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Laser-stimulated

desorption

Katharina Al-Shamery
Recent experimental
nonthermal

and theoretical

laser-induced

desorption

from surfaces

and Hans-Joachim
results focus on
after UV-laser excitation

with the aim of obtaining insights into microscopic

Freund*

special journal issues, books and conference
proceedings
published
during the past year [5*,6,7**,8’-lo*].

processes,

including the relevant potential energy surfaces and lifetimes
of the excited states that are involved. Results range from

Experiments

measurements

The desorption
processes
can be classified
according
to
how the final excitation
of the adsorbate
can be achieved.
A primary
excitation
can be a vibrational
or electronic
excitation
of the adsorbate
itself followed
by relaxation
processes
and nuclear
motion
with energy transfer
into
the molecule-surface
bond. If the amount
of energy
is
large enough
to overcome
the potential
energy
barrier
of the molecule-surface
bond the molecule
will desorb.
There are, however,
only a few examples
in the literature
for such a direct
process.
It can be identified
if the
desorption
efficiency
follows
the absorption
spectrum
of the adsorbate
or, if this spectrum
is very weak,
if the polarization-dependent
desorption
cross sections
(measured
as a function
of the incident
angle) deviate
from that of the substrate
absorbance.
One recent example
of this type of identification
is the L&‘-laser induced
desorption
and dissociation
of methane
on Pt(ll1)
studied
by Watanabe
et
[Ill.

and interpretation

of quantum state resolved

studies to femtochemistry.
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Introduction
surfaces
can be used as instruments
to orient and
modify molecules
at distances close to molecular bondings,
while light may serve as a tool to start reactions
between
neighbor
molecules.
Such photochemical
reactions
are
known to be important
in many systems in nature ranging
from the formation
of larger chiral organic molecules
in
prebiotic
systems
[l] to reactions
at small particles,
like
ice or dust in the atmosphere
[Z]. Laser induced processes
are used in technical
applications
such as laser microtechnology to build microelectronic,
optical,
optoelectronic,
and micromechanical
devices [3], in photocatalysis
and in
photoelectrochemistry
[4].
Solid

One of the advantages
of using light to start a chemical
reaction
is its potential
for selective
reaction
control.
As electronically
excited
states,
particularly
on metals,
have lifetimes
of only a few femtoseconds
before being
quenched,
a direct
control
using
‘pump
and control’
techniques
as in gas phase reactions
is scarcely possible.
By choosing
the appropriate
surface,
however,
one may
not only be able to alter the catalytic activity but also to
control the excited
state lifetime
intrinsically.
Therefore
a detailed
understanding
of the underlying
elementary
processes
of electronic
and nuclear motion and the related
timescales
is unavoidable
if we are to use the full potential
of such an approach.
As will be seen below, even for
simple
reactions
the processes
can be rather complex.
Therefore
the investigations
in fundamental
research
concentrated
mainly on the most simple chemical reaction,
the breaking
of the molecule-surface
bond followed
by
the desorption
of the molecule.
This review will focus
on this particular aspect, particularly
on It\‘-laser
induced
processes.
A good overview of the major recent activities in
the field can also be obtained
from a number of reviews,

The majority of excitations
have been shown co result from
secondary
processes.
The primary
electronic
excitation
step for a large number
of systems
including
metals,
semiconductors
and transition
metal oxides as substrates
is the formation
of excited
charge
carriers
within
the
substrate.
One important
step then is the diffusion
of
the carriers to the surface and their temporal
localization
at the reaction
site, that is to say coupling
to the
adsorbate
system. Such a coupling
is often thought
to be
accompanied
by the formation
of a negative
intermediate
ion with a partial or complete
transfer of the electron
into
an unoccupied
adsorbate
state. As the free electron
gas
of the substrate
quickly
quenches
electronically
excited
states, those intermediate
states have very short lifetimes,
down to a few femtoseconds
for metals. As the majority
of molecules
desorb as neutrals
the transfer back of the
electron
has to precede
the desorption.
Desorption
can
only occur if enough
excited
state
has

potential
energy
been
transferred

in the intermediate
into the
kinetic

energy
of nuclear
motion
within
the molecule-surface
coordinate.
This model for desorption
is known as the
hlenzel-Comer-Redhead
(hlGR)
model [ 12”]. We shall
discuss
a number
of experiments
connected
to such a
process

below.

