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Abstract
I have investigated two different systems CO/Fe(100) and CO/Ru(0001), to
obtain new information on the binding and desorption processes. The two
different systems have served as a model system, one for a static examination,
CO on iron, and for the dynamic case, CO on ruthenium. To perform these
investigations, several types of techniques have been used such as, X-ray
absorption spectroscopy, X-ray emission spectroscopy, and femtosecond laser
induced desorption techniques such as two-pulse correlation.

For the CO/Fe(100) system, we found that the on-top CO “α1 phase” can
be described by the Blyholder-Nilsson-Pettersson model. The pre-dissociative
phase of CO bound at hollow sites, “α3 phase”, can be described in a Dewar-
Chatt-Duncanson like picture

For the CO/Ru(0001) system, it was found that all our data could be fit-
ted from an empirical friction heat bath model. Moreover, it turned out, that
there is a strong frictional coupling to the substrate electrons and phonons.
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1 Introduction
Catalytic processes occur in nature and are used in industrial processes, and
they take primarily place on surfaces. When the reagents are in another phase
(gas or liquid) than the catalyst (solid), the process is called heterogeneous
catalysis. One of the most successful processes in heterogeneous catalysis is
the Haber-Bosch process in which synthesis of ammonia is generated from
molecular nitrogen and hydrogen. Another example is the catalytic reactions
taking place in the so-called Fischer-Tropsch process, which is of considerable
importance for the chemical industry. Depending on the conditions for the
Fischer-Tropsch process, different types of hydrocarbons are made from the
bond breaking of CO (1–3).

In the present thesis, I have investigated some of the features concerning
the chemical bonding of CO on transition metals with the objective to under-
stand the difference between pre-dissociated and non-dissociative adsorbed
CO species. I have also investigated the energetic dynamics of CO desorp-
tion to shed light on the fundamental reaction channels of non-dissociated
adsorbed CO.

Moreover, the hope is that the new information obtained from experi-
ments on chemical bonds and dynamics, can be used to improve the basic
science. It would be fantastic if the industry could benefit from the new
knowledge, and it would lead to new inventions, such as more energy effi-
cient catalysis, which hopefully in turn can benefit our environment.

To investigate the characteristics of chemical bonding in paper [I], we
applied XES, XAS and DFT to the model system CO/Fe(100) where both a
pre-dissociative and a non-dissociative can be prepared. We found that the
non-dissociative phase can be described in the Blyholder-Nilsson-Pettersson
(BNP) picture, whereas the bonding in the pre-dissociative is more Dewar-
Chatt-Duncanson (DCD) -like.

In order to understand what governs the CO desorption, femtosecond
measurements were used. The typical time scale for different reaction chan-
nels which dives the desorption is from a few hundred femtoseconds to some
tens of picoseconds.

In paper [II], we study of the desorption of CO from the Ru(0001) surface,
induced by using 800 nm or 400 nm light. A larger desorption yield for the
400 nm was found, but with similar reaction mechanism, independent of
wavelength. In both cases, we found a quite strong coupling to both the
substrate electron and phonon systems.
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2 Theoretical background
Two theoretical models have been used to describe the chemical bonding;
the Dewar, Chatt and Duncanson (DCD) model, and the Blyholder, Nilsson
and Pettersson (BNP) model. For the desorption in paper [II], the theoret-
ical model we used the two-temperature model (2TM) and frictional model
(FM). These models have provided support for a better understanding of the
experimental results.

2.1 Chemical bonding

A commonly used theoretical model for describing diatomic unsaturated π-
systems bonding types on metals is the Blyholder model. The Blyholder
picture states that the bond is formed through a donation via the 5σ into
the metal and a backdonation from the metal d -band into the 2π∗ (see figure
1).

Blyholder Model

Nilsson-Pettersson Model

σ Repulsion π Bonding

5σ Donation 2   π  Back-Donation

MetalMetal

Metal Metal

∗ 

Figure 1: The four panels show the differences between Blyholder model
(top) and the Nilsson-Pettersson model (bottom). The two top panels is a
frontier orbital picture whereas the two bottom panels shows a schematic
picture of the bond configuration. The figure is adapted from A. Nilsson,
L. G. M. Pettersson and J. K. Nørskov(4).

X-ray emission spectroscopy (XES) showed that the Blyholder bonding

2



model did not provide a full description of the chemical bonding (5–7). It was
found that in order to create the bond between the metal and the CO, a bond
between the carbon and the oxygen has to be broken and a rehybridization
of the π and 2π∗ is made to make the bond with the d -band of the metal
(see figure 1). Furthermore the d -electrons will shift towards the Fermi level
to minimize the repulsion of the σ and maximize the π bond(4).

M. J. S. Dewar, J. Chatt and L. A. Duncanson (DCD) investigated un-
saturated hydrocarbons, like C2H2 and how they bind to metal surfaces(8;9).
From their investigations they proposed a model where there is a donation
from the occupied π-orbital on the molecule into the metal and a backdo-
nation from metal into the unoccupied π∗-orbital (see figure 2). In contrast
to the BNP picture where the molecules are perpendicular to the surface, in
the DCD picture they are lying down.

Dewar, Chatt and Duncanson Model

 π Donation  π∗ Back-Donation

Metal Metal

Figure 2: The two frontier orbital pictures shows how the bonding be-
tween an ethylene and an metal, the π-donation from the molecule and
the π∗-backdonation from the metal. The figure is adapted from A.
Nilsson, L. G. M. Pettersson and J. K. Nørskov(4).

2.2 Dynamics in surface photochemistry

The theoretical approach for the energetic dynamics in surface photochem-
istry is different due to the energy distribution.

A commonly used model to describe the energy transfers in substrate of
laser induced desorption is the two temperature model (2TM)(10;11), coupling
to the adsorbate is often described in a friction model (FM), as schematically
depicted in figure 3.
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Figure 3: Schematic diagram of the energy flow from excitation of an
fs-laser. The typical time-scales for the various couplings are shown in
the diagram. Direct optical excitation by the adsorbate can be neglected
because the cross-section of the adsorbates is much smaller than that of
the substrate.

2TM was demonstrated by S. I. Anisimov et. al.(10) and M. I. Kaganov
et. al.(11). The idea is that the energy dumped at the surface goes via the
electron system to the phonon system. The electrons and phonons are treated
as a two heat baths, with temperatures Tel and Tph, respectively. The cross-
section for absorption in the adsorbate is much smaller than in the substrate
and is therefore ignored. The 2TM describes the temporal evolution of the
electron and phonon temperatures after the laser pulse hits the surface. This
can mathematically be described as in equation (1),

Cel
∂

∂t
Tel = ∆z(κ∆zTel)− g(Tel − Tph) + S(z, t)

Cph
∂

∂t
Tph = g(Tel − Tph)

(1)

where Cel and Cph are electron and lattice heat capacities respectively, κ is
the thermal conductivity, g is the electron-phonon coupling constant, and
S(z, t) is the intensity of the laser pulse. The two different temperatures for
Tel and Tph can be displayed as in figure 4, where the electron temperature
rises very fast but also equilibrates quickly down to the phonon temperature.

The laser intensity also plays a role, and the laser source term S(z, t) is
described mathematically

S(z, t) = (1− R)I(t)λ−1e−z/λ (2)

where R is the reflectivity, I(t) is the time dependent laser intensity, λ is the
penetration depth and z is the depth along the surface normal.
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The friction model, the middle part of figure 3, describes the substrate-
adsorbate coupling. The two different systems can now couple to the adsor-
bate independently or simultaneously, i.e. the process can be purely electron
driven or purely phonon driven or both, depending on the frictional coefficient
(see equation (4)). The mathematical description for the energy transfer(12)

is:
∂

∂t
Tads = ηel (Tel − Tads) + ηph (Tph − Tads) (3)

where ηx is the frictional coefficients, which can be expressed:

ηx =
1

τx
x = el, ph. (4)

where τx is the coupling constant for the respective electron and phonon
system.

Another model is the, desorption induced by electronic transitions (DIET)(13;14)

and desorption induced by multiple electronic transitions (DIMET)(15). DIET
is based on the Franck-Condon transition from the ground state to an ex-
cited state. If the adsorbed molecule moves along the excited potential energy
surface (PES) for longer than a certain critical time τc molecule will desorb,
otherwise it falls back to the ground state.
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Figure 4: Electron temperature Tel, phonon temperature Tph and the
adsorbate temperature Tads plotted for both for 800 and 400 nm light.
The desorption rate (bottom) R is plotted for the respective wavelength.

DIMET(15) is a development of DIET and works in the same manner with
a Franck-Condon transition from ground state to an excited state, but addi-
tional Franck-Condon transitions can take place from the excited vibrational
state.
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The rate of desorption R can be described by an Arrhenius-type of ex-
pression which is described by the equation,

R = νΘexp

(
− Ea

kBTads

)
(5)

where ν is the attempt frequency, Θ is the coverage, Ea is the activation
energy, kB is the Boltzmann’s constant and Tads is the adsorbate temperature.
By integrating the desorption rate R over time the yield is obtained. This
can be compared with the experimental first shot yield (FSY) see figure 4.
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3 Techniques
The main techniques used to investigate bonding and desorption processes in
the present work are X-ray spectroscopy (XAS), X-ray emission spectroscopy
(XES) and laser-induced desorption yield experiments.

3.1 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a technique used to probe the un-
occupied density of states. A core electron gets excited into an unoccupied
level (see figure 5).

IP

core level

Fermi level

hν

Figure 5: The incoming photon energy excites an electron at the core
level, up to an unoccupied level.

The cross section of the absorption is proportional to the square of the
dipole transition element(16)

σ =
4π2e2

m2cω
|〈f |e · p|i〉|2̺f (E) (6)

where m is the mass, e is the charge, ω is the frequency and p is the sum
of the linear momentum operator of the electrons, and ̺f (E) is the energy
density of the final states. So for a K-shell excitation, the transitions can only
be allowed to p orbitals. The spectrum will be dominated by transitions into
(2p) orbitals on the excited atom.The resonance intensity from a molecular
orbital is at a maximum if the incoming E-vector (see figure 6) is in the
same direction as its p component or vanishes if its perpendicular to this
direction(6). This gives the possibility to determine the orientation of the
molecule.
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σ

O
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(b)

Figure 6: The orbital being probed is given by the orientation of the E
vector. In (a), the E-vector is in-plane with the surface, probing the π∗

orbital. In (b), the E-vector is out-of-plane with the surface, probing σ∗

orbital.

3.2 X-ray Emission Spectroscopy

X-ray emission spectroscopy (XES) is a technique used to probe the occupied
density of states and is related to XAS. In order for the XES process to occur,
a core hole first has to be created in an X-ray absorption process. An electron
from the occupied states will decay down to a core hole (see figure 7) and
there is a finite probability for relaxation via emitted radiation.

IP

core level

hν

Fermi level

Figure 7: The XES process can occur if a core electron is removed, e.g.
via an XAS process. Than, it is possible for an electron from an occupied
state to decay and a photon is emitted.

The dipole selection rule applies to XES as well as for the XAS process.
This means that only orbitals of p-character will be probed(5;7) if using s-
symmetry core-levels. Moreover, the XES allows projection of the molecular
orbitals on the individual atoms like XAS. In addition, by using resonant
excitation subsets of an element present at the surface can be selectively
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probed if it shows a distinct signal in the XA spectrum. Furthermore, by
using angle-resolved XES measurements a separation between orbitals with
different symmetries is possible(6).

3.3 Laser induced desorption

Femtosecond lasers have provided an opportunity to do time-resolved ex-
periments on ultrafast time-scales, and because of the beam character we
can deposit energy to the surface in whole new way. This area has then
been vastly investigated the last decades, with several different techniques to
understand the dynamical process that laser light causes.

When the laser pulse hits the metal surface a large number of electrons
will be excited, and thermalization is reached after ∼ 100 femtoseconds(17).
The electrons couple via the lattice and excite the phonons on a time scale of
∼ 1 ps(18). During the first picosecond, the two systems will be in a strong
non-equilibrium state, and the time-scale on which reaction occurs carries
information about the reaction mechanism(18–20).

Laser induced measurements are one of the tools that can be used to inves-
tigate the dynamical properties. By measuring the desorbed CO molecules
with a mass spectrometer, different properties can be measured, like the flu-
ence dependency, as see in figure 8. Because of non-linearity, two-pulse cor-
relation (2PC) measurements give the possible to provide information about
the time-scale of the reaction(21–23).
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Figure 8: The experimental data from the fluence dependence measure-
ments from the 400 nm shows a non-linearity. The dashed line is a guide
for the eye.

9



3.3.1 First shot yield and two pulse correlation

In order to perform the experiment on the dynamics, the first shot yield
(FSY) and two pulse correlation (2PC) techniques was used.

Both these techniques FSY and 2PC uses the fluence dependency of the
desorption. By measuring the time of flight and integrate the signal for each
shot, we get decay curves of the desorption yield (see figure 9). By fitting
the decay curves with the exponential curve, the FSY is obtained.

