
adsorbed on the terrace and tip. (a) Constant-current topo-
graphy of a single CO molecule with feedback set point
100 mV/0.1 nA. (b) Constant-current topography of the Ag
(110) surface obtained after transferring the CO molecule to the
STM tip with feedback set point 10 mV/0.3 nA, image size
20 x 20 A. (¢c) STM-IETS of CO adsorbed on the Ag(110)
surface (top), CO adsorbed on the STM tip (middle), and the
Ag(110) surface taken with bare tip as a background measure-
ment (bottom). Each spectrum is the average of 40 passes, taken
with 2 mV; bias modulation at 471 Hz. Spectra in the inset
were taken with finer bias step size and average of 80 passes.
(d) Schematic diagram showing the four possible vibration modes
of CO on the surface. The degeneracy of the HT and HR modes
can be lifted by the surface anisotropy as in the present Letter.

the topography exhibits greatly enhanced contrast, per-
mitting resolution of the individual Ag(110) surface atoms
as in Fig. 1(b). Intense peaks appear in d>I/dV?* measure-
ments shown in Fig. 1(c), which correspond to the hindered
translation (HT) and HR modes of CO on the surface, as
depicted schematically in Fig. 1(d). In addition, a new
feature is observed at 37.1 mV (35.6 mV) for the CO
adsorbed on the terrace (tip) as reported recently [26]. The
identity of this new mode was speculated to be the overtone
of the HR mode; however the energetic proximity to the
Ag-CO stretching mode (~31 meV) [4] prevents definitive
identification. As there are sound theoretical reasons to
believe that both the M-CO stretching mode [27] and
overtone modes [13,14,28] should be difficult or even
impossible to observe in IETS, the observation of a new
IETS feature alone does not provide adequate information
to make an assignment in this case.

Previous studies of the hindered vibration modes of CO
on metal surfaces [29,30] indicated that the three surface

modes HT, HR, and M-CO shown in Fig. 1(d) exhibit
distinct isotope shifts. Density functional theory calcula-
tions for CO adsorbed on Ag(110) have revealed the
eigenvector of the HT mode is dominated by its oxygen

— —
atom component [compare v = (0,0.38,0) to v9; =
(0,0.93,0) along the [110] direction] [26]. The larger
oxygen atom component implies more of the vibrational
energy is stored in the motion of the oxygen atom. This
difference causes the HT mode to be more sensitive to an

increase in the oxygen mass through isotope substitution
—

compared to carbon. However, for the HR mode, v5g =

(0,0.93,0) and E{ = (0,—0.38,0), making it instead
more sensitive to carbon atom isotope substitution. In
contrast, the M-CO stretching mode is a translation of
the entire molecule against the surface and has nearly equal

e
sensitivity to carbon or oxygen isotope labels with v o =
—

(0,0,0.67) and v = (0,0,0.57). Further, the M-CO
mode exhibits a smaller isotope shift compared to the
other two modes since its vibration frequency is proportional
to the inverse of the entire molecular mass rather than
primarily the oxygen atom (HT) or carbon atom (HR) alone.

In light of the above considerations, we chose to perform
high-resolution STM-IETS measurements of three different
isotopes of CO in order to elucidate the identity of the
new mode. Roughly equal quantities of '*C'°0, 3C!0,
and '?C'80 were dosed onto the Ag(110) surface. On the
fcc(110) surface, the degeneracy of the CO HR mode is
lifted and, at small bias modulation (<1 mV), two peaks
can be readily distinguished [10]. High-resolution STM-
IETS measurements of the lower HR peak are shown in
Fig. 2(a), permitting the distinction of three isotopes by
inspection. With each isotope identified, individual CO
molecules of each type were assembled together by tip
manipulation, as shown in Fig. 2(b). High-resolution IETS
spectra with more passes averaged were then obtained for all
three isotopes adsorbed on the terrace, as shown in Fig. 2(c),
all with the same tip apex termination. Similar to the HR
mode, the HT mode degeneracy is also lifted due to the
surface anisotropy. In addition, a small peak feature near zero
bias appears. This has been reported before as a zero bias
conductance dip and is also present with the tip positioned
over the bare surface [31,32]. Isotope shifts for both vibration
modes are readily apparent for the '3C and '%0 substituted CO,
with the shift in the HR mode (right panel) amounting to
~0.55 mV for 1*C'%0 and ~0.15 mV for '?C'80. Notably, the
isotope shift for the HT mode (left panel) follows the opposite
trend, with a barely discernible shift of ~0.05 mV for 3C'°0
and a more obvious shift of ~0.15 mV for '2C'%0. These
results indicate the spectral identification of the three isotopes.

