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Abstract. The experimental velocity distributions of NO desorbing from a
NiO(100)-surface are simulated using a time-dependent wave packet method. In-
cluding the polar angle between the surface normal and the adsorbate molecular axis
yields bimodal distributions in the correct velocity range and reasonable desorption
probabilities if a resonance lifetime on the order of 25 fs is assumed. For two-
dimensional simulations, an angular-independent charge-transfer-state was chosen
as excited state in order to investigate the influence of the electronic ground-state on
the final state distributions. We compare our results with wave packet calculations
using a representative ab initio angular-dependent excited-state potential energy
surface using a three-dimensional Hamiltonian.

1. INTRODUCTION

The theoretical description of laser-induced desorption
has made considerable progress since the early days of
Menzel, Gomer, and Redhead, who developed the fun-
damental ideas of DIET (desorption induced by elec-
tronic transitions)."? Since then, there have been notable
advances in characterizing the potential energy surfaces
involved in the desorption process as well as in the
description of the dynamics of nuclear motion.*"

However, a detailed understanding of experimental
results still remains a challenge, but much progress has
been achieved in the last few years.” Recently, an ab
initio potential energy surface (PES) for the electroni-
cally excited state involved in the desorption process of
NO from NiO(100) has been calculated.'? It turned out
that an Antoniewicz scenario* involving NO~ as an inter-
mediate results in a consistent description of all experi-
mental data.'>' In the present paper we focus on the
interpretation of bimodal velocity distributions obtained
during laser-induced desorption of NO from NiO(100)
as a well-characterized adsorbate substrate system.'>"
We address especially the importance of the rotational
coordinate for the qualitative understanding of the shape
of the distributions which are a basic feature of experi-
mental results.
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2. ONE-DIMENSIONAL WAVE PACKET
CALCULATIONS

2.1. Computational Methods and Parameters

The wave packet calculations of the nuclear wave-
function were carried out in a discrete representation
using an equidistant grid covering a range from 3 au to
14.5 au with 512 gridpoints. This is sufficient to repre-
sent a maximum momentum of about 140 au in the
interaction region of the potentials. The desorbing part
of the wavefunction is separated and propagated in mo-
mentum space by the method proposed by Heather and
Metiu'® with the transfer function

1
=1-
f trans 1+ exp (a . (Z - Zxrans))

witha=6.0auandz,_=12.6 au. €))
The time evolution Y(7) = exp(— ,'7 ‘H-t ) y(t=0) was
calculated by expanding the time evolution operator
Uty=exp(- & - fIA- t ) in a basis of complex Chebychev
polynomials @, (X ) with the Hamiltonian as an argu-
ment. !5
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We performed a wave packet jumping procedure, in
which the rotational vibrational ground-state wave
packet of the electronic ground state is transferred verti-
cally to the excited-state PES. After certain fixed resi-
dence-times ¢, of the excited wave packet it is vertically
quenched and propagated on the ground-state potential
until the desorption probability (the asymptotic square
norm of the wave packet) is converged as a function of
propagation time. This is generally the case after a total
simulation time of about 1.5 ps.

According to Gadzuk,** any general observable
A(t,) resulting from such a wave packet jumping proce-
dure is calculated by performing a stochastic averaging
procedure. Assuming an exponential decay of the ex-
cited-state population, the only parameter in this ap-
proach is the lifetime 71 of the negative ion resonance

a0 ool )

G
A(T)=— ~ ;
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2

The index n accounts for the quantum trajectory with
the fixed residence-time ¢,. The resonance lifetime T can
be interpreted as the spectroscopic lifetime of the nega-
tive ion resonance. In the one-dimensional approach, up
to 500 different residence-times ¢,, separated by At =
100 au were used in the averaging procedure of eq 2.
This high value of N = 500 guarantees a converged
result in case of all chosen values of the resonance
lifetime T (see below).

2.2. The Potentials

The potential energy configuration in the one-dimen-
sional calculations consists of a ground-state V,(z) and
an excited charge-transfer-state V(z), as shown in Fig. 1.
The potential energy curve of the charge transfer-state
results from ab initio calculations using a NiO,¥ cluster
embedded in a Madelung field using an extended con-
figuration interaction approach.? It turns out that a
transfer of one electron from the substrate to the adsor-
bate results in a NO- like intermediate, for which the
desorption scenario is Antoniewicz-like.

In this study, the one-dimensional curve resulting for
a fixed adsorption geometry with a 45° angle with re-
spect to the surface normal was chosen. An analytical fit
to the complete two-dimensional potential energy sur-
face can be found elsewhere."?

