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W. F. Schlotter,3 J. A. Sellberg,1,6 F. Sorgenfrei,4 J. J. Turner,3 M. Wolf,12 W. Wurth,4 and H. Öström6,*
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We have studied the femtosecond dynamics following optical laser excitation of CO adsorbed on a Ru

surface by monitoring changes in the occupied and unoccupied electronic structure using ultrafast soft

x-ray absorption and emission. We recently reported [M. Dell’Angela et al. Science 339, 1302 (2013)] a

phonon-mediated transition into a weakly adsorbed precursor state occurring on a time scale of >2 ps

prior to desorption. Here we focus on processes within the first picosecond after laser excitation and show

that the metal-adsorbate coordination is initially increased due to hot-electron-driven vibrational ex-

citations. This process is faster than, but occurs in parallel with, the transition into the precursor state.

With resonant x-ray emission spectroscopy, we probe each of these states selectively and determine the

respective transient populations depending on optical laser fluence. Ab initio molecular dynamics

simulations of CO adsorbed on Ru(0001) were performed at 1500 and 3000 K providing insight into

the desorption process.

DOI: 10.1103/PhysRevLett.110.186101 PACS numbers: 68.35.Ja, 78.47.J�, 78.70.En, 82.20.�w

A microscopic understanding of surface reactions is a
longstanding goal in heterogeneous catalysis, which even-
tually would allow tailoring catalysts for optimal control
and efficient use of energy and precious resources. A key to
achieving such a deeper understanding of surface reactions
would be the selective real-time probing of the dynamic
evolution of the adsorbate electronic structure of different
transient species during chemical reactions. This is real-
ized in the present study, where intermediates in different
bonding configurations are selectively characterized and
thus a reaction pathway is determined.

The prime technique for real-time probing of surface
reactions has so far been time-resolved vibrational spec-
troscopy, such as surface sensitive nonlinear optical sum-
frequency generation spectroscopy (SFG). This technique
has been successfully utilized, e.g., to monitor transient
excitation of external adsorbate vibrational modes that
couple to diffusion [1] and to desorption reactions [2–4].

In particular, excitation of frustrated rotations was observed
during the fs-laser-induced desorption process of CO from
Ru(0001) [2]. Here we build on those findings and directly
study the transient evolution of the electronic structure.
The Linac Coherent Light Source (LCLS) x-ray free-

electron laser (FEL) provides intense femtosecond x-ray
pulses, which allow using the atom sensitivity of soft x-ray
spectroscopies to probe dynamics induced by an optical
laser. Thus we achieve both the chemical sensitivity and
temporal resolution relevant for real-time probing of the
electronic structure during molecular transformations.
Recently it was shown how an optical laser pump com-
bined with ultrafast x-ray absorption (XAS) and emission
(XES) spectroscopy as time-resolved probes using LCLS
x-ray pulses could detect a weakly adsorbed precursor
state that appears transiently during CO desorption a few
picoseconds after the optical laser has excited the sample
[5]. Here we demonstrate essential adsorbate dynamics
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of a different nature on the much shorter subpicosecond
time scale.

XAS and XES are well established powerful tools for
studying surface chemical bonding under equilibrium
conditions due to their element specificity that allows
essentially background-free probing of the adsorbate
valence electronic structure [6,7]. In XES, x-ray absorp-
tion resonances can be used to selectively enhance the
signal for molecules in a particular chemical environment
and thus to specifically probe the valence electronic
structure of a particular species among those that coexist
at the surface [8,9].

In the present studywe combine ultrafastXAS, that probes
the dynamics of all adsorbed molecules, with ultrafast reso-
nant XES that selectively probes different subsets of the
molecules. We observe vibrationally excited chemisorbed
molecules coexisting with precursor adsorbed CO and unify
the picture of the desorption process from SFG with that of
transient population of the precursor state from XAS and
XES. In particular, we find that by changing the incoming
photon energy for XES, we can selectively probe CO mole-
cules in the precursor state and discriminate them from CO
molecules with an increased coordination to more than one
metal atom corresponding toCO in a vibrationally hot chem-
isorbed state with large translational amplitudes. Note that
the x-ray photon energy only affects which subensembles are
probed, not the actual population of these. This higher coor-
dination state occurs already at short time scales (<1 ps)
prior to the transient trapping in the precursor state and the
two states coexist at longer time scales. The vibrationally hot
chemisorbed state provides the initial (fast) pathway towards
desorption as is further corroborated by ab initio molecular
dynamics (AIMD) simulations.

