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of potential surfaces for intermediate excited states

T. Kluner and H.-J. Freund
Lehrstuhl fur Physikalische Chemie I, Ruhr-UniverditBochum, Universitsstr. 150,
44780 Bochum, Germany

J. Freitag and V. Staemmler
Lehrstuhl fu Theoretische Chemie, Ruhr-Universi@ochum, Universitisstr. 150,
44780 Bochum, Germany

(Received 3 August 1995; accepted 22 March 1996

In order to interpret the experimental results of the state resolved UV-laser-induced desorption of
NO from NiO(100 (rotational and vibrational populations, velocity distributions of the desorbing

NO molecules, etg. we have performedib initio complete active space self-consistent field
(CASSCH and configuration interactiofCl) calculations for the interaction potential between NO

and the Ni@100 surface in the electronic ground state and for those excited states which are
involved in the desorption process. The NIOO—NO distance and the tilt angle between the NO

axis and the surface normal have been varied. A cluster model containinda-bliGter embedded

in a Madelung potential has been used for representing thé18@D surface. The excited states
which are important for the desorption process, are charge transfer states of the substrate—adsorbate
system, in which one electron is transferred from the surface into the idGratal. The potential

curves of these excited charge transfer states show deep m{dire¥-5 eV} at surface/NO
distances which are smaller than that in the ground state. The angular dependence of these potentials
behaves similar as in the ground state. A semiempirical correction to the calculated excitation
energies has been added which makes use of the bulk polarization of NiO. With this correction the
charge transfer states are considerably stabilized. The lowest excitation energy amounts to about 4
eV which is in reasonable agreement with the onset of the laser desorption observed experimentally
at about 3.5 eV. The density of the N@ike states is rather high, so that probably several excited
states are involved in the desorption process. The potential energy curves for all of these states are
quite similar, but the transitions from the ground state into different excited charge transfer states
show strongly differing oscillator strengths, which are also strongly dependent on the surface/NO
distance. This fact is important for the dynamics of the deexcitation process in the sense of a
selection criterion for the states involved. The magnitude of the oscillator strengths is large in
comparison with the excitation of NO in the gas phase, which might be an indication for the
possibility of optical excitation processes. One dimensional wave packet calculations on two
potential energy curves using fixed lifetimes for the excited state in each calculation have been
performed and enable us to estimate the mean lifetime of the excited state to ker&®fs. This

implies that the dynamics of the system is dominated by the attractive part of the excited state
potential. © 1996 American Institute of PhysidsS0021-960606)02024-1

I. INTRODUCTION tion (CIl)- or multiconfiguration self-consistent fielMC-
) ) SCH level have been used. However, cluster size effects
The laser-induced desorption of small molecules fromyegyt in serious problems with respect to the convergence of

well chara}cter_lged surfaces has been a matter of experimentgle c4\culated properties. A review of the theoretical descrip-
investigation$™’ and theoretical work for many years but the tion of adsorption phenomena in general has recently been

details of the mechamsm are hardly understood, SO that Ofte[:r)]ublished by Saueet al'? As has been pointed out by Jen-
only a rather qualitative picture is used to describe the fun: . 13
[,>> some progress can be expected for ground

nison et a
damental processes. . ’
A full theoretical description of such processes requiress'tates by the use of gradient corrected LDA functiotalfs

sufficiently accurate potential energy surfaces for the elec@d massively-parallel computer codésFirst calculations
tronic states involved as well as efficient algorithms for treat-USing these techniques have been presented for NO apd NH
ing the dynamics of the nuclear motion. on Pd(100.1"

As far as the potential surfaces are concerned many in- Up to now, allab initio calculations for the desorption of
vestigations have been performed for metal-adsorbate sy§mall molecules from metal surfaces concentrated on the de-
tems such as CO on Ni00®° or CO/Pd100).1* Mostly  scription of ground state properties, whereas excited states
rather small cluster models and conventional quantunihad to be treated semiempiricdifyor totally empirically as
chemical ab initio methods up to the configuration interac4n the classical MGR pictur&:?°
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Compared to metals, ionic systems such as (18D),
exhibit some principal advantages. The strong ionicity al- Z
lows a local description of the electronic structure at least of
the transition metal ion and justifies the use of a rather small
cluster compared to calculations on metal surfaces. Thus it is
possible to calculate ground state potential surfaces for the
adsorption of small molecules such as CO or NO by means
of high quality ab initio technique%-?2 including electron
correlation effects. In this paper we present the fisinitio
cluster calculation at the MCSCF/CI level for bognound
and excited statemvolved in a desorption induced by elec-
tronic transitiongDIET) process. The knowledge of the po-
tential energy surfaces of the excited states is crucial for a
deeper insight into the principal mechanism of the desorption
process, which should be regarded as one of the most ek, 1. The Nid -cluster embedded in a semi-infinite potential of point
ementary steps in surface photochemistry. charges(only the uppermost layer of them is showiThe tilt angle of the

Our present calculations have been stimulated by experfyo molecule adsorbed on the cluster is 45° with respect to the surface

. . ormal (Ref. 26.
ments on the fully state resolved laser-induced desorption of
small molecules from different well characterized oxide sur-
faces, which have been performed in our group during th
recent year§2~2"For the system NO on NiQ00) the main

