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We investigate two fundamental steps of a nonadiabatic surface process, the photo-induced movement

and approach of CO molecules on the Cu(111) surface, at a hitherto unachieved single-molecule level

through scanning tunneling microscope imaging. For the close approach of two CO molecules, we not

only determine the nonadiabatic diffusion barrier (87 meV), but also discover a femto-second-laser-

induced transient attraction (30 meV) of the usually repelling CO molecules.
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The understanding and selective control of elementary
steps of surface reactions is an important goal in surface
science. From the experimental point of view, the use of
photons as the energy source facilitates identification of the
elementary steps by varying, e.g., polarity, energy, or flu-
ence. For photon-induced surface processes, one must dis-
tinguish between three different excitation mechanisms.
The first possibility is resonant photon absorption through
the adsorbate. The second excitation occurs through adia-
batic coupling of the molecules to the laser-heated sub-
strate lattice. In the third mechanism, laser-excited
substrate electrons (hot electrons) drive the process di-
rectly. This last mechanism is distinguished by intense
ultra short laser pulses that allow the electronic excitation
of the metal substrate and the energy transfer to phonons to
be differentiated in time.

In addition, the high density of excited electrons after
excitation by femtosecond (fs) laser pulses results in a
higher yield than in conventional photochemistry. In
most cases, the yield has been investigated by detecting
the desorbing species, and the higher yield is convention-
ally explained by multiple excitations [1]. Only two groups
were successful in quantitatively investigating fs-laser-
induced diffusion from step edges [2,3]. These studies
are applicable to diffusion between nonequivalent adsorp-
tion sites, but can not differentiate between single-
molecule processes and processes of a molecular en-
semble. However, we showed recently that the local struc-
ture of the water clusters dictates the diffusion [4]. This
microscopic understanding of a fundamental step in sur-
face chemistry is based on single-molecule observation, as
provided by scanning tunneling microscopy (STM) [5,6].

In this Letter, we use a combination of STM and fs laser
to follow the fs-laser-induced lateral motion of individual
CO molecules on Cu(111) and the generation of CO
dimers. For diffusion, we find two different electron-
mediated processes at different laser fluence. By modeling
the high fluence regime, we determined a diffusion barrier
of Ediff ¼ 87 meV and an attempt frequency of R0 ¼
1012:6 Hz. With a similar modeling, we determine an un-
expected transient attraction energy of Eattr > 30 meV for
the formation of CO dimers. The latter process has impor-

tant consequences for nonadiabatic surface processes. Our
study thus opens a new field of quantitative single-
molecule nonadiabatic surface processes.
The experiments were performed with our custom-built

instrument that combines single-molecule spatial resolu-
tion of a low temperature STM (LT-STM) working at 5 K
in ultrahigh vacuum with the ultrafast surface dynamics
driven by fs-laser excitation [6]. CO with coverages of a
few percent of a monolayer (ML) is deposited onto the
Cu(111) sample held at 17 K. Surface processes are in-
duced by frequency doubled laser pulses of a Ti:sapphire
oscillator with a duration of 40 fs at 400 nm (3.1 eV photon
energy, repetition rate 10 MHz). Focusing onto 10�
25 �m2 leads to absorbed fluences in the range of a few
J=m2. Prior to laser irradiation, the tip is retracted by about
200 nm in perpendicular direction from the sample and by
more than 1 �m in parallel direction to the sample per-
pendicular to the laser plane. This rules out far and near
field tip effects during the irradiation. Typically, the sample
is exposed to 2:5� 108 pulses with an absorbed fluence
from 1.1 to 5:1 J=m2 [7].
We start by describing our observation qualitatively. In

as-deposited CO ensembles, the shortest distance between

two adjacent CO molecules is
ffiffiffi
3

p
a [Fig. 1(a)] with the

lattice constant of the substrate a ¼ 0:255 nm. This dis-
tance is equivalent to the CO nearest-neighbors distance at
saturation coverage of 1=3 ML (

ffiffiffi
3

p � ffiffiffi
3

p
R30�) [8].