The ground-state V,, is a one-dimensional version of
the slightly modified two-dimensional potential energy
surface of Smedley et al.2* It was originally derived from
experimental data of NO scattering from a Ag(111)
surface.” Again, the 45° curve was constructed to repro-
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Fig. 1. One-dimensional PES configuration with the vertical
shift corresponding to an excitation energy of AE = 6.4 eV.

duce the results of near-edge X-ray absorption fine struc-
ture (NEXAFS) spectra for the NO/NiO(100)-system. "
An analytical expression of the two-dimensional potential
energy surface is given in ref 26. The one-dimensional
version is very well represented by the Morse potential

V(2=D, (1 -exp-0- 2-2z))’-D, (3

with D, = 0.0182 au, o = 0.825 au™, and z, = 5.56 au.
The dissociation energy matches the experimental value
of about 0.5 eV."

2.3. Results

The two experimental observables—namely, the de-
sorption probability and the asymptotic velocity distri-
bution of the desorbing species resulting from a one-
dimensional treatment—are shown in Figs. 2 and 3 as a
function of the resonance lifetime T. The desorption
probability shows the typical saturation at very high
resonance lifetimes which are only of theoretical inter-
est. In the case of these large resonance lifetimes within
the saturation regime, the computations for the large
residence-times mentioned in section 2.1 are needed in
order to get converged resuits. The range of more realis-
tic values is shown enlarged in the inset. From Fig. 2 a
resonance lifetime of the excited-state wave packet in
the range between 15 fs and 35 fs can be estimated
because this range yields desorption probabilities per
excitation event between 1% and 10%. This range is
consistent with the experimental desorption cross sections
measured for oxide systems which are one to four orders
of magnitude larger than for typical metal systems.”’
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Fig. 2. Lifetime-averaged desorption probability P, as a func-
tion of the resonance lifetime 7. The inset shows the course for
T<35fs.

Figure 3 shows k-space probability densities which
directly correspond to velocity distributions. These ve-
locity distributions were calculated by separating the
asymptotic parts of the wavefunction as described in
section 2.1, followed by lifetime-averaging the corre-
sponding k-space probability densities Iy, (z,). The
intensities of the distributions shown in Fig. 3 were
rescaled to allow for an easy comparison. All of the
presented distributions are located within the experi-
mental velocity range of 0-2500 m/s; the maximum of
the distributions is slightly shifted towards higher ve-
locities if the resonance lifetime T increases, especially
when considering the difference seen between T =12 fs
and T = 24 fs. As expected, the shapes of the velocity
distributions do not show any features in this one-di-
mensional treatment.

0 10 20 30 40 50 60
momentum / au

Fig. 3. Lifetime-averaged velocity distributions (50 au = 2000
m/s). The intensities of the three distributions were scaled.
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3. TWO-DIMENSIONAL WAVE PACKET
CALCULATIONS

The velocity distributions resulting from one-dimen-
sional calculations are monomodal after carrying out the
lifetime-averaging procedure, as was shown in the last
section. For this reason, the dimension of the wave
packet simulations was increased in order to investigate
the influence of an angular coordinate, especially with
respect to the features of the velocity distributions of the
desorbing NO molecules. In the calculations presented
in this section, the angle 0 between the surface normal
and the NO axis is included as a further dimension. The
distance coordinate z still accounts for the distance of
the center of mass point of the NO molecule from the
surface, as indicated in the inset of Fig. 4.

3.1. The Hamiltonian

The Hamiltonian used in the two-dimensional simu-
lations consists of a kinetic energy part 7, which treats
the rotation of the NO-molecule like the one of a particle
on a ring:

2 2 2 2
I:I(z,0)=——2f_l—M-§—zz—{—'7-%+V(z,6) @)
with I=p- 7~ %)

| z/an " O/rad

Fig. 4. Two-dimensional PES configuration with an
Antoniewicz-like desorption mechanism indicated. The
ground-state PES displays two minima of about 0.5 eV, corre-
sponding to two possible 45° configurations.
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In eqgs 3 and 4 the symbols M, I, 1, and r, denote the
total mass of the NO molecule, the moment of inertia of
the NO molecule, the reduced mass of NO, and the
equilibrium distance (r, = 2.175 au) within the NO
molecule, respectively.

The angle 0 is defined on the interval [0:27], allow-
ing for a full rotation of the NO molecule in a plane
perpendicular to the surface.

In the two-dimensional approach the two coordinates
can be treated separately by means of Fourier transfor-
mations to the corresponding momentum representa-
tions, where the operation T-W is evaluated in a
straightforward manner." It simply consists of a multi-
plication of the wavefunction by the kinetic energy
spectrum k> /2 - m in the distance coordinate and by the
rotational energy spectrum k, / 2 - I in the angular coor-
dinate.