Ffl. METHODS OF CALCULATION

experimental results can be summarized as follows: A. Cluster model
Site22.26.28-31 which consists of a fcc lattice structure for the#Nand G~

. . . . 435 i
(b) The binding energy is determined by thermal desorpions: The NiO distance is about Z.OE?E and each nickel
tion spectroscopyTDS) to be 0.52 e\?8 ion is sur:rourcl;jed Iby silx.ox%jgent:ogs er:h o_c(t);hedrsl sym-
(c) The tilt angle between the molecular axis and the Sur__metry. The N molecule IS agsorbe .att e KNI sur ace
6 in the on-top position on the Kii ion with the N atom point-
face normal turns out to be 452, : . .
. . . ing towards the metal ion. Experimental resultsRUPS
(d) Desorption experiments were performed with laser en- ~ o . : .
ergies between 3.5 eV and 6.4 eV; the desorbing NOLISIng a thin f!lm of NiQ100 on.N|(100) and a NiG100
molecules were énal sed b ' rotaiionall and Vibra_surfaoe of a single crystal cleavedvacuohave shown that
ionallv state resolvedydetect?/on A thres?]/old ~ abouthere is little dispersion within the Nid® bands?® For this
y . : . . teason one can assume that there exists no direct Ni—Ni in-
3.5eV hat?’ beten obtaltntedbbelow Wr;%‘? gggadesorpt'o%raction. Therefore we have chosen a small cluster as a
Cross section rns out to be very smiail.™ model system for the NiQ@00) surface which contains only
(e) We observed velocity flux distributions of the desorb-gne N2™ ion and five adjacent © ions??® The NiCE~
ing NO molecules showing two maxima which can becjyster is embedded in a semi-infinite Madelung potential
assigned to two nonthermal desorption chanffels. which simulates the influence of the bulk ions on the cluster,
(f) A coupling between rotational and translational de-especially the long-range Coulomb interaction between the
grees of freedom was found in the fast desorptionionic lattice and the cluster adsorbate system. The Madelung
channef* potential is built up by point charges2; we assume a totally
(g) The vibrational temperature is obtained to be aboufonic structure and use a modification of the Evjen-

2000 K, while rotational temperatures are characterissummation metho& The whole cluster model including an

tically much smallefbetween 250 K and 450)$* adsorbed NO molecule is shown in Fig. 1.
(h) NO~ is postulated as a probable intermediate during  This cluster model possesses an artificial dipole moment
desorptiort* of the order of 1 a.u., caused mainly by the point charges of

) ] o o +2 next to the @ ions which polarize the electron density
While detailed theoretical investigations of the ground statgy the cluster into the direction of the adjacent point charges.

of the NO/NIQ100 system have been presented in an earlieip, earlier calculations for neutral adsorbate systems like CO,
work “=“*““we focus in this paper on the excited statesNO, H, and CH?12228:37.3%he influence of this artificial di-
involved in the desorption process and we present the resulgﬁﬂe moment could savely be ignored, but the interaction
of some calculations for potential energy curves and oscillapetween a dipole moment of 1 a.u. and the negative charge
tor strengths. We also have performed preliminary wavesf an approaching NOion, which has been proposed as an
packet calculations for the nuclear motion in order to obtainintermediate, is too large to be neglected. One possible way
some information about the mean lifetime of the excitedto eliminate this dipole moment is a modification of the
states and compared them to the results of classical trajectoadelung potential which has been achieved in the follow-
calculations’® ing way3® All point charges in the first layer are changed to

J. Chem. Phys., Vol. 104, No. 24, 22 June 1996
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The basis set used consists of thes@@4d basis of

Halau, Rooset al*® for Ni, 7s3p of Huzinagé’ for the &~ cluster
0.5 - ions contracted to DZ quality and thes®p basis of
03} Huzinag4’ for the nitrogen and oxygen atoms of the NO
01 L molecule and for M§", contracted to TZ quality. The basis
nERt of the oxygen ions in the cluster has been extended by add-
03 ing one semidiffuses- and p-set with an exponent of 0.1 in
el order to describe the greater spatial extent of tife @ns
05 compared to neutral oxygen atoms. For a similar reason, i.e.
R TS R for a better description of an NOion, the nitrogen and
% reduction oxygen basis for NO have been extended by one diffuse

p-set with the exponents 0.05 and 0.06, respectively.
FIG. 2. The dipole moment of thfMggNiOs]** cluster in the Madelung

field as a function of the reduction of the distance between the first and th%_ Cl CaICU|a_t|0nS generally require O,ne common set of or-
second layer. itals from which the reference determinant and all necessary

excited configurations can be built up. We have generated
such orbitals in two wayga) The SCF(=high multiplicity)

+2.4 and in the second layer t02.3, while the rest of the ground state of the system NO-NO" was calculated at a

Madelung potential is unchanged. This modification of thenickel—nitrogen distance dR(Ni-N)=5000a,. This large
. distance ensures that the orbitals are totally separated into
Madelung potential produces a change of the electron den-

sity towards the positive charges in the first layer and resuIt%l‘?rztzeénogbgélzrzirlglsl\,lﬁv(z:ﬁ?; Jshéz {thehdesceltc(glcourgttﬁc:rfs
in a decrease of the dipole moment. There exists no stric

definition of the ionicity of an ionic crystal, but charges of at all shorter distances) CASSCF calculations were per-

