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ABSTRACT

In this paper we discuss theoretical investigations of UV-laserinduced desorption of NO-molecules from Nickeloxide-(100)-
surfaces. We focus on the interpretation of experimental results (velocity-distributions of the desorbing molecules, rotational
and vibrational distributions) by performing for the first time high quality ab initio configuration interaction (CI)
calculations for the construction of two dimensional potential energy surfaces of the ground and excited states involved in
the desorption process.

We were able to characterise these states as charge transfer states, where an electron is transferred from the surface into
the NO-2n-orbital. Potential energy surfaces for the intermediate NO™-like states have been constructed by varying the
molecule-surface distance and the tilt angle of the molecule axis with respect to the surface normal. The characterisation of
the potential energy surfaces allows for a mechanistic insight into the driving forces of nuclear motion.

Three dimensional wave packet calculations on the ab initio potential surfaces have been performed to simulate the
experimentally obtained state resolved velocity distributions of the desorbing NO-molecules. It has been possible to simulate
experimental details like desorption cross sections, bimodal velocity distributions and the coupling of rotational and

translational degrees of freedom on the basis of our first principles calculations.
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1. INTRDODUCTION

State resolved laser induced desorption of small molecules from well-characterized metal or oxide surfaces has become a
very active field of fundamental research during the recent years'. Many experimental studies yield a great amount of
detailed results, which are mostly interpreted by classical or semi-classical models?. Quantum-mechanical descriptions have
also been presented®” but, in genéral, a quantitative simulation of experimental results suffers from the lack of sufficiently
accurate potential energy surfaces (PES) especially for the excited electronic states involved in the desorption process.

Recently, the very first calculation of excited. states involved in the “desorption induced by electronic transitions” (DIET)
process for the system NO/NiO(100) has been reported®. A characterisation of these states has been performed® and an
analytical expression of a representative PES has been presented’®. In the present paper, the selection of a representative
excited state of the cluster/adsorbate system and its efficient calculation on the basis of a configuration interaction (CI)
approach is discussed. :

The ab initio calculated PES are used as the basis of three-dimensional (3D) wave packet calculations which allow for a
direct comparison with experimental results such as rotationally-vibrationally state resolved velocity distributions of the
desorbing NO-molecules. The experimental investigations have been performed by Mull et al.'' and the main results are
presented in figure 1, where velocity distribution of the desorbing NO-molecules in different rotational/vibrational states are
illustrated.
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As a characteristic feature of all velocity distributions a bimodality is observed consisting of two non-thermal desorption
channels. Additionally, a decoupling of the internal NO-vibration and the translation of desorbing NO-molecules is indicated
by the similarity of all velocity distributions for different vibrational quanta but for a constant rotational quantum number
(J7'=9.5, left side of figure 1). Obviously, the NO-vibration is not a relevant coordinate in order to understand the shape of
the velocity distributions, so that in quantum chemical calculations this coordinate can be neglected in a first approximation
Therefore, in the construction of potential energy surfaces the NO-distance is fixed to be rno=2.175 a4 according the NO gas
phase value®, In contrast to this, a coupling of rotation and translation in the fast desorption channel is observed for a
constant vibrational quantum number (v''=1, right side of figure 1). Therefore, the rotation of the NO-molecule has to be
included in all simulations of the experimental velocity distributions.

2. METHODS OF CALCULATION
2.1 QUANTUM CHEMICAL CALCULATIONS
The NiO(100) surface is represented by a cluster model containing a NiOs* -cluster embedded in a semi-infinite Madelung

potential of point charges ( 2). In the fcc lattice structure the distance between the cations and anions is chosen to reproduce
the experimental value of about 3.93 a,'2. The cluster model including an adsorbed NO-molecule is shown in figure 2.
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Figure 2. The NiOs¥ -cluster embedded in a semi-infinite
potential of point charges (only the uppermost layer is
shown).




