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Action spectroscopy for single-molecule motion induced by vibrational excitation with a scanning
tunneling microscope
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We propose an action spectroscopy for single-molecule motion induced by vibrational excitation with a
scanning tunneling microscope (STM). Calculations of the inelastic tunneling current for excitation of the C-O
stretch mode of the CO molecule on metal surfaces are combined with a theory which describes how the
energy in the vibrational mode is transferred to a reaction coordinate mode to overcome the activation barrier.
The calculated rate for CO hopping on Pd (110) as a function of the bias voltage agrees with the experimental
result. It is proposed that the second derivative of the reaction rate with respect to the bias voltage is related to
the vibrational density of states, which usually cannot be directly observed in STM inelastic electron tunneling
spectroscopy when a molecule motion is induced by vibrational excitation.
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Adsorbate motions on surfaces constitute the most funda-
mental step for many surface chemical reactions, because it
is often the rate-limiting step for adsorbates to meet a reac-
tion partner or to reach an active site before reaction takes
place. The observation of adsorbates moving and making and
breaking the bonds on surfaces provides indispensable infor-
mation about the microscopic mechanisms of surface chemi-
cal reactions.

Tunneling electrons from a scanning tunneling micro-
scope (STM) tip can be used as an atomic-size source of
electrons for electronic and vibrational excitations and to
manipulate individual atoms and molecules in a controlled
manner across a surface.!~* In 1998 Stipe et al. demonstrated
that rotation of a single isolated acetylene molecule on
Cu(100) is induced by vibrational energy transfer from the
C-H stretch mode excited by tunneling electrons to the frus-
trated rotational mode of the molecule.’ The rotation rate
R(V) exhibits a threshold at the bias voltage corresponding to
the excitation of the C-H stretch mode. The slope
dlog(R)/dV and the second derivative of the STM tunneling
current in STM inelastic electron tunneling spectroscopy
(IETS), d?I/dV?, both exhibit a peak at the same bias voltage
V. This unambiguously demonstrates that the excitation of
the C-H stretch mode is a trigger for rotation. Single-
molecule manipulations have also been reported for hopping
of CO on Pd(110),% and hopping and desorption of the NH;
molecule on Cu(100),” where the excitation of the C-O
stretch and N-H stretch modes by tunneling electrons, re-
spectively, have been found to be a trigger for their motions.

Recently Sainoo et al.® studied the vibrationally mediated
motion of a single cis-2-butene molecule among four equiva-
lent orientations on Pd(110). The close inspection of the re-
action events per electron as a function of the applied bias
voltage has enabled them to identify the vibrational modes
involved in the orientational motion. A similar experiment
has also been made for a CH3S molecule hopping on
Cu(111).° The threshold of the reaction rate and the peak in
its slope clearly indicate that excitation of the C-S stretch
mode induces the hopping motion. Interestingly, they noticed
that motion of cis-2-butene on Pd(110) is induced by the
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excitation of any of the vibrational modes v(M-C), 5(CH;),
v(C-C), and »(CHj;), but only »(M-C) and v(CH;) are de-
tected in STM IETS.

Since the first STM IETS experiment!® for an acetylene
molecule on Cu(100) there have been several issues. (1) Why
are not all the vibrational modes that can be observed in
infrared refection and absorption spectroscopy or electron
energy loss spectroscopy observed in STM IETS? (2) Is
there any selection rule? (3) What determines the line shape
and intensity of the d@’I/dV? spectra? etc. Theories!!~!% of
STM IETS have made remarkable progresses since the first
pioneering theory of STM IETS.!® Using the Keldysh
Green’s function method for an adsorbate-induced resonance
coupled to the molecular vibration, we have shown that the
vibration-induced modification to the tunneling current has
both an elastic and an inelastic component. It is found that
the elastic modification of the current yields always a reduc-
tion of the current, while the inelastic contribution gives an
increase of the current. The competition between the nega-
tive elastic and positive inelastic components of the tunnel-
ing current leads to a decrease or increase in the conduc-
tance, and results in the dip or peak in the d*I/dV*
spectrum.'>!417 Lorente and Persson'' also demonstrated
that for C,H, on Cu(100), due to the large negative elastic
conductance of the C-C mode, the tunneling conductance of
the C-C stretch mode is very small compared to that of the
C-H stretch mode. For all the modes except the C-H stretch
modes, the elastic and inelastic contributions tend to cancel
and cannot be observed because of their weak signals. It is
important to note that the d*I/dV? signal in STM IETS is not
a direct measure of the inelastic component of the tunneling
current /, because the elastic component is also influenced by
the electron-vibration interaction.'>'®!7 The dI/dV?* spec-
trum is not directly related to the vibrational density of states
except under some special conditions,'* but it is determined
by the adsorbate density of states coupled with the vibra-
tional excitation by tunneling electrons through the adsorbate
resonance. When the IETS d2I/dV? spectrum shows a
peak,'® its width observed in STM IETS is determined by
modulation and thermal broadening in addition to the intrin-
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sic vibrational broadening.'®?° This makes it difficult to esi-
mate the the vibrational broadening from the observed
d*1/dV? spectrum.