+2.4 and=2.3 for the NiGi100) surface seem to be unphysi- formed for the lowest states of the system Ei©NO at all

cal, although similar results have been obtained for ZnO b)}dlstances for which CI calculations are to be performed later

Boussardet al3 If one considers the Madelung potential as on. In this method it was necessary to use an average energy

an electrostatic field parametrized for stabilizing the highlyexpressmn that includes all components which are needed

negatively charged Nif) cluster and and not as a simulation for cqrrectly describing théll ground state of NO interact-

3 ,38
of true N#* and G ions of the remaining crystal this model "9 with the "B, ground state of the clugté?.
seems to be justifiable. The use of the frozen SCF orbitals of the system

. 87 . .
A different way to reduce the dipole moment is to re- NiOs™—NO™ in the CI calculationgmethod(a)] leads to a

place those five positive point charges which are located dic_:omparably good description of excited charge transfer states

rectly beneath the © ions by N?* ions or N?* pseudopo- of the form NiQ~—NO™, but to a rather poor description of

. : _ the ground state of Nify—NO. Actually, we found nearly
tentials. This prevents a flow of electrons front Qo the . . . .
positive charges because of the Pauli repulsion of tHe Ni no bonding at all with these orbitals, though the experimental

core. In the present calculations we have usedMgstead binding energy between NO and the NKOQ surface

of Ni?* because it has closed shell structure; on the Othe?mounts 0 0.52 e¥ However, the problem of calculating

hand, the similarities between MgO and N{@ystal struc- tmhEcr']\l;{Zrﬁc}r?zCZ'S%@%;;%% f;:rofrrr:r;tlge&ass;t\:;ctﬁd
ture, lattice constant, ionicipjustify this approach. Figure 2 Y '

shows that the substitution of five point charges by?Mg is therefore not surprising that our procedug? which is

ions causes an overcompensation of the artificial dipole mo2Ming at a good description of the cluster-to-NO charge

ment, however, a relaxation of the distance between first antéansfer states is relatively poor for the ground state. On the

. other hand, the CASSCF calculations for the lowest states of
second layer by about 1.75% leads to a complete dlsappeattﬁe “neutral” system Nic —NO [method (b)], yield rea-

ance of this artifact. It should be mentioned that all-electron

calculations and the use of pseudopotentials for Mgeld iﬁgﬁb;etragrrg?enrdstsz:g: Igsrglgihrgltjél d?hsac:?r?e tgﬁJingb ener-
virtually identical results. 9 y Y

ated by the procedur@). This can be seen if one compares
the total energies of these states calculated either with the
CASSCEF or the frozen SCF orbitals.

The potential curves obtained from the CI calculations

All our ab initio calculations have been performed with with CASSCF orbitals are corrected by the counterpoise
the Bochum open-shell program package using restrictethethod of Boys and Bernarfi.To do this we have assumed
open shell Hartree—FoclROHP),*® complete active space that the basis set superposition er@SSB for the Cl
self-consistent fieldCASSCH, and configuration interaction ground state and for the excited charge transfer states is the
(Cl) programs*#2 For calculations on the ground state alsosame as that of the CASSCF ground state. In the calculations
the coupled electron pair approximati®@EPA),*® averaged  with the frozen SCF orbitals we did not apply the counter-
coupled pair functionalACPP,* and multiconfiguration poise correction since there is no interaction between cluster
coupled electron pair approximatiofMC-CEPA* have and adsorbate. After the BSSE correction the shapes of the
been used. potential curves calculated with either CASSCF orbitals or

B. Quantum chemical methods

J. Chem. Phys., Vol. 104, No. 24, 22 June 1996
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TABLE |. Parameters of Morse potentials and propagation characteristics

used in the wave packet calculations. E A A" N
A - : - cluster—>NO
Parameter Ground state Excited state — charge transfer
100 — —_— states
DJa.u. 0.018 0.200 - - J
ala.u. 0.900 0.600 T
roa.u. 4.5 35 )
potential V(r)=Dg{1—exp—a(r —rg)}? 8.0 02p—>Ni3d
m/a.u. 55 085 Sharge transfer
grid S|ze/_a.u. 0-604096 point$ T (missing)
Propagation
time/a.u. 10 000—50 000 6.0 -
4.0 fe— _
frozen SCF orbitals show no qualitative differences. — —
The CI calculations have been performed by including - — B Ni2*
a_\II sin_gle and dou_ble e_xcitations from the 15_0xygqn<'2_1d 20 1 - - dd excitations
five nickel 3d orbitals into the two NO Z orbitals starting
from a reference determinant, where the oxyg@no2bitals 4 R —
are fully occupied with 30 electrons, the five nickel 3d orbit- — —
00 | —

als contain nine electrons, and the N@ @rbitals are unoc-
cupied(CISD). This choice was suitable to produce all states
of interest and keep the Cl-expansion length reasonableG. 3. Overview of the electronic states of the NO/IIO0) system(CISD
short, in the order of about 10 000 determinants per symmewith CASSCF-referengewith a nickel—nitrogen distance &(Ni—N)=5.0
try. ap and a tilt angle of 45°.