The experiments were performed at the soft x-ray (SXR)
beam line at LCLS [10]. A CO adlayer on Ru(0001) was
excited using 400 nm optical laser pulses with a duration
of 50 fs at an absorbed optical laser fluence of 100 or
140 J=m2, which leads to roughly 10%, respectively
30%, desorption yield following a single laser shot [11].
The Ru(0001) crystal was cleaned by standard procedures
[5] and kept at 300 K. It was continuously scanned during
the experiment and redosed via a background pressure of
CO at a partial pressure of 1� 10�8 torr to ensure a fresh
surface layer for each laser shot. The photon energy of the
100 fs FEL pulses was scanned across the oxygen 1s !
2 ~�� resonance in the range of 531–535 eV for both XAS
and resonant XES experiments; the tilde distinguishes
molecular orbitals in the chemisorbed state from their gas
phase equivalents and indicates that they are modified
through orbital mixing to form the surface chemical bond.

The AIMD simulations were performed at 1500 and
3000 K on a model system with one or two CO molecules
adsorbed on a (2� 2) unit cell of a Ru(0001) slab consist-
ing of three layers [12]. The forces were calculated using
density functional theory (DFT) [13] and the revised

Perdew-Burke-Ernzerhof (RPBE) functional [14] that
describes the chemisorbed state accurately but cannot
describe a weakly bound precursor state that is obtained
only through van der Waals interactions [15]. To prepare
the initial condition the substrate was equilibrated at the
target temperature, while the CO was kept at 300 K in the
equilibrium on-top adsorption site. The system was then
released and the evolution followed in time for up to 20 ps.
We also performed two-temperature model calculations
[16,17], which do not include direct photoexcitations, but
capture the essential substrate electron-phonon dynamics
during thermal equilibration of the system.
The chemical bonding of CO chemisorbed to metal

surfaces has previously been studied in detail using XES
and DFT [6,18,19] and occurs mainly via interaction
between the molecular � system and the metal d levels,
which leads to a unique spectroscopic signature in the form

of new electronic states, denoted ~d�, in the spectral region
between the 1 ~� and 2 ~�� orbitals, among other changes.
The top panel (a) in Fig. 1 shows the O K-edge XE and XA
spectra of CO chemisorbed on the Ru(0001) surface before
arrival of the optical pump laser pulse and shows the
typical features expected for adsorbed CO [20]. The XE
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FIG. 1 (color online). Spectral distributions for characteristic
states during CO desorption. On the left, selectively probed O 1s
x-ray emission spectra are shown, whereas on the right the
corresponding ensemble averaged O 1s x-ray absorption spectra
are displayed. (a) Unpumped spectra at negative pump-probe
delay (i.e., before the optical laser pump pulse arrives) together
with a spectral decomposition (grey) into the molecular orbitals.
The spectra in (b) and (c) are averaged over the delay range
between 2 and 15 ps (the appropriate spectra at negative delay
are overlaid in red). (b) At lower optical laser fluence, we
observe a shifted XAS resonance. Absorbing x-ray photons in
the red or blue shoulder of the resonance as indicated on the
right, we pick up different spectral signatures in XES stemming
from different subsets of the molecules (left). (c) Corresponding
spectra for high optical laser fluence. Note that the relative
scaling of XES and XAS is arbitrary.
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spectrum on the left was decomposed into contributions
from the known 4 ~�, 5~�, 1 ~�, and chemisorption-induced
~d� levels while the XA spectrum on the right shows the
2 ~�� state, which is redshifted by 0.7 eV compared to the