Because of non-linearity of the laser induced desorption, the 2PC can
be performed. By setting, the fluence for two laser pulses at time zero, and
measure at different times by shifting one pulse a 2PC trace can be obtained.
From the results of the yield correlation measurements, the width of the full
width at half maximum (FWHM) indicate which excitation pathway that
dominates(17).
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Figure 9: The figure shows a typical decay curve from the 400 nm laser
light. The solid bars describe the desorption yield as a function of 50
laser shots at a given spot.
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4 Experimental setups
The XE and XA experiments were performed at Stanford Synchrotron Ra-
diation Lightsource (SSRL), beam-line 13-2, whereas the laser desorption
experiments were performed at Stockholm University.

4.1 Synchrotron Radiation

Synchrotron radiation is generated when electrons are accelerated to rela-
tivistic velocities by magnetic fields and is most efficiently produced in un-
dulators.

An undulator consists of a periodic magnetic structure with a weak mag-
netic field. The periodicity in this magnetic field will cause a harmonic
oscillation of the electrons. The undulator amplitude is small because of the
weak magnetic field, but it gives a radiation with a small angular divergence
plus a narrow spectral width(24).

The interference that occurs because of the narrow bandwidth, which
gives a higher spectral brightness and partial coherence(24). The brightness is
defined as the radiated power per unit area per solid angle, and the spectral
brightness is the brightness per unit relative spectral bandwidth, which is
∆λ/λ.

Figure 10: The accelerator ring at Stanford Synchrotron Radiation Light-
source, USA(25).

The light used in our experiments was produced in the SPEAR3 ring at
Stanford Synchrotron Radiation Lightsource, (SSRL) (see figure 10). The

11



produced synchrotron radiation light at SSRL has beam energy of 3 GeV
and current of 100–500 mA. The lifetime is ∼50 h at 100 mA and ∼14 h at
500mA.

4.2 Beamline 13-2

The x-ray measurements were performed at Beamline 13-2 at SSRL (see
figure 11).

An elliptically polarized undulator produces the source light. Thereafter,
the light will pass through slits, mirrors and grating to give the selected en-
ergy and spot sizes needed for the experiment and for the present experiments
horizontal or vertical polarization was used.

A pair of Kirkpatick-Baez refocusing mirrors, imaging the source hori-
zontally and the exit slit vertically onto the sample were used to produce
a beam size smaller than 5 µm in the vertical direction and 60 µm in the
horizontal direction at the sample.

electron beam

Undulator

Schematic layout of BL  13-2

tranlating entrance slit I  meshexit slit

Sample

XAS
Detector

Detector
Gratings

Soft X-ray

Spectrometer

spherical gratings

0

Electron Spectrometer

End Station

M0
M1

132M1

132M2

Figure 11: Schematic layout of beamline 13-2 and the end station. It
shows the beam path from the undulator via slits, mirrors and grating
that sets the energy and beam size of the X-ray. The figure is delineated
from(26).

The monochromator is spherical grating monochromator (SGM) and has
three gratings with a total energy range of 150 – 1200 eV. The energy range
used for our purpose was 150 – 400 eV using a 300 l/mm grating and 250 –
700 eV using a 600 l/mm grating.

The gold mesh right before the end station measures the x-ray light, which
gives the I0 (see figure 11). I0 is the incident photon flux of the incoming
beam.
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4.3 Laser System

The laser is a solid-state femtosecond laser consisting of an oscillator and a
regenerative amplifier (see figure 12). The oscillator is a Ti:sapphire laser
which produces a wavelength of 800 nm with a repetition rate of 78 MHz.
The oscillator is pumped with an Nd:YVO4 laser which produce continuous
wave (CW) laser light with a wavelength of 532 nm.

The Ti:sapphire oscillator laser is based on a Kerr lens mode locking
system(27;28). Mode locking a laser means that the modes (or the standing
waves) have fixed mode spacing and a fixed phase relationship to each other.
Kerr lens mode locking is a passive mode locking and is ensured by a tunable-
width slit. The process is also self-focusing in the Ti:sapphire crystal. Cavity
prisms are used to compensate the group velocity dispersion caused by the
crystal and to tune the central wavelength of the laser(28), with a pulse width
of 45 nm (FWHM), a pulse energy of ∼ 10 nJ. Under the assumption of a
tranform limited pulse a duration of ∼ 20 fs can be calculated from,

2 ln 2 · λ2

π ·∆λ · c = ∆τ

where λ is the wavelength, ∆λ is the FWHM of the pulse width, and c is the
speed of light.

The regenerative amplifier is pumped by a frequency doubled Nd:YLF
laser to amplify the pulse from the seed laser. The Ti:sapphire amplifier
consists of three parts, the stretcher, the regenerative amplifier and compres-
sor(29). The stretcher will broaden the incoming pulse in time. Thereafter,
the pulse will move on to the regenerative amplifier where a first Pockels cell
(labeled PC1 in figure 12) will admit pulses at a repetition rate of 1 kHz.
The second Pockels cell (labeled PC2 in figure 12) then releases the pulse into
the compressor after a set delay time(30). The compressor will re-compress
the pulses and the outgoing light to 800 nm with a pulse width of 25 nm
(FWHM), a pulse duration around ∼ 37 fs, and a repetition rate of 1 kHz
with an average power of 2 W.
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800 nm

1 kHz

2 W

527 nm

1 kHz

20 W

532 nm

CW

5 W

800 nm

78 MHz

0.7 W

Stretcher
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SHG

SHG

Slit

B
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C

C

1064 nm

1054 nm

BP1

BP2

Compressor

Oscillator

Amplifier

Figure 12: The different parts of our laser system. The Nd:YVO4 crystal
is marked A, the Nd:YLF crystal marked B and last the crystals is the
Ti:sapphire marked C. The red arrows, in the Nd:YVO4 and Nd:YLF
lasers illustrates the infrared diode pump. BP1 and BP2 are the Brewster
prisms that compensate for the dispersion. Moreover, SHG marks the
second harmonic generation and PC1 and PC2 is the Pockels cells.

4.4 Optical setup

Figure 13 shows the optical setup used for two pulse correlation measure-
ments of 800 and 400 nm laser light. The fluence dependence measurements
were performed using only one beam path. The 400 nm laser light was pro-

800 nm

Delay stage

BSBBO crystal

Laser
400 nm

Sample

Lens

UHV chamber

WP

Shutter

CCD Chip

FM

400 nm setup

Figure 13: Optical setup for the 400 nm, 2PC experiment. For the 800
nm experiments the BBO crystal was removed. The path between the
flip mirror (FM) to the CCD chip and from FM to the sample is of equal
length. The different notations in the figure is as follows; BS is the beam
splitter, WP is half wave plate.

duced via a second harmonic generation beta barium borate (BBO) crystal
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(see figure 13 and 14). A shutter is placed right after the BBO crystal in
order to be able to control the number of laser pulses.
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Figure 14: The 400 nm laser light has a pulse width of ∼ 6.1 nm (FWHM)
which corresponds to ∼ 39 fs, under the assumption of a tranform limited
pulses.

A delay stage was mounted in one of the beam paths to allow varying
the delay time between the pulses. The range of the delay stage is ∼ 1 ns.
Moreover a half wave plate (WP) was used to control the polarization of one
path.

In order to prevent self phase modulation and self-focusing of the light,
passing through the viewport, the beam size was kept as large as possible.
A lens was focusing the beam(s) with the focal point behind the sample. A
CCD chip was used to measure the spatial pulse profile and together with an
energy meter the laser fluence could be determine. The distances from the
lens to sample and from the lens to the CDD chip were set equal.

4.5 Ultra High Vacuum System

All experiments where done under ultra high vacuum (UHV). The reason for
this is that the sample stays clean for the duration of the experiment.

Our UHV system consists of a chamber with a turbo pump, an ion pump
and an ion gun, low energy electron diffraction (LEED), quadrupole mass
spectrometer (QMS) and a gas dosing system. The UHV end station at
SSRL beamline 13-2 works in a similar manner but is equipped with an
additional main chamber housing an electron- and x-ray spectrometer.

The sample is mounted on a liquid nitrogen cooled cryostat. Moreover,
the sample holder is equipped with resistive heating and e-beam heating with
a filament of tungsten. Even high-voltage can be applied over the filament.
Temperature is measured with a type K thermocouple spot-welded to the
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side of the sample. This allows experiments in the temperature range 100 –
1500 K. A manipulator allows x, y and z translations plus rotation.

4.5.1 Ultrahigh Vacuum Generation

Ultrahigh vacuum is generated through a turbo pump, used in the region
down to 5× 10−10 Torr and is backed by a piston forepump.

An ion pump is used to pump further down into the UHV region. In order
to drive out as much molecules as possible from instruments and the chamber
walls, the chamber is baked. During bakeout, the entire system is heated to
temperatures above 100◦C. Depending on the equipment the temperature is
kept from slightly over 100◦C to 140◦C for one to two days, which yields a
final pressure below 1× 10−10 torr.

4.5.2 Sample cleaning

For cleaning the metal sample, we used ion sputtering with Ar+ or Ne+,
annealing and chemical surface reactions.

Two crystals are used in the work underlying this thesis. One is the iron
crystal cut in the (100) plane and the second crystal is the ruthenium crystal,
cut in the (0001) plane.

Iron crystals are notoriously difficult to clean due to impurities such as
carbon, oxygen, sulfur and nitrogen, which penetrate to the surface from
the bulk at different temperatures. The initial cleaning procedure was high
temperature sputtering with argon ions at a pressure of 1× 10−6 Torr in the
chamber, a sputter current of 10 µA and a 1 kV potential for 5 minutes, at
800 K followed by annealing. This procedure was repeatedly performed for
several weeks.

In order to remove carbon and oxygen from the surface layers the crystal
was sputtered with neon ions at 400 K, followed by annealing to 620 K. This
cleaning procedure resulted in a surface with less than 5 % contamination
and good structural quality, as determined by XPS and LEED.

The ruthenium crystal was cleaned initially with cycles of argon sput-
tering at a temperature of 900 K for 5 minutes, followed by 10 minutes of
annealing at 1200 K in an oxygen atmosphere at ∼ 2 × 10−7 Torr. Subse-
quently the sample was flashed up to 1500 K for two to three times to remove
the oxygen.

The daily cleaning was a 5 minute sputter at room temperature, annealing
at 1200 K in oxygen atmosphere at ∼ 2 × 10−7 Torr, and then the crystal
was flashed three times to 1500 K during cooling.
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The cleanness of the samples was checked by LEED and temperature
programmed desorption (TPD).

4.5.3 Low Energy Electron Diffraction

Low Energy Electron Diffraction (LEED) is a technique that is used to in-
vestigate the surface structure, see figure 15. LEED is a surface sensitive
technique because of the small penetration depth of low energy electrons(31).

(a) (b)

Figure 15: Examples of how LEED can be used for monitoring surface
cleanness and structure. (a) A clean Ru(0001) surface at 90 eV. (b)
Saturated coverage of oxygen at 85 eV.

The surface crystallographic structure can be determined by bombarding
it with low energy electrons (approx. 10–200 eV) and the elastically backscat-
tered electrons will give rise to a diffraction pattern on the phosphorescent
screen.

The geometry of the LEED screen is hemispherical, which makes the
LEED pattern a direct image of the surface structure in forms of the two-
dimensional reciprocal space.

The sensitivity to changes in the surface structure is shown in the LEED
pictures in figure 15 which are a clean Ru(0001) surface and the same surface
saturated with oxygen. But even small changes in coverage or impurities can
be detected by LEED, which change the structure or shades of the structure
dots(32).

4.5.4 Gas system

To prepare the surface with adsorbed CO, we need the possibility to dose
gas into the chamber in a controlled manner.
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Background dosing is performed by using a leak valve, to raise the pres-
sure in the chamber with CO. The dose is measured in the units of Langmuir
(L), which is defined as 1L= 1× 10−6 Torr · 1 s. This is the dose needed to
obtain a monolayer coverage at unit sticking probability. As an example, if
we want to dose 10L of CO, then we can raise the pressure in the chamber
to 1× 10−7 with CO gas and keep this pressure for 100 s.

4.5.5 XA Detector

The XA detector at the endstation at beamline 13-2 at SSRL is a VG-Scienta
SES-R3000 electron spectrometer . The spectrometer is a hemispherical elec-
tron analyzer with a MCP-CDD camera system and the sample is positioned
∼ 45 mm in front of the spectrometer.

The analyzer was operated in a so-called fix KE mode. A mode used
when the spectrometer is set in an Auger yield XAS measurement mode,
for recording the XAS(16). By setting the analyzer at a fix kinetic energy,
where the Auger peak are for the species of interest, and scanning the photon
energy by measuring the electron intensity we can obtain a XA spectra (16).

4.5.6 XE Spectrometer

The Nilsson group at Stanford Linear Accelerator Center (SLAC) designed
the XE spectrometer. The detector is a double stacked Microchannel Plate
(MCP) and has a CsI coating. The spectrometer has two gratings, which
were machined by HORIBA Jobin Yvon on SiO2 substrates SESO. The en-
trance slit sets the energy resolution. A wide entrance slit gives a low energy
resolution, whereas a narrow entrance slit gives high energy resolution.

The grating is Rowland grating and it is spherical mirror, which has self-
focusing properties. The imaging properties of Rowland grating are based
on the so called Rowland circle. The circle has a diameter that is equal to
the tangential radius of the concave grating (27). By lining up the MCP-CDD
camera tangential against the circle surface, gives a good focus of the spectral
lines(27).