In order to investigate the electronic relaxation of the
NiO cluster upon removing one electron, either from the

ground state

oxygen 2 or nickel 3d orbitals, different sets of cluster :Ee excited Stlilti _mdeaf(_:h ((j:alculﬁnon. 'kl;hf)_lties(;)rblr!? par? ?}f
orbitals are generated. Since thé’3yround state of Ni® € wave packet IS defined as the probability density whic
has passed a well defined imaginary border at 12 a.u. on the

is no one-determinant state it has been optimized by . - 7 - .
CASSCEF calculations with the fived3orbitals in the active ground state potential. After this point the potential is suffi-
'?ntly flat, so that the desorbing part of the wave packet can

space and an average energy expression for the three low 4 ded ¢ iicle. In all calculati the ti f
quartet state$*A, and*E in C,,-symmetry. The resulting € regarded as a free particie. 'n all caicuiations the time o

set of orbitals shows considerable relaxation only if the adpropagat!on has beeq sufficiently lotgpme 10 000 a.hiso
ditional hole is created in the NidBshell. The relaxation that a unique separation between the adsorbed and desorbed

effects can be estimated by comparing ClI calculations Whici"?art of the wave packet has occurred.
are performed with either SCF ground state orbitals of the

nonionized Ni@ -cluster or with the CASSCF orbitals of 1ll. RESULTS

the ionized NiG -cluster. The relaxation effects are dis- ical excitati .
cussed in more detail in Sec. lll. A. Vertical excitation energies

With the CI calculations as described above it was pos-
sible to distinguish between three different types of excited
states in the NO/NiQ00 system: localdd-excitations,

For the simulation of the nuclear dynamics we startedcharge transfer excitations within the cluster, and charge
some simple, one dimensional wave packet calculations ugransfer states describing the transfer of one electron from
ing the programs of Kosloff and Schmidt based on the Chethe cluster to the NO molecule.
bychev Propagator developed by Koslt>* In these cal- As shown in Fig. 3 we find a large number of electronic
culations we employed one ground state and one excitestates in the energy range between 0 eV-4 eV, which corre-
state Morse potential curve which have been adjusted to theponds to locatld-excitations within the nickel ion. In this
correspondingb initio curves. The parameters of the poten- energy range, i.e., within the optical band gap, weak signals
tials and the time propagation characteristics are listed invere measured in the EELS spectrum by Capgiual 33!
Table 1. We started from the vibrational ground state of thewith the help ofab initio calculations performed in our
lower potential, obtained numerically by propagation of thegroup® these signals were associated with thuk-
wave function in imaginary time, and performed a Franck—excitations. Above 4 eV a strong increase of intensity is ob-
Condon-type transition to the excited state potential. Afterserved in the EELS spectrum, which is interpreted as being
the propagation on this potential for a certain fixed time pe-due to optically allowed charge transfer transitions of elec-
riod the whole wave packet was placed onto the ground stations from oxygen to nickel. The states responsible for these
curve, and the “desorbing” part of the wave packet wastransitions cannot be properly described in our calculations,
analyzed. This has been done for different fixed lifetimes obecause the choice of a quite small cluster impligsa

C. Wave packet dynamics

J. Chem. Phys., Vol. 104, No. 24, 22 June 1996
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TABLE II. Vertical excitation energy of the lowest charge transfék,) state for the linear adsorbed NO
molecule using different cluster models and methods of calculation.

Cluster model E/eV
Method Madelung field at R(Ni-N)=5.0 a,
ClI with frozen [NiO5]®~ unmodified Madelung field 6.75
SCF orbitals [NiOg]®~ modified layerd 9.52
[MgsNiOs]?" unmodified Madelung 6.35
field®
CI with CASSCF [NiO5]®~ unmodified Madelung field 9.79

orbitals

aSee text Sec. Il A.

rather crude description of the delocalized oxygentiands  very poorly described, so that the excitation energies are still
and (b) a missing polarization contribution of the bulk NiO too high in comparison to the laser energies used in the
crystal which is connected with the generation of chargeexperiment$® However, we were able to estimate these ef-
carriers>® As a consequence, the calculated transition enerfects by a semiempirical correction of the excitation energies
gies for these states are several eV too large and are shifteshd obtain a reasonable agreement with experiment. This
out of the energy range of Fig. 3. point will be discussed in Sec. Il B.

The states involved in the desorption mechanism are In a similar way as the change in the reference orbitals a
charge transfer states in which one electron is transferrethodification of the cluster model can also change the vertical
from the cluster to the NO-molecule. We observe theseexcitation energies of the charge transfer states. We find an
charge transfer states above a certain energy threshold whidticrease in the lowest excitation energy from 6.75 to 9.52 eV
depends on the choice of the orbitals used in the CI calculaat a Ni—N distance of 5.@,, if we use the modified Made-
tion. In the following we denote the NQlike states simply lung potential with higher ionicity, as described abdgee
as charge transfer states of the system. Figure 3 shows schiEable Il). Due to the higher positive charges in the topmost
matically that the density of these states is quite high andhyers the O(p) orbitals are stabilized and the charge trans-
forms a quasicontinuum of which we can obtain only thefer of one electron from an O orbital to NO needs more
lower part. The existence of many experimentally accessiblenergy. This is clearly an artifact of the modified Madelung
states is of crucial importance for the dynamics of the systenrfield.
since several states could be involved in the desorption pro- The elimination of the dipole moment by additional
cess. The question how to identify the states which are immagnesium ions produces an opposite effect as far as exci-
portant for the desorption, will be addressed later in thistation energies are concerned. The total energies of the
paper. ground state and the excited charge transfer states are shifted