gas phase CO [21]. Note that for the gas phase CO the ~d� is
absent as it arises from hybridization with the metal sub-
strate. The bottom panel (c) shows the corresponding
spectrum averaged over the time delay range between 2
and 15 ps after laser irradiation at an absorbed high optical
laser fluence (�140 J=m2) where a laser pulse causes
desorption of roughly a third of the adsorbed COmolecules
[5]. Most notably we observe a decrease in the intensity of

the ~d�, accompanied by a shift towards higher emission
energy of the occupied adsorbate states. Furthermore the
increased intensity and blueshift of the 2 ~�� indicate a
weakening of the surface chemical bond due to transition
into a weakly adsorbed precursor state [5]. The middle
panel shows the spectra, again averaged over time delays
between 2 and 15 ps, recorded with a slightly lower ab-
sorbed optical laser fluence (�100 J=m2), leading to de-
sorption of �10% of a monolayer per laser shot [11]. In
this case the laser pulse does not cause a high enough
temperature rise for efficient transition into the precursor
state [12]. These spectra differ significantly from spectra
without an optical pump (negative delay), as well as from
the high-fluence spectra at long time delays. The XA
spectra that intrinsically sample all molecules show a
decreased 2 ~�� intensity together with a redshift, indicating
stronger CO-metal � interactions. By displaying two XE
spectra using different probe energies, we highlight how
this method can selectively study different subsets of the
excited molecules. When we set the x-ray photon energy
to absorb into the low-energy tail of the redshifted absorp-
tion resonance, we probe the changes induced by the low
optical pump-laser fluence on the majority of the mole-

cules: an increased ~d� intensity indicating stronger
CO-metal � interactions. Such spectral changes indicate
that CO molecules move towards sites with higher coordi-
nation to the metal [8,22] rather than populating the pre-
cursor state [5]. Setting the x-ray photon energy for
absorption into the high-energy tail of the absorption spec-
trum instead, around the precursor state absorption reso-
nance, we pick up a smaller subset of the molecules, which
shows features towards the XE spectral signature of the

precursor state, namely, a slightly decreased ~d� spectral
weight and a small shift of the XE spectrum towards higher
emission energies.

In order to quantify the ultrafast transient response of the
CO to laser irradiation we analyze the time evolution of the
XA and XE spectral features with a fitting procedure
similar to that in Ref. [5] and present the results in
Fig. 2. We observe spectral changes on two different time
scales that can be connected with the dynamics of electrons
and phonons in the metal substrate. Photo-induced reac-
tions at metal surfaces are typically substrate mediated

since the substrate absorbs the light much more efficiently
than a single adsorbate layer [23–25]. Hot electrons are
excited in the Ru substrate by the fs laser pulse, thermalize
within�100 fs [26], and may couple directly to the adsor-
bate vibrational degrees of freedom to initiate a reaction on
a subpicosecond time scale. Alternatively the hot electrons
heat the substrate phonon system that in turn excites the
adsorbate dynamics [23]. Heating of the phonon system is
slower than heating of the electron system and during the
first picosecond after laser irradiation there is thus a strong
nonequilibrium between the substrate electron and phonon
temperatures; the time scale of the dynamics thus contains
information about the reaction mechanism. The nonequi-
librium between electron and phonon temperatures is dem-
onstrated in Fig. 2(c), which shows a calculation of these
temperatures within the two-temperature model [16,17]. In
the present work we apply different optical laser fluences
and use selective probing with different x-ray photon
energies to deconvolute processes driven by the two
mechanisms.

