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Breaking bonds selectively in molecules is vital in many chemistry reactions and custom nanoscale
device fabrications. The scanning tunneling microscope (STM) has proved to be an ideal tool to initiate and
view bond-selective chemistry at the single-molecule level, offering opportunities for the further study of
the dynamics in single molecules on metal surfaces. We demonstrate H—HS and H—S bond breaking on
Au(111) induced by tunneling electrons using low-temperature STM. An experimental study combined
with theoretical calculations shows that the dissociation pathway is facilitated by vibrational excitations.
Furthermore, the dissociation probabilities of the two different dissociation processes are bias dependent
due to different inelastic-tunneling probabilities, and they are also closely linked to the lifetime of inelastic-
tunneling electrons. Combined with time-dependent ab initio nonadiabatic molecular dynamics simu-
lations, the dynamics of the injected electron and the phonon-excitation-induced molecule dissociation can
be understood at the atomic scale, demonstrating the potential application of STM for the investigation of

excited-state dynamics of single molecules on surfaces.
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The excitation of molecular vibrations, e.g., phonons,
plays an important role in various surface dynamic phe-
nomena [1-9], for example, in molecular dissociation
[9-11]. It can help the molecules overcome the activation
barrier for chemical bond cleaving [12—15]. Scanning
tunneling microscopy (STM) is a powerful technique for
investigating chemical reactions on surfaces by initiating
electronic and vibrational excitations in molecules by
inelastic-tunneling (IET) electrons [9,10,16-22]. By con-
trolling the energy and injection location of inelastic
electrons, mode-selective chemical reactions on surfaces
can be achieved by STM with high spatial and energy
resolutions [21,23-25], which are perfect for studying
single-molecule reactions on surfaces.

Most previous STM studies did not probe the dynamics
of inelastic electron relaxations, phonon excitations, and
surface chemical reactions because STM is generally used
to measure the static atomic and electronic structures.
Nevertheless, the outcome of the chemical reactions has
strong correlation with the coherence dynamics of atoms
and electrons. STM is able to estimate and regulate the
femtosecond (fs) lifetime of excited electrons on single
molecules [22,26], suggesting its capability of controlling
single-molecule dynamics on surfaces. Yet, only a simple
empirical model was previously used to estimate the
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lifetime of excited states in the molecule. The comprehen-
sive dynamics incorporating the chemical reaction with
femtosecond time resolution is still challenging to model.

In this Letter, we study inelastic-electron-induced mol-
ecule dissociation of H,S on a Au(111) surface by combining
the STM with time-resolved nonadiabatic molecular dynam-
ics (NAMD) within the framework of the time-dependent
Kohn-Sham equation [27]. The H,S molecule was chosen
because H,S and its dissociation products have played an
important role in electrochemistry, corrosion, environmental
chemistry, and heterogeneous catalysis [43—45].

The H,S molecules physically adsorb on Au(l11)
[46-50], so we resolve only individual H,S molecules by
STM at liquid helium temperature. Figure 1(a) is a large-area
STM image of 0.01 monolayer H,S molecules adsorbed on
Au(111) at 4.7 K. Individual H,S molecules on Au(111)
appear as rounded protrusions in high-resolution images
[Fig. 1(b)] and the apparent height is about 130 pm. The
optimum configuration of an isolated H,S molecule on
Au(111) from density functional theory (DFT) calculations
[Fig. 1(d)] indicate that the H,S monomer adsorbs flat with
the S atom located atop a Au atom. The distance between the
S and Au atoms is 2.67 A, corresponding to an adsorption
energy of —0.5 eV, suggesting a relatively weak molecule-
surface interaction.
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(a) STM image of 0.01 monolayer H,S molecules adsorbed on Au(111) surface. Scale bar, 10 nm. (b) STM image of isolated

H,S molecules marked by A, B, C. (c) STM image of the same area as (b) after applying pulses of —1.0 V with tunneling currents of
0.8 nA on molecules A and B, which are dissociated to HS (A’) and S (B’), respectively. Scale bar, 1 nm. The scanning parameters of
(@)—(c): Vyip = —100 mV, I = 100 pA. (d)—(f) The calculated results of single H,S, HS, and S on Au(111), respectively. The left and
middle panels are top and side views of relaxed structural models, in which the yellow, gray, and gold balls represent the S, H, and Au
atoms, respectively. The right panels are simulated STM images. (g),(h) Line profiles along dotted lines in (c) and simulated H,S, HS

molecule, and S atom images at —100 mV.