A different
secondary
process has been demonstrated
very
recently
for the system 02/Ag(llO)
by Xin and Zhu [13*].
The molecules
may not necessarily
desorb but may be
displaced
on the surface.
Localized
coII’rsrons can occur
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with momentum
then desorb.

transfer

to other molecules

which may

A further secondary process is due to a scattering of the
created charge carriers with the substrate phonons. As a
result a temperature
jump within the surface can cause
chemical reactions. Thermal desorption is not only a major
process in microtechnology
[3] but is also used in analytical
chemistry to mildly desorb intact molecules of very large
sizes (up to several hundred thousand mass units) for laser
mass spectroscopy, as has been discussed in the review by
Zenobi [ 141.
As can already be seen, the simple desorption
process
may be rather complex. Laser-induced
reactions followed
by desorption
of some of the products as investigated
by the groups of Polanyi, Simpson, Stair and Osgood
[15*,16,17*,18], are even more complicated. Recent examples have demonstrated
that the surface photodissociation
dynamics are strongly altered from the gas phase; however,
the major problem is the fact that the conditions
may
change during the reaction as the products remaining on
the surface may influence and modify the electronic and
geometrical properties of the surface. This is one of the
reasons why those reactions are not understood in as much
detail as the simple desorption processes.
If one wants to obtain a more detailed insight into the desorption dynamics, two different experimental
approaches
can be distinguished
which include final state distribution
measurements
and real time experiments.
Recently
a
successful approach has been shown to stem from a careful
characterization
of the initial adsorbate state connected
with a detailed investigation of the efficiency of desorption
and final state distributions
of desorbing molecules. The
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latter are measurable
parameters
which directly result
from the relevant potential energy surfaces involved and
lifetimes within them. When these data are combined
with extended
theoretical
calculations
one can obtain
insight into details of the desorption dynamics. While the
early experiments
concentrated
mainly on measuring final
state distributions
of atomic or diatomic molecules people
started to extend experiments
towards more complex
molecules a few years ago. The detection of the internal
quantum state distributions
of NH3 photodesorbed
from
Cu(l11) at 6.4eV by Hasselbrink’s
group may serve as
an example [19*] (see Fig. 1). A geometry change within
the excited state is revealed in which the symmetric out
of plane bending vibration is involved. The data help to
interpret pronounced
coverage-dependent
isotope effect
in the desorption yield observed by Hertel eta/. [ZO’].

More elaborate studies than the usual detection of scalar
values such as translational, rotational and vibrational final
state distributions
have also been reported during the
past year for the desorption of diatomic molecules. These
investigations
are now being extended toward directional
aspects. While measurements
on angular distributions
of
desorbing molecules have existed since the very early days
of photodesorption
experiments,
the first experiments
have recently been carried out to obtain the alignment
of the angular momentum
of the desorbing molecules.
It is somewhat
surprising
that this aspect has been
neglected
for laser induced desorption as it is standard
in gas phase photodissociation
dynamics and scattering
processes. Such experiments
are particularly valuable, as
pronounced
rotational alignment effects can reveal details
about geometry changes during the excitation.
Results
on the nonthermal
desorption
processes of CO from
Si(100) by Zimmerman
and Ho [5*] and our own results

Figure 1
Quantum state resolved detection of
complex molecules: NHs/Cu(l 11).
Overview of the v2 progression
(symmetric out-of-plane bending mode)
in the (2+1) REMPI (resonance enhanced
multiphoton ionization) spectrum (via B
cX) of NHs in the gas phase at 300K
(lower trace) and of NHa photodesorbed
from Cu(ll1) with 6.4 eV at T=l30K
(upper trace). The relevant vibrational
bands are indicated below x-axis.
The average energy content in the vp
mode corresponds to a temperature
of Tvib~1000 K with a marked
underpopulation of the antisymmetric
v2 and a rotational temperature close
to the surface temperature (no torque
during desotption). The results indicate
that energy required for desorption is
transferred from the initial electronic
excitation to the molecule-surface bond
via the intramolecular coordinate VP
Reproduced with permission from [l gl.
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on Cr~03(0001)
[Zl’] have been published.
A strong
velocity and rotational quantum number dependence
of
the alignment showing a change from helicopter (angular
momentum
parallel to the surface normal) to cartwheel
(angular momentum
perpendicular
to the surface normal)
modus with increasing rotational quantum
number has
been observed in both cases, indicating the involvement
of multidimensional
potential energy surfaces, particularly
those of the hindered
rotation, implying
a geometry
change and torsional vibration (see Fig. 2).