When a molecule motion is induced by a particular vibra-
tional mode, it is difficult to observe it with STM IETS. This
is indeed the case for CO hopping on metal surfaces. Lee and
Ho?! clearly stated that on Ag(110) CO moves when it is
scanned at 0.25 eV, making it difficult to probe the C-O
stretch by STM IETS. On the other hand, vibrationally me-
diated motions are induced solely by the inelastic tunneling
currents.

In this work we demonstrate that the action spectrum
given by the second derivative of the reaction rate R(V) with
respect to a bias voltage provides direct access to the vibra-
tional density of states of adsorbed molecules. We calculate
the reaction rate R(V) for CO hopping on a Pd(110) surface®
using the theories of a single-electron process,?” inelastic
tunneling currents,'? and the transition probability of deex-
citing the mode excited by tunneling electrons to the ground
state while exciting the frustrated translation (FT) mode from
its ground state to the higher-lying states above the
barrier.>?* A definition of the action spectroscopy has already
been given in Ref. 5 as d log(R)/dV or in Ref. 8 as R(V). In
a analogy to the STM IETS spectrum given by d’I/dV?, we
propose here that it is more appropriate to define d’R(V)/dV?
as the action spectrum of single-molecule motions.

We have developed a simple model to study the elemen-
tary single- and two-electron processes induced by vibra-
tional mode coupling.?? Let I,,= 7, (7, is the inelastic tun-
neling fraction) be the inelastic tunneling current to excite
the high-frequency (HF) v mode with energy %) to the first
excited state, and 1/ 7, be the energy relaxation rate of the v
mode. The reaction rate of a single-electron process is given
by22

1

R(V)= Tlin(V) (1)

Ty,RC

where 1/7, gc is the transition rate of deexciting the » mode
from its first excited state to the ground state while exciting
the reaction coordinate (RC) mode (FT mode for hopping)
with energy fw from its ground state to the higher-lying
states above the reaction barrier Ez. We will denote
d’R(V)/dV? as the action spectrum. Our theory? calculated
the energy transfer from the v mode to the FT mode via
anharmonic coupling dw, in competition with the fast vibra-
tional damping 1/ 7,. This indirect process via the mode cou-
pling illustrated in the inset in Fig. 1 gives the hopping rate

o

2
E, ) e Ly (V), 2)

an-

where n=FEg/hw. The inelastic tunneling current /;, is given
by!317

L _2eAA
mn = ﬁ

A2 J dspa(e)ra,ph(s)[ns(e) - n,(s)], (3)

where
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FIG. 1. Hopping rate R(V) per electron for a CO molecule on
Pd(110). See the text for parameters. Inset is the inelastic tunneling
current /;,(V). The gradual increase below the threshold at
eV=240 mV is due to a broadening of p,,(eV). Equation (2) is
derived for the illustrated single-electron process, in which the de-
cay of the » mode from the excited state to the ground state excites
the RC mode (FT mode for hopping) from the ground state to the
higher-lying states above the barrier, in competition with the vibra-
tional damping due to electron-hole pair excitation.

Fa,ph(g) = 7TX2 f dwpph(w){nph(w) X [pa(s - w) + pa(s + (1))]

+ [1 - na(s - w)]pa(g - w) + na(s + ('())pa(8 + (1))}
(4)

describes the energy dissipation of the tunneling electrons
to the vibrational excitation. Here A is the adsorbate-
tip (substrate) coupling constant, A =A+A, n,(e)
=[An(e)+An(e)]/A,, is the effective distribution function
for electrons, n,(e)=[exp(e—pm,))+1]"" with difference
Mme— m,=eV fixed by the external bias voltage between the tip
and the substrate, n,,(w)=1/ (e"*8T—1) is the vibrational
distribution  function, p,(g)=A,,/ 7T[(8—8u)2+A§t]_1 and
pph(w)=(1/7'V71')[(w—Q)2+(1/7',,)2]‘1 are the unperturbed
adsorbate and vibrational densities of states, respectively.
Since p,(w) is peaked at w=0 and p,(u;~w) is a
slowly varying function over the bias voltage for
vibrational excitation, we can take 7n,,(w)=0 and n,(e)
=A/A,0(u,—e)+A /A, 6(u,—) at low T. We then obtain

d*I, 27re’ ASAIZ )
5 = X pa(MS)pﬁl(MS - eV)p h(@V) . (5)
v A r

This reveals that the action spectrum defined by d*R(V)/d V>
is directly proportional to p,,(eV).