(a)

(b)

(c)

FIG. 2 (color online). Evolution of the absorption and emis-
sion spectra as a function of pump-probe delay for two different
optical pump-laser fluences. Black/red lines are used in (a) and
(b) for the lower ð100 J=m2Þ=higher (140 J=m2) pump-laser
fluence. (a) Position (top) and height (below) of the 2 ~�� level
extracted from a fitting procedure of XA spectra. (b) Height of
the ~d� level extracted from the XES data. By choosing the x-ray
photon energy, we can select different subsets of the CO mole-
cules. Trace 1 stems from x-ray photons at the low-energy part of
the 2 ~�� resonance, trace 2 from x rays probing the high-energy
part and trace 3 from an intermediate x-ray energy but using a
higher fluence optical laser excitation. (c) Calculated time evo-
lution of the electron and phonon temperatures (black solid and
dashed lines, respectively) together with the population of the
precursor state (red line) obtained from an Arrhenius-like acti-
vation by the phonon temperature that transfers �50% of the
molecules into the precursor state (red).
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For the lower fluence (black), the XA 2 ~�� position and
height in, respectively, the top and bottom panels of
Fig. 2(a) show the transient rapid change of the ensemble
followed by a slower partial recovery, which matches the
time scale of the changes in electron temperature plotted in
Fig. 2(c). The temporal evolution of the spectroscopic
features resembles the transient responses observed with
vibrational spectroscopy for CO that were interpreted as a
heating of the molecule leading to diffusion [1] or desorp-
tion [2–4] largely driven by frustrated rotations, that typi-
cally couple to the electron system on a subpicosecond
time scale [1,27]. The apparent stronger � interaction

evidenced by the increasing ~d� intensity and the redshift
with intensity lowering of the 2 ~�� indicates that the major-
ity of CO molecules moves away from the on-top site
towards more highly coordinated bridge and hollow sites
[8,22]. The observed quite large population change of hot
chemisorbed CO molecules transferring towards higher
coordination sites suggests a broad lateral distribution of
vibrationally excited chemisorbed molecules consistent
with a rather shallow corrugation in the lateral potential
energy surface; this is similar to what has been determined
by temperature-dependent line shape variations of, e.g.,
O 1s spectra for CO on Ni(100) [28,29]. This can also be
interpreted as large amplitudes of coupled frustrated trans-
lations and rotations like those observed in the vibrational
spectroscopy SFG experiments [1–4]. We conclude that the
majority of molecules are vibrationally excited at this
fluence but do not leave the chemisorbed state.

The high-fluence XAS data (red), on the other hand,
initially show similar changes of the ensemble, but after a
few picoseconds the transient changes are reversed and a
completely different situation arises. Apparently a second,
slower process that must be of different origin than the hot-
electron excited vibrations is activated at the higher optical
laser fluence. The time scale of this process suggests a
phonon-mediated mechanism. This slower transient is
related to the transition of the vibrationally excited chem-
isorbed CO molecules into a more weakly adsorbed pre-
cursor state where they reside for several picoseconds prior
to desorption or readsorption [5].

How do the vibrationally hot chemisorbed state and the
precursor state get populated? Are they mutually exclusive
or are these populations formed simultaneously at the
surface? These questions can be addressed using selective
probing of subensembles of molecules in specific configu-
rations, as demonstrated in Fig. 1(b).

Trace 1 in Fig. 2(b) shows the ~d� intensity in the low-
fluence data when the x-ray photon energy is set to the low-
energy side of the XA resonance, where the intensity can
be assumed to be mainly built up from the highly coordi-
nated, vibrationally hot subset of CO molecules. Trace 2,
on the other hand, was recorded with the same optical laser
fluence as trace 1, but with the x-ray probe energy set to the
high-energy side of the XA resonance, where the intensity

is instead built up from weakly bonded CO molecules, thus
selectively probing the contribution from the precursor
state. This trace is similar to trace 3, which shows the
ensemble average temporal evolution of the intensity of

the ~d� states in the high-fluence XE spectra. In this case a

decrease in the ~d� intensity is observed, which saturates
below 70% of its original value after �2 ps due to excita-
tion of the molecules into the weakly adsorbed precursor
state. This x-ray probe energy dependence demonstrates
the coexistence of the vibrationally hot and precursor
adsorbed CO at the surface. Note that, although our selec-
tive spectroscopic method is able to pick up the signature
of molecules in the precursor state at the lower optical laser
fluence, their number is much smaller than those still
chemisorbed at the surface at this fluence [12] [as shown
by the dominating shift of the 2 ~�� in Fig. 2(a)].
Previous work has suggested that both hot electrons and