3.2. Computational Methods and Parameters

The grid parameters with respect to the distance co-
ordinate z do not differ from those mentioned in section
2.1. An equidistant grid in the 6-coordinate was con-
structed to range from O to 2m with a grid spacing of
exactly Ak, = 1.0 au in the angular momentum represen-
tation consisting of 64 gridpoints in 6. Transfer function
(eq 1) was again used in the distance coordinate to
separate the desorbed parts of the wavefunctions.

3.3. The Potentials

In these two-dimensional studies, the charge-trans-
fer-state V(z,0) was assumed to be angular indepen-
dent. For this reason, the dependence of the potential
energy on the distance coordinate z was assumed to be
the one of the 45° geometry (shown in Fig. 1) for all
polar angles 6. This assumption is considered as a rea-
sonable first guess and allows for an interpretation of the
results presented in the next section in a very straight-
forward manner.

As discussed above, the angle 0 is defined on the
interval [0:2r]. This is the reason for the existence of
two minima in the ground-state potential V (z,8) shown
at the bottom of Fig. 4. These two minima with a depth
of 0.49 eV correspond to a 45° and 315° geometry,
which are equivalent by symmetry. The ground-state
potential is characterized by a mirror plane at 8 = T, the
potential energy barrier between the 45° and the 315°
geometry is 0.35 eV at the equilibrium distance z = 5.6
au. This ground-state potential is a modified version of
the potential energy surface used in refs 24-26.

3.4. Results

Before presenting the results of the two-dimensional
study, one aspect of the computational procedure has to
be clarified at this stage. In order to be able to assign the
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one-dimensional velocity distributions with the ‘“par-
ticle on a ring” quantum number m, each quantum tra-
jectory is calculated with an initial wave packet once
localized in the 45° minimum and once localized in the
315° minimum of the ground-state potential. The distri-
butions resulting from these two starting conditions
have to be averaged in order to describe the twofold
degeneracy of the rotational levels with the quantum
number m correctly. One could get the same result by
simple symmetry considerations.

Due to the angular independence of the excited-state
potential, the lifetime-weighted total desorption prob-
ability as a function of the resonance lifetime T does not
differ significantly from the results of the one-dimen-
sional treatment and is not shown here. This behavior is
different from the results presented in another study,
where a one-dimensional treatment is compared with a
two-dimensional investigation as well.?8

Figure 5 shows the lifetime-averaged and angular
momentum resolved velocity distributions assigned
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Resonance lifetime: 24 fs

0 500 1000 1500 2000 2500

velocity / m/s

Fig. 5. Lifetime-averaged velocity distributions resulting from
the two-dimensional calculations. Shown are the distributions
of the first six angular momenta in case of a resonance lifetime
T =24 fs (1000 au).



with the quantum numbers m = 0 up to m = +5. A
resonance lifetime of T =1000 au (= 24 fs), which yields
a reasonable desorption probability of 5%, was chosen
for the averaging procedure. First of all, it is observed
that the velocity distributions show significant bimodal
features even after a lifetime-averaging procedure. This
is certainly a result of the inclusion of an angular coordi-
nate into the wave packet simulations. Furthermore, the
experimentally observed shift of the fast channel to
higher velocities with increasing rotational excitation in
case of a fixed vibrational state'’ occurs in the simulated
velocity distributions as well. This coupling of transla-
tion and rotation is indicated by the solid line in Fig. 5.
Finally, the velocity range of the desorbing species
matches the experimental one ranging from 0 m/s to a
maximum value of 2500 m/s. These results are encour-
aging, especially considering the simplicity of the cho-
sen model, but an analysis of the origin of the features
within the velocity distributions, for example, is diffi-
cult. One reason for this difficulty is the fact that the
distributions shown in Fig. 5 are lifetime averaged. A
more detailed analysis, which will be published else-
where, has revealed that different Franck—Condon re-
laxation regions of the excited state wave packet onto
the ground-state potential yield significant features in
the asymptotic momentum space distributions.” For ex-
ample, in case of a fixed residence-time in the excited
state, the resulting bimodal features in the velocity dis-
tribution can be resolved by simply dividing the
quenched wave packet into two partial wave packets
with respect to the angular coordinate.””

Figure 6 emphasizes the importance of the angular
dependence of the ground-state potential. In this case
both potential energy surfaces were chosen to be angu-
lar independent, with the 45° geometry representing the
z-dependance of the potential energy for all polar
angles. Using the rotational vibrational ground-state
wave packet as the initial wavefunction, the resuiting
velocity distributions are monomodal and do not show
any features at all in this case of a fixed residence-time
of 72 fs of the wave packet in the excited state. A
stochastic lifetime-averaging procedure yields essen-
tially the same results.