4.6 CO desorption setups, FSY and 2PC

The first shot yield (FSY) and two pulse correlation (2PC) measurements
were performed to determine the reaction mechanism that governs the des-
orption of CO from ruthenium. In figure 16 a typical yield decay curve over
50 shots is shown, for desorption induced by 800 nm and 400 nm light.
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Figure 16: The figure shows typical decay curves. The solid bars describe
the desorption yield as a function of the number of 50 laser shots at a
given spot. In the top the desorption yield is from the 800 nm light and
the bottom from the 400 nm light.

4.6.1 First shot yield

The first shot yield (FSY) was recorded using a quadrupole mass spectrom-
eter (QMS) which is equipped with an ionizer allowing to detect neutral
desorption species. The repetition rate for laser was set to 100 Hz, and the
desorption yield, was recorded using the QMS, connected to a multichannel
scalar card (MCS) to record the QMS signal for 6 ms after laser irradiation.
This time covers the flight time inside the Feulner cup(33) that was used
to enhance the signal. The multichannel scalar signal is then integrated to
obtain the total desorption yield for respective laser shot. To improve the
signal to noise ratio, the yield from 50 shots was recorded at each spot.
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Figure 17: The experimental data from the fluence dependence measure-
ments. The dashed line is a guide for the eye.

To improve the statistics, was done by repetitively scanning over the
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entire sample surface. From the decay curves a FSY was determined. Figure
17 shows the fluence dependence of the FSY.

The yield weighted fluence presented in figure 17 is calculated from 〈F 〉 =∑
F n+1
i /

∑
F n
i where n is experimentally determined by the power law fit,

and the summation is over the CDD image of the spatial pulse profile(12).

4.6.2 Two Pulse Correlation

By measuring FSY at a fixed fluence and using a time-delay between two
laser pulses, the time-scale of which the energy is transferred from the metal
surface into the desorption coordinate can be obtained. The 2PC measure-
ments were done by splitting the beam into two as shown in figure 13 and
measuring the desorption yield as a function of delay between the pulses, see
figure 18. To avoid interference the polarization of the laser beams were set
perpendicular to each other.
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detail. The dashed lines are only guides to the eye.
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5 Results
In this section, I will give a short summary of the results from the two papers
in which this thesis is based on.

5.1 Chemical bonding of CO/Fe(100)

In paper [I], we used XAS and XES together with DFT to investigate the
high-coverage phase, α1 and the low-coverage phase, α3. CO/Fe(100) is
known to have four different phases, denoted: α1, α2, α3 and β where α1 is
a non-dissociative phase, and α2 is an intermediate state between α1 and α3.
α3 is a pre-dissociative phase and β is a dissociative state(34;35).
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Figure 19: The angle-resolved XA spectra of the saturated CO coverage
is shown on the upper part of the graph and the low-coverage on the
bottom. The dashed lines in the graph are the in-plane, i.e. the E-vector
of the soft X-ray is parallel to the sample surface, and the solid lines are
the out-of-plane.

The saturation coverage in XAS (see figure 19) shows a pronounced π∗

resonance in the in-plane geometry, but also a weak σ∗ resonance. Out-of-
plane shows the σ∗ resonance but also a weak component of π∗, which implies
a slightly tilted geometry for the CO. This is consistent with previous mea-
surements(35–37), and with the XES measurements and the DTF calculations
(see figure 20). Our calculations show that the on-top species gets its tilted
structure, because of adsorbate-adsorbate interactions.

Looking at the in-plane for the carbon, a dip appears between 1π and the
dπ state, which is a difference if you compare it to other measurements(38;39)

whereas a weak dσ and stronger dπ band are found on the oxygen atom.
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The bonding can be described within the BNP model, because of the
oxygen lone-pair state in the π symmetry which is a signature for the allylic
bonding described in this model.
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Figure 20: On the left, the angle-resolved XE spectra recorded from the
saturated coverage. On the right, the theoertical calculated spectra for
the saturated coverage shown for comparison.

For the pre-dissociative low-coverage phase, (see figure 19) the pronounced
π∗ peak has substantially been reduced, especially in the in-plane measure-
ments. In addition, the shape resonance is red-shifted, by 8 and 11 eV for
O and C respectively. This quenching of the π∗ and red-shift is similar to
changes in electronic structure upon adsorption DCD model bonded hydro-
carbons.

Looking at the XES (see figure 21) the out-of-plane spectrum shows a
distinct peak at 7.1 eV at the C K edge. The in-plane spectrum shows a
peak at 6.3 eV. This peaks correspond to 5σ and 1π respectively. But on
the O K edge there is a reversal of the energetic positions of the 5σ and 1π
peaks. The 1π is still at 6.3 eV, but the 5σ turns up at 5.5 eV. The 4σ state
shows up at 9.8 eV and gives an equal large contribution, both in in-plane
and out-of-plane. This shows that the tilted α3 species has lost its symmetry,
because of the interaction with the surface.
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Figure 21: On the left, the angle-resolved XE spectra recorded from the
low coverage. On the right, the theoretical calculated spectra for the low
coverage.

5.2 Laser induced desorption of CO, CO/Ru(0001)

To investigate the adsorption and the desorption processes of CO on transi-
tion metals, CO/Ru(0001) was used. By looking at the fluence dependence,
we can get a picture of the energy adsorbed. Figure 22 shows the fluence
dependence, induced by 400 and 800 nm laser pulses. The fitting was done
by using a power law where yield Y is proportional to 〈F〉n.
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Figure 22: First shot yield induced by 800 nm (left panel) and 400 nm
(right panel). In both cases, the data (marked +) are fitted from the
friction model from without the parameters τel and τph.

The fitting of experimental data as seen in figure 22 gave an exponent
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n = 4.3 ± 0.9 for the 800 nm which is in good agreement with the results
from Funk(18) who previously studied laser induced desorption with 800 nm
light. The 400 nm gave an exponent of n = 3.4± 0.4, which shows a weaker
non-linearity than the 800 nm does. Regarding the friction model, this data
was fitted in three ways, as a purely electron mediated energy transfer, a
purely phonon mediated or a mixed, which gave the best fit. A strong corre-
lation between the electron and phonon system of ∼ 100 fs for the coupling
constants was found. We also found an enhancement of the desorption yield
with the 400 nm light. In the high fluence regime it was measured a factor
∼ 4 larger yields for the 400 nm compared to 800 nm light at similar yield
weighted fluences.

For 800 nm light with a total yield weighted fluence of 163 J/m2, back-
ground subtracted 2PC data shows a FWHM of 22 ps. A value in good
agreement with the value Funk et. al.(18) obtained. The 2PC recorded using
400 nm pulses with a total yield weighted fluence of 120 J/m2, gave a FWHM
of 20 ps. Slightly smaller comparing to the 800 nm. Based on the shape of the
2PC, information about the desorption reaction and excitation mechanisms
have been used to determine whether the mechanism is electron or phonon-
mediated. A purely electron mediated processes typically has FWHM below
5 ps(21–23), whereas a phonon mediated processes has a broader 2PC trace.
But the mixed scenarios where both electrons and phonons contribute signif-
icantly(22) is the scenario that fits the data best. This would imply a phonon
mediated process for both wavelengths, but from our data, we find that both
hot electrons and phonons are involved in the desorption process.
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Figure 23: The top panel on the left hand side shows the 2PC measure-
ments with the 800 nm light. The yield weighted laser fluence was set
to 163 J/m2 and the desorption yield is plotted against the pump-pump
time delay. The same applies for the 400 nm light, but the yield weighted
laser fluence was set to 120 J/m2. Moreover the three different cases of
mixed, pure electron and phonon model are also plotted. For the curve
that showing the pure phonon model, the 800 nm is scaled up 5 time,
whilst the 400 nm has to be scaled up 10 times. The lower panels show
the positive delays against a logarithmic time scale for added details. The
experiment shows a FWHM of 22 ps and for the 400 nm the experiment
shows a FWHM of 20 ps.
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6 Outlook
From paper [I] and [II], we looked at the chemical bonds and the dynamics,
respectively of different reactions and systems. The experiment in paper
[I] has given us insight into how the electronic structure looks like from a
static point of view and in the other paper which mechanisms control the
energy-flow during the desorption.

By combining ultrafast laser-induced processes with core-level spectro-
scopies, one would be able to follow how the chemical bonds change during
the desorption process and therefore, one could obtain additional informa-
tion about the heterogeneous catalysis. One was to realize this is pump-probe
XES (ppXES) and pump-probe XAS (ppXAS), which provide new opportu-
nities to monitor the electronic structures in real time, which has not been
possible to do before. The facility Linac Coherent Light Source (LCLS) at
SLAC provides the possibility of performing such experiments.

We have done a first experiment with ppXES and ppXAS, which was
performed at LCLS on the CO/Ru(0001) system, with 400 nm laser light,
and the techniques works. Furthermore, by combining results from ppXES
and ppXAS made at LCLS and laser-induced experiments conducted here at
the Stockholm university, would give a more convincing description of the
process, than if the results would have been presented separately.

To get a more general understanding of how the chemical bonds in catal-
ysis works, different types of systems have to be studied, as hydrocarbons,
but also associative reactions.
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We report x-ray emission and absorption spectroscopy studies of the electronic structure of the pre-
dissociative α3 phase of CO bound at hollow sites of Fe(100) as well as of the on-top bound species
in the high-coverage α1 phase. The analysis is supported by density functional calculations of struc-
tures and spectra. The bonding of “lying down” CO in the hollow site is well described in terms
of π to π* charge transfer made possible through bonding interaction also at the oxygen in the
minority spin-channel. The on-top CO in the mixed, high-coverage α1 phase is found to be tilted
due to adsorbate-adsorbate interaction, but still with bonding mainly characteristic of “vertical” on-
top adsorbed CO similar to other transition-metal surfaces. © 2012 American Institute of Physics.
[doi:10.1063/1.3675834]

I. INTRODUCTION

CO adsorption and dissociation or oxidation at single-
crystal surfaces is among the most studied model systems
in surface science in particular for understanding the indus-
trially important Fischer-Tropsch process where CO and H2
are converted into hydrocarbons over Fe or Co catalysts1 as
well as automotive catalysts where CO is oxidized to CO2.2
Understanding CO adsorption is also important due to its
high efficiency as a poison to platinum-based catalysts in hy-
drogen fuel cell catalysis,3 which is foreseen as one of the
key technologies for energy conversion in a future sustain-
able hydrogen society. These catalysts, which typically are
made of supported Pt nanoparticles, are extremely sensitive
to CO in the H2 feed stream. Even trace amounts of CO
gas can poison the catalyst and render it useless. Chemisorp-
tion and dissociation of CO at metal surfaces are thus im-
portant topics which deserve study with modern surface-
sensitive techniques, such as core-level spectroscopies, where
element-specific and symmetry-selective experiments with
sensitivity towards the valence electronic structure can be per-
formed. In this respect, CO adsorbed at a Fe(100) surface
forms a particularly interesting model system4 because both
non-dissociative molecular adsorption and a pre-dissociative
molecular phase can be studied under very similar conditions.

The adsorption system CO/Fe(100) has been studied pre-
viously using temperature programmed desorption (TPD),
where three molecular desorption peaks and a recombina-
tion peak have been observed.5–8 X-ray photoelectron spec-
troscopy (XPS) together with low energy electron diffraction
(LEED) resolved the stoichiometry and branching ratios be-
tween molecular desorption and dissociation in the dissocia-
tion reaction.6, 9 Vibrational electron energy loss spectroscopy
(EELS) studies7, 8, 10 showed typical vibrational frequencies

a)Author to whom correspondence should be addressed. Electronic mail:
ostrom@fysik.su.se.

for on-top adsorbed CO for the non-dissociative phases and
an unusually red-shifted frequency for the pre-dissociative
phase. These data were interpreted as the CO “lying down”10

in the pre-dissociative phase while from x-ray photoelec-
tron diffraction the molecule was determined to be tilted.11

X-ray absorption spectroscopy (XAS) determined the non-
dissociative CO to be standing at the surface, whereas for the
pre-dissociative phase the conclusion was either a strong re-
hybridization or an inclination of 45o ± 10o, or close to the
magic angle (54.7 )12 while x-ray photoelectron diffraction
provided the most accurate determination of the tilt of 55o

± 2o preferentially towards the 001 azimuth.11

Chemisorption and dissociation of CO on Fe(100) has
been studied extensively using density functional theory
(DFT) which has confirmed tilted CO at the four-fold hol-
low site as the most strongly bound and has provided reli-
able estimates of barriers to diffusion and dissociation.13–22

In the present work we extend the analysis by combining
experimental measurement of the atom-projected 2p den-
sity of states using x-ray emission spectroscopy (XES) with
DFT calculations of spectra and bonding. XES is a core-
level spectroscopy measuring the photon emitted when a va-
lence electron decays to fill a previously created core-hole
in a non-Auger process. Initial and final states in the spec-
troscopic process are identical to the case of direct ioniza-
tion from the valence but the involvement of the spatially
very localized core-level gives a real-space projection onto
the excited atom in XES, rather than a measurement of the
k-dependent band structure as in normal photoemission spec-
troscopy (PES).23–25

