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In recent experiments, the rotational alignment of the laser induced nonthermal desorption of CO
adsorbed on an epitaxially grown film of £;(0001) has been studi¢Beauport, Al-Shamery, and
Freund, Chem. Phys. Le256, 641(1996]. At low-rotational quantum numbers J, the molecules
desorb like helicoptergJ-vector perpendicular to the surfaoghile at high J-values cartwheel
motion is preferred(J-vector parallel to the surfaceThese stereodynamic effects and the
experimental state resolved velocity distributions of the desorbing species are simulated by means
of an exact time-dependent wave packet method in three dimensions. As a basis for this
guantum-mechanical treatment of the CO desorpdipinitio potential energy surfacéPES were

used. The PES for the electronic ground state of the C@a40001) system has been calculated
previously by Pykavyet al. [Surf. Sci.479 11 (2001)] in an embedded cluster approach. As the
intermediate state, generated by the laser irradiation, an internal CO excited stat€¢B') was
considered. The PES of this®I1-like state of CO adsorbed on £,(0001) was calculated at the

ab initio CASSCF-level. Our key findings in the subsequent wave packet calculationd)aae
high-dimensional treatment of the photodesorption process is very important in this system,
essentially the angular coordinates, very often neglected in similar studies, are responsible for a
“successful” desorption event?) the change from the strongly tilted equilibrium geometry in the
electronic ground state to the preferred upright position in the electronically excited state after laser
irradiation is essential for the mechanistic picture of the desorption pro@sisie experimental
phenomemon of rotational alignment can only be explained if the topologies of the PES of both the
electronically excited and the ground state are accounted (r; the lifetime of the

CO* -intermediate is in the order of 10 f§5) the molecule—surface vibrations in the electronic
ground state do not much influence the asymptotic results at the experimental temperdture of
=100 K. However, the inclusion of excited levels of the hindered rotation helps to gain insight into
the desorption mechanism on a microscopic level2@?2 American Institute of Physics.

[DOI: 10.1063/1.1425383

I. INTRODUCTION ser irradiation of this system with infrared femtosecond laser
_pulses, on the other hand, allows for CO oxidation, followed
sorption of molecules is an essential step in chemical ready €Oz desorption. This example emphazises the relevance
tions at surfaces. Desorption can be caused either by heatir‘?c}S charge and energy transfer for the microscopic under-
the surface or by irradiation with laserlight of a fixed wave- Standing of a photodesorption evént.
length. While thermal energy in principle excites all degrees ~ The well known theoretical models used to describe pho-
of freedom of the system, laser irradiation exclusively popufodesorption of small molecules from surfaces are based on
lates certain states. This difference implies the use of quarthe geometrical configurations of two electronic states, of the
tum mechanical methods to model a photodesorption evenglectronic ground state and an electronically excited state of
The recent example of CO oxidation on the the adsorbate—substrate system. The change in distance of
rutheniunt000)-surface might serve to illustrate those the adsorbed molecule from the surface after laser excitation
principles! Heating the rutheniuf®001) surface with CO is often considered to be the driving force which enables
and oxygen coadsorbed results in the desorption of CO. Ladesorption when the system relaxes to its electronic ground
state. In the interpretation of Menzel, Gomer, and Redh®ad
dAuthor to whom correspondence should be addressed. Electronic maiF.he molecule feels a repulsive potential after laser excitation,
kluener@fhi-berlin.mpg.de which accelerates the molecule towards larger distances from

In addition to adsorption, diffusion, and reaction, the de
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the surface as compared to the electronic ground-state equstate populations was obtained for this system as well. For
librium distance. Depending on the lifetime of this electroni-this purpose it had been necessary to include the internal
cally excited state the molecule can gain sufficient kineticdistance of the NO intermediate, which was done by means
energy to desorb after relaxation to the electronic grounaf Hartree—Fock calculatiorf.
state. In the Antoniewicz picture the molecule is accelerated As an example for a high-dimensional time independent
towards smaller distances after laser excitation and is scaguantum dynamical treatment of an adsorbate—substrate sys
tered at the surface after relaxatiom this case the lifetime tem we would like to mention the adsorption and desorption
of the electronically excited state limits the success of thef H, on the palladiurfl00) surface?® The sticking coeffi-
photodesorption event as well. Reasonable values for thisient of the hydrogen-molecule as a function of the initial
lifetime are in the order of femtoseconds. kinetic energy, which had been measured in scattering ex-