In conclusion, the inclusion of the angular coordinate
in our calculations is crucial even for a qualitative un-
derstanding of the experimental velocity distributions.

4. THE THREE-DIMENSIONAL HAMILTONIAN
The treatment in the former sections is very simplified,
because the complete description of the degrees of free-
dom of a desorbing molecule should include another
coodinate, namely the azimuthal angle ¢. This angle
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Fig. 6. Velocity distributions for an angular-independent
ground-state PES. In this case the distributions of the first six
angular momenta are shown for a fixed excited-state resi-
dence-time T = 72 fs (3000 au).

accounts for the rotation of the NO molecule around the
surface normal. Efficient methods of solving the time-
dependent Schrodinger equation including spherical co-
ordinates are proposed and applied to simulate velocity
distributions resulting from a DIET process in a more
advanced manner.**!? The angular part of the three di-
mensional Hamiltonian
L 5
M 3z 21"
. 2\ -

(5_1}1—9— . aie . smeaie+si—iz—é . 3T)2)+ V(2,6,9)
is mapped on the initial wavefunction after a Gauss—
Legendre—Fourier transform between the coordinate
and conjugate angular momentum representations. The
translational kinetic energy operator is still evaluated by
a Fourier transform. By performing high quality ab
initio configuration interaction (CI) calculations,'” a
representative charge transfer state in z and 8 was con-
structed. This potential energy surface has been shown
to be nearly isotropic in the azimuthal angle ¢.2

The final state distibutions resulting from the wave

H(z0.0)=-
(6)
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packet calculations with the three-dimensional Hamilto-
nian (6) using the angular dependent ab initio charge-
transfer-state potential'? are shown in Fig. 7. The life-
time-averaged distributions are calculated for a reso-
nance lifetime of 24 fs (yielding a desorption probability
of 3.3%) and are this time assigned by the correct free
rotator quantum number 1. A very interesting aspect
concerns the nuclear dynamics on the ab inito excited
state. If the corresponding momentum distributions are
observed during the excited state wave packet propaga-
tion, clear bimodal features are present after some
femtoseconds.'? These features are caused by the gen-
eration of two partial wave packets due to the topology
of the ab initio PES and justify the interpretation of the
shape of the experimental velocity distributions in terms
of a geometric bifurcation on this charge transfer state.
In this context, a new mechanistic insight has been
gained in the sense that bimodal features in the velocity
distributions already arise during the propagation of the
wave packet on the excited-state PES. However, the
topology of the excited-state PES is a result of a compli-
cated interplay between Coulomb attraction and angu-
lar-dependent Pauli-repulsion. A detailed analysis will
be presented in a forthcoming paper.

1 =34 "1’
A
e
v
1=32 ; .f'f

T T T

800 1200 1
velocity / m/s

0 400 1600

Fig. 7. Lifetime-averaged velocity distributions resulting from
wave packet calculations with the three-dimensional Hamilto-
nian. Shown are the distributions for six arbitrary rotational
quantum numbers 1. A resonance lifetime of T = 24 fs (1000 au)
was used.
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5. SUMMARY
Performing time-dependent quantum-mechanical wave
packet simulations, we have investigated the influence
of an angular coordinate on the resulting asymptotic
velocity distributions of NO desorbing from a NiO(100)
surface.

In all cases, reasonable desorption probabilities are
calculated if a resonance lifetime of the excited state on
the order of 15-35 fs is assumed. This lifetime of the
intermediate occurring in laser-induced desorption of a
small molecule from an oxide surface seems to be sig-
nificantly larger than in the case of systems where met-
als are involved.

In the one-dimensional treatment the asymptotic ve-
locity distributions are monomodal, as is obvious and
expected.

Including the polar angle between the NO axis and
the surface normal yields bimodal velocity distributions
in the experimental velocity range even after a lifetime-
averaging procedure. In this part of the study the bimo-
dality in the velocity distributions has been traced back
to the angular dependence of the ground-state potential
as a reason for this phenomenon.

However, including formally also the azimuth angle
¢ accounts for the most realistic and advanced descrip-
tion of the DIET process. In this approach the reason for
this bimodality of the velocity distributions, which is
observed in experiment, has been shown previously to
be due to the topology of a representative charge trans-
fer state which takes part in the desorption process and
which has been calculated on an ab initio basis. The
bimodality in the final state distributions occurs within
this argumentation because the wave packet bifurcates
on the charge transfer state where it has been transferred
by the exciting laser. Therefore, bimodality turns out to
be a feature that already occurs when a wave packet
propagates on the excited state PES. This new aspect
would not have been found without having considered a
non-empirical excited-state potential energy surface.
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