group [W] has used scanning tunneling
microscopy to
investigate the site selectivity for desorption, which they
recently demonstrated
for the laser-induced
bond breaking
of the adatoms of the %(111)-7x7 surface (Fig. 3).
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Site selective desorption:
adatom desorption
of the Si(l l l)-7x7
surface. Tunneling rmage (bias voltage -2.0 V) of the Si(1 1 1)-7x7

(a) before and (b) after irradiation

by a series

surface
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of
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Reproduced

in

from [22-l

with permission.

(I If Z) to cartwheel

(Jlz) modus as a function of the rotational quantum number for
different translational
and vibrational excitation of CO desorbing
from CrsOs(OOO1)
(filled dots: v”=O, v= 1160ms-1;
filled triangles:
v”=O, v-340
ms-1; open rhombs: v “=l,
v=l160ms-1).
The data
can be interpreted
as due to a geometry change
configuration
during the desorption.
Reproduced

from flat to bent
with permission from

[21’1.

New and interesting results have been obtained even for
such simple systems as the desorption of atoms. Iroh’s

In a second type of experiment,
real time measurements
on certain details of the desorpcion process have been
carried out. A large number of papers have focused on
the real time electron dynamics of semiconductors
in other
words the substrate excitation alone because there is also a
strong interest with respect to optoelectronics.
One reason
for the interest is that the sizes of electronic
devices
approach scattering lengths of electrons; another is a future
use of femro second lasers with ulcrafast optoelectronic
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elements.
particular

We will only mention a recent review
field by Haight [23*] (see Fig. 4).

of this
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Figure 5

Figure 4
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Hot-electron relaxation dynamics due to electron-electron scattering
of Cu(lO0) with cl 5 fs time-resolution. Pump-probe measurements
of hot-electron dynamics at E=l.7eV
and 3.2 eV recorded with laser
pulses of less than 15 fs pulse length. The measured photoemission
intensity is given as a function of delay between pump and probe
pulse. The baseline corresponds to times longer than electron
relaxation dynamics. Solid lines are fiis taking coherent (in&u
measurement of the effective system response function) and
incoherent components into account. The dotted line is a fii of
the 3.2 eV data to a Gaussian function. Lifetimes obtained are
52f8 fs (1.7 eV) and 17f3 fs (3.2 eV). Reproduced from [SO**] with
permission.

Time-resolved
two photon photoemission
is used as an
experimental
tool in order to study the time evolution
of the occupation of initially unoccupied adsorbate states.
The first publications
on the system CO/Cu(lll)
have
come from Knoesel et al. [24’]. As the lifetimes of such
states are extremely
short, as yet only estimates from
correlation techniques
of the upper limit are possible for
the lifetime of the 2x* resonance of CO which is in the
range of c 20 fs.
The absorption
coupling
strengths
between
different
degrees of freedom are essential within the desorption
process, particularly
those of vibrational
modes and
low-lying electronic
states as studied
by Cavanagh et
a/. [25”] and Culver et a/. [26-J. Cavanagh et al. [25”]
for example
have summarized
their recent work on
the systems CO/Pt(lll)
and CO/Cu(lOO) and presented
experimental
results on the temporal evolution
of the
CO stretch after ultrashort IR, visible and UV excitation
obtained from picosecond and femtosecond IR techniques
together with current models of the damping rates (see
Fig. 5).