hot phonons couple strongly to CO desorption after laser
excitation [11]. Here we can provide a microscopic inter-
pretation of that finding by realizing that both the fast
electron-driven vibrational excitation and slower excitation
of surface phonons are necessary to laser induce desorp-
tion. A picture emerges where excitation of external adsor-
bate vibrations within the first picosecond dynamically
weakens the surface chemical bond such that impulsive
excitation from the substrate phonons after a few pico-
seconds may initiate the transition of a fraction of the
molecules into the precursor state, which resides at a larger
molecule-surface distance [5].
The picture of the two contributing processes is further

substantiated by comparison with theoretical modeling.
First we refer back to the time evolution of the substrate
temperature modeled within the two-temperature model in
Fig. 2(c). The electron temperature rises to a sharp maxi-
mum and decays within 1 ps to equilibrate with the phonon
temperature, which at the equilibration time of 1.3 ps
reaches its maximum. Subsequently both temperatures
decay slowly over several tens of picoseconds. The spectral
changes attributed to vibrational excitation and diffusion
reach a maximum within the first picosecond and fit well
with the fast temperature rise of the electron system. The
transition into the precursor state takes place on a longer
time scale than the rise of the phonon temperature. The red
lines in Fig. 2(c) show a modeled phonon-driven Arrhenius
transition leading to a total yield of 0.5 ML in the precursor
state as an example. This modeled transition takes place on
the same time scale as the experimentally measured tran-
sition into the precursor state and supports the notion of a
phonon-mediated transition into the precursor state.
Although a similar transient might also be consistent
with a weakly electron-mediated process [30], our AIMD
simulations [13] support the involvement of substrate pho-
nons in the transition into the precursor state. The simula-
tions correspond to the experimental situation at delays
longer than the electron-phonon equilibration time of
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�1 ps when both the electron- and phonon-induced pro-
cesses contribute to the overall dynamics. Figure 3 shows
selected AIMD snapshots representing the relevant pro-
cesses leading to CO desorption; because of the high cost
of these simulations, too few trajectories for reliable sta-
tistics could be run. Similar to the case of CO on Pt(533)
[1] our simulations show that translational motion is acti-
vated by the frustrated rotational vibrations, visualized by
the severely tilted CO molecules in snapshot (a) in Fig. 3.
Note the highly distorted Ru atom positions [see, e.g.,
snapshot (b)] and the movement in the substrate that results
in numerous collisions with the adsorbate throughout the
simulations. After several picoseconds in the simulations
we observe CO molecules leaving the chemisorbed state at
the metal surface [snapshot (c)]. This process is seemingly
mediated by frustrated rotations and collisions with the
highly mobile and disordered substrate (i.e., hot phonons).

In conclusion we have demonstrated ultrafast resonant
x-ray emission and absorption as tools for selectively
studying the valence electronic structure of different co-
adsorbed transient species during surface reactions. We
have applied these techniques to the case of CO desorption,
where we show the coexistence of both vibrationally ex-
cited chemisorbed CO and of CO in a weakly adsorbed
precursor state, and selectively probed the electronic struc-
ture of these different transient species. We established a
two-step mechanism leading to CO desorption after an
optical laser excitation. Subpicosecond electron-driven dy-
namics lead to excitation of CO external vibrational modes
and diffusion, which in combination with slower, phonon-
driven (>2 ps) dynamics leads to population of the

precursor state prior to desorption. This possibility of
time-resolved selective probing of the electronic structure
provides a unique opportunity for further detailed studies
of transient phenomena during reactions in heterogeneous
catalysis.
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[18] A. Föhlisch, P. Bennich, J. Hasselström, O. Karis, A.
Nilsson, M. Nyberg, L. Triguero, and L.G.M.
Pettersson, J. Chem. Phys. 112, 1946 (2000).
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