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ABSTRACT: Plasmonic hot carriers generated by the decay of localized surface
plasmons have the potential to enable chemical reactions at energies lower than
those required for photochemical reactions as well as reactions impossible to
achieve with light alone. A broad energy distribution of the hot carriers would
enable multiple reaction pathways by the transfer of the hot carriers to molecular
electronic states of different energies. However, it is difficult to distinguish reaction
pathways by detecting products using conventional macroscopic methods, and the
mechanistic details are still unclear. In this study, we demonstrate that multiple
reaction pathways are available with plasmonic hot carriers on the basis of the real-space observation of molecular motions as well as
dissociation of O2 molecules chemisorbed on the Ag(110) surface using a scanning tunneling microscope. This real-space study at a
single-molecule level reveals that plasmonic hot carriers enable multiple reaction pathways due to their broad energy distribution,
allowing access to various adsorbate states.

1. INTRODUCTION
Chemical reactions induced by localized surface plasmons are
promising for the efficient use of solar energy because the
plasmons not only enhance photochemical reactions but also
enable reactions that are not possible with conventional
light.1−5 The plasmons generate a strong electric field, hot
carriers, and localized heat during the excitation and decay
process, all of which can interact with molecules, leading to
reactions. In particular, the plasmonic hot carriers have broad
energy distributions from the Fermi level (EF) to the energy of
the incident light both above and below the EF.

6−9 The transfer
of the plasmonic hot carriers to molecules can trigger chemical
reactions at an energy lower than the energy required for the
direct excitation of frontier orbitals.10,11

Various kinds of plasmon-induced chemical reactions, such
as azo-bond formation, Suzuki−Miyaura coupling, and
dissociation of H2, O2, NH3, H2O, H2S, and C−C bonds,
have been reported and interpreted by the hot-carrier transfer
mechanism.10−18 Although the transfer of hot carriers has been
considered to be the main mechanism in plasmon-induced
chemical reactions, the details of the interaction between the
plasmonic hot carriers and molecular electronic states are still
unclear.4−6,19 It is generally accepted that the plasmonic hot
carriers are transferred from the metal to the adsorbate states,
and a transient charged state is formed, leading to a chemical
reaction.20 By considering the broad energy distribution of not
only the plasmonic hot carriers but also of the adsorbate states
originating from orbital hybridization between metal and
molecular states at the interface, we expect that both electronic
and vibrational excitation of molecules can be induced by the

transfer of the plasmonic hot carriers, which leads to diverse
reaction pathways. However, it is hard to discern multiple
reaction pathways with conventional macroscopic methods by
only detecting products. Moreover, molecular motions
associated with vibrational and rotational excitation are difficult
to detect. Even though experimental techniques to analyze
chemical reactions induced by the plasmons are developing
from ensemble measurements to single-particle and local
measurements using probe techniques,21,22 the details of the
reaction mechanisms and the interaction of the plasmons with
molecules are still unclear.
Real-space observation and analyses of chemical reactions at

the location where plasmons are localized using a scanning
tunneling microscope (STM) with a high spatial resolution is
an effective approach to clarify the reaction pathways and
mechanisms in detail.23−27 In addition to observation, the
STM can be applied to trace the chemical reactions of a single
molecule in real time by monitoring the tunneling current.23 A
recent study achieved the precise control of bond dissociation
inside a single molecule using a plasmon atomically confined at
the STM junction.26 Technical advances in STM, combined
with noncontact atomic force microscopy and tip-enhanced
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Raman scattering, led to the detailed characterization of the
chemical structure of a single molecule generated by the
plasmon.27 In our previous studies, we elucidated the
mechanisms of dissociation reactions for dimethyl disulfide
molecules adsorbed on Ag(111) and Cu(111) and O2
molecules on Ag(110) based on single-molecule investigations
using the STM.23,24 In the case of dimethyl disulfide, the
localized plasmonic field directly interacts with the molecule,
namely, by direct intramolecular excitation, resulting in
dissociation.23 By contrast, oxygen molecules dissociate
through the transfer of plasmonic hot carriers to the molecular
states.24 The efficiency of dissociation induced by hot-hole
transfer was much larger than that induced by hot-electron
transfer due to the anisotropic energy distribution near the EF
of the molecular electronic states strongly hybridized with the
metal states.
In this study, multiple plasmon-induced reaction pathways