Figure 1 shows the CO hopping rate per electron calcu-
lated for the parameters £)=240 meV, Aiw=25 meV, Ej
=150 meV, hdw=5 meV, n=6, £,=2.0 eV, xy=0.3 eV. This
set of parameters corresponds to CO on Pd(110), and gives a
vibrational lifetime of about 1 ps. Also plotted in Fig. 1 is /;,
calculated by Eq. (3) at low T. The gradual increase below
the threshed at eV=%() is due to a broadening of p,,(eV).
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FIG. 2. (Color online) The action spectrum d’R(V)/dV? (black
curve), and d log R/dV (red/dark gray curve) calculated from R(V)
in Fig. 1. Each curve is normalized to its maximum value.

Even at this level of the simplified model calculation, we find
a nice agreement with the experimental result.® Figure 2
shows the action spectra d’R(V)/dV? and dlog(R)/dV for
comparison. As explicitly derived in Eq. (5) the action spec-
trum exhibits a peak at eV=~() with the width given by the
vibrational broadening. This demonstrates that the action
spectrum directly reflects the vibrational density of states,
which cannot be accessible with STM IETS. Stipe et al.’
reported R(V) and dlog(R)/dV for rotation of C,H, on
Cu(100). They remarked that the derivatives of R(v) show a
narrow voltage range over which the increase in rotation
rates occurs. The voltage corresponds to the peak position
observed at eV=A0=358 meV (the excitation of the C-H
stretch mode) in STM IETS. For rotation of a single C,H,
molecule between two diagonal sites on the Cu(100) surface
the molecule remains at the same adsorption site, so that the
C-H mode can be detected with IETS. However, this is not a
case for hopping or desorption of a molecule because it
moves away under the STM tip once it is scanned at the bias
voltage exciting the vibrational mode which induces the mo-
tion, as in the case of CO hopping on Ag (110) (Ref. 21) and
Pd(110) (Ref. 6) as well as NH; hopping and desorption on
Cu(100).” The asymmetric tail observed above the threshold
in d log(R)/dV [see Fig. 4(b) in Ref. 5 for rotation of C,H,]
is reproduced in Fig. 2. A similar behavior was also abserved
for the N-H stretch mode, which induces hopping of NH; on
Cu(100).” Such an asymmetry does not appear in
d*R(V)/dV*.

Our proposal can also be applied to a two-electron pro-
cess such as desorption of NH; from Cu(100),” where the
reaction rate is given by R(V)=(1/7,, zc) 7,05, (V) in terms of
the excitation rate of the reaction-coordinate mode 1/7, gc
via the two times decay of the N-H stretch mode excited by
tunneling electrons and the vibrational relaxation time 7,,%>%*
and to multielectron processes R(V)e«I"(V)/y*~! for vibra-
tional ladder climbing following a direct excitation of the RC
mode [here, n stands for the number of vibrational levels
(=tunneling electron excitations) in the RC potential
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well].2>26 Our proposal of action spectroscopy is valid for
the adsorbate motions induced by direct and indirect excita-
tion of the RC mode. For the direct process the action spec-
trum reflects the vibrational density of states p,,(eV) of the
RC mode, while for the indirect one it gives p,,(eV) of the
vibrational mode, such as the C-O or N-H stretch mode ex-
cited by tunneling electrons and anharmonically coupled to
the RC mode. In both cases the IETS spectrum does not
always give p,,(eV) because of the elastic correction in the
IETS spectrum.

The single-Co-atom hopping rate?” on Cu(111) has been
theoretically studied by Liu and Gao.?® Simulation using a
power law, compared with experiment, suggests that the
atom hopping is due to the local heating of the FT mode. The
frequency and lifetime of the FT mode can be extracted from
the second derivative of the power law of the hopping rate.
The line shape of the action spectrum is directly related to
the vibrational density of states, and the width of this action
spectrum gives the intrinsic vibrational broadening. Recently
Liu and Gao reported a theoretical calculation of the vibra-
tional spectrum and the lifetime of Co on the Cu(111)
surface.?” The calculated lifetime (1.6 ps) of the FT mode
may be compared to the width of the action spectrum for Co
hopping.

STM allows the real-space observation of site-resolved
single-molecule motions. The reaction rate as a function of
applied bias voltage and tunneling currents provides impor-
tant information about the elementary processes of electronic
or vibrational excitation by tunneling electrons. When exci-
tation of a particular vibrational mode is a trigger for mol-
ecule hopping or desorption, it cannot be usually observed
by STM IETS. Here, we have proposed that, since the mo-
tion is induced by inelastic tunneling electrons, the second
derivative of the reaction rate with respect to the bias voltage
provides a direct access of the vibrational density of states.
The width of this action spectrum gives the intrinsic vibra-
tional broadening of a single adsorbed molecule on a solid
surface. The identification of the vibrational mode respon-
sible for various surface motions and reactions is essential
for achieving mode-selective control of chemical reactions.
A combination of dynamic spectroscopic techniques such as
action spectroscopy and ‘“‘static” techniques such as STM
IETS, gives important information to establish the dynamics
related to the electron-vibration coupling in molecules on
surfaces.®
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