Applying a pulse (—1.0 V, 0.8 nA, 100 ms) on the target
H,S molecule [labeled A in Fig. 1(b)] changes it to a ball-
shaped and darker protrusion [A’ in Fig. 1(c)] with a height
of about 65 pm. By continuing to apply another pulse on
the reacted molecule, a much darker dot with a height of
7 pm was obtained [B’ in Fig. 1(c)]. Because of the simple
stoichiometric ratio of the H,S molecule, we postulate that
the chemical reactions induced by STM pulses are the
dissociation of H,S and the dissociation of HS, respec-
tively, and the reaction products are the HS molecule and
the S atom, respectively.

The DFT calculation result of HS on Au(111) is shown
in Fig. 1(e), indicating that the S atom in HS prefers to
adsorb on the bridge site. The adsorption energy of HS is
—2.16 eV, which is much stronger than H,S on Au(111).
The optimized distance between the S atom and the Au
atom is 2.50 A. Moreover, the S atom is energetically
favorable on the hollow-fcc adsorption site [Fig. 1(f)]. The
corresponding simulated STM images of H,S, HS, and S
on Au(111) are shown in Figs. 1(d)-1(f) and Fig. S3 of the
Supplemental Material (SM) [27], indicating the similar
protrusions as experimental images. Furthermore, the line
profiles along H,S, the HS molecule and S atom shown in

Figs. 1(g) and 1(h) and Fig. S3 of the SM [27], reflect the
height evolution from H,S to S in both experimental
measurements, and theoretical simulations can agree with
each other qualitatively, suggesting that our proposed
reacted products are reasonable. Similar DFT investigations
for H,S, HS, and S were previously reported [47—49].
To find out the dissociation reaction mechanism, we
statistically analyzed the dissociation probability [in our
experiments, the dissociation probability is defined as the
ratio of the number of reaction events to the number of
applied pulses (>100 times) with the same energy, current,
and duration time], as shown in Fig. 2. The energy onsets
for the H,S — HS dissociation reactions on Au(111) are
determined to be —0.33 eV (electrons from tip to surface)
and 0.35 eV (electrons from surface to tip), while the
energy onsets for HS — S dissociation are —0.38 and
1.25 eV, respectively. The similar relative low energy
onsets suggest the same mechanism for both dissociation
reactions. However, the dissociation probability induced by
positive pulses is clearly lower than for negative pulses,
which might result from the different origins of tunneling
electrons (i.e., electrons emitted from the tip or substrate).
The screening effect of the substrate leads to a decreasing
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FIG. 2. (a),(b) The dissociation probability of isolated H,S and

HS on Au(111) surface induced by tip bias pulses, respectively.
The black (red) lines indicate negative (positive) tip pulses
applied on molecules. The probabilities are derived from the
ratio of the number of dissociated molecules to the total number
of trials (>100 times) after pulsing with a certain bias, as well as
the constant tunneling current of 0.8 nA and pulse duration
of 100 ms.

IET probability, and consequently to a lower dissociation
possibility [51,52]. The behaviors for these two dissocia-
tion reactions are different. For the H,S — HS dissociation,
when the pulse energy is higher than the threshold, the
dissociation probabilities increase quickly and are then
saturated with energy higher than 1.25 eV [Fig. 2(a)]. For
the HS — S dissociation, the dissociation probabilities

remain low and increase only with an energy larger than
1.25 eV [Fig. 2(b)].

Our experimental results indicate that the chemical bond
cleavage in adsorbates is attributed to the injection of
tunneling electrons temporarily trapped by the molecular
orbitals at the molecule-metal interface via an IET process,
which can induce molecular dynamical processes such as
lateral hopping [3,5], rotation [1,2], dissociation [9-11],
desorption [23], and single-bond formation [53]. Thus,
detailed knowledge of the electronic structures and molecu-
lar orbitals at the molecule-substrate interface is instructive
for understanding the mechanism of chemical bond cleav-
age processes for H,S (HS) on Au(111).

The total and projected density of states (PDOS),
together with the spatial distribution of frontier molecular
orbitals contributed by an isolated H,S molecule both in the
gas phase and on the Au (111) surface, are shown in
Fig. 3(a). It is apparent that some small electronic states
composed of 3p, orbitals of the S atom emerge near the
Fermi level (Ef) for a H,S molecule on Au(111). For HS
adsorbed on Au(111) [Fig. 3(b)], due to the stronger
interactions between S and Au atoms, more pronounced
hybridization of states occur near Ep. According to the
PDOS shown in Fig. 3, the incident electrons with energies
between 0.33 and 2.5 eV cannot transfer into the LUMO of
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(a) PDOS of H,S (top panel) in gas phase and (bottom panel) on the Au surface. (b) PDOS of HS (top panel) in gas phase and

(bottom panel) on the Au surface. The vertical black dashed lines denote the Fermi level. (Insets) Visualization of the spatial distribution
of the main DOS peaks depicted by red dashed circles near Fermi level. (c),(d) [llustration of the vibrational modes of H,S and the HS on
Au surfaces, respectively. For a clear view, the Au(111) surface is hidden.
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H,S (~3.0 eV) or HS (~3.7 eV) on the Au surface. This
implies that the successive H—S bond cleavages are not
ascribed to the weakened H—S bonds via electrons trans-
ferring to antibonding orbitals. Considering the low thresh-
old bias for dissociation reactions (0.33 or 0.38 eV), we
postulated that the H—S bond cleavages are associated with
vibrational excitations.