The local chemical bonding of CO to late transition metal
and noble metal surfaces has been investigated in great detail
with x-ray emission spectroscopy (XES) in combination with
density functional theory (DFT) calculations and it was shown
that the simple frontier orbital picture of σ donation and π*
back-donation is not in agreement with measurement.25–31

These studies resulted in a new model for adsorption of CO
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to metal surfaces based on the balance between attractive
π -interaction and repulsive σ -interaction. The interaction in
the π -system involves a mixing of both the occupied 1π and
the unoccupied 2π* orbitals that partly breaks up the internal
C–O π -bond, generating a lone pair on the oxygen atom and
a virtual radical state on the carbon atom that is involved in
the formation of a covalent bond to the metal. The repulsive
σ -system interaction results in polarization of the 5σ orbital
towards oxygen and 4σ to carbon and in the metal polariza-
tion of the s-electrons away from the bonded metal atom as
well as a rehybridization of the d-shell to minimize the over-
lap with the 5σ CO orbital. The latter is similar to the inter-
action between water and a metal surface where the polar-
ization of the s-electrons and the local d-shell rehybridization
opens for an attractive dative bond between the water lone
pair orbital and the positive metal ion core.32, 33 This could
also occur in the case of CO where the dative contribution
is expected to be optimal at a longer distance than the dom-
inating π -bonding, which on the contrary requires an over-
lap with the d-states and thus a shorter bond distance. For
nearly filled d-shells the resulting short distance makes the
σ -interaction repulsive, while for early transition metals also
the σ -interaction can be attractive since the Pauli repulsion is
much less significant and the energy cost to rehybridize the d-
shell to minimize the repulsion is then furthermore small.29, 31

This picture is rather different from the textbook frontier or-
bital picture of σ -donation and π* back-donation. In terms of
the occupation of the 3d-shell, Fe is intermediate between the
extremes (Cu, Ni versus Ti) previously studied through XES
experiments and computations.29

Previous XES studies26, 27, 30 of CO adsorption have fo-
cused on adsorption systems where desorption is the only
thermal reaction channel. In the present paper we have stud-
ied the pre-dissociative α3 phase of CO/Fe(100) and the
non-dissociative on-top adsorbed CO in the α1 phase using
synchrotron-based XES and XAS in order to obtain detailed
information on the differences in the electronic structure re-
lated to the dissociation process. Together these techniques
provide an element-specific and symmetry-selective picture
of the occupied and unoccupied valence electronic states lo-
calized around the adsorbate. These data are analyzed in com-
bination with DFT calculations, which allows us to perform
a rather detailed analysis of the chemical bonding and draw
conclusions on the changes in electronic structure governing
dissociation of CO at metal surfaces.

II. METHODS

A. Experimental

The experiments were performed at the Stanford Syn-
chrotron Radiation Lightsource (SSRL), beam-line 13-2. The
experimental station contains two ultrahigh vacuum chambers
(one preparation chamber and a main chamber) with base
pressure below 1 × 10–10 Torr. The preparation chamber is
equipped with an ion gun for Ar+ /Ne+ sputtering, and low en-
ergy electron diffraction. The main chamber is equipped with
a VG-Scienta SES-R3000 electron spectrometer for XPS and

XAS and an x-ray spectrometer for XES at the C K, N K, and
O K edges.

The Fe crystal was mounted on liquid nitrogen cooled
cryostat. The sample holder was equipped with e-beam heat-
ing with a filament of thoriated tungsten. Temperature mea-
surement was performed with a type K thermocouple spot-
welded to the side of the crystal.

The Fe(100) single-crystal has a diameter of 10 mm and
its purity is specified to 4 N. Initial sample cleaning was per-
formed by argon ion sputtering at 800 K that removed S and
N from the bulk. With this procedure a small amount of bulk
C and O could not be completely removed. In order to obtain
a clean surface region the crystal was subsequently sputtered
with neon ions at 400 K, followed by annealing to 620 K.
This cleaning procedure resulted in a surface with less than
5% contamination and good structural quality, as determined
by XPS and LEED.

CO (purity better than 99.9%) was dosed to the Fe(100)
surface via a pulsed nozzle at a temperature of 100 K until
saturation coverage, which was determined by XPS with a
photon energy of 700 eV and a resolution of 0.5 eV.

The synchrotron radiation arrived to the sample at a graz-
ing angle of ~ 5o to maximize the surface sensitivity. Both the
sample and E-vector are rotatable around the axis of the in-
coming light, which allows setting the E-vector in or out-of
the surface plane and measure both normal and grazing emis-
sion for angle-resolved measurements. The monochromator
energy was calibrated via XPS measurements of the Fermi
level using first- and second-order diffracted light.

XAS was performed in Auger electron yield mode.34 The
spectra were divided by the photon flux, as measured on a
gold mesh placed before the analyzing chamber. In order to
yield the final XA spectra the clean sample background was
subtracted out after normalization before the absorption on-
set. The XA spectral resolution was set to 0.1 eV below and
around the absorption edge and 0.5 eV in the continuum re-
gion. The XA spectra were normalized to a common absorp-
tion step.

To maximize the information of the XES measurements
selective excitation was done close to threshold of the carbon
and oxygen x-ray absorption edges to avoid influence of other
transitions and excitation processes.25 The XE spectral energy
was determined by measuring elastically scattered photons at
three different photon energies and the resolution was set to
0.5 eV. XE spectra were recorded in both normal and grazing
emission where normal emission spectra contain information
on the projection of atomic p-states in the surface plane and
the grazing emission contains information on the projection
both in the surface plane and along the surface normal. The
XE spectra were normalized to a common total intensity and
a linear combination of the spectra was performed to obtain
the symmetry-resolved spectra along the high symmetry axes
of the crystal, i.e., corresponding to p-states in-plane and out-
of-plane. In all XES measurements the x-ray exposure time
at a given position of the crystal was limited to 30 s, which
kept any radiation damage below the detection limit. The C K
and O K edge XE spectra were shifted to a common valence
binding energy scale relative to the Fermi level by subtrac-
tion of the O 1s and C 1s XPS binding energies of 532.7 and
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285.6 eV, respectively, for the saturation coverage spectra and
531.4 eV and 284.9 eV for the low coverage spectra.

B. Computational

The theoretical analysis was carried out using the GPAW
density functional theory (DFT) code35, 36 which is based on
a real-space grid implementation of the projector augmented
wave (PAW) method;37 all calculations were performed tak-
ing spin polarization into account and the Generalized Gra-
dient Approximation (GGA) exchange-correlation functional
of Perdew, Burke, and Ernzerhof, PBE,38 was chosen through-
out. The grid spacing was set to 0.2 Å and a Fermi tempera-
ture of 0.2 eV was used to facilitate convergence. We mod-
eled the surface using three different unit cells, see structures
A, B, and C in Fig. 1–for A and B the top four layers, while
for structure C the top two layers, along with the CO adsor-
bates were allowed to fully relax. The slabs were in turn sep-
arated by 15 Å (A,B) and 10 Å (C) of vacuum to eliminate
slab interaction in the surface normal direction. The interlat-
tice spacing of the fixed Fe atoms was based on the experi-
mental lattice constant of 2.87 Å. Monkhorst-Pack39 meshes
of (6,6,1) for the A and B supercells and (2,2,1) for C were
used to sample the Brillouin Zone (BZ) in the optimization
calculations. When calculating XE spectra k-point grids of
(4,4,1) and (2,2,1) were employed. The spin-resolved O K
and C K-edge XE spectra were obtained from the ground state
orbitals.25, 26 The spectra were summed to give the total spin
XES and subsequently broadened with a Gaussian with full
width at half-maximum (FWHM) of 1 eV. For supercell C
in Fig. 1, the XES of all the on-top adsorbates in the cell
were summed together to give total spectra. Charge density
differences (CDD) are obtained by taking the electron density
of the total system, i.e., when the CO is adsorbed on the Fe
slab, and subtracting that off the isolated adsorbate and the
pure Fe slab. We have also calculated orbitals corresponding
to the states giving rise to the pronounced features in the dif-

Top view

Side view

(a) Hollow (b) Vertical (c) Mixed tilted

O
C

Fe - top layer

Fe - 2nd layer

FIG. 1. Unit cells of the three modeled structures seen in top and side views.

ferent XE spectra. These orbitals are however obtained from
the system calculated self-consistently only at the point in
the BZ and should be viewed as qualitative representations of
the states they are describing – differences between XE spec-
tra obtained in this manner and that taken at the point from
the k-point sampled system were determined to be negligi-
ble. XA spectra were calculated using the transition potential
approach40, 41 in which special PAW setups were constructed
containing a half core-hole at the excited O and C atoms.42 A
Haydock recursion scheme43 with 2000 Lanczos vectors was
employed to obtain the unoccupied states in order to calcu-
late the XAS cross section and, since periodic boundary con-
ditions were used, the unit cells were enlarged to avoid core-
hole interactions between adjacent cells. We followed the pro-
cedure suggested by Ljungberg et al.42 to obtain an absolute
energy scale for the spectra. The XA spectra were broadened
using a Gaussian of 1.0 eV at FWHM up to 4 eV after the on-
set, after which a linear increase of the broadening to 14 eV
at FWHM was employed up to 24 eV after onset.

III. RESULTS AND DISCUSSION

A mixture between on-top and hollow adsorption was
previously established for the saturation coverage α1-phase
of CO/Fe(100).5 The on-top adsorbed CO was found to be
“basically perpendicular to the surface plane” as is typical for
adsorbed CO.5 The molecules adsorbed at hollow sites were
however observed in a lying-down geometry, with an angle of
approximately 54.7o (the “magic angle”).

The spectra on the bottom of the top panels in Fig. 2
show the XAS recorded for the low coverage α3 phase of
CO/Fe(100). The α3 phase was prepared by flashing the α1
above the desorption maximum of α2 adsorbed CO and was
verified with XPS. The α3 phase was previously shown to be
pre-dissociative8 and the XA spectra are markedly different
from those recorded for the high coverage α1 phase shown at
the top of the top panels of Fig. 2. These XAS data are consis-
tent with previous XAS studies of CO/Fe(100).5, 12 A mixture
between standing up on-top and tilted hollow adsorption was
previously established for the α1-phase,5 whereas a unique
hollow adsorption site in a tilted geometry was found for the
α3 phase.

The XA spectrum of the α3 phase shows a quenching
of the π* resonance and a red-shift of the σ* resonance by
as much as 11 eV on the C edge, and 8 eV on the O edge
compared to the XA spectrum of the α1 phase. The dramatic
quenching of the π* resonance indicates population of this
state upon adsorption, unlike typical bonding of upright CO
where the 2π* mixes only weakly with the 1π rather than be-
coming populated. Population of the C–O anti-bonding 2π*
should lead to elongation of the C–O bond, which accord-
ing to the “bond length with a ruler” model34, 44 is signi-
fied by a red-shift of the σ* shape resonance. Using this
model the 8 and 11 eV red-shifts of the shape-resonance
on the O K and C K edges, respectively, yield an experi-
mental estimate of the bond length34, 44 of 1.29–1.37 Å, cor-
responding to a C–O bond elongation of 0.20(4) Å rela-
tive to the gas phase value.45 The shape resonance appears
in both the in-plane and out-of-plane geometries with equal
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FIG. 2. Angle-resolved XA spectra from CO/Fe(100). Top row: experimen-
tal spectra from a CO saturated surface are shown on top and spectra from
the α3 phase on the bottom. C K and O K edge spectra are shown in the left
and right panel, respectively. Bottom row: calculated spectra of species from
the Mixed model, with a top:hollow ratio of 5:1, and of the Hollow model.
From left to right, the C K edge and O K edge respectively. The spectra with
E-vector out-of-plane and in-plane are shown with solid and dashed lines,
respectively.

intensity suggesting a molecular tilt close to the magic angle
with respect to the surface normal,34 in agreement with pre-
vious studies.5, 11, 12 The quenched π* and red-shifted shape-
resonance are similar to the spectral changes in adsorbed un-
saturated hydrocarbons whose bonding can be described in
the Dewar-Chatt-Duncanson (DCD) (Refs. 46 and 47) rather
than the Blyholder-Nilsson-Pettersson (BNP) (Refs. 25, 31,
and 48) bonding model. These two models can be considered
as two extremes in π π* excitation energy where, for the
DCD model to apply, the bonding can be approximated as
a full excitation from π to π*, breaking an internal π bond
to prepare for forming two σ -bonds to the surface;49 this re-
quires the excitation energy to be offset by the energy gain
from bond-formation. The BNP model, on the other hand, de-
scribes the case where the excitation energy is too large and
only a partial rehybridization is energetically possible, leading
to upright geometry and interaction only through the carbon
end of CO. In unsaturated hydrocarbons the excitation energy
is low enough for the DCD model to apply and the carbon
rehybridizes, the hydrogen atoms flip upwards and the π and
the σ mix for the surface chemical bond to be formed. Can a
similar symmetry mixing be observed also in the α3 phase of
adsorbed CO?