ffiffiffi
3

p
dimers are imaged as dark ellipsoids [cf. inset and line scan
in Figs. 1(a) and 1(c)]. The irradiation with fs-laser pulses
leads to the formation of an additional structure, a protru-
sion between two depressions [Fig. 1(b)]. This type of
image is known from manipulation experiments, in which
two CO molecules were forced onto two neighboring sub-
strate atoms by LT-STM [9]. The intensity variation was
reproduced theoretically and explained by a tilting of the
CO molecule axes away from the surface normal [10,11]
[Fig. 1(c)] because of a combination of steric repulsion
between the molecules and electrostatic repulsion between
their dipole moments. Such an arrangement is not stable at
elevated temperature because of the repulsion [12]. Thus,
the dimer formation induced by fs-laser irradiation indi-
cates a nonadiabatic process.
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Having set the stage, we now turn to the quantitative
analysis of the laser-induced processes. First, we determine
the diffusion barrier for single noninteracting CO mole-
cules, a result we use below for analysis of the tilted dimer
formation. Here, STM allows us to follow the diffusion of
individual molecules by repeatedly imaging the same
molecules in between irradiation sequences; Figs. 2(a)
and 2(b) show the first and last images of such a series.
The hopping distribution [Fig. 2(c)] of the CO molecules is
determined from image series as shown in Fig. 2(d). The
diffusion is then analyzed based on the formalism for
thermally induced diffusion by single-hopping events
[13]. Instead of the hopping events per time at a constant
temperature, we use here the hopping events per pulse at a
constant laser fluence (for details, see EPAPS [14]). Be-
cause this formalism is only applicable if the diffusion of
the molecules is independent from each other, we consider
only the diffusion of CO molecules with nearest-neighbors
distances larger than 1.5 nm. This analysis excludes long-
range interactions mediated by surface-state electrons [15].

For fs-laser-induced processes, the dependence of a
yield Y, here the hopping rate per pulse, on absorbed
fluence F can be used to determine the underlying energy
transfer mechanism and the involved energy barrier [1].
The yield (Fig. 3) increases almost linearly for lower
fluence, but at higher fluence, it depends in a strong non-
linear way on F. We rationalize the different regimes based
on different energy transfer mechanisms in the case of
lower and higher fluence [16–18]. The absorption of a fs-
laser pulse results in a high density of photo-excited elec-
trons and holes in the metal. After excitation, the electrons
can interact directly with the adsorbed molecule or
undergo many-body scattering processes to form a
Fermi-like energy distribution, described by an electronic
temperature Tel, before they interact with the adsorbate
(inset of Fig. 3). The thermalization time, i.e., the available
time, in which nonthermal electrons interact with the ad-
sorbate, depends on the available phase space for electron-

electron scattering and decreases from values around 1 ps
for fluences <1 J=m2 to values <100 fs for 5 J=m2. Thus,
for low fluence, mainly photo-excited electrons interact
with the adsorbate, while at higher fluence, thermalized
electrons dominate the interaction.
The diffusion driven by photo-excited electrons at low

fluences can be explained by the model of dynamics in-
duced by electronic transition (DIET) [1]. In this model,
the energy transfer occurs through inelastic scattering of a
substrate electron by a negative ion resonance of the ad-
sorbed molecule. Here, the resonance is the orbital de-
duced from the 2�? orbital of the free CO molecule
located at 3.35 eV above the Fermi level with a full-width
at half-maximum (FWHM) of 0.6 eV. This state can be
reached efficiently by electrons generated from photons
with 3.1 eV [19,20]. Anharmonic coupling of the electron-
induced internal CO stretch and external CO-Cu bending
modes to the frustrated translation and/or rotation facili-
tates to overcome the energy barrier for diffusion. Such
anharmonic coupling was used before to model the STM
induced diffusion of CO on Pd [21] and NH3 on Cu(100)
[22] and also fs-laser-induced diffusion of CO on Pt from

FIG. 2 (color). fs-laser-induced diffusion: (a), (b) STM image
before and after excitation series shown in (d) 35 pA, 240 mV,
7 K. (c) Distribution of CO molecules on nearest neighboring
(NN) sites based on 1500 hopping events after excitation with
5:1 J=m2 (dark blue bars) and calculation for random motion
(gray bars); error bars represent statistical error; colored ball
model indicates equivalent NN adsorption sites on (111)
(d) Excitation series: Superposition of STM images taken before
and after excitation with 2:5� 108 pulses for different fluences
(I: 1:8 J=m2, II: 4:9 J=m2, III: 4:7 J=m2, IV: 5:1 J=m2, V:
4:4 J=m2, and VI: 3:9 J=m2). Orange (blue) indicates the initial
(final) positions of CO molecules that change position, whereas
stationary molecules appear black.