Table Il contains the excitation energy of the lowestby about the same amount to higher energies, the excitation
cluster— NO charge transfer state as obtained for differentenergies are only lowered by 0.4 eV from 6.75 to 6.35 eV at
orbital spaces in the Cl calculations. It can easily be seen th&=5.0 a,. The small amount of 0.4 eV seems to make the
the excitation energy is strongly dependent on the choice oforrection of the dipole moment unnecessary, but the inter-
orbitals in the CI. The physical picture behind this result isaction between dipole moment and the N@ strongly dis-
quite simple. If we use a CASSCF-reference for our Cl,tance dependent, therefore the elimination of the dipole mo-
those states are well described, which have a similar orbitahent is important for the correct shape of the potential
occupation as the ground state, i.e., which can be characteturves of the excited states.
ized as Nid —NO-like states. Upon charge transfer from
the cluster to the NO molecule, large relaxation effects in the
electron distribution of both the cluster and the NO moIecuIeB Semi irical . fth e .
are to be expected. Because of the truncated character of our emiempirical correction of the excitation energies
Cl calculations, these effects are only partly taken into ac-  Quite a difficult question is that of the origin of the elec-
count and the calculated excitation energy for the lowest extron which is transferred from the surface to the NO mol-
cited state is as high as 9.79 ést R=5.0a,). For a proper ecule, i.e., whether it comes from the Q2or Ni(3d) or-
description of the charge transfer states, orbital spaces shoufitals. This problem is closely connected with that of the
be used which are constructed for the IiONO -system. reliability of Koopmans’ theorem. All Cl calculations dis-
Our Cl calculations with the Ni&y ~NO~ frozen SCF orbit- cussed so far in this paper used orbitals which were opti-
als take the relaxation effects of the NO orbitals duringmized for the ground state of the “neutral” cluster and for
NO™ -formation into account, thus a lower excitation energyeither NO or NO. However, the charge transfer states are
of 6.75 eV(R=5.04a,) is obtained in this case. Since we can connected with an ionization of the cluster, and there might
only use one orbital set in out present Cl calculations, onlybe rather large relaxation effect since the orbitals of the ion-
either the ground state or the N@ike states are properly ized cluster can be considerably different from those opti-
described. The relaxation effects within the cluster are stilimized for the ground state of the neutral cluster. Further-

J. Chem. Phys., Vol. 104, No. 24, 22 June 1996
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-, lonization Nickel leads to a mixture of 8- and 318L‘1—_clonfigur§1tions for the
‘ ground state of the ionized clustér—* denoting a hole in
_ — the ligand sphepe
In addition to this “intracluster relaxatior?® which can
B i x be accounted for explicitly by allowing the cluster orbitals to
n — (974___ relax upon ionization, there is also an “extracluster” polar-
20.0 ization, i.e., the polarization of the remainder of the NiO
o 10.23 crystal outside the cluster. This is a long-range effect and
- ev converges very slowly with the increase of the cluster size,
| therefore an empirical correction is necessary. Janssen and
i Nieuwpoort® estimated this effect to be in the order of 4-5
— eV if an extra point charge is placed at a regular lattice point,
i — = e.g., for the ionization out of a strongly localized orbital. Of
335 2H2p —— course, the extracluster polarization is also smaller for the
B I ionization out of a delocalized O band.
o eV Pzet— The low lying electronic states of the ionized NjO
%, Y — cluster are mixtures of & and 3°L ~*-configurations, as
n e S Fig. 4 suggests—if relaxation effects are included—and as
AZ— 4 . . .
B F\<k has been found in previous calculations, e.g., by Janssen and
Neg Nieuwpoort® or Fujimori and Minamr® A lysis of th
% v P jimori and Minamk® An analysis of the
n a) b) c) d) low lying charge trans_fer states_ of the sys_tem NlO—NO
10.0 shows that they contain predominantly configurations that
correspond to a charge transfer from @j2o NO 3 There-
[MgOs]7~  [MgOs]7—  [NiOs]7~  [NiOs]7~

fore, the hole created upon this charge transfer is not very
FIG. 4. (a) SCF Koopmans energies of the 15 @ @rbitals.(b) Full-Cl in strongly localized and,a medium value Of_ about 5 eV seems
the space of the 15 OpRorbitals optimized in an average of configuration 10 b€ @ reasonable estimate of the relaxation energy. We have
CASSCF calculation for the lowe#,, 2E, and?A, states(c) Full-Clinthe  therefore lowered the calculated vertical excitation energies
space of the 5 Ni 8 orbitals optimized in a SCF calculation for the non- by this amount.

ionized ground stat€’B,). (d) Full-Cl in the space of the 5 Ni@® orbitals . . .. e

optimized in an average of configuration CASSCF calculation for the lowest It should be strefssed.that this semlemplrlcal shift is ab-

A, and“E states. solutely necessary since it is not possible to make the cluster
large enough and to treat the relaxation completely as intra-

cluster polarization. On the other hand, the form of the po-
more, the relaxation effects might be quite differenttential curves is not changed much and the dynamics is not
depending on whether an electron is ionized from a locaVery sensitive to the exact form of the potential surfaces of
Ni(3d)-AO or a delocalized O(g) band. the intermediate states.