Measurements of the new vibration mode for all three
isotopes will yield clues needed for its identification. If the
new mode is the Ag-CO stretching mode, then the isotope
shift for the 'C'80 species should be largest since it has the
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FIG. 2. STM topography and IETS of the three CO isotopes on
the terrace. (a) High-resolution plot of the HR doublet low-energy
peak for all three isotopes. (b) Constant-current topography of
three CO isotopes arranged together by tip manipulation. Isotopes
were identified by measuring IETS peak positions prior to tip
manipulation and were otherwise indistinguishable in STM
topography. (c) STM-IETS of the HT doublet (left) and HR
doublet (right) for all three isotopes. All HT spectra were taken
with 300 pV,, bias modulation at 311.11 Hz, averaged over 80
passes, while all HR spectra were taken with 600 uV . bias
modulation, averaged over 40 passes. All peak positions dis-
played are the average of positive and negative bias, and peak
position indicators for '2C'%0 are included for all spectra to aid
comparison.

greatest overall mass increase. However, if it is an overtone
of the HR mode, then the '3C!°0 species should exhibit a
much larger isotope shift, around twice that of the funda-
mental HR mode. High-resolution IETS measurements of
the unidentified peak are shown in Fig. 3(a) for all three
isotopes adsorbed on the terrace, without background
subtraction. While the signal strength is low, owing to
the greatly decreased IETS cross section compared to the
HR fundamental, an obvious isotope shift of ~0.90 mV
for the '3C'%0 species compared to ~0.35 mV for °C'%0
strongly suggests that the new vibration mode is the v = 0 to
v =2 HR overtone excitation. Another key finding is
that the overtone exhibits an anharmonicity of ~1.5%
(see Supplemental Material [33]). In addition, the overtone
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FIG. 3. STM-IETS for the three CO isotopes on the terrace and
tip. (a) IETS measurements of the HR overtone for all three
isotopes adsorbed on the terrace taken with bare Ag tip. Each
spectrum was taken with 1.5 mV bias modulation at 471 Hz,
averaged over 160 passes. (b) Schematic diagram illustrating the
anharmonicity in vibrational energy level spacing for the HR
mode. A harmonic potential is displayed in blue and a model
anharmonic potential is displayed in red. Both potentials are
functions of the vibration coordinate 6, visualized as the angle the
Ag-C bond axis makes with the surface normal for conceptual
simplicity. (c) STM-IETS of the HR (left) and HR overtone
(right) for each CO isotope adsorbed on the tip. For all spectra in
(a) and (c), peak positions are displayed as the average of positive
and negative bias, and peak position indicators for 'C'°0 are
included to aid comparison.

appears as a doublet with the higher energy peak curiously
having significantly lower intensity than the lower energy
peak. A schematic diagram depicting the overtone excitation
within the model harmonic and anharmonic potentials is
shown in Fig. 3(b).

As the signal strength for the HR overtone is found to be
significantly stronger on the tip than on the terrace, high-
resolution measurements of the vibrational spectrum were
repeated one at a time for each CO isotope adsorbed on the
tip. The CO molecules were controllably transferred to the
same metal tip apex termination and back to the surface.
Plots of HR and HR overtone measurements are shown in
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FIG. 4. STM topography and IETS of the three CO isotopes adsorbed on the [110] step edge. (a) STM-IETS of the HR (top) and HR
overtone (bottom) for the '*C'°0 isotope. (b) Plot of HR overtone (HRO) vs low-energy HR peak position for all measurements made in
this Letter. Isotope is indicated by color and adsorption geometry by shape. Deviations from the y = 2x line provide a visual measure of
the anharmonicity in the HR overtone. (c) Plot of HRO vs high-energy HR peak position. Note the absence of the tip geometry due to the
degeneracy of the tip HR and HRO peaks. (Inset) Constant-current topography of three CO isotopes transferred to the step edge by tip
manipulation. The identity of each isotope is indicated. For all spectra, peak positions are displayed as the average of positive and
negative bias positions. Error bars are given by the peak fit standard errors in the peak position [34].