of O2 chemisorbed on Ag(110) were observed and analyzed
with an STM at the single-molecule level. Rotational and
hopping motions as well as dissociation reactions were
observed only for O2 molecules aligned along Ag[001] axis
(O2[001]). We revealed that the multiple reaction pathways
were caused by the transfer of the plasmonic hot carriers with
broad energy distributions to various molecular electronic
states by comparing plasmon-induced reactions with reactions
induced by injecting tunneling electrons/holes from the STM
tip.

2. EXPERIMENTAL SECTION
2.1. Preparation of Samples and Plasmonic Tips.

Atomically flat and clean surfaces of a single-crystalline
Ag(110) substrate (MaTecK) were obtained by repeated
cycles of Ar+-ion sputtering and annealing at ∼800 K. O2
molecules were chemisorbed on the surface of the substrate
kept on a cold stage maintained at 89 K by dosing O2
molecules from a small gas cylinder filled with O2 gas (purity
> 99.99995 vol %) at room temperature. The prepared sample
was moved to the STM head and cooled down to ∼5 K.
Plasmonic tips made of Ag/Au were prepared as previously
reported.23,28 The tip shape was evaluated from SEM images.
2.2. Optical Setup for STM Experiments with Light

Irradiation. All experiments were performed using a low-

temperature STM (Omicron GmbH) maintained at 5 K under
an ultra-high vacuum of less than 4.0 × 10−11 Torr. The p-
polarized light with an incident angle of 25° relative to the
sample surface was introduced into the STM chamber through
an optical window made of fused silica. The light source was a
Xe lamp having a small emission size (∼0.1 mm), which was
directly coupled to the optical fiber (Laser-Driven Light
Source, Tokyo Instruments, Inc). The light was concentrated
by lenses attached outside the chamber and focused on the
sample surface with a spot diameter of φ ∼ 1.6 mm.
Monochromatic light was extracted using a bandpass filter.
The center wavelength (CWL) and full width at half-maximum
(FWHM) of the bandpass filters (CWL, FWHM) were (500
nm, 10 nm), (600, 650, and 700 nm, 25 nm), (750 and 800
nm, 40 nm), and (900, 1000, 1100, 1200, and 1500 nm, 50
nm). Light intensity was tuned with neutral density filters and
was evaluated in a position equivalent to that of the sample
with all optical components in the path using an optical power
meter and a dual scanning slit beam profiler (Thorlabs).

2.3. Single-Molecule Study of Reactions Induced by
the Plasmon. An STM image of O2 molecules on the
Ag(110) surface was obtained before light irradiation. To
investigate the plasmon-induced reaction, a plasmonic tip was
positioned over a target molecule at a fixed tunneling gap
resistance (V = 20 mV and I = 2.0 nA), and the feedback loop
was turned off to maintain the tip height during light
irradiation at a specific wavelength for a fixed length of time
(45−75 s). We also monitored the current trace during this
process. After light irradiation, the STM image was obtained at
the same scanned area as before light irradiation.