To verify this hypothesis, we calculated the phonon
modes of H,S and HS molecules on Au(111), as shown
in Figs. 3(c) and 3(d). The phonon energies of individual
H,Son Au (111) at0.328, 0.326, and 0.14 eV correspond to
the asymmetric stretch [v,(H,S)], symmetric stretch
[v;(H,S)], and bending mode [v,(H,S)], respectively.
Similarly, the stretching [v,(HS)], perpendicular-to-surface
rotation [v,(HS)], and bending modes [v,,(HS)] of adsorbed
HS are at 0.32, 0.069, and 0.058 eV, respectively. It is
known that phonon modes of adsorbed molecules can be
excited by the IET process [12—15]. The threshold bias
0.33 eV for H,S dissociation matches the two stretching
modes v, (H,S) and v,(H,S) well, while the threshold bias
~0.38 eV for HS dissociation accords with the excitation
energy of v, (HS) well. The perfect matches indicate that the
H,S and HS bond cleavages are induced by phonon
excitation due to energy transfer from the IET electrons
to the molecules.

The asymmetric and symmetric stretch modes for H,S
on Au(111) have nearly degenerate energies. It is intuitive
that the asymmetric stretch mode should induce one H—S
bond cleaving, while the symmetric stretch mode induces
cleavage of two H—S bonds simultaneously. However, in
experiments, two H—S bond cleaving reactions were not
observed. To elucidate the origin of selectivity for the
responsible vibration modes, we calculated the energy
barriers for molecular dissociations by the climbing-image
nudged elastic band (CI-NEB) method [34]. Two reaction
pathways of H—S bond cleavage in the H,S molecule are
calculated. The barrier for the H,S — H + HS process on
the Au(l111) surface is ~0.83 eV [Fig. 4(a)]. For
H,S - H+ H + S, the CI-NEB calculations are difficult
to converge. This reaction tends to happen by breaking the
two HS bonds one by one. To estimate the energy barrier,
we simultaneously stretch the two HS bonds and allow the
molecule to relax in the direction perpendicular to the
surface (Fig. S11 in the SM) [27]. In this way, the energy
barrier for the simultaneous dissociation is estimated at
2.31 eV. The much higher energy barrier for two H—S
bonds cleaving simultaneously explains why that reaction
is not observed in experiments. In addition, as shown in
Figs. 4(c) and 4(d), the calculated energy barrier for the
HS — H + S process is ~0.89 eV.

Comparing the dissociation barrier (0.83 or 0.89 eV)
with the threshold bias 0.33 or 0.38 eV, multiple phonons
should be excited to overcome the dissociation barrier. The
proposed microscopic picture can be verified by tracing
the trajectory of the variation of H—S bond lengths in a
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FIG. 4. Reaction energy profile and atomic structure models
along the reaction path of (a),(b) an H,S on Au(111) dissociating
into HS + H, and (c),(d) a HS monomer on Au(111) with H+ S
dissociated products.

molecular dynamics (MD) simulation. Our simulations
reveal that when four phonons are excited, the lengths
of two H—S bonds oscillate for three periods, and then one
of them elongates gradually, leading to single-bond break-
ing at ~70 fs [Fig. 5(a)]. Figures 5(b)-5(e) give the time
evolution geometries for H,S on Au(111) at 35 fs intervals.
After 35 fs [Fig. 5(c)], one H atom tilts toward the Au
surface, and its distance from S is elongated until it breaks
away from the HS fragment at 70 fs [Fig. 5(d)]. The case for
the dissociation of HS on Au(111) is similar, as shown in
Figs. 5(f)-5(j) and Figs. S5(a)-S5(c) in the SM [27]. The
excitation of four phonons is also required for the HS
dissociation reaction. The frequencies of different phonon
modes can also be obtained from the Fourier transform
spectra from the NAMD simulation, agreeing with static
DFT calculations [27]. Based on the potential barrier values
estimated by the CI-NEB method, three phonons with
energy of 0.33 eV (0.32 eV) for H,S (HS) are, in principle,
sufficient to overcome the reaction barriers for dissociation
in a vibrational ladder climbing manner [54]. However, the
direction of the S-H stretching mode excited by IET
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FIG. 5. The time-dependent HS bond length evolutions in a
500 fs ab initio molecular dynamics simulation for (a) a H,S
molecule on a Au surface and (f) HS on Au. The computed
trajectories of H—S bond breaking in (b)—(e) an isolated H,S
molecule and (g)—(j) isolated HS adsorbed on Au(111).
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electrons is different from the reaction coordinate of the CI-
NEB, and the dynamic behavior of dissociation by vibra-
tional excitation is not completely along the CI-NEB path
with the lowest energy barrier (Fig. S7 in the SM [27]). The
dissociated process should involve a higher effective barrier
height for four phonons to climb up.