FIG. 1. STM images of CO on Cu(111): (a) 0.05 ML CO
deposited at 17 K, CO molecules are imaged as a circular
depression [8]; 30 pA, 250 mV, 5 K. (b) 0.03 ML CO after fs-
laser excitation with 2� 109 pulses (400 nm, 40 fs,
3:9–5:1 J=m2); circle marks tilted dimer; 35 pA, 240 mV, 7 K;
insets enlarge different dimer structures. (c) Ball-and-stick
model of the

ffiffiffi
3

p
dimer (top), the tilted dimer (middle), and

experimental line scans of
ffiffiffi
3

p
dimer (black line) and of tilted

dimer (light gray line) (bottom).
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step edges [2]. Here, the fluence dependence of the hop-
ping rate is linear (Fig. 3) consistent with one electronic
transition per hopping event in DIET.

For diffusion driven mainly by thermalized electrons at
higher fluences, we apply the widely used two-temperature
model (2TM) [23,24] with the expansion to adsorbate
vibrations along the reaction coordinate using a friction
formalism (electronic friction model ¼ EFM) [25,26].
The 2TM describes the dynamics of laser-excited electrons
and the energy flow between the electronic and the pho-
nonic system of the metal substrate. This analysis leads to
time-dependent temperatures for the surface temperatures
of electrons Tel and phonons Tph.

In the EFM [14], the coupling of adsorbate vibrations to
the heat bath of the electrons and phonons of the metal
sample results in a transient increase of the adsorbate
temperature Tads. From Tads, we calculate the hopping

rate Rhop for each adsorbate temperature: Rhop ¼
R0e

�Ed=kTads , where R0 and Ed denote the attempt fre-
quency and the diffusion energy, respectively. Because
the adsorbate temperature changes in time, the hopping
rate per pulse is calculated by integrating the hopping rate
over the time interval until the initial temperature is recov-

ered: Y ¼ R
RhopðtÞdt ¼ R0

R
e�Ed=kTadsðtÞdt. With this

equation, we fit the nonlinear part of the hopping rate in
Fig. 3 by varying R0 and Ed (black line in Fig. 3). We thus
determine an attempt frequency of R0 ¼ 1012:6�0:3 Hz and
a diffusion barrier of Ed ¼ ð87� 3Þ meV. We caution that
the error bars result from the numerical fits of the EFM
model to the data within their error margins only.
Systematic errors as intrinsic in the EFM model itself
and in the material constants used, as skin depth,

electron-phonon coupling, electron heat capacity, and ther-
mal conductivity that we extracted from literature (for
details, see EPAPS[14]), are not included.
Nonadiabatic activation energies were determined to be

about 30% larger than thermal ones [2,27] because of the
reduction of multidimensional dynamics to a single reac-
tion coordinate and because of the electronically excited
state, which allows other diffusion paths than the one of
lowest energy in the ground state. Consistently, the thermal
diffusion energy for CO on Cu(111) is ð75� 5Þ meV [28].
This difference underlines the necessity to determine non-
adiabatic diffusion barriers directly.
We now turn to the process observed qualitatively in

Fig. 1(b), the close approach of molecules beyond their
short-range repulsion [28] that generates tilted dimers
(circled). A series of STM images in Fig. 4(a) shows the
step-by-step formation and decay of two tilted dimers

under laser irradiation. Starting at a distance of
ffiffiffi
7

p
a

(¼fourth nearest neighboring on-top adsorption site) (I),

the CO molecules jump to the
ffiffiffi
3

p
a distance (II) before

the tilted dimer is formed (III). The dimers decay to greater
distances during the next irradiation (IV).
We quantify the dimer generation rate by counting how

many
ffiffiffi
3

p
dimers were transformed into tilted dimers by fs-

laser excitation [Fig. 4(b)]. We compare this rate to the rate
of arranging two noninteracting molecules on next neigh-
boring lattice sites via fs-laser excitation, starting from affiffiffi
3