The XE spectra recorded for the α3 phase are depicted
in Fig. 3 and show more subtle, but important, differences
compared to the XAS. The C K edge spectra show a pro-

Experimental Theoretical

Binding energy (eV)

Out-of-plane

In-plane
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7 5 8

FIG. 3. On the left, the experimental angle-resolved XE spectra recorded
from the α3 CO phase at Fe(100) are shown. On the right, the calculated
XE spectra are shown for comparison. The O K and C K edge spectra are
shown with solid and dashed lines, respectively. The top spectra show the
p-states projected along the surface normal and the bottom spectra show
p-states projected in the surface plane. The peaks in the calculated spec-
tra are numbered to facilitate comparison with the corresponding orbitals in
Figure 4.

nounced state at 7.1 eV out of the surface plane and a state
in the surface plane at 6.3 eV; note that the subtraction pro-
cedure described in the methods section has been applied so
that in-plane and out-of-plane refer to the projection of the p-
states of the molecule. These states would be attributed to the
5σ and 1π , respectively. At the O K edge, however, the or-
dering of the states is reversed with the in-plane contribution
still appearing at 6.3 eV, whereas the out-of-plane contribu-
tion appears at 5.5 eV. The tilted adsorbate system has lost its
symmetry and mixing between σ and π states occurs as a con-
sequence of the interaction with the surface. At high binding
energy, hybrid states with in-plane character on the O atom
and out-of-plane character on the C atom appear, whereas at
lower energy the reverse is true. These states are similar to the
states formed upon adsorption of, for instance, ethylene and
acetylene.50, 51

The 4σ state shows up at 9.8 eV with equal contributions
both in- and out-of the surface plane, as would be expected for
a state with mainly σ character for the tilted molecule. From
5 eV up towards the Fermi level there is intensity in the out-
of-plane spectra on both the C K and O K edges. The in-plane
direction shows states mainly on the C K edge, reaching all
the way up to the Fermi level.

From DFT calculations we confirm the adsorbate orien-
tation for the α3 phase; the angle tilt of the CO axis, 51.3o, is
close to the magic angle and the CO bond length is obtained
as 1.32 Å, where also the latter is in good agreement with the
experimental estimate, 1.29–1.37 Å, from applying the con-
cept of “bond length with a ruler”34, 44 from XAS. We note
that the bond length of gas phase CO in its various π π*
excited triplet states (3 + , 3 , 3 –) ranges from 1.35 to
1.38 Å45 which is similar to the above estimate indicating that
the bonding can be well described in terms of π -donation/π*
backdonation in the DCD picture or, equivalently, as bond-
preparation of the closed-shell CO molecule through excita-
tion to the π π* excited triplet state in the spin-uncoupling
picture.49 The main features of the recorded XE spectra for
the α3 phase are reproduced in the calculations (Fig. 3).
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FIG. 4. Orbitals corresponding to the numbered peaks in the calculated XE spectra in Figure 3. Panels 1–5 show a plane cut through the CO molecule along
the surface normal, panels 6–8 show the orthogonal plane along the molecular axis.

However, the differences in the O K and C K edge spectra
are larger in the experiment than in the computed spectra. We
also note that the states in the 0–5 eV regions in the experi-
mental O K edge spectra are observed as a tail from the major
peaks at 5–6 eV whereas more resolved features appear in
the computed spectra. For both the in- and out-of-plane O K
edge spectra a peak (labeled 1) is observed at 10.9 eV. For the
C on the other hand, only the out-of-plane spectrum shows
a feature at this energy position. In Fig. 4 we plot individual
states from the manifold of bands, including amplitude and
(real) phase, which are representative of states giving rise to
the labeled peaks in Fig. 3. In order to be able to represent the
states as real functions we have computed them at the point
(see Sec. II). From Fig. 4 it is clear that the peak labeled 1
corresponds to the 4σ state on CO.

The orbitals representing peaks 2 and 3 are strongly
mixed between σ and π states with interesting differences
in the p-character at the carbon and oxygen sites at the bot-
tom and the top of the band. States contributing to peak 2
show local p-character at the oxygen, but only in the in-plane
projection, while the local carbon p-character can be seen to
be mainly in the surface normal direction thus resulting in a
more pronounced feature in the out-of-plane spectrum while
the oxygen contribution here is seen in the computed in-plane
spectrum in agreement with experiment. States at the top of
the band show the opposite dependence, as also observed in
the experimental spectra; peaks 2 and 3 in the computed out-
of-plane XE spectra are found at 7.5 and 6.2 eV – experimen-
tally these lie at 7.1 and 6.3 eV, respectively. In the in-plane
resolved spectra the pronounced peak numbered 2,6 is posi-
tioned at 7.2 eV (expt. 6.3 eV), whereas peak 3 has shifted to
6.5 eV (expt. 6.3 eV) reflecting the variations across the band
of the in- and out-of-plane contributions from C and O to the

band states. In this band the in-plane p-states form the second
π state (labeled 6), which is mainly a molecular CO π state.

At lower binding energy the most prominent features in
the out-of-plane spectra are reproduced in the calculations, al-
beit as resolved peaks rather than the broad, sloping structure
observed experimentally. We find intensity on both the O K
and C K edge up to the Fermi level in the out-of-plane pro-
jection. Orbitals 4 and 5 represent the states giving rise to this
increase in intensity for the O K and C K edge, respectively,
and both indicate a strong involvement of the π* state.

The trend for the in-plane resolved spectra is the same,
although here we observe a slightly higher C K edge intensity
towards the Fermi level, which is consistent with experiment.
At 3.8 eV the state denoted 7 in Fig. 4 is found to be of π*
character which is also the case at the top of the band (state 8)
but with somewhat higher involvement from carbon. It looks
though that the π* character increases towards the Fermi level
as seen in state 8 in which the carbon population is higher.
The bonding is thus indicative of a DCD mechanism, with
strong π* population. Considering the large excitation energy
involved it is interesting to attempt to elucidate the mecha-
nism allowing this binding mode; e.g., CO in hollow position
on Ni(100) remains upright.27

In Fig. 5 we show the CDD for the total electronic density
of the system together with the CDD taken separately for spin
up and spin down. Considering the total CDD, the most obvi-
ous observation is that upon adsorption charge is gained in the
π -system and lost in the σ -system similar to what has been
observed for other CO adsorption systems.29, 31 In the calcu-
lations spin up is the majority spin on the Fe atoms and in the
CDD for this spin channel we see clear signs of σ -repulsion as
the spin-up dσ becomes depopulated. The main π -bonding is
found in the minority spin-down manifold where the d-band is
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FIG. 5. Charge density difference and spin-polarization plots for the mod-
eled hollow species: (a) Spin up (majority) CDD, (b) Spin down (minority)
CDD, (c) Total CDD, (d) Spatially resolved spin-polarization, (e) Spin dif-
ferential CDD. The top right corner shows the plane visualized in the plots,
constituted by the dashed line and the normal out of the figure. The CDD is
plotted in units of electrons per cubic Bohr.

energetically close to the π* and can efficiently mix to form a
bond with this state. This leads to a resulting spin-polarization
on the CO mainly in the π -system with the opposite sign
compared to the Fe surface; this is visualized in the spa-
tially resolved spin-polarization plot in Fig. 5(d)). Symmetry-
dependent spin-polarization of adsorbed CO was also inferred
from a pronounced magnetic contrast observed experimen-
tally in spin-resolved vibrational sum-frequency generation in
combination with DFT calculations52 as well as from a small
orbital magnetic moment observed using x-ray magnetic cir-
cular dichroism53 on CO adsorbed onto thin ferromagnetic
Ni films and would be consistent with both BNP and DCD
type bonding. We also find significant charge transfer into the
empty spin-down Fe 3d states, which together with the loss
of spin-up character leads to a reduction of the magnetic mo-
ment of the Fe atom bonded to carbon, which is clearly seen
in the spin-differential CDD in Fig. 5(e)), i.e., the difference
between the spin-up and spin-down CDD’s, which shows the
changes in spin-polarization upon adsorption. Interestingly,
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FIG. 6. Total and spin-resolved charge density differences analyzed in the
plane containing the oxygen and its two nearest Fe neighbors for CO ad-
sorbed in the hollow site (the visualized plane is defined by the dashed line
and the normal out of the figure). (a) Total CDD, (b) Spin down (minority)
CDD, (c) Spin up (majority) CDD.

the reverse is observed for the surrounding atoms, which in-
stead gain spin-up and loose some spin-down character com-
pared to the naked slab. This spin rearrangement in the metal,
as well as the symmetry-dependent spin-polarization of the
CO molecule, is in good agreement with DFT results on CO
adsorbed on thin Ni films.52

Considering the interaction of the oxygen with the two
Fe atoms in the tilted geometry (Fig. 1(a)) we show in
Fig. 6 CDD plots using the plane defined by the oxygen and
the two Fe atoms. In the spin-down CDD we clearly see build-
up of charge between oxygen and both Fe atoms indicating
bond-formation. In the spin-up CDD we see overall loss of
charge on the metal atoms. The net effect is charge deple-
tion between oxygen and the two Fe atoms, but considering
the spin-polarization in the system, we can interpret this as
minimizing the exchange-repulsion by loss of spin-up den-
sity concomitant with bond-formation in the minority spin
channel.

In Fig. 7 we show the symmetry-resolved O K and C
K edge XES recorded for non-dissociative on-top adsorbed
CO species in the saturation coverage α1-phase. The on-top
adsorbed species was selectively probed by using a photon
energy corresponding to excitation into the pronounced 2π*
resonance of this species (see Fig. 2).

Qualitatively the XE spectra resemble those recorded for
CO at other metal surfaces.26–28, 30 The in-plane C K edge
spectrum is characterized mainly by the 1π state appearing
at 7.4 eV, and by a broad chemisorption-induced dπ region
closer to the Fermi level. The out-of-plane spectrum contains
a similar metal-dominated dσ region close to the Fermi level
and a pronounced 5σ resonance at 8.3 eV. On the O K edge the
1π state appears at 7.4 eV with a tail of the dπ state towards
the Fermi level and the 5σ at 8.3 eV. We note the difference
in comparison to CO on Ni and Ru where a clear dip appears
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FIG. 7. On the left, the experimental angle-resolved XE spectra recorded from a CO saturated Fe(100) surface are shown. The excitation energy was chosen
to selectively probe the on-top adsorbed CO species. Calculated XE spectra of on-top adsorbed CO in a mixed phase of tilted on-top and hollow species and
on-top adsorbed CO in the Vertical model are shown for comparison. The O K and C K edge spectra are shown with solid and dashed lines, respectively. The
top spectra show the p-states projected along the surface normal and the bottom spectra show p-states projected in the surface plane.

between the 1π and the dπ state.27, 30 A weak dσ and stronger
dπ band are found on the O atom.

The appearance of the 4σ resonance solely on the O
atom is due to its pure 2s character on the C atom making
the transition into the 1s core hole dipole forbidden. For the
gas phase molecule the 4σ resonance is more pronounced
than the 5σ , and a decreasing ratio with increasing inter-
action strength was previously reported.27 The 4σ state is
much more pronounced than for the hollow-adsorbed CO, in
agreement with the trend for CO/Ni(100) where the 4σ /5σ
intensity ratio decreases with increasing coordination.27 For
the α1 phase of CO/Fe(100) we find a 4σ /5σ intensity ratio
of 0.65, which is smaller than the values for on-top adsorp-
tion of CO/Ni(100) (0.72) and CO/Cu(100) (0.93), but larger
than that of CO/Ru(0001) (0.55) reported in Ref. 30. This
would indicate a stronger interaction for the on-top adsorbed
CO/Fe(100) than for CO/Ni(100) and CO/Cu(100), which is
exactly the trend calculated by Nørskov and co-workers,54

and can be related to the different positions of the metal d-
bands relative to the Fermi level. However, the 4σ /5σ inten-
sity ratio suggests a weaker interaction for CO/Fe(100) than
for CO/Ru(0001), opposite to the trend expected by consider-
ing the filling of the d-band, which determines the interaction
strength.55 This can be explained by the larger spatial extent
of the d-band in Ru 4d than the 3d metals Fe, Ni, and Cu,
causing larger rehybridization at the adsorbate.

For a standing CO molecule the 4σ state would be ex-
pected to appear solely in the out-of-plane spectra. In the
present case we observe 17% of the total 4σ intensity in the
surface plane indicating a tilted species. Assuming a constant
tilt angle and the C4 symmetry of the substrate we compute
a tilt angle around 33o by adapting the angle dependence for-
malism for XAS (Ref. 34) to the present experiment.

The states closer to the Fermi level are distinctly different
in the tilted on-top CO/Fe(100) system than the other systems
that have previously been investigated with XES. The oxygen
lone-pair state in the π -symmetry, fingerprinting the allylic
bonding described in the BNP model,25 is not directly ob-
served and instead states with both carbon and oxygen char-
acter are present on the low binding energy side of the 1π .
In the allylic configuration the middle orbital is of lone pair

character on the molecule appearing through an equal mix-
ture of 1π and 2π* orbitals.25–30 In the case of adsorption
of CO on Ni and Cu surfaces where several metal states are
involved in the bond-formation the mixing of the two CO or-
bitals becomes energy dependent with increasing 2π* char-
acter closer to the Fermi level. In the case of Fe the entire
d-band is shifted up towards the Fermi level leading to even
larger involvement of the 2π* level. We observe in both the
spectra and in the orbital plots that the involvement of carbon
increases towards the Fermi level. In the σ -symmetry only the
C K edge spectra show intensity close to the Fermi level. Is
the missing lone-pair a signature of a different bonding mech-
anism, consistent with the tilted CO molecules, or can this be
explained by the interaction with the ferromagnetically split
Fe 3d-band, which could smear out and effectively hide the
lone-pair?