Therefore, we deduce that the dissociation pathway of
H,S on Au(111) comprises four phonons with asymmetric
stretching modes excited by inelastic electrons. Below a
bias of 1.25 eV, more than one electron is needed for the
four phonons’ excitation. The energy of a single inelastic
electron above 1.25 eV is sufficient to excite four phonons
to overcome a dissociation barrier, which explains why the
dissociation probability is saturated when the pulse bias is
larger than ~1.25 eV. The case of HS is similar to H,S.
The variation of probability with bias also indicates that
energy transfers from more than one tunneling electron are
required to break the H—S bond at low bias. Using
equilibrium molecular dynamics simulations and normal
mode decomposition [39], the lifetime of the asymmetric
stretching mode of H,S due to the anharmonic phonon-
phonon interaction is estimated to be 704 fs [27], which is
much longer than the timescale of H,S dissociation,
supporting the phonon-induced molecular dissociation
postulate. During the dissociation processes of H,S and
HS, due to the anharmonic coupling between different
phonon modes, the energy transfers to other modes like the
Au-S and Au-Au stretching modes. All of these modes play
a role in the dissociation. However, since the dissociation
timescale is much shorter than the phonon lifetime, we
think that the anharmonic effects within such a short
timescale are not significant.

The molecular phonons are excited by IET electrons
trapped in hybridized states of a molecule near Ef.
Therefore, the lifetime of injected electrons in hybridized
states will influence the dissociation probability. We
employed time-dependent ab initio NAMD to elucidate
the dynamics of injected electrons in H,S and HS mole-
cules on Au(l11). First, we plotted the time-dependent
energy evolution of selected states in 2 ps MD at 100 K
(Figs. S8 and S9 in the SM [27]). For both H,S and HS on
Au(111), the adiabatic electron-phonon coupling induces
the fluctuation of these Kohn-Sham eigenenergies. The
lifetime is determined to be the time interval of the electron
relaxation from hybridized states to E. Figure 6 shows the
variation of the lifetime with the initial energy of injected
electrons on the H,S and HS molecules, respectively. The
lifetime of the electron on HS is always shorter than H, S by
0.3—-1.2 eV, and the largest difference occurs at 0.6-0.7 eV.
The lifetimes of both H,S and HS are similar at 0.33 or
1.25 eV, which are close to the threshold and saturation
energies for the H,S dissociation. The stronger hybridiza-
tion between HS and the Au(l111) surface generates
a higher density of states in the relevant energy region
[Fig. 3(b) and Fig. S9 in the SM [27] ]. It contributes more
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FIG. 6. The lifetime of an excited-state electron initially
generated via an IET process of H,S and a HS molecule on
Au(111) with different initial energies at 100 K. The red and blue
dotted lines are fits to the calculated data points.

efficient cooling channels for excited electron relaxing, and
it reduces the lifetime of the HS molecule progressing on
the excited-state potential energy surface from 0.38 to
1.25 eV. The short-lived travel of HS in the excited state
cannot provide enough time to accumulate four vibrational
modes of v (HS) to overcome the dissociation barrier,
explaining the low-value plateaus of dissociation proba-
bility for HS [Fig. 2(b)]. In addition, the higher probability
for H,S dissociation saturates at ~1.25 eV, corresponding
to the short lifetime of tunneling electron. By this token, the
excited-state lifetime of the injected electron and the
adsorbed molecular dissociation probability have positive
correlations in the low bias range.

The reaction probability in molecule-surface systems
is closely associated with the excited-state lifetimes
[22,26,55,56], which were generally measured by time-
resolved photoemission or optical techniques [57-60].
Although the time resolution can be achieved in those
measurements, spatial resolution at atomic level is difficult
to achieve. A recent study showed that the proximity of the
STM tip suppresses the reaction probability by reducing the
excited-state lifetime [22], suggesting the potential of STM
to measure and control the coherent dynamics of excited
carriers at the molecule-solid interface. Nevertheless, the
excited-carrier lifetime was estimated only qualitatively.
Here we quantitatively correlate the lower reaction prob-
ability of HS on Au(111) to the reduction of excited-state
lifetimes. The lifetimes of injected electrons and the time-
scale of chemical reactions induced by inelastic electrons
can therefore be measured. Hence, the STM technique
and time-dependent ab initio NAMD simulations may be
widely extended to understand the coherent dynamics of
injected-electron-induced chemical reactions on surfaces.
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