In Fig. 4 we show the ionization energies of NiO ob-
tained with two full CI calculations within the manifold of
the 3d’ states of Ni* (this corresponds to a local ionization
of Ni?"). In the first calculatioriFig. 4(c)] we used the SCF In order to characterize the states involved in the desorp-
orbitals of the “neutral” nonionized clustefthis corre- tion process we calculated potential energy curves for the
sponds to Koopmans’ theorem, but with a valence ClI in theground state and different charge transfer states on the CI-
“final” states). In the second ongFig. 4(d)] we used level. We investigated the dependence of the potential en-
CASSCEF orbitals optimized for an energy expectation valueergy on the nickel—nitrogen distance and on the tilting angle
averaged over the three lowest quartet states of the ionizedlith respect to the surface normal.
cluster. Apparently, we find a relaxation energy in the order  Figure 5 contains the potential curves of the electronic
of 6.5 eV, attributable to the localized hole at Ni. ground state and two arbitrarily selected Ndike charge

We have performed similar calculations for the ioniza-transfer states as functions of the distance between the sur-
tion of the oxygen p orbitals. For technical reasons, theseface and the adsorbed N@he semiempirical shift discussed
calculations have been performed for a Mgfluster model, in the the previous section has not been appli&tie bind-
which is reasonable because of the great similarities betwedng energy of the ground state is strongly underestimated, as
NiO and MgO. In Fig. 4a) again the SCF orbitals of the has already been pointed out in Sec. Il B. However, the exact
neutral cluster are usedKoopmans’ theorem in Fig. 4(b) shape of the ground state potential curve is of minor impor-
orbitals which are optimized for the ionized cluster andtance in the present context because the wave packet accu-
which correspond to a delocalized hole within the oxygen 2 mulates kinetic energy mainly by propagation in the excited
orbitals. This time we find only a low relaxation energy of state potential curves and by conversion of potential energy
about 1 eV. The consequence of the large relaxation of thato kinetic energy after relaxation to the ground state. Thus
nickel states upon ionization is that ionization out of thethe final kinetic energy distribution is dominated by the life-
O(2p) and Ni(3d) orbitals are very close in energy. This time of the wave packet in the excited state potential and not

C. Potential energy curves
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FIG. 6. Angular dependence of energies of the ground state and the lowest
excited charge transfer state of the BiGNO cluster in the Madelung

FIG. 5. Potential energy as a function of the cluster NO distdtinear potential.

adsorption geometjyfor the ground state and two different charge transfer
states.

of the complete potential energy surfaces of the states in-

by the relatively shallow minimum of the electronic ground volved will clarify whether the similarity of the angular po-
state. Therefore, the poor description of the electronigential energies will remain at other distances than the equi-
ground state does not change any of our conclusions cofibrium Ni/NO-distance, and how the differences in the
cerning the desorption process. temperature of rotation and vibration as well as the strong

As can be seen in Fig. 5, the strong Coulomb interactiorcoupling of rotation and translation can be explaifizd.
between the ionized cluster and the negatively charged NO  We want to emphasize that in all our calculations the
molecule gives rise to pronounced minima with depths ofqualitative aspects remain the same independent of these de-
about 5 eV in the potential curves of the charge transfetails and the correct values of the vertical excitation energies.
states. At distances larger than 4g@the potential curves of We were able to identify NO-like charge transfer states as
these states are dominated by this strong Coulomb attractiafe states which are involved in the desorption process and
which behaves essentially like 1/R, whereas at short dis- therefore we agree with the proposal of Gadatlal®* that
tances the potentials are repulsive due to the Pauli repulsioNO™ is the intermediate during the desorption process.
It is important for the dynamics of the laser-induced desorp-
tion process that the equilibrium distances of the N@®e
states are considerably short&=3.5a;—4.0a,) than that
of the ground statéR=5.0 a,). The situation is comparable For the simulation of the dynamics of the laser-induced
to that encountered for an Antoniewicz-type desorptiondesorption the knowledge of the potential energy surfaces is
mechanisn?/ which implies that the molecule moves to- of primary importance. However, the mechanisms of the ex-
wards the surface immediately after excitation. Anothercitation and deexcitation processes can only be established if
point important for the later discussion is that the potentialsome information on the relaxation probabilities of transi-
curves of all excited charge transfer states are very similartions from the NO-like intermediate states to the ground

We have also investigated the influence of the tilt anglestate or other excited states of the cluster/adsorbate system
between the NO axis and the surface normal on the energiekescribing desorbing neutral NO molecules is available. The
of the different states. Figure 6 contains the angular depermean lifetime of the wave packet in the excited state has to
dence for the’A’ ground state and the lowe8A” charge be regarded as a central point of dynamics.
transfer state. In agreement with the experiment the equilib- Of course, the question arises whether the primary exci-
rium tilt angle is found at 45° for the ground state. tation process as well as the deexcitation after a finite mean