All ab initio calculations have been performed with the Bochum open-shell program package using restricted open shell
Hartree Fock (ROHF)®, complete active space self-consistent field (CASSCF)" and configuration interaction (CI)"
programs. The basis set used consists of a 13s6p4d basis of Roos et al.'®, a 7s3p basis of Huzinaga'’, contracted to double
zeta quality for the O?~-ions and a 9s5p basis of Huzinaga'” for nitrogen and oxygen of the NO molecule, contracted to triple
zeta quality. The basis set for the NO-molecule has been extended by one diffuse p-set with the exponents 0.05 and 0.06,
respectively. Furthermore, the basis of the O cluster ions is extended by a semidiffuse s- and p-set with an exponent of 0.1
in order to describe the larger spatial extend of the wavefunction compared to neutral oxygen atoms.

In order to construct an appropriate reference determinant for the subsequent configuration interaction calculations of the
intermediate excited states the experimental evidence of NO™ being the intermediate during laser induced desorption has to
be considered'’. The NO--like character of the excited states is controversially discussed™'® but detailed theoretical
investigations on this subject support the hypothesis of an NO™ to be involved'®. Therefore, the reference determinant for our
Cl-calculations has to be constructed to ensure a proper description of these states. This is achieved by calculating the SCF
(high multiplicity) ground state of the system NiOs*"-NO™ at a quasi infinite distance of r(Ni-N) = 5000 a,. This distance
results in a complete separation of cluster orbitals and NO™ orbitals, so that molecular orbital basis of the NO is especially
suited for the description of NO™. This fixed set of frozen orbitals is used for the construction of the reference determinant of
all CI calculations at shorter distances.

In a previous paper® we reported the results of CI calculations in which the Cl-space has been generated by performing
single and double excitations (CISD) out of the reference determinant within the subspace of the 15 O2p-, the five Ni3d- and
the two NO 2n-orbitals of the cluster-adsorbate system. As discussed in detail this procedure results in a proper description
of the NO™-like charge transfer states, where an electron is transferred out of the cluster to the NO molecule. These states are
obtained as highly excited states of the system located at (semiempirically corrected) excitation energies of about 4 eV above
the ground state. At excitation energies between 0 eV and 4 ¢V many states have been found, which can attributed to
localized dd-excitations within the Ni**-ions. These states have also been experimentally observed and theoretically
assigned?®. Regardless the fact, that these states are not relevant for the understanding of laser induced desorption, they have
to be calculated as lower roots of the Cl-matrix, resulting in serious convergence problem when higher roots, corresponding
to the charge transfer states, are calculated.

In the present paper we introduce a truncated Cl-expansion in which the charge transfer states and the ground state are
obtained with a similar accuracy compared to the CISD. This expansion omits the dd-excitations, so that only configurations
important for the description of the ground state and the charge-transfer states are taken into account. In this expansion the
NO™-like states turn out to be low excited states, which can be calculated without convergence problems. The reference
determinant is divided into four subspaces and the Cl-space is generated by constructing all determinants which correspond
to the occupation scheme in table 1.

subspace 1 subspace 2 subspace 3 subspace 4
O2p Ni3d (t,,) Ni3d (e,) NO2n
30 3
30
29
30
29
28
30
30
30
30
29
29
29
28
28
27

Table 1. Occupation scheme for the truncated Ci-
expansion. All determinants matching this
occupation scheme are included in the CI-
expansion. The numbers in the table correspond to
the numbers of electrons within the defined orbital
subspaces.
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The results of the truncated Cl-expansion should be compared with energies of the CISD. Table 2 contains for a tilted
geometry (r(Ni-N) = 5.0 a,, o = 45°) the total energies of the A’ ground state, the lowest ‘A" excited state and the A’
charge transfer state, which is selected as a representative NO™-like state,

CISD | truncated CI
state energy / Hartree state '
A -2017.503655 A
‘A’ -2017.501955 ‘A Table 2. Comparison of total energies of CISD
SA" -2017.249822 SA! and truncated CISD (1 Hartree = 27.21 eV),

It is clearly seen that the computational favourable truncated Cl-expansion is sufficiently accurate, because the maximal
error turns out to be only 50 pHartree (1.4 meV). All calculations for excited state potential surfaces described in section 3
have been performed within the truncated Cl-scheme.