(PS>

Adsorbate response to substrate heating for COKh(100).
Tie
dependence of the transient response of CO/Cu(lOO) of the
internal CO stretching absorption to visible and ultraviolet pumping
as a function of delay time t,j for (a) 578 nm pumping, T=15OK,
v=2085cm-t
(offset by 0.03 for clarity). (b) 578nm pumping,
T= 1 OOK, v =2087 cm-t (c) 289 nm pumping, T=l OOK, =2087cm-1.
The signal peaks near r.j-0 and decays quickly to an intermediate
value, and then slowly decays on a 200 ps time scale. The initial
time constants for the signal to decay are 2.8Ok4 ps (1 OOK, visible),
2.3Ok3 ps (1 OOK, UV) and 2.3Ozt4 ps (15OK visible). The dashed
curve represents the autocorrelation of sech2 pulses with 1.2 ps
FWHM (full width at half maximum) duration. The data agree with
an anharmonic coupling of the stretching vibration to the frustrated
translation (v=32cm-1) which changes in population due to coupling
to the photogenerated hot electrons and to the heated phonons
(compare with Table 1). Reproduced from [41**1 with permission.

The role of nonequilibrium
electrons has been studied by
Ho and his group [27*] by recording time-resolved velocity
distributions
of 02 after femtosecond laser desorption from
Pt(l11). The surface femtochemistry
of 02 and CO on
Pt(ll1)
has been investigated
by Deliwala CCa/. [28*] in
more detail than in previous experiments by systematically
varying the fluence and pulse length for pulse lengths
between
80 fs and 3.6~s. The role of non-thermaiized
electrons and the influence of preheating of the surface
modes is shown. The sharply increased desorption yield of
02 with respect to CO2 desorption is interesting
for this
type of experiment.

Theory
A strong step towards a detailed comprehension
of laser
induced desorption
comes from very recent theoretical
progress. The first quantum mechanical calculations which
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describe the potential energy surfaces of electronically
excited states on an ab i&o basis have been published
[29*,30**]. Murata’s group has investigated
the system
CO/Ptz
[29*] while our own group has worked on
NO/NiO(lOO) [30”]. In contrast metal-adsorbate
systems,
for which serious convergence
problems with respect to
the cluster size are quite common in cluster calculation,
relatively small clusters are sufficient to allow a quite
accurate, quantitative
description of oxide surfaces. This is
because of the strong ionicity of such systems and related,
rather local, metal ion orbitals. A particularly
suitable
system for these elaborate calculations turned out to be the
system NO/NiO( 100) for which high quality CASSCF-CI
calculations
(complece active space self-consistent
field
and configuration interaction) have been performed [30”].
The calculations of Kluner et al. [30”] revealed that the
major excitation step ends in a complete transfer of an
electron from the 0 Zp-orbitals to the NO 2x-orbitals
with strong electrostatic
interactions
due to this ion
pair formation, a finding which might be quite general
for adsorbate-substrate
systems with dominating
initial
electrostatic interactions (see Fig. 6).
A second type of theoretical calculations is concerned with
dynamical calculations
such as wavepacket
calculations
which reveal the lifetimes of excited states and reproduce
the final state distributions
[31,32,33*]. The system
NO/Pt(I 1 l), for which extensive
experimental
studies
exist, has been used as a model system for a number of
such calculations
to describe photodesorption.
Saalfrank
[31] has described
three one-dimensional
models of
increasing complexity
to compute observable quantities
such as desorption probabilities, time-of-flight spectra, etc.
Two-dimensional
wavepacket
calculations
within model
potentials
that include the intramolecular
vibration
in
addition to the center-of-mass
translational excitation has
been presented
by Chakrabarti
et al. (321. They performed
these calculations in order to obtain desorption probabilities and vibrational
populations.
Their calculations
are
consistent with a lifetime in the range ZO-6Ofs, which is
surprisingly long.
An interesting
new approach is discussed by Holloway’s
group [33*] who treated the motion of the molecule and
the hot electron (which temporarily
resonates with an
unoccupied molecular orbital) on an equal footing in their
time-dependent
two dimensional
quantum
wavepacket
calculations.
By systematically
varying the mode1 potentials
they found that desorption
is even possible
for lifetimes less than 1 fs for moderately
excited state
potentials.
The first calculations
have been presented
for the
more complex photodissociation
process. Hintender
et
al. [34*] discuss the photodissociation
of HCI adsorbed
on MgO(001)
by classical molecular
dynamics
of a
single adsorbate system, including the substrate phonon