3. RESULTS AND DISCUSSION
An atomically resolved STM image shows O2 molecules
chemisorbed on the Ag(110) surface in two orientations at the
hollow site, O2[001] and O2[11̅0] (Figure 1a), by using a Ag
tip modified with a molecule/atom, as observed in previous
STM studies.24,29,30 Figure 1a−d shows the atomically resolved
STM images obtained before and after the excitation of the
plasmons with a plasmonic tip that was positioned on a target
molecule during light irradiation. In addition to the plasmon-
induced dissociation of both O2[001] and O2[11̅0] reported in
our previous study24 (Figure 1c,d), we observed the rotation of

Figure 1. Atomically resolved topographic STM images of O2 molecules on Ag(110) (a) before and (b−d) after irradiation with p-polarized light at
500 nm (2.6 × 1015 photons cm−2 s−1, ∼1.03 mW cm−2) by using a Ag tip modified with a molecule/atom. A fixed gap resistance at 20 mV and 2.0
nA was applied, and the feedback loop was turned off to maintain the tip height during light irradiation. All STM images were obtained at 5 K in the
dark, and the scanning condition was 20 mV and 0.2 nA. The Ag tip was positioned over the molecule, indicated by the yellow arrows in the STM
images during light irradiation. (e−h) Schematic illustrations of (e) hopping, (f) rotation, and (g) dissociation of O2[001] and (h) dissociation of
O2[11̅0].
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O2[001] to O2[11̅0] accompanied by hopping (Figure 1b).
The sample bias was always kept at 20 mV during light
irradiation, and scanning in the dark at this level of bias never
induced molecular motion and reaction. Figure 1e−h shows
schematic illustrations of plasmon-induced molecular motions
and reactions observed with STM.
To examine molecular motions and reactions induced by

plasmons, we performed a statistical analysis of the processes
induced by plasmons excited with light at different wave-
lengths. The quantitative analysis of reaction time and
efficiency for the plasmon-induced molecular motions and
reactions under the STM tip is possible by monitoring the
change in the tunneling current (Figure S1). However, the
current change caused by rotational motion is occasionally too
small to detect, which disables calculating the yield. We
therefore analyzed the probabilities of dissociation, rotation,
and hopping of a single molecule under the tip by counting the
number of each event. The probability provides information on
the preferred reaction pathway at a specific energy. Figure 2

shows the probabilities of dissociation, rotation, and hopping
for O2[001] and O2[11̅0] molecules induced by the plasmons
excited at different wavelengths in the range of 600−1500 nm
using a Au tip. Note that the resonance property of the
plasmon at the nanogap between a Au tip and a Ag substrate
was reported in our previous study.24 For O2[001] molecules,
not only dissociation but also rotation to O2[11̅0] and hopping
were observed, although the probability of rotation and
hopping were 8−19% and less than 1%, respectively (Figure
2a). On the other hand, for O2[11̅0] molecules, only
dissociation occurred, and rotation and hopping were never

observed at any wavelength (Figure 2b). In our previous study,
we ruled out a thermal process caused by local heating by the
plasmons at the low substrate temperature (∼5 K) because of
the linear increase in dissociation rate versus light intensity.24

No change caused by light irradiation without a plasmonic tip
was observed at ∼5 K, ruling out a simple photochemical
reaction. Furthermore, we also ruled out direct intramolecular
excitation by the plasmon because the energy gap between
occupied π and unoccupied π* states was greater than 2 eV,
whereas the peaks in the dissociation yields were around 1.6
eV.24 Instead, we concluded that hot-carrier transfer is the
most plausible mechanism based on the electronic structures
responsible for the dissociation revealed by the combination of
STM action spectroscopy and density functional theory (DFT)
calculations.24 We thus assumed that the rotation and hopping
as well as dissociation were induced by hot-carrier transfer.
In the hot-carrier transfer mechanism, plasmonic hot carriers