Fig. 3(c). In contrast to the Ag(110) top site, the symmetric
Ag tip presents a nearly isotropic adsorption geometry and
the HR doublet remains degenerate. For this reason, the HR
overtone would be expected to appear as a solitary, more
intense peak. The HR mode of the CO isotopes adsorbed on
the tip in Fig. 3(c) follows the same isotope shifts as on the
terrace in Fig. 2(d), and the HR overtone indeed appears as
a single, more intense peak, which also follows the same
isotope shifts, yielding a consistent anharmonicity across
isotopes of 1.9% =+ 0.15%. Based on the CO isotope
measurements on the terrace and on the tip, a definitive
assignment of the new peak as the HR overtone can be made.

An anisotropic adsorption environment can give rise to
anisotropy in a molecule’s motion within that environment.
This is observable as direction-dependent diffusion rates
[35] or inequivalent vibrational frequencies along different
lattice directions [36], as seen in this Letter. Another
possibility is that the anharmonicity of a molecular vibra-
tion can be anisotropic [37]. While the Ag(110) surface has
twofold D5, symmetry which lifts the twofold degeneracy
of the HR mode and its overtone, the weak signal and close
energetic proximity of the HR overtone doublet peaks for
CO adsorbed on the terrace makes precise determination of
peak positions challenging. To examine the overtone in a
more anisotropic environment where the HR doublet splits
further, we repeated the CO isotope IETS measurements
for CO adsorbed on the Ag(110) [110] step edge. Each CO
isotope was transferred in sequence from the terrace to the
tip and then from the tip to the step edge of the upper terrace.
IETS measurements of the '*C'%0 HR and HR overtone are
shown in Fig. 4(a). The HR spectra (top) shows a remarkable
increase in the doublet splitting from ~1.7 mV on the terrace
to ~2.6 mV on the [110] step edge, so that the peaks are now

well separated. The HR overtone peaks (bottom) are also
more separated, which permits improved peak fitting. To
provide a direct visualization of the anharmonicity among
different isotopes and adsorption environments, a plot of the
lower doublet peak positions of the HR overtone vs the HR
fundamental is shown in Fig. 4(b). The peak positions are
featured with the standard errors of their peak fits and are
compared with the y = 2x line in order to emphasize the
anharmonicity in each measurement.

While the CO isotopes in the terrace and step edge
geometries seem to have similar anharmonicity, the tip
geometry has a noticeably larger deviation from the y =
2x line and therefore a larger anharmonicity. Constant-
current topography of the three CO isotopes on the step
edge taken with bare Ag tip is shown in the inset of Fig. 4(b).
Topography taken with a CO terminated tip at a small
tunneling gap yields atomic resolution of the Ag(110) surface
and confirms that CO isotopes adsorb on the atop sites of the
terminating atoms of the step edge (Supplemental Material
[33]). A plot of the higher doublet peak positions of the HR
overtone vs HR fundamental is shown in Fig. 4(c). In this
case, the anharmonicity of the step edge peak seems greater
than that of the terrace. A plausible physical explanation is
that the anharmonicity is anisotropic along the step edge
compared to perpendicular to the step edge. Curiously, while
intuition might predict that the softer vibration direction
([001] direction) is more anharmonic, it seems that vibrations
along the step edge have simultaneously blueshifted and
become more anharmonic compared to CO on the terrace.
This is unexpected, and we hope that these results will garner
theoretical interest in accounting for this observation.

In summary, STM-IETS measurements of three CO
isotopes in several adsorption geometries on Ag(110)
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conclusively demonstrate the observation of overtone
vibrations with IETS and provide the first adsorption
site-specific measurements of vibration anharmonicity at
the single-molecule level. Our experimental results con-
stitute a series of simple well-characterized benchmark
geometries for the theoretical treatment of overtones in
STM-IETS and further lends credence to recent assign-
ments of phonon overtones in IETS measurements of 2D
materials [38,39], C = C and C-H bending mode overtones
in cross-conjugated molecular junctions [22], and an N-H
bending overtone Fermi resonance in STM dI/dV mea-
surements of porphycene on Cu(110) [6].

Support of this research by the Office of Naval
Research under Grant No. N00014-16-1-3150 is gratefully
acknowledged.
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