Figure 6
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charge transfer states with a distance behavior similar to that of the
ground state. (3) Cluster NO charge transfer states with a distance
behavior dominated
by a strong Coulomb attraction;
this is relevant
for the photodesorption
process. The a.u. label indicates atomic mass
units. (Work from H-J Freund’s group, reprinted with permission from
[30-l.)

modes to simulate angular distributions
of the scattered
photofragments,
which show characteristic rainbows, scattering shadows, and resonances.
Some recent papers have been concerned with describing
the nonthermal
desorption,
in other words the predesorption after vibrational excitation of physisorbed systems
such as CO adsorbed on NaCl(100) [35*,36,37]. Although
such studies stem from the very early days of laser-induced
desorption, this field has been neglected experimentally
as most processes observed so far have been due to
thermal heating of the surface instead of nonthermal
processes. With the progress made in femtochemistry,
however, this field may see a revival, for which reason we
include it here. Brivio et al. [35’] have used the phase
space properties of 2D classical Hamiltonian
nonlinearly
coupled models to calculate the time-of-flight
spectra for
elastic predesorption
of CO and CHJF.from
NaCl(lOO).
They have demonstrated
the presence
of bottlenecks
in the phase space induced by the chaotic Hamiltonian
dynamics. Three-dimensional
time-dependent
quantum
calculations
have been performed
by Dzegilenko
and
Herbst [36] to study the dependence
of the strong
coupling among the translational,
physisorption
and vibrational degrees of freedom of CO on NaCl( 100) on

Laser-stimulated

the initial translational
and librational excitation.
&ace
[37] has presented a phenomenological
model to simulate
a vibrationally
excited molecule that is weakly coupled
through a damped harmonic oscillator to an energy sink in
order to ascertain under which conditions a true RRKM
(Rice-Ramsperger-Kassel-Marcus)
unimolecular
reaction
is possible on a solid surface.
The interesting
new phenomena
of femtosecond-pulse
laser desorptionin
contrast to nanosecond-pulse
laser
desorption, have challenged theoreticians to develop new
theoretical approaches. One example is the occurrence of a
strong nonlinear fluence dependence
of desorption yields,
which is related to the creation of highly equilibrated
substrate electrons. Brandbyge et a/. [38**] have discussed
how the energy of highly excited electrons is transferred
into the adsorbate center-of-mass
degrees of freedom by
a direct coupling mechanism.
They describe desorption
with a model in the language of an effective friction of
electronic origin and an associated fluctuation force which
induces an impulsive
force on the nuclei. This model
has been applied by Springer and Head-Gordon
[3P*]
to simulate the femtosecond
laser-induced
desorption of
CO from Cu(100) in the high coverage regime. Their
calculations shine light onto the role of momentum
in the
plane of the surface; momentum
leads to collisions, and
Springer and Head-Gordon’s
calculations shine light onto
this process and also onto energy pooling pooling between
molecules in the overlayer (see also Table 1 for work
related to Fig. 5).
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Conclusions
Our review clearly shows that recent developments
in
the field of laser induced desorption tend to use a great
variety of experimental
and theoretical approaches in order
to learn about photodesorption
dynamics. Experimental
techniques have been introduced to detect quantum state
resolved final state distributions
of molecules larger then
two atoms, to study stereodynamics
and to learn about
site specificity with the use of microscopical techniques of
atomic resolution. There are exciting experiments
using
femtosecond
and picosecond lasers which open up time
domains in the order of the desorption
process itself.
New effects resulting from highly excited nonequilibrium
electrons have been observed.
Both experimental
and
theoretical results clearly indicate that in most processes
more than one molecular
degree of freedom of the
adsorbate
is relevant
for the laser-induced
desorption
process. It is exciting that the first high quality quantum
chemical calculations
of electronically
excited states are
now available. It is only a question of time before multidimensional
wavepacket calculations will be performed
within those potentials so that the remaining ambiguities
related to the choice of the model potentials
used up
to now can be cleared, particularly
those ambiguities
concerning lifetimes of excited states. New models have
been developed
to describe femtosecond
experiments.
Femtochemistry
will certainly be one of the major topics
within the field in the future.
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