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State resolved laser induced desorption of NO molecules from a NiO(100) surface is studied
theoretically. A full potential energy surface for the excited state was constructed by means of ab initio
cluster calculations in addition to the potential energy surface for the ground state. Multidimensional
wave packet calculations on these two surfaces allow a detailed simulation of experimental
observables, such as velocity distributions and desorption probabilities, on a full ab initio basis.
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State resolved laser induced desorption of small molecules from well-characterized surfaces has been the subject
of numerous experimental studies in recent years [1], but
a detailed understanding even of basic features of final
state distributions of the desorbing molecules still remains
a challenge. Many theoretical investigations have been
reported for the description of such DIET (desorption
induced by electronic transitions) processes in which either
classical [2,3] or quantum mechanical [4–7] simulations of
nuclear motion of the desorbing molecules are presented.
All dynamical simulations so far have been empirical
because of the lack of sufficiently accurate ab initio
potential energy surfaces, especially for the electronically
excited states. In this paper, we present a full ab initio
potential energy surface (PES) for an excited state involved
in a DIET process. As an example, we have studied the
system NO兾NiO(100) for which velocity distributions for
different vibrational 共y 00 兲 and rotational 共J 00 兲 states of the
desorbing NO molecules are shown in Fig. 1 [8]. By
performing three-dimensional wave packet calculations on
the PESs of the ground and excited electronic states, we
can generate the respective distributions.
The method of calculation of the electronically excited
states uses a NiO5 82 cluster embedded in a semi-infinite
Madelung potential of point charges 62 to simulate the
NiO(100) surface [9]. The NO molecule is adsorbed at an
on-top position above a Ni21 cation. The ground state is
characterized by an equilibrium geometry with a tilt angle
a of 45± of the molecular axis with respect to the
surface normal. This is in perfect agreement with the
experiment [10]. The excited states relevant for laser
induced desorption turn out to be charge transfer states of
the NO兾NiO(100) system, where one electron is transferred from the cluster to the NO molecule resulting in
an NO2 -like intermediate. These states of the adsorbate/

substrate system are calculated by a configuration interaction (CI) calculation in the valence space of the O2p-,
Ni3d-, and NO2p-orbitals. Details on the construction
of the reference configuration, the generation of the CI
space, and selection of a representative excited state are
described in Refs. [9,11].
A PES for a representative NO2 -like excited state is
constructed in which the distance R of the center of mass
of the NO molecule and the tilt angle a are varied. The
internal N-O distance is kept fixed at the NO gas phase
value of 2.175 a.u. [12], because the NO vibration has
been found to be decoupled from the translation in the
experiments, as illustrated in Fig. 1. This is different for
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FIG. 1. Experimental velocity distributions of NO molecules
after laser induced desorption from NiO(100), showing a pronounced bimodality. The distributions on the left side indicate
a decoupling of translation and vibration. A coupling of rotation and translation is observed in the velocity distributions of
the molecules desorbing with high velocities (fast channel, right
side) [8].
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the rotation of the NO molecule for which a coupling to
the translation is found experimentally. Therefore, rotation
has to be taken into account in the simulations. The
azimuthal corrugation is small for all excited states, but
the potentials are strongly anisotropic with respect to the

polar angle a [13]. This requires an explicit treatment
of this coordinate. We have therefore calculated a twodimensional PES depending on R and a. The analytical
fit to the pointwise calculated energies is given in Eq. (1)
[14] and a graphical representation in Fig. 2.
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Earlier studies have shown that the global shape of the surface can be understood as being due to Coulomb attraction between NO2 and the positive hole created within the
cluster upon charge transfer and the Pauli repulsion between the NO2 and the O22 anions of the surface [13].
The minimum of the excited state PES is located at a
smaller molecule-surface distance than in the ground state
(Antoniewicz-like [15] desorption scenario) and the NO2 like intermediate prefers an upright position at moderate
distances, in contrast to the tilted equilibrium geometry of
the electronic ground state [13]. As shown in Fig. 2, the
excited state PES possesses a bifurcation which has important consequences for the translational and rotational
distribution of the desorbing NO molecules.
The ground state PES is constructed by adjusting the
topology of the potential used in [16] to ab initio results.
It is characterized by an equilibrium geometry with a 苷
45± and R 苷 5.5 a.u., in which the minimum has been
scaled to fit the experimental binding energy of 0.52 eV
[10]. In Fig. 2, we also indicate the Franck-Condon point
at which the wave packet is transferred from the electronic
ground state to the excited state potential.
The dynamics of nuclear motion on the two PESs of the
ground and the representative excited state is simulated by