2.2 WAVE PACKET DYNAMICS

The nuclear motion is simulated under the influence of the two PES’s of the ground state and of a representative excited
state. The dynamics of the nuclei is treated quantum mechanically taking three degrees of freedom into account (distance R
of the centre of mass of the molecule, polar angle o (tilting angle molecular axis against surface normal), and azimuth angle
B). The time evolution operator is expanded in a series of Chebychev polynomials as proposed by Kosloff*"*? and the wave
function is represented on a three dimensional grid. The grid parameters and further details of the wave packet calculations
can be found elsewhere?,

Generally, the rotational vibrational ground state wave function of the electronic ground state PES is transferred
vertically on the excited state PES and is used as the initial wave function v, for the wave packet dynamics on the excited
state PES starting at the Franck Condon point FC. The desorption scenario is described within a wave packet jumping
scheme in which the initial wave packet is transferred after a residence lifetime Tr on the excited state to the ground state.
The wave packet is then propagated under the influence of the ground state PES where the desorbing part of the wave packet
is analysed after a sufficiently long propagation time ts. Velocity distributions are obtained from the desorbing part of the
wave packet as momentum space probability distributions in the asymptotic region of the ground state PES, The propagation
in potential free space is performed efficiently by a phase shift of the wave packet in momentum space as proposed by
Heather and Metiu®, . : :

A stochastic incoherent average scheme over N quantum trajectories distinguished by different residence lifetimes T has
been applied. This scheme, originally proposed by Gadzuk et al.%, has been shown to be a rapidly convergent solution of the
Liouville-von Neumann equation for the special case of a constant relaxation probability of the wave packet from the excited
PES to the electronic ground state®. The constant relaxation probability results in an exponential decay of the negative ion
resonance in which the resonance lifetime < enters as a parameter. This single parameter in the average scheme can directly
be interpreted as the spectroscopic lifetime of NO™. Any observable <A>(, for a certain propagation time t and resonance
lifetime T can be obtained as the sum of expectation values <A>(.r) over N quantum trajectories weighted by the exponential
decay factor (equation 1). In the present paper we used this method in order to calculate incoherently averaged desorption
probabilities or state resolved velocity distributions.

' (1)
> ey 22




3. RESULTS
3.1 POTENTIAL ENERGY SURFACES

By performing truncated Cl-calculations described in the last section we were able to obtain many NO™like charge transfer
states of the NO-NiOs®"-system. These states form a quasx-contmuum so that a representative state has to be selected for
which a PES is constructed. Analysing the behaviour of the potential energy of the charge transfer states as a function of the
relevant degrees of freedom (R, o and B) it turns out, that most states exhibit a similar behaviour.

As a function of the molecule-surface distance R the PES for different states are calculated to be very similar and
dominated by the Coulomb attraction of NO™ and the hole created in the cluster upon charge transfer. This results in a deep
potential well with a binding energy of several eV, a long range Coulomb attraction and an equilibrium geometry at smaller
distances R compared to the electronic ground state®.

The variation of the potential energy as a function of the azimuth angle is generally very small (10 meV) for all molecule
surface distances relevant for desorption dynamics as will be published elsewhere”, Therefore this coordinate is not
considered in the construction of the PES.

In contrast to this, the variation of the potential energy as a function of the polar angle o is explicitly taken into account,
because it is strongly coupled to the translational motion’. Figures 3a and 3b illustrate the behaviour of the potential energy
of the six lowest charge transfer states as a function of the polar angle for two selected Ni-N-distances r.
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Figure 3a. Potential energy as a function of polar angle Figure 3b. Potential energy as a function of polar angle
o at a distance of r(Ni-N) = 5.0 a,. o at a distance of r((Ni-N) = 3.5 a,.

At a Ni-N distance corresponding to the equilibrium distance of the electronic ground state (figure 3a, r = 5.0 a;) the
behaviour of the potential energy of the charge transfer states is similar to that of the ground state resulting in a shallow
minimum at o = 45° as has been reported previously®’. The similarity is observed for most of the charge transfer states of
which only the lowest states are shown. At short molecule surface distances (figure 3b, r = 3.5 a,)-an upright geometry is
preferred for all states considered here. For one of these states the behaviour of the potential curves has been analysed® as
being due to a strong Pauli-repulsion of the spatially extended, diffuse NO™-molecule with the O*-anions within the cluster.
Because of the similarity of most calculated potential curves taking one of these states as a representative example can be
regarded as a perfectly valid approach. A detailed discussion about exceptions from this typical behaviour will be a topic of
a future publication”, For technical reasons the selection of the lowest A "-state is the most convenient choice.