The XA spectra, shown in Fig. 2 show a pronounced π*
resonance in the in-plane geometry and a σ* resonance in
the out-of-plane geometry both with weak components in the
opposite geometry. The spectra are consistent with the BNP
bonding model, but suggest a molecular tilt around 30o, com-
parable to the result derived from XES. The position of the σ*
resonance is around 550 eV on the O K edge and around 305
eV on the C K edge, which according to the “bond length with
a ruler” model34, 44 would suggest a C–O bond length around
1.12(2) Å, i.e., within error bars identical to the gas phase
value.45 The theoretical XA spectra, which are shown in the
bottom panels of Fig. 2 were computed for the structures cor-
responding to the experimental XAS. The mixed phase spec-
tra show a pronounced π* mainly in the in-plane geometry
and a shape resonance in the out-of-plane geometry, in agree-
ment with experiment. The low coverage hollow phase spec-
tra show a rather quenched π* and a shape resonance showing
up both in-plane and perpendicular to the surface plane, also
in good agreement with experiment. The shape-resonances
of the hollow species are red-shifted 6 eV and 7 eV for the
O K and C K edges, respectively. This shift is smaller than
the experimentally observed 8 and 11 eV, which is consis-
tent with a smaller difference in bond length between the top
(1.18 Å) and hollow (1.32 Å) species in the theory than in the
experiment.
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Now, turning to the calculated spectra in Fig. 7, we have
modeled the α1-phase using the model in Fig. 1(c) (Mixed
tilted) and for comparison also computed a vertical on-top
species (1B, Vertical) where the CO molecules adsorb per-
pendicular to the surface. In the Mixed tilted model (1C), we
have two types of bonding scenarios: one in which the CO ad-
sorbs in the hollow sites with a similar geometry as in the α3-
phase and a second where the molecules adsorb on-top, but
are found to tilt relative the surface normal. The XE spectra
were only calculated for the on-top adsorbed CO in the Mixed
tilted model in accordance with the selective probing of on-
top species in the experiment through use of the prominent
π* resonance of this species. The CO bond length is obtained
as 1.17 Å for the Vertical on-top species in Fig. 1(b) increas-
ing to 1.18 Å for the tilted on-top CO molecules in the Mixed
tilted model, corresponding to an elongation of 0.04 Å com-
pared to an isolated molecule. The tilt angle varies among the
molecules in the cell but averages to 23.3 (maximum 26.3o)
which is in reasonable agreement with the experimental esti-
mate of ~ 30o, as is the bond elongation of 0.04 Å compared to
the experimental finding that changes compared to gas phase
are within the error bar of the experiment.

Looking at the spectra computed in the out-of-plane di-
rection, both the Mixed tilted and the Vertical systems re-
produce the key features from the experiment. The 4σ state
shows intensity mainly on the O, as also seen in the experi-
mental spectra. Figs. 8(a) and 9.1 show the orbital represen-
tations for the respective system. The computed 5σ state ap-
pears at 6.0 eV for the C K edge in the Mixed tilted system,
while for O the peak maximum is at 5.9 eV. We observe a
shoulder arising from the molecular tilt, which results in a
splitting of the 5σ and 1π states. For the Vertical model the
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FIG. 8. Orbitals corresponding to the labeled peaks in the calculated XE
spectra of the on-top species in the Mixed tilted model in Fig. 7.
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FIG. 9. Orbitals corresponding to the numbered peaks in the calculated XE
spectra of the species adsorbed in the Vertical model in Fig. 7. The orbitals
are shown in a plane cut along the molecular axis of CO.

5σ is found at 6.2 eV for both the O K and C K edge. The
4σ /5σ intensity ratios in the out-of-plane O K edge spectra
are 0.79 and 0.61 for the Vertical and Mixed tilted models,
respectively, compared to 0.65 in the experimental spectra.

In the in-plane spectra of the on-top species in the Mixed
tilted system we observe intensity from the 4σ which is not
present in the spectra of molecules adsorbed perpendicular
to the surface. This is consistent with experiment and con-
firms the molecular tilt as probable adsorption geometry at
the on-top site at saturation coverage, as suggested by the ob-
servations from the experimental XA and XE spectra. It is
noteworthy that in order to obtain a tilted geometry of the CO
molecule adsorbed in the top-site, adsorbate-adsorbate inter-
actions with species adsorbed in adjacent hollow sites need to
be accounted for in the simulations.

Going to lower binding energy we observe a dip in the
intensity in the in-plane spectra before pronounced features
develop at ~ 3 eV, involving states of lone-pair character, see
orbitals (g), (h) and 5 in Figs. 8 and 9. The dip in intensity
which is absent in the experiment may be due to the fact that
the π to π* excitation energy is poorly described in a GGA
approach using the PBE functional; as discussed by Ljung-
berg et al.42 it is 2 eV too small, which results in a larger
involvement of the π* in the lone-pair state, and an up-shift
in the binding energy of this state.

Looking further at the orbital representations, the verti-
cal on-top adsorbed CO, Fig. 9, shows states very similar to
those of CO/Ni(100). The pronounced molecular 4σ , 5σ , and
1π can be found in panels 1, 2, and 4, respectively. Metal-
induced dσ and dπ regions ranging from a clear oxygen lone-
pair to more π*-like states are shown in panels 3, 5, and 6,
respectively. In the Mixed tilted structure, which more closely

o
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resembles that experimentally observed on Fe(100), the
molecular 4σ and 5σ mix to form a band similar to that ob-
served for the hollow adsorbed CO, see Fig. 8 panels (b), (c),
and (d). A dσ -region is observed on the low binding energy
side of this band (panels (e) and (g)) whereas the more appar-
ent lone-pair type of orbital in the vertical geometry is lost as
the molecule tilts and interacts increasingly with the metal d-
states. The dπ shows both C and O contributions throughout
the band, as can also be seen in orbitals (h) and (i) compared
to 5 in Fig. 9.

In the calculations for the α3-phase, a pronounced lone-
pair state was not present, but rather states of more 2π* char-
acter even at fairly high binding energies. This suggests that,
as the molecule tilts and the strict π -σ symmetry is broken in
the formation of the chemisorption bond and the allylic bond-
ing model becomes less applicable.

Looking at the total CDD plots for the Mixed tilted and
Vertical models (Figs. 10 and 11) we observe a gain of charge
and a polarization of the π -system towards the O atom as well
as a bond between the π -system and the nearest Fe atom while
along the molecular axis of the CO charge is lost, suggesting
a charge depletion in the σ -system upon adsorption. Com-
paring to earlier studies of CO on transition metals25, 29 the
total CDD is very similar, leading us to conclude a similar
bonding mechanism as suggested in the BNP model in which
a balance between attractive π -interactions and a repulsive
σ -system governs the strength of the adsorbate-metal bond.

Visualized

plane

(a)

(b )c()

(d) (e)

FIG. 10. Charge density difference and spin-polarization plots for the Mixed
tilted structure: (a) Spin up (majority) CDD, (b) Spin down (minority) CDD,
(c) Total CDD, (d) Spatially resolved spin-polarization, (e) Spin differential
CDD. Top right corner shows the plane visualized in the plots, constituted by
the dashed line and the normal out of the figure. The CDD is plotted in units
of electrons per cubic Bohr.
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FIG. 11. Charge density difference and spin-polarization plots for the on-top
species in the Vertical model: (a) Spin up (majority) CDD, (b) Spin down
(minority) CDD, (c) Total CDD, (d) Spatially resolved spin-polarization,
(e) Spin differential CDD. Top right corner shows the plane visualized in
the plots, constituted by the dashed line and the normal out of the figure. The
CDD is plotted in units of electrons per cubic Bohr.

Resolving the electron density in terms of spin we see that,
for both systems, the minority spin (spin down) system gains
charge at the Fe atom directly bonding to the CO molecule,
while the opposite can be seen for spin up, in analogy to the
hollow site. The spin-polarization of the CO molecule is qual-
itatively similar, but much smaller in the case of the on-top
species since the allylic bond formation should be less de-
pendent on the exact position of the d-band compared to the
hollow species, where there is direct interaction also with the
O atom, which allows efficient excitation into the 2π* mainly
for the minority spin system and leads to a different mecha-
nism upon chemisorption.

IV. CONCLUSIONS

We have presented a description of the bonding mecha-
nism of the pre-dissociative α3 phase and the non-dissociative
on-top adsorbed CO in the α1 phase of CO/Fe(100) using XA
and XE spectroscopy together with DFT calculations. XES
and XAS indicate a molecular tilt of ~30 of the on-top ad-
sorbed CO, which only could be reproduced theoretically by
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modeling a high coverage phase in which the on-top species
closely interacts with CO adsorbed in adjacent hollow sites.
However, the tilt does not result in a direct interaction of the
O atom with the Fe d-band and the chemisorption essentially
follows the picture suggested in the BNP model in which al-
lylic bond formation occurs. In agreement with earlier stud-
ies, the CO dissociation precursor state in the α3 phase ad-
sorbed in the hollow site is observed in a tilted geometry, at
an angle close to the magic angle (54.7 ) with a similar value
(51.3 ) found from the DFT optimization. DFT shows bond
formation of the oxygen with the Fe atoms in the minority
spin channel, which facilitates the π π* excitation, lead-
ing us to conclude a bonding mechanism as described within
the spin-uncoupling/DCD model in terms of π -donation/π*-
backdonation for the CO bound in hollow sites.
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Abstract 
Laser-induced desorption of CO from Ru(0001) was studied using intense near-infrared and visible 
femtosecond laser pulses. We find a pronounced wavelength dependence with a factor 3-4 higher 
desorption yield at comparable fluence when desorption is induced via 400 nm light, compared to 
800 nm. We attribute this difference to the difference in penetration depth of the incident light. All 
our data can be described in an empirical friction-based heat bath model assuming a thermalized 
electron distribution. We find that both hot electrons and phonons contribute significantly to 
desorption. 
 
Introduction 
The adsorption and reactions of CO at transition and noble metal surfaces have been the prime 
model systems for the understanding of surface chemistry and heterogeneous catalysis. In particular 
CO adsorption onto Ru(0001) is one of the most studied adsorbate systems in surface science(1-15). 
The adsorbate geometry(4; 8), electronic structure(5; 13) and vibrational(6; 7; 9; 15) properties have 
been addressed in numerous studies. Temperature programmed desorption shows that CO adsorbs 
into and desorbs molecularly from two molecular phases, following rather complicated kinetics(3; 
8; 14). Up to 0.33 ML coverage the on-top adsorption site is populated(4; 7; 15), whereas at higher 
coverage an ordered structure is formed where the molecules do not adsorb in a specific site with 
respect to the surface atoms(1; 2).  
 
The dynamics of transient adsorbate response, such as surface diffusion, adsorbate external 
vibrations and molecular or associative desorption processes, have been experimentally studied in 
the context of surface reactions using femtosecond laser induced processes probed with mass 
spectrometry (10; 12; 16-40) and spectroscopies such as infrared absorption(41; 42), second 
harmonic generation(43) (44-‐47) and sum-frequency generation(48-50) (SFG). In particular, 
desorption of CO from Ru(0001) was studied with SFG and excitation of frustrated rotational 
vibrations was observed during the desorption(51). 
 
Typically, photoreactions at metal surfaces are initiated by the laser pulse via the metal rather than 
by direct excitation of the adsorbate(52; 53). Reactions are often discussed in terms of hot substrate 
electrons and phonons, with the hot electrons being the most commonly found reaction driving 
mechanism. When the laser pulse hits the sample it is partially absorbed in the metal, causing a 
large number of excited electrons, which thermalize on a time-scale of ~100 femtoseconds (fs). 
These electrons couple to the lattice and start exciting phonons on a timescale of ~1 picosecond 
(ps). During the first picosecond there is thus a strong non-equilibrium situation between the 
electron and phonon systems allowing separation of phonon and electron driven reaction 
mechanisms. This non-equilibrium has been utilized both to determine the reaction mechanisms and 
to control the chemistry, e.g. in the case of co-adsorption of CO and O the oxidation channel, which 
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is not accessible in thermal desorption experiments, is opened if the reaction is driven by 
femtosecond laser irradiation(10).  
 
Femtosecond laser-induced surface reactions are often successfully modeled assuming fully 
thermalized electron and phonon systems, which interact via heat transfer, and can be treated as two 
temperature baths within the two-temperature model(54; 55). Non-thermal electrons were directly 
observed and their thermalization time determined with two photon photoemission and included in 
an extended model as a third heat bath(56). The importance of non-thermal electrons can be 
assumed to be less important in the high fluence regime where surface femtochemistry experiments 
are performed due to the shorter thermalization time-scale at high fluence, although the influence of 
non-thermal electrons has been inferred in laser desorption experiments from wavelength 
dependencies of the reaction yield(27). 
 