So far it is generally assumed that the angular depenlifetime in the excited state is a direct optical process or a
dence of the potential surfaces is different in the ground andubstrate excitation followed by a “hot electron” being scat-
the excited states*®%°The reason for this assumption was tered from the surface to NO in a nonadiabatic process and a
the experimental observation of high translational energieselaxation via nonadiabatic coupling of the states involved.
for molecules desorbing with large rotational energy quantaBecause of the short lifetimes of the excited states the direct
In contrast to this we find a similar angular dependence obptical de-excitation was generally ruled out. Lifetimes of
the electronic ground state and the Ndike excited states. optically allowed excited states of gas phase NO are gener-
This could be an explanation for the relatively low rotationalally in the order of 1-10 ns while estimates for mean life-
temperature of the desorbing NO molecules of about 250 Kimes in the laser induced desorption lead to 15—2&5kc.
and 450 K as compared to the high vibrational temperaturdl E). A rough estimate shows that even with oscillator
(T~2000 K),2° but that does not account for a straightfor- strengths as large as 0.1 to 1 the radiative lifetimes for spon-
ward explanation of the coupling of translational and rota-taneous emission are so large0 ps—1 nsthat the(radia-
tional degrees of freedom. Nevertheless, future calculationsve) optical de-excitation cannot explain the mechanism for

D. Oscillator strengths
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TABLE lIl. Oscillator strengthgin units of 10°%) of some selected optically
allowed transitions from the ground state into different excited st3festo
2A’ transitions. The excitation energies take the artificial dipole moment of

NO + Cluster alpha=45°

- ) - . 0.025
the cluster into account and are semiempirically corrected with respect to the
intracluster polarization by a uniform shift of 5 el¢ee text, Sec. Il B A'(10) A'(14)
— 0.020
Excitation energy -
No. leV r=5.0 a.u. =)
o _
1 3.02 0.14 5 00
2 3.08 0.88 _2
3 3.51 0.01 = 0010 -
4 3.58 0.01 &
5 3.59 8.92
6 3.62 12.10 0.005 | ,
7 4.01 3.39 A'(6)
8 4.03 0.07
9 4.04 0.60 0.000
10 4.07 23.92
11 4.14 0.29 : | : | :
12 4.15 0.05
13 4.15 0.04 2 ’ RN 6 ! 8
14 4.32 115.40 o
15 4.34 4.70 . . .
FIG. 7. Distance dependence of oscillator strengths for three optically al-
16 4.54 0.02 o s ) - ; - .
lowed transitiong“A’/°A"). The designation of the states is compatible with
17 4.65 0.09 Table Il

_ ) } ) Ni—NO distance so that a direct optical excitation mecha-
the laser-induced desorptih.Therefore future investiga- nism can be discussed. Table Il and Fig. 7 show that there
tions should take the nonradiative de-excitation via the caly, ¢ only very few states with large transition moments and
cula_tion of diabatic coupling coefficients and diabatized pothat these transition moments behave differently though all
tential energy surfaces into acco(fit. . _potential curves for the charge transfer states are very simi-

~ Nevertheless, an optical excitation mechanism could ingr The different behavior of the oscillator strengths is dif-
principle take place in competition with the nonadiabaticficylt to explain in detail, it depends in a rather complex way

transitions. We have therefore calculated transition momentsy, the overlap between the N@) orbital and the cluster
and oscillator strengths for optical transitions from the NO/hitals out of which the electron is excitéd.

NiO(100) ground state to different charge transfer states. The differences in the absolute value of the oscillator

Table 11l contains the results for the oscillator strengths Ofstrengths might be important for the selection of the states
the lowest allowed charge transfer states at a Ni-N distancgnich are involved in the desorption process because an op-
of 5.0 ay. All excitation energiegnecessary for converting +jca| transition to those states is most likely. Furthermore,
the calculated transition moments to oscillator strengthSeyen the existence of strongly differing oscillator strengths
have been shifted by 5 eV downwards to simulate the effeciy; similar potential energy curves is an interesting aspect for
of the polarization of the whole crystal. - the relaxation process. It leads us to the assumption that also
_As Table Il ihOWS' some of the oscillator strengths areihe  giapatic coupling coefficients of nonradiative de-

quite large(~10"*), much larger than those of the optically excitation process could in principle be different as a result
allowed transitions of gas phase NO molecules, which argy gitferent electronic wave functions for the different ex-

only in the order of 10%.%*"°*Most of the states possessing cited states. This question is also a field for further
large transition moments are characterized by a single ele(i:ﬁvestigationss.o

tron transfer from a @p,) or a Ni(3d,,,3d,,) orbital into the
partly occupied Z-orbital of NO, without a change in the
spin coupling as compared to the ground state of NO
NiO(100). Figure 7 shows the oscillator strengths of three of  In order to simulate the desorption dynamics we have
the low-lying excited states as functions of the Ni—N dis-performed some first wave packet calculations. As shown in
tanceR. All curves exhibit a nearly exponential decay with the previous paragraphs of this section, more than one ex-
increasingR; this is consistent with the nature of these statescited state is involved in the desorption process. This re-
as single electron charge transfer states and a transition mquires the application of a multisurface propagation scheme
ment of the form(O(2p)|u/NO(27)) which of course de- and the time evolution of the total wave packet has to be
pends on the overlap between th&f,) and NQ27) orbit-  treated as a time dependent coherent superposition of wave
als. For very short distances the behavior of the oscillatofunctions on each surface.
strengths becomes irregular because of a strong mixture of The results of two-dimensional multisurface wave
different excited states. packet calculations including lifetime distributions deter-
The transition moments are quite large at the equilibriummined by nonadiabatic coupling coefficients will be pub-