FIG. 2. NO兾NiO(100): Charge transfer potential energy surface as a function of the molecule surface distance R and the
polar angle a. FC denotes the Franck-Condon point.
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(1)

three-dimensional wave packet calculations in which the
rotational vibrational ground state wave function of the
electronic ground state is taken as the initial wave packet
c0 for a propagation on the ab initio excited electronic
state PES starting from the Franck-Condon point FC.
The coordinates of the wave packets were chosen as the
molecule-surface distance R, the polar angle a, and the
azimuthal angle w. The desorption scenario is simulated
by transferring the wave packet after propagating it for a
residence lifetime tR on the excited state potential onto
the electronic ground state PES. The wave packet is then
propagated under the influence of the ground state PES,
and the desorbing part of the wave packet is analyzed after
a time tg . In all calculations, the Chebychev polynomial
expansion of the time evolution operator proposed by
Kosloff has been used [17].
Velocity distributions are obtained as momentum space
probability densities in the asymptotic region of the ground
state PES. The propagation in potential free space is performed as a phase shift of the wave function in momentum space according to Heather and Metiu [18]. The
incoherent average scheme for different residence lifetimes
tR of N quantum trajectories proposed by Gadzuk [19]
is applied. The only parameter in this average scheme
is the resonance lifetime t. In order to simulate the experimentally observed state resolved velocity distributions
of the desorbing NO molecules, a resonance lifetime t of
24.19 fs (1000 a.u.) has been selected. This yields a desorption probability of Pdes 苷 3.3% (square-norm of the
wave packet in the asymptotic region) which is in good
agreement with experimental results for oxide systems [8].
It has to be pointed out that this adjustment of the desorption probability to experimental values by selecting the
resonance lifetime is the only empirical input in the simulation of the dynamics of nuclear motion. A full ab initio
treatment of the relaxation process would require the calculation of nonadiabatic coupling elements which is beyond
the scope of this study.
Using this resonance lifetime, velocity distributions are
obtained for selected rotational quantum numbers (Fig. 3).
It is clearly seen that the main experimental features as
shown in Fig. 1 are reproduced. The velocity distributions
are in the correct velocity range and exhibit the experimentally observed bimodality. Furthermore, the coupling of
rotation and translation in the velocity distributions is also
reproduced. Even details of the experimental observations
5209
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FIG. 4. Velocity distribution for a residence lifetime of 52 fs
in the excited state for an angular momentum quantum number
of l 苷 9.

FIG. 3. Velocity distributions for a resonance lifetime of
24.19 fs for different rotational quantum numbers l.

can be understood through the analysis of the time evolution of the initial wave packet on the excited state PES.
Because of the bifurcation shown in Fig. 2, two pathways
exist on the excited state PES which different partial wave
packets can take. Pathway 1 results in wave packets taking a way along the valley of the potential. This leads to an
accumulation of a large amount of kinetic energy and short
molecule-surface distances before the relaxation onto the
ground state PES occurs. On the other hand, pathway 2 results in an early deacceleration of the wave packet, relaxation at large distances R, and slowly desorbing particles.
Thus, the bimodality of velocity distributions is the result
of a bifurcation of the wave packet due to the topology of
the excited state PES. This conclusion has been proven
by a thorough analysis of the wave packet dynamics [11].
As one example, the velocity distribution after a residence
lifetime of tR 苷 52 fs in the excited state is presented in
Fig. 4 to demonstrate these features.
The crucial role of the topology of the PES emphasizes
the essential need for the ab initio calculation of excited
state PES to allow a realistic simulation of nuclear motion.
It seems very unlikely that any empirical estimate of an
excited state PES would have guessed a topology similar
to that of our PES, which is important even for a qualitative
understanding of experimental results.
5210

The quantitative analysis of the final state distributions
turns out to be more complicated because of the influence
of the ground state potential on the nuclear motion after the
relaxation. Detailed studies will be published elsewhere
[11]; however, the ground state PES does not affect the
main results presented in this paper as far as the origin of
bimodality is concerned.
In conclusion, we presented the first three-dimensional
wave packet study for a DIET process using nonempirical
ab initio potential energy surfaces. It has been shown that
even details of the observed final state distributions can
be quantitatively reproduced. A new mechanistic understanding of experimental results, in particular the origin of
bimodal velocity distributions, has been achieved.
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