are transferred to a molecule via an inelastic tunneling process
to form transient charged states,20 which is an initial step
leading to molecular motions and reactions. The investigation
of molecular motions and reactions initiated from the transient
charged states formed by charge transfer via the inelastic
tunneling process in an STM would provide fundamental
knowledge of the events caused by the transfer of plasmonic
hot carriers. Thus, to confirm the reaction mechanism in detail,
we investigated molecular motions and reactions and their
probabilities induced by injecting tunneling electrons or holes
from the STM tip and compared them with the behavior
caused by the plasmon. Figure 3a−d shows STM images
representing typical changes observed for O2[001] and
O2[11̅0] molecules caused by injecting tunneling electrons or
holes from an STM tip in the dark. In this experiment, we used
a W tip instead of a plasmonic tip to avoid the excitation of a
plasmon at the STM junction by applying high voltage.31 As
with the case of the plasmons, dissociation, rotation, and
hopping were observed for O2[001], but only dissociation was
observed for O2[11̅0] molecules. To obtain quantitative
information on the reaction pathways, we analyzed the
probabilities of dissociation, rotation, and hopping caused by
injecting tunneling electrons or holes from the STM tip at
different sample biases (Figure 4).
For O2[001] molecules, the bias dependence of the

probabilities exhibits a similar tendency at both bias polarities
(Figure 4a−c). The probabilities of dissociation, rotation, and
hopping are different depending on the applied bias. The
hopping probability is almost zero at higher bias regions and
tends to increase as |V| decreases but is still ∼8% at −0.3V.
The bias dependence of the probabilities of dissociation and
rotation is not simple; their probabilities are almost constant at
|V| > 0.6 V but become complicated in the lower energy region.
The probability of dissociation is larger than that of rotation at
|V| = 0.3−0.4 V. Even though the dissociation yield increases at
|V| = ∼0.4 V, as reported in our previous study,30 the
probabilities of dissociation and rotation decrease and increase
from |V| = 0.4 V, respectively. This can be explained by the
change of the excitation manner for rotation at ∼0.4 V. The
rotation is a more efficient reaction pathway that would be
induced by one-step excitation because the energy barrier
between O2[001] and O2[11̅0] was reported as ∼0.4 to 0.45
V,32,33 while dissociation needs two-step excitation in this
energy region. However, at |V| = ∼0.5 V, the probabilities of
dissociation and rotation again increase and decrease as |V|
increases, respectively. Considering the dissociation barrier

Figure 2. Probabilities of dissociation, rotation, and hopping for (a)
O2[001] and (b) O2[11̅0] molecules induced by the plasmon excited
at the nanogap between the Au tip and Ag(110) substrate as a
function of light wavelength. A fixed gap resistance (20 mV and 2.0
nA) was applied, and the feedback loop was turned off to maintain the
tip height during light irradiation. The probability is calculated from
the ratio of the number of reacted molecules to the total number of
trials at each wavelength. Each data point represents the average of 33
and 28 for (a) O2[001] and (b) O2[11̅0], respectively.
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(εdis) for O2[001], which was estimated to be 430 < εdis < 588
meV,30 the increase in the dissociation probability at |V| = ∼0.5
V is interpreted as due to the change of process from two-step
excitations of overtone-mediated channels for the O−O
stretching mode to single-step excitation of the vibrational
ladder or electronic excitation. At |V| ≥ 0.6 V, the probabilities
for all reaction pathways become almost constant, which
means that electrons (or holes) broadly distributed from the EF
to the energy corresponding to the applied voltage are
transferred to molecular states, leading to the excitation of all
reaction pathways at a constant ratio.

In contrast to the complicated bias dependence of the
probabilities due to the presence of three reaction pathways for
O2[001], only dissociation was observed for O2[11̅0]
molecules at any sample bias, as shown in Figure 4d. Previous
studies reported that the chemisorption energy for O2[001]
and O2[11̅0] are almost the same, and the simulated potential
energy barrier between O2[001] and O2[11̅0] (εrot) is ∼0.4 to
0.45 eV.33 In our experiment, we observed only O2[11̅0]
molecules when the substrate temperature is slightly higher
than 90 K during O2 exposure, but for substrate temperatures
less than 90 K during O2 exposure, both O2[001] and O2[11̅0]

Figure 3. Typical topographic STM images of O2 molecules on Ag(110) obtained with a W tip before and after (a) hopping, (b) rotation, and (c)
dissociation of O2[001] and (d) dissociation of O2[11̅0] induced by applying a sample bias voltage pulse in the dark. Target molecules are
indicated by red arrows in the STM images. The scanning condition was 20 mV and 0.2 nA.