}E. Wave packet calculations
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6000 , , : : this simple model for the desorption process we observed
~ only monomodal wave functions iR-space. This clearly

% shows that this model is too simple and that either more than
one excited state potential curve or a relaxation probability

T 4000 ) il instead of a fixed lifetime have to be used. Furthermore, the
E inclusion of the rotational coordinate could also affect the
s shape of the velocity distributior§.
2000 - ; .
/ y IV. CONCLUSIONS
0 // \ We have calculated potential curves of the ground state
0 25 50 75 00 125 and selected excited states for the model systenENi®O

t/fs as functions of the distance between NO and the (MGD)

FIG. 8. Velocity of the desorbing NO molecules as a function of lifetime of surface and of the tilt a”g'e between_ the NO _aXIS and the

the excited state. One excited state and fixed lifetimes have been used $Hrface normal. The excited states involved in the laser-

these calculation. induced desorption of NO from NiQO00) were of the form
NiO{ —NO, i.e., surface— NO charge transfer states.

The potential curves of all these charge transfer states
lished elsewher& Here we report preliminary results of one show the same distance dependence, i.e., a pronounced mini-
dimensional wave packet calculations on Morse potentialsnum caused by a strong Coulomb attraction. The equilib-
adjusted to oumb initio potentials as described in Sec. Il C. rium distance is shifted by &, towards the surface, as com-
They should be regarded as a test of our potentials and ared to the ground state. This implies an Antoniewicz like
comparison with classical trajectory calculations. A fixeddesorption model’ i.e., the molecules move towards the sur-
lifetime and only one excited state potential was used. In thiace before they desorb.
model quantum interference effects of the multisurface ap- All these excited states behave similar to the ground
proach are not included, therefore a direct comparison witlstate as far as the tilt angle of the NO molecule against the
the classical trajectory calculations of Baumeister andsurface normal is concerned. Thus, the adsorbate molecule
Freund® is possible. cannot be described as a free rotor after laser excitation, as

The wave functions describing the nuclear motion of thehas been assumed in previous model calculafins.
desorbing NO molecules have been analysed as a function of We have found a great number of charge transfer states
the lifetime of the excited state. The parameters of the calwith a high density of states at vertical excitation energies
culation are given in Table I. By transforming the wave func-greater than about 8 eV. After a semiempirical shift that
tion into k-space we obtain a momentum distribution that weaccounts for the polarization of the crystal these excitation
can compare directly with the velocity flux distributions energies are located in the experimentally accessible energy
measured in the experimerits?® Of course, the calculated range of 3.5-6.4 eV. The high density of Ndike states
velocity distributions depend strongly on the lifetime of the implies the involvement of more than one excited state in the
wave packet in the excited state. We were able to reproducgesorption process.
the experimentally observed velocities by assuming a mean All surface — NO charge transfer states have similar
lifetime between 15 fs to 25 féFig. 8). A shorter lifetime  potential curves, but totally different oscillator strengths.
does not lead to desorption at all and a longer lifetime pro-This result has led us to consider the possibility of direct
duces particles with much higher velocities than observeaptical excitation into the charge transfer states. However,
experimentally. Very long lifetime&/5 fs—100 f$could also  we estimate that for the de-excitation from the charge trans-
lead to an agreement with experiment but have been rulefir states back to the ground state nonradiative processes are
out by the classical trajectory calculations of Baumeistemore likely than radiative processes.
et al. because the bimodality as a dominant feature of the The different velocities of the desorbing NO molecules
velocity-flux distributions could not be reproduc¥d. can be caused by different mean lifetimes, which provides a

The present wave packet calculations are in good agreexatural explanation of the bimodal velocity flux distributions
ment with the classical trajectory calculations of Baumeisteobserved experimentalfy:> However, it should be empha-
and Freuné°®as far as the lifetimes in the excited state aresized that the whole process of the laser-induced desorption
concerned. Since these authors did not observe essential difiight be even more complex. Figure 9 shows a schematic
ferences in their calculations with fixed lifetimes and lifetime plot of all excited states of the system Ni@00—NO that
distributions, we limited the present calculations to a deltamight be involved in the process. There are mainly three
function decay. classes of low-lying state$l) Local dd excitations within

We have also examined the expectation value of the pothe N?' ions whose energies do not depend much on the
sition operator during the lifetime of the excited state. WeNi—N distance, similar to that of the ground sta®). O(2p)
found the propagation of the wave packet to take mainly— Ni (3d) charge transfer states within the NiO substrate,
place on the attractive part of the excited state potentiaforming a continuum above the optical band gap at 4 eV,
which is dominated by the B/ Coulomb attraction. Using with a distance dependence also similar to that of the ground
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butions. In addition to this also geometric effects turn out to
C ] be important for a complete description of the desorption
' process:

For the time being we cannot rule out any of the models
described above but future calculations of diabtic couplings
and more sophisticated wave packet calculations will give us
a deeper insight into the fundamental physical principles of
the desorption process and may result in a description where
all of the models proposed have to be considered to some

&\

extent.
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