For this state a two dimensional PES has been constructed by variation of the molecule surface distance R and the polar
angle a. The pointwise calculated energies have been fitted to an analytical expression, which is given in equation (2)?" and
which is illustrated in figure 4. :

V(R,a)=—-%+i(cosi(a)'(ia‘j -exp(—b; -(R—Ro))+Za;k -exp(—bx -(R—Ro)2J] )

i=0

= k=4

Figure 4. Charge transfer potential energy surface (lowest °A"-
state) as a function of the (center of mass) molecule-surface
distance R and the polar angle o. FC denotes the Franck-Condon
point,

As mentioned before, the gradient of the potential energy results in an acceleration of the molecule towards the surface
and a preference of an upright adsorption geometry. At large distances (R 2 10.0 a,) the PES is dominated just by the
Coulomb attraction of the NO~ and the jonized cluster resulting in a —~1/R dependence of the potential and an isotropic
behaviour in o. At very short distances (R < 3.0 a, not relevant for desorption dynamics) a flat adsorption geometry (o =

crucial in understanding the experimental results and could only be obtained by our ab initio calculations.

The ground state PES is constructed by adjusting the topology of a potential of Baumeister et al.2 to ab initio results®,
The potential is illustrated in figure 5 and is characterised by an equilibrium geometry of o = 45° and R =5.5 a,, where the
binding energy of NO on NiO(100) has been scaled to fit the experimentally obtained binding energy of 0.52 eV,
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Figure 5. Ground state potential energy surface as a function of the
(center of mass) molecule-surface distance R and the polar angle a.
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3.2 WAVE PACKET CALCULATIONS

The two potential energy surfaces introduced in the last paragraph serve as the basis of three dimensional wave packet
calculations described in the remainder of the paper. As mentioned in section 2.2 the only parameter in the stochastic wave
packet average scheme turns out to be the resonance lifetime 1. This parameter has been adjusted once to yxeld a desorption
probability which is comparable with the experimental data (usually a few percent for oxide systems''). The desorptxon
probability Ppgs is calculated by equation (1) taking the square of the norm of the wave packet in the asymptotic region as
the observable to be averaged. It is shown as a function of the resonance lifetime  in figure 6.
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Figure 6. Desorption probability Ppgs as
0.00- a function of the resonance lifetime 1.
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Figure 7 shows that reasonable desorption probabilities between 1% and 5% are calculated if one assumes a resonance
lifetime of 15 fs < 1 < 35 fs. Therefore a representative resonance lifetime of 24.19 fs (1000 a.u.) resulting in Ppgs = 3.3%

has been chosen in order to calculate the state resolved velocity distributions as the observable of interest. The results are
presented in figure 6.
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Figure 7. Velocity distributions for a resonance lifetime
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translation in the fast desorption channel is also observed. A simple mechanistic picture to interpret the results is quite
difficult to construct, because the results of figure 6 are obtained by averaging momentum space distributions of 80 different
quantum trajectories (80 wave packets are necessary to get the sum in equation ( 1) converged), which have been propagated
for different residence lifetimes on two potential surfaces,

lifetime 1z, On the other hand, other partial wave packets might take pathway 2, which results in an early de-acceleration and
a distance of vertical relaxation after the residence lifetime, which is not as close to the surface compared to the trajectories
of pathway 1. Because of the difference in the amount of kinetic energy gained in the excited state PES along the two
pathways and because of the different relaxation distances a bimodal velocity distribution should be expected (at short
relaxation distances more repulsion is experienced by the wave packet in the ground state potential). A detailed study of
phenomena being a possible origin of bimodal velocity distributions has been performed®. In this Paper only one example s
presented supporting the proposed mechanism. Figure 8 shows a velocity distribution of a single wave packet after a
residence lifetime of Tr=52 f5 in the excited state. The distribution is clearly bimodal and an analysis reveals the two maxima
being due to the two different pathways indicated in figure 4.

intensity

. Figure 8. Velocity distribution for a residence lifetime of 52 fs in

-1500 -1000 -500 0 500 the excited state for a angular momentum quantum number of | =9,
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