Transient spectroscopic signatures as well as reaction yields are often modeled via one-dimensional 
frictional coupling(18; 57; 58) to the substrate electron/phonon systems. Employing such modeling 
the desorption and oxidation of CO at Ru(0001)(10) was studied using 800 nm light and a hot-
electron driven mechanism was determined for the oxidation, whereas the desorption was found to 
be coupled either to hot phonons or weakly to electrons(10; 12). Frictional modeling of adsorbate 
temperatures was originally developed as an adiabatic model relevant for weak adsorbate-surface 
coupling where motion on a single surface potential describes the dynamics. Another approach is 
the desorption induced by multiple electronic transitions (DIMET)(53), which is a diabatic model 
where the dynamics take place on an excited-state potential surface by multiple excitation/de-
excitation processes. These pictures were unified in an improved frictional model, where DIMET-
like processes give rise to strongly temperature dependent friction coefficients(57).  
 
The desorption of CO from Ru(0001) system has recently received renewed interest with the advent 
of the Linac Coherent Light Source (LCLS) soft x-ray free-electron laser, where this was chosen as 
a first model system to study desorption processes with ultrafast x-ray spectroscopies(59). 
 
In the present paper we studied the femtosecond laser induced desorption of CO from a Ru(0001) 
surface using first shot yield fluence dependence and two-pulse correlation measurements (2PC) 
induced using 800 nm or 400 nm light. We employ an empirical frictional model where the 
frictional parameters are constant and fitted to the experimental data for direct comparison with the 
results from ref. (12). We find a higher desorption yield at comparable fluence for the 400 nm 
experiments, and a similar electron- and phonon-mediated reaction mechanism irrespective of 
wavelength. 

Methods 
The experiments were performed with an amplified femtosecond laser system combined with an 
ultrahigh vacuum (UHV) system. The vacuum system is equipped with standard surface science 
tools such as low-energy electron diffraction (LEED) and a quadrupole mass spectrometer (QMS) 
and has a base pressure below 1x10-10 Torr.  
 
The laser system is a commercial Ti:sapphire amplifier system providing 800 nm, 50 fs laser pulses 
run at a repetition rate of up to 1 kHz and a pulse energy of up to 2.5 mJ/pulse. In the present 
experiment the repetition rate was set to 100 Hz. 
 
The laser-induced desorption measurements were performed using 800 and 400 nm light, which 
was sent through a focusing lens and a fused silica window into the UHV chamber. The beam area 
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was kept large at the position of the chamber window in order to avoid self-focusing in the fused 
silica. In order to maximize the signal to background ratio the focal point was placed behind the 
sample to give a beam size at the sample that allowed the use of the full laser energy at the highest 
laser fluence recorded in the experiment. The sample was irradiated at normal incidence. The 400 
nm light was produced via second harmonic generation of the 800 nm light in a BBO crystal. For 
the yield dependence the laser beam was attenuated using a λ/2-plate followed by a polarizer. A 
beam profiler, placed in a reference beam path outside of vacuum at an equivalent position to the 
sample was used to determine the irradiated laser fluence. The absorbed fluence was computed 
from the known reflectivity of the surface and was calibrated to within ~10 % on the absolute scale. 
For the 2PC the beam was split into two beams with 52% and 48% of the total energy respectively 
for 800 nm and 60% and 40% for the 400 nm. In both cases a shutter was placed in the beam path to 
control the number of shots.  
 
The Ru(0001) crystal was mounted on a liquid nitrogen cryostat allowing cooling down to 100 K. A 
tungsten filament was mounted behind the sample, allowing electron bombardment heating up to 
1500 K. The sample temperature was measured using type K thermocouples spot-welded to the side 
of the crystal. The crystal was cleaned by cycles of 1 kV Ar+ sputtering, at room temperature 
followed by 5 min annealing at 1200 K in a 2×10-7 Torr O2 atmosphere. Subsequently the sample 
was flashed to ~1500 K several times during cooling. The sample quality and cleanness was 
confirmed by LEED. Saturation coverage (0.68 ML) of CO was dosed at 170 K. This was 
confirmed using LEED, where a characteristic 5√3×5√3R30° pattern(60) was observed.  
 
 The desorption yield was recorded using the QMS connected to a multichannel scaler to record the 
QMS signal for 6 ms following the laser pulse. This time covers the flight time inside the Feulner 
cup(61) that was used to enhance the signal. The multichannel scaler signal was then integrated to 
obtain the total desorption yield originating from a given laser shot. The signal to noise ratio was 
improved by recording the yield from 50-100 laser shots at a single spot and fitting the decay to 
obtain the first shot yield and repeating the measurement over several spots on the surface. The 
experiments were performed at a base temperature of 100 K, where CO diffusion is negligible. 
Redosing or depletion of the sample from/to areas outside of the laser spot can thus be neglected. 
 
The absolute desorption-rates in fractions of a monolayer (initial coverage) were computed from the 
decay constants in the double-exponential functions in the high fluence regime where these can be 
reliably determined under the assumption that the spot is entirely depleted after the laser irradiation. 
These values were then used to calibrate the fitted amplitudes to the absolute desorption yield since 
the amplitude can be more reliably determined than the decay rate in the lower fluence regime. 
 
The femtosecond laser-induced desorption was assumed to be Arrhenius-like and modeled using the 
two-temperature model and an empirical friction model. This macroscopic model neglects any 
initial non-thermal excited electron distribution. Such non-thermal effects were observed and 
measured using two-photon photoemission (2PPE) for Ru(0001) (56) and a fluence-dependent 
thermalisation time of the excited electrons was found. At the low fluences (0.4-6 J/m2) used in the 
2PPE experiments the thermalisation time constant was found to be around 100 fs and decreasing 
with increasing laser fluence. In the high fluence regime (~20-200 J/m2) employed in our 
femtosecond desorption experiments we assume that it is short enough that the two-temperature 
model provides a good description of the metal.  
 
The coupling between the adsorbate and substrate heat baths is described in an empirical friction 
model(18; 57; 58) where coupling constants τel and τph between the adsorbate and electron and 
phonon heat baths appear. Using the classical limit kBTx of the thermal energy of the vibrational 



	   4	  

modes is motivated because of the high temperatures involved in the desorption reaction. Since the 
coupling constants τel and τph are not known a priori, two free parameters enter the model. The one-
dimensional two-temperature(54; 55) and frictional model(18; 57; 58) involves solving the coupled 
differential equations 

Cel
∂
∂t
Tel =∇(κ∇Tel )− g(Tel −Tph )+ S(z, t)

Cph
∂
∂t
Tph = g(Tel −Tph )

∂
∂t
Tads =

1
τ el
(Tel −Tads )+

1
τ ph

(Tph −Tads )

 

 
where Tel and Tph denote the temperatures of the electron and phonon heat baths at the surface. The 
thermal conductivity is given by κ=κ0(Tel/Tph)(62) with κ0=117 W/Km(63). The electron-phonon 
coupling g=1.85.1018 W/m3K(51). The heat capacity of the electron bath is Cel=γTel(63) with 
electron specific heat γ=400 J/m3K2(63). The heat capacity 𝐶!! of the phonon bath is given by the 
Debye model(63) with the atom density 7.4.1028 atoms/m3 and Debye temperature 600 K(63).  
 
The source term S(z, t) as a function of depth z and time t is given by 
𝑆(𝑧, 𝑡) = (1− 𝑅!")𝐼(𝑡)𝜆!!𝑒

!
! , where 𝑅!"  is the reflectivity and 𝜆  the penetration depth. The 

penetration depth at normal incidence is computed from the imaginary part of the refractive 
index(64) and is 16.2 nm at 800 nm and 6.9 nm at 400 nm wavelength. 𝐼(𝑡) is the time-dependent 
laser intensity, and is assumed to be Gaussian with a FWHM of 50 fs. 
 
Although the desorption kinetics are rather complicated with a pronounced coverage dependence of 
both the Arrhenius prefactor and activation energy these are almost constant at coverages in the 
high coverage regime above 0.33 ML investigated in our first-shot yield experiments[pfnur83jcp] 
and we compute the desorption rate R by assuming an Arrhenius-like first-order desorption 

R=ν0Θe
- Ea
KbT , where Θ is the surface coverage. In order to make sure that this approximation does 

not affect the conclusions we also modeled the desorption under the assumption of second order 
kinetics, which lead only to minor changes in the optimal coupling constants. The reaction rate 
becomes time-dependent via the time-dependence of the temperature(58) and coverage. 
Experimentally determined thermal desorption values(3) of the prefactor and activation energy of 
ν0=1014 s-1 and Ea=1.2 eV from the saturation coverage CO/Ru(0001) are used to model the 
desorption.  
 
Since the spatial profile of the laser pulse is not flat-top the local fluence varies within the pulse. 
The desorption yield is non-linear with fluence and mainly molecules originating from the high-
fluence areas will be detected. In order to connect the modeled desorption rates with the measured 
yields a yield-weighted fluence has been introduced. Such an effective yield-weighted fluence 𝐹  
that better represents that that causes desorption is obtained by weighting the fluence F with the 
fluence-dependent yield Y obtained from the power-law dependence 𝑌 = 𝐹   !. For a general 
profile the yield-weighted fluence can be obtained from weighted averaging over all pixels i of the 
camera image: 𝐹 = !!!!!

!!!
= !!

!!!
!
!!
!

!
(25), and the power-law dependence is obtained from self-

consistent fitting of the fluence dependence. As long as the spatial profile does not change during 
the experiment, like the present case, the yield-weighted fluence simply leads to a scaling of the 
fluence. For a Gaussian function the yield-weighted fluence is a factor 𝑛/(𝑛 + 1) of the peak 
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fluence. In the present case the Gaussian scaling factors are close to those we obtained from 
numerical integration over the spatial profiles. The yield-weighted fluence is, however, an 
approximation of the real situation and since, in particular, the width of two-pulse correlation traces 
in general is fluence dependent(65) it might be important to implement a more rigorous analysis. A 
more accurate but time-consuming approach is to compute an average of local desorption yields 
over the spatial profile of the laser pulse. In the present case we use the yield-weighted fluence for 
comparison with previous experiments and in addition perform a full analysis of the data.  
 
Results 
Figure 1 shows a typical yield decay curve over 50 laser shots with 800 nm light at 163 J/m2 (top) 
and 400 nm light at 128 J/m2 (bottom). An exponential decay, as would be expected for a first-order 
reaction does not provide a good description of the experiment. The decay curves can be fitted by 
an inverse or double-exponential curve, which is qualitatively consistent with the more complicated 
kinetics of CO desorption suggested from thermal experiments(3; 8; 14). In the present paper the 
first shot yield is discussed and the assumed reaction kinetics will not affect the results on the level 
of the present discussion.  
 
Figure 2 shows the fluence dependence of CO desorption from Ru(0001) induced with 800 nm and 
400 nm pulses. Both data sets can be fitted with a power law where the yield is proportional to 
𝐹 !, For the 800 nm data we find n=4.3 ± 0.9, in perfect agreement with the value 4.5 ± 0.5 found 

for CO desorption induced by 130 fs 800 nm pulses(12). The 400 nm data show a similar non-
linearity with n=3.4 ± 0.4. In the high fluence regime we measure a factor 3-4 larger yields using 
400 nm than 800 nm light at comparable yield weighted laser fluences. This is in good analogy with 
the case of C+O recombination at Ru(0001)(38). We measured a first shot desorption probability of 
close to 0.2 at a yield-weighted fluence of 163 J/m2 using 800 nm light. Funk et al.(12) found a 
similar desorption probability at a yield weighted fluence of 305 J/m2. In our experiment this 
fluence regime cannot be accessed due to high probability for damage of the sample. 
 
The experiments were modeled using the two-temperature model in combination with the empirical 
friction model and Arrhenius desorption. In order to illustrate the model, Figure 3 shows the 
resulting electron and phonon temperatures in the early stages after laser irradiation with a 50 fs 
Gaussian laser pulse with fluence 100 J/m2 and a wavelength of 800 nm (red lines) or 400 nm (blue 
lines). The dashed lines depict the electron temperatures and the dotted lines the phonon 
temperatures. Irradiation by 800 nm light leads to a peak electron temperature of 4200 K, whereas 
the 400 nm light, which is deposited closer to the surface leads to a peak electron temperature of 
5400 K. The electron and phonon temperatures are equilibrated after ~1 ps to a temperature of 1200 
K (1000 K), which is the peak phonon temperature for irradiation with the 400 nm (800 nm) light. 
The solid lines show the adsorbate temperature under the assumption of 100 fs coupling time to 
both electrons and phonons. With the present parameters the adsorbate temperature falls between 
the electron and phonon temperatures and the peak adsorbate temperature is 2500 K and 2000 K for 
400 nm and 800 nm light, respectively. The adsorbate temperatures are far above the desorption 
temperature for CO/Ru(0001), which is in the region between 300 and 500 K, but the fast thermal 
decay rate allows only a small fraction of molecules to desorb. The solid curves on the bottom show 
the modeled desorption yield for the two different wavelengths. The ~20 % higher adsorbate 
temperature obtained by 400 nm irradiation leads to almost a factor 4 higher desorption yield, in 
good agreement with the experimental finding. The modeled desorption yield in the cases presented 
in Figure 3 are 2.2 % and 8.3 % for 800 and 400 nm light, respectively. Since the only parameter 
that differs between the wavelengths is the penetration depth of the laser light, we ascribe the higher 
desorption probability for 400 nm pulses to this, which leads to the energy being deposited closer to 
the surface in the 400 nm case and consequently to higher surface temperatures. This finding is in 
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good agreement with the wavelength dependence observed in femtosecond-laser-driven 
recombinative desorption of CO (Cads+Oads→COgas) from Ru(0001)(38).  
 