Figure 4. Probabilities for hopping, rotation, and dissociation for (a−c) O2[001] and (d) O2[11̅0] molecules as a function of sample bias voltage.
The total numbers of trials are (a) 1637 and (d) 984, respectively. (b) and (c) are magnified data from (a) near the Fermi level in (b) negative and
(c) positive bias regions.
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are adsorbed on the Ag(110) surface. This result indicates that
O2[11̅0] is slightly more thermodynamically stable than
O2[001]. In addition, the dissociation barrier for O2[11̅0]
was estimated to be 456 < εdis < 640 meV.30 By considering
these results, we can draw a potential energy surface, including
dissociation and rotational motion, as shown in Figure 5. In the

case of O2[001], dissociation and rotation competitively occur,
indicating that both dissociation and rotational pathways are
available according to the potential energy surface. By contrast,
the experimental result that only the dissociation pathway is
allowed for O2[11̅0] even at low energies cannot be explained
only by the difference of energy barriers for dissociation and
rotation. The possible explanation is the difference in the
electronic structure of the two chemisorption states caused by
the difference in the distribution of the π orbital,34,35 which
results in a different manner for the excitation of rotation or
the mode coupling between vibration and rotation, or the
change of the lifetime of the vibrationally excited state
responsible for the corresponding molecular motion.
Molecular motions and reactions for both O2[001] and

O2[11̅0] caused by the plasmons are the same as those
initiated by injecting tunneling electrons and holes from the
STM tip. This indicates that hot-carrier transfer in which the
hot carriers are transferred to the electronic states of adsorbed
molecules leading to chemical reactions is the most plausible
mechanism. The energy of the plasmonic hot carriers
immediately after the excitation of the plasmons is broadly
distributed from the EF to the energy of the incident light and
the distribution changes due to the energy decay with
time.7,36,37 Their broad energy distribution allows access to
various molecular electronic states via inelastic tunneling of the
plasmonic hot carriers to molecular states aligned at the same
energy level. Therefore, three pathways, dissociation, rotation,
and hopping, are available for O2[001]. The observation of
hopping motion caused by the plasmons especially provides
evidence that plasmonic hot carriers with not only high
energies but also low energies generated through the plasmon
decay also contribute to molecular motions and reactions. By
contrast, in our previous study, rotational motion induced by
the plasmons was never observed for dimethyl disulfide
molecules on Ag(111) in which plasmon-induced dissociation
occurs not through hot-carrier transfer but through direct
intramolecular excitation.23 This also implies that the hot
carriers are more accessible to various excitation pathways

owing to their broad energy distribution, unlike direct
excitation, including the intramolecular excitation and
excitation between metal and adsorbate states, in which the
exact energy matching between the plasmons and excitation
pathways is necessary. The experimental result that only
dissociation was observed for O2[11̅0] reveals that the reaction
pathways accessible with the plasmonic hot carriers are
governed by the potential energy surface derived from intrinsic
adsorbate electronic states (Figure 5). The big change in
potential that could alter the reaction pathways due to strong
light coupling38−40 would not be expected under our
experimental conditions using a light intensity comparable to
that of sunlight.

4. CONCLUSIONS
We revealed that plasmonic hot carriers enable multiple
reaction pathways, including dissociation, hopping, and
rotation, for O2 molecules chemisorbed on the Ag(110)
surface by the real-space investigation using STM at the single-
molecule level. The emergence of multiple reaction pathways
can be explained by the transfer of the plasmonic hot carriers
with a broad energy distribution to the adsorbate states. We
also found that the available reaction pathways depend on the
adsorption orientations of the O2 molecules and are governed
by the intrinsic potential energy surfaces without significant
perturbation by the plasmons under our experimental
conditions. These findings could pave the way for designing
plasmonic catalysts to access various reaction pathways.
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