p
configuration. For this calculation, we use the hopping

rates of individual CO molecules determined above. The
calculated rate for noninteracting molecules shows a de-
crease at higher fluences because generated dimers may
decay again within a sequence of pulses.
Again, the dependence differs for photo-excited and for

thermalized electrons at lower and higher fluence, respec-
tively. For lower fluence, the calculated generation rate lies
within the error bars of the calculated one, which suggests
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FIG. 3 (color online). Dependence of CO hopping rate per
pulse Y on absorbed fluence F (from >10 000 hopping events);
modeling of the hopping rate as a sum of a single electron
process (dashed line) and EFM with R0 ¼ 1012:6 Hz and Ed ¼
87 meV (sum in black line); dashed line represents trend of
modeling the hopping rate with EFM disregarding photo-excited
processes; inset: electron energy distribution before (left) and
after (right) thermalization; error bars on yield are statistical
error; error bars on fluence result from using data of several
experiments with slightly different fluence for better statistics.
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FIG. 4 (color online). Generation of tilted dimers:
(a) Sequence (I–IV) of STM images resulting from fs-laser
excitation with generation and decay of tilted dimers (dashed
boxes), 2:5� 108 pulses, 3.9 to 5:1 J=m2; 35 pA, 240 mV, 7 K
(b) Dependence of experimental (filled circles, from approx. 300
generated dimers; sequence of 2:5� 108 pulses between images)
and calculated (open circles) rate to generate a tilted dimer from
a

ffiffiffi
3

p
dimer (process aII to aIII) per pulse on absorbed laser

fluence; line to guide the eye; inset: Probability ratio and fit with
EFM and an attraction energy of 30 meV; error bars as in Fig. 3.
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that the diffusion of individual CO molecules is hardly
affected by neighboring CO molecules. This result is al-
ready surprising in view of the repulsion of the molecules
under thermal motion, which should reduce the number of
tilted dimers. For higher fluences, the observed rate even
increases strongly. This indicates a transient attraction of
the usually repelling molecules.

For thermally activated processes, a difference in poten-
tial energies can be estimated from the ratio of probabil-
ities for two different states of the system, assuming equal
prefactors. Thus, the expected (Rcalc) to the observed (Robs)
dimer generation rate corresponding to the state of non-
interacting particles with probability Pcalc and interacting

particles with Pobs should satisfy: Pobs=Pcalc ¼
Robs=Rcalc ¼

R
e��E=kBTadsdt, with �E the attraction en-

ergy. Neglecting the influence of photo-excited electrons
on dimer generation (i.e., the fluence regime below
3:5 J=m2), calculated ratios are in good agreement with
an attraction energy of 30 meV [Fig. 4(b), inset], which is a
lower limit because of eventual thermal decay of the dimer.
The tilted dimer might be a precursor state for desorption
from CO saturated Cu surfaces.

Though only excited-state theory can resolve the under-
lying mechanism, we rationalize the enhanced dimer gen-
eration rate in a simple electrostatic picture. Therein, the
excited (neutral) COmolecule diffuses toward a transiently
negatively charged CO molecule. If the interacting charge
distributions were represented by point charges, this pro-
cess would lead to a short-range attraction of the order of
several 10 meV, of the same order of magnitude as the
attraction energy determined above. Such a simultaneous
interaction of an excited molecule with a charged molecule
is only possible under fs-laser illumination where multiple
excitations (here two excitations of two neighboring mole-
cules) are possible and as suggested by our data only at
higher fluences, where the dynamics is dominated by ther-
malized electrons.

In conclusion, we quantitatively analyzed two nonadia-
batic surface processes in real space and determined the
involved activation energies: the diffusion of individual CO
molecules and the generation of thermally unfavored tilted
dimers. Thereby, it is revealed that both the interaction of
photo-excited electrons and the one of thermalized elec-
trons with the adsorbate degrees of freedom have to be
taken into account. The formation of thermally unfavored
tilted dimers demonstrates that the charge state of the ad-
sorbate influences the diffusion path. This emphasizes the
difference between adiabatic and nonadiabatic surface
processes.

Our study opens an unprecedented quantitative look into
the analysis of nonadiabatic surface processes at a single-
molecule level and lines out future studies. Quantitative
analysis of every single step of a nonadiabatic surface
reaction for a broad variety of molecules, particularly in
terms of site preferences, is anticipated.
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