In order to deduce the mechanisms that govern the desorption-process a range of frictional coupling 
constants were tested to model the data. Three of these modeled scenarios are shown in Figure 2. A 
purely phonon-mediated model, as suggested in a previous study(12) produces a too pronounced 
degree of non-linearity, and follows closely to a power-law with exponent of n=8.0 for 800 nm 
excitation and n=6.3 with 400 nm. In both cases the absolute desorption yield is much too low and 
had to be scaled up a factor 10 to compare with experiment on the absolute scale in the fluence 
range probed in the present study. A purely electronic model with coupling constants τel=600 fs and 
τph=∞ gives an exponent n=5.1 and n=3.5 for the 800 nm and 400 nm light, respectively. A mixed 
electron + phonon model with coupling constants τel and τph=100 fs gives gives n=4.1 and 3.2 for 
the two wavelengths. Both these latter scenarios are in good agreement with both the 800 nm and 
400 nm data and reproduce the absolute yield as well as the shape of the non-linear fluence 
dependence. From the power law in the fluence dependence we can thus already rule out a purely 
phonon-mediated desorption process. 
 
Figure 4 shows the two-pulse correlation (2PC) desorption experiment with 800 nm light with a 
total yield-weighted fluence of 163 J/m2. The top panel shows the data plotted on a linear pump-
pump delay scale and the bottom panel shows the positive delays on a logarithmic scale for added 
detail. The experiment shows full-width-at-half-maximum (FWHM) of 22 ps, in good agreement 
with the value of 20 ps obtained by Funk et. al.(12). The two-pulse correlation recorded using 400 
nm pulses with a total yield-weighted fluence of 120 J/m2 is shown in Figure 5. In this case we find 
a FWHM of 20 ps, which is close to the 22 ps obtained for the 800 nm data. The half-width on the 
negative delay side (the stronger pulse precedes) is 8 ps and on the positive side 12 ps. 
 
 The width and shape of the two-pulse correlation provides additional information about the time 
scale of the energy excitation in the desorption coordinate and has often been used to determine the 
reaction mechanism in terms of electron- and phonon coupling. Purely electron-mediated processes 
typically exhibit a FWHM below 5 ps(10; 32; 38), whereas phonon-mediated processes produce 
broader two-pulse correlation traces, as do mixed scenarios where both electrons and phonons 
contribute significantly(38). The measured FWHM values around 20-22 ps are thus indicative of a 
process that is not purely electron-mediated. This conclusion is corroborated by our modeled two-
pulse correlation traces that show a FWHM of 6 ps both for 800 nm and 400 nm excitation in the 
purely electronic scenario. The purely phonon-mediated scenario, that was ruled out from the 
fluence dependence shows a FWHM of 17 ps and 12 ps for 800 nm and 400 nm, respectively, 
which is slightly narrower than the experimental values. The mixed model, on the other hand, 
shows a FWHM of 20 ps for 800 nm and 23 ps for 400 nm. This is in good agreement with the 22 
and 20 ps obtained from the respective experiments.   
 
The ratio between the yield in the long-delay wings and the central part of the two-pulse correlation 
trace is 0.1 for the 800 nm and 0.2 for the 400 nm experiments. These ratios are perfectly match 
those obtained from the power-law of the fluence dependencies assuming that the signal at long 
delay is sum of the signal of the two pulses, whereas at time-zero it is the signal of a pulse with the 
sum of the fluences. These ratios thus support the finding of power-law exponent of 4.3 and 3.4 for 
the two wavelengths and the mixed model that best reproduces the fluence dependence also 
provides the best representation of the long-delay wings in the two-pulse correlation.  
 
A dip in the desorption-yield is observed in the phonon-mediated model at delays shorter than 1 ps. 
This dip has been explained by the competition between phonon excitation and energy transport 
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into the bulk(12) and a dip in the phonon temperature has been observed experimentally(51). We 
observe a similar dip in the desorption yield in the central peak in the electron-mediated model, 
which arises in a similar fashion as a consequence of the friction induced time-lag of the rise of the 
adsorbate temperature leading to most efficient desorption after a delay on the time-scale of the 
frictional coupling, where the adsorbate has obtained its maximum temperature. There is a similar 
dip also in the mixed model, but due to the very short coupling times this dip is not visible in the 
figure.  
 
We can model our data to a reasonable degree using different combinations of electron and phonon 
coupling constants. In order to find optimum parameters we performed a least-squares fit to the 
experimental power-law exponents and half-widths and with this model we find the best overall 
agreement when the electron and phonon coupling constants are around 100 fs.  
 
An alternative approach is to employ the model of Kramers(66) to get a theoretical value of the 
prefactor that is connected to the frictional coupling constants. Kramers presented a diffusion model 
of reactions in viscous media as an alternative to the transition-state theory. This theory has been 
applied to surface reactions(67) and equations were developed for the prefactor expressed in 
frictional coupling terms in different friction regimes(68). In the framework of Kramers reaction 
theory(66) the 100 fs coupling times place this desorption reaction at the border line between the 
low and intermediate friction regimes(68). In the low friction regime a temperature-dependent 
Arrhenius prefactor can be computed from the frictional parameters. The best fit to the experiment 
using the Kramers formalism is obtained with frictional parameters τel=200 fs and τph=500 fs, i.e. 
slightly longer than the ones obtained using the experimental Arrhenius prefactor, but still with 
significant contributions from both hot electrons and phonons. If we instead of using the yield-
weighted fluence compute a average yield from different local fluences over a Gaussian spatial 
profile, which would more closely resemble the experimental situation, we arrive at optimal 
coupling constants of τel=350 fs and τph=700 fs with the experimentally determined prefactor and 
τel=350 fs and τph=1600 fs if the Kramers model is used.  
 
Using these parameters we obtain exponent n = 4.0 and 3.6 and FWHM = 24 ps and 25 ps for 800 
and 400 nm, respectively. In the temperature range around 300-500 K where thermal desorption 
takes place these friction coefficients give rise to a prefactor around 1.1014 s-1, in very good 
agreement with the values determined from TPD(3). The rate-weighted prefactors we obtain in the 
modeling of our laser-induced desorption range from 3.1014 s-1 in the low-fluence regime to 5.1013 s-

1 at the highest fluences. Irrespective of which approach is chosen we obtain significant coupling to 
both the electron and phonon systems, suggesting that both hot electrons and phonons contribute to 
the desorption process. 	  
 
Rate-weighted temperatures obtained from our modeling are in the range of 2000 K in the high 
fluence regime and compare well with those computed assuming higher fluences and a phonon-
mediated model(12) but are larger by a factor 2-3 than the translational temperatures up to around 
800 K determined in ref. (12). In that paper dynamical cooling effects were invoked as an argument 
to explain the difference. Other possible explanations would include non-equilibrium between 
different vibrational modes as measured for laser-induced desorption of H2 from Ru(0001)(35), 
where the translational temperature was found to be a factor 2-3 higher than the vibrational and 
rotational temperatures or sticking and equilibration in a precursor state prior to desorption. Such a 
precursor state has been suggested in several studies(69-72)  and was recently observed using 
ultrafast x-ray spectroscopies where the CO molecules were found to move into a weaker adsorbed 
state over a few picoseconds and stay there for several picoseconds prior to desorption(59).  
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In the present modeling no precursor state is included and the molecules are found to desorb within 
the first picosecond. This shows the importance of realizing that only the time-scales, on which the 
deposited energy is coupled into the desorption channel, are monitored in the present experiments. 
The modeled desorption-rate time-dependence, shown in Figure 3, should be viewed as the time-
scale on which the adsorbate-surface complex acquires the energy necessary to initiate desorption 
rather than the actual desorption time. Any processes between the excitation of the adsorbate-
surface complex and the actual desorption, such re-distribution of the energy between different 
degrees of freedom or transient trapping in the surface potential would not be observed in the 
present experiment. In order to access information about time-scales of such phenomena ultrafast 
surface spectroscopic techniques are required. In addition to the recent ultrafast x-ray experiments, 
sum-frequency generation (SFG) experiments have been performed to study the desorption of CO 
from Ru(0001) as well as from Pt(111)(48; 49). In those studies excitation of frustrated rotational 
modes were observed under desorption conditions(49). Typically frustrated rotational motions 
couple to the electron system on time-scales shorter than 1 ps(49; 50; 73; 74), which is in good 
agreement with our finding that the desorption channel is coupled to the electron system in addition 
to the phonon system. Spectroscopic data can unravel details about the adsorbate dynamics at the 
surface, but do not provide direct information about which processes are coupled to a reaction. With 
the present data we can couple both electron- and phonon-mediated processes to the desorption 
channel, but we cannot determine how these processes contribute to the desorption. In order to 
unravel the details of these processes at the surface additional spectroscopic data is needed. 
 
Conclusions 
In conclusion we have presented an experimental study on the femtosecond laser-induced 
desorption of CO from Ru(0001) using 800 and 400 nm laser pulses. We find more efficient 
desorption at 400 nm than 800 nm, with nonlinear fluence dependencies that follow power-laws 
with exponent 3.4± 0.4 and 4.3± 0.9, respectively. For both wavelengths two-pulse correlation 
traces show FWHM around 20 ps. All our data can be well described within the two-temperature 
model combined with frictional modeling. We find involvement of both hot electrons and phonons 
in the desorption process with fitted coupling constants to the electron system in the sub-picosecond 
regime and to the phonon system in the sub- or low-picosecond regime.  
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Figure 1. The solid bars depict the desorption yield as a function of the number of consecutive laser 
shots at a given spot on the sample recorded using 800 nm laser pulses with a yield weighted 
fluence of 163 J/m2 (top) or 400 nm laser pulses with a yield weighted fluence of 128 J/m2 
(bottom). The amplitudes were normalized to fractions of a monolayer using the fitted decay 
constants at high laser fluence under the assumption of desorption of the entire layer in 50 shots 
under these conditions. The lines show a double exponential curve fit used to extract the first shot 
yield. 
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Figure 2. First shot yield induced by 800 nm (top panel) and 400 nm (bottom panel) laser pulses 
plotted against yield weighted laser fluence <F>. The experimental data points are shown with +. 
The solid line shows the mixed electron + phonon model using the frictional model with both τel 
and τph=100 fs. A pure electron model with τel=600 fs and τph=∞ is shown with a dotted line and a 
purely phonon-mediated scenario (τel=∞, τph=1000 fs) is shown with a dashed line. Note that the 
phonon model was scaled up by a factor 10 for clarity. Both experimental data sets can be fitted 
with power law dependencies where the yield Y ∝ <F>n. In the case of the 800 nm data an 
exponent of n = 4.3 ± 0.9 is determined, whereas the 400 nm data shows a similar or slightly 
weaker non-linearity and an exponent of n = 3.4 ± 0.4.   
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Figure 3. Electron- (dashed) and phonon (solid) temperatures (Te and Tph) computed within the two 
temperature model after irradiation of Ru(0001) at a base temperature of 100 K with a laser fluence 
of 100 J/m2 in a gaussian laser pulse with a full width at half maximum of 50 fs using 800 nm (left 
panel) and 400 nm (right panel) light. The solid lines show the adsorbate temperatures Tads 
computed within the one-dimensional friction model, assuming coupling times both τel and τph=100 
fs, which an overall good agreement with the experimental data. The filled lines in the lower panel 
show the modeled desorption-rates. The plots correspond to a total yield of 2.2 % and 8.3 % for the 
800 and 400 nm experiments, respectively. Only the first 3 ps of the calculations are shown. 
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Figure	  4. The top panel shows 800 nm two pulse correlation at a total yield weighted laser fluence 
of 163 J/m2. The desorption yield is plotted against the pump-pump time delay. The experiment is 
shown with + and the pure electron and phonon models are shown with dotted and dashed lines, 
respectively. Note that the curve depicting the phonon model was scaled up a factor 5 for clarity. 
The solid line shows the mixed electron + phonon model using the frictional model with both τel 
and τph=100 fs. The lower panel shows the positive delays against a logarithmic time scale for 
added detail. The experiment shows a full width at half maximum of 22 ps. 
 



	   13	  

	  
Figure 5. The top panel shows 400 nm two-pulse correlation at a total laser fluence of 120 J/m2. 
The desorption yield is plotted against the pump-pump time delay. The experiment is shown with + 
and the pure electron and phonon models are shown with dotted and dashed lines, respectively. 
Note that the curve depicting the phonon model was scaled up a factor 10 for clarity. The mixed 
electron + phonon frictional model is shown as a solid line. The lower panel shows the positive 
delays against a logarithmic time scale for added detail. 
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