These two models are generally treated as oneperiments, could be simulated by performing time-
dimensional models, taking into account the center-of-mas#dependent scattering calculations on a six-dimensional
distance of the molecule from the surface as the desorptioglectronic ground-state potential energy surface of the
coordinate. It is challenging though to gain more detailedH,—Pd100-system. Due to the small number of rotational
mechanistic insight into the photodesorption process by corstates populated, a high-dimensional quantum dynamical
sidering more than one degree of freedom of the adsorbeiieéatment of the lkmolecule is feasible. The situation of the
molecule. In some theoretical investigations of photodesorpCO-molecule is very much different because its large mo-
tion from surfaces two dimensions were includatie sec- ment of inertia causes the rotational levels spacings to nar-
ond degree of freedom very often being the internal molecurow. Therefore, a quantum dynamical treatment of the CO
lar vibration’~* A two-dimensional picture was necessary, motion becomes already very demanding for lower dimen-
for example, to understand isotope effects in the photon- ogionality as compared to the,Hhotion.
electron stimulated desorption of the ammonium-molecule  To gain mechanistic insight into vectorial effects such as
from surfaced?-15 rotational alignment, observed, e.g., in the CO.€kf

To obtain a complete picture of the photodesorption pro-Systent.* high dimensionality in combination with the use of
cess, it is necessary to improve the theoretical methodab initio potential energy surfaces for both the electronic
which are used to describe this process. In this context std@roundand electronically excited state is compulsory. In a
chastic wave packet methods and direct methods to solve tif10rt letter, we presented a microscopic picture for the de-
Liouville von Neumann equation for open systems wereSorption process of the CO—fs-systenf® which was
compared® In those studies the system NO+{Bt) was gained by performing the first three-dimensiomdl initio
investigated extensivefy.To develop a complete micro- 9uantum dynamical study of photodesorption from solid sur-
scopic model of a photodesorption process from surfaces it i2ces. In this study we present a detailed systematic three-
important to address the decay of the electronically excitedimensional treatment of the photodesorption of CO from
state which is populated by the laser irradiation. In this conih® CrO5(0001)-surface. A stochastic wave packet approach
text the idea of a “surrogate” Hamiltonian to describe the IS used on the basis ab initio potential-energy surfaces for
dissipative dynamics of an adsorbate on a surface turns othe _electromc ground state and a representative electronically
to be promising’® Methods involving the system— e_x0|ted state populated by the Iaser_lrrad|at|on. The stochas-
environment interaction with external laser fields present ard¢ @Ppproach causes huge computational effort, since a large
currently under developmeff Different propagation meth- number of single three-dimension@D) quantum trajecto-
ods were compared in a recent study investigating the effe¢tes has to be followed and incoherently averatfed.

of substrate vibrations on the sticking of hydrogen-atoms at After this introduction, Sec. Il will shortly review the
surface<? experimental results for this system. In Sec. Ill, we qualita-

tively describe the construction and the topology of two rep-

Apart from the question of dimensionality and the theo- ; , , ;
retical treatment, the topology of the potential energy surfesentative potential energy surfaces involved in the desorp-

faces plays an important role. It is necessary to rely on po'gion process. Section IV then deals with the subsequent wave

tential energy surfaces which are not based on empiricdfacket dynamics on these PES, followed by the essential

assumptions but on first principles, especially for the eIec—ComIUSionS in Sec. V.

tronically excited states. The first example for a successful

description of a photodesorption event in a complate Il. EXPERIMENT

initio picture was the desorption of NO-molecules from the ~ The geometric structure of the polar ;O5(0001)-
NiO(100 surface?’ Experimental observables such as de-surface is fairly well known from LEED-experiments aad
sorption yield and the velocity distribution of the desorbedinitio calculations’®? It was found in those studies that the
molecules were reproduced on the basis of a twosurface is chromium terminated, but in the terminating chro-
dimensionahb initio potential energy surface for a represen-mium layer only half of the available cation positions are
tative excited charge transfer state. The second degree otcupied. This structure of the £;(0001)-surface is the
freedom taken into account was the polar angle of the adsobasis for the construction of the electronic potential energy
bate with respect to the surface normal. To describe the scaurfaces discussed in Sec. lll. CO-molecules chemisorb
lar experimental observables of the NO-NiO-system a twoweakly on this half terminated gD5(0001)-surface. Ther-
dimensional model turned out to be sufficient. Quantitativemal desorption occurs at 160 K corresponding to an adsorp-
agreement between experimental and theoretical vibrationagion energy of 43 kJ/mdf®
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20 ] Ill. POTENTIAL ENERGY SURFACES
Helicopter ® v=1160 m/s
J) A G Mo A. Electronic ground-state PES
" In order to understand and analyze the experimental re-
sults presented in the previous section, quantum-mechanical
vae‘-“‘ . simulations of the desorption process were performed on a
Nev J £ . completeab initio basis. At a first stage, potential energy
L 18 Sos- . TC.. surfaces(PES both for the electronic ground state and the
; 2 .‘:M‘ . electronically excited state involved were calculated in the
% f<\\_ ” %00 A ‘_ - framework of the Born—Oppenheimer approximation. Since
£ [P S ) a - the adsorption of CO on the §D5(0001)-surface is a local
9& “ ° process, quantum chemical cluster calculations were em-
: 6 05 s . ployed for the determination of the PES%. The
@ J ° Cr,0O5(0001)-surface was represented by a finite neutral
e 0 40 m\”,hee', — Cr,O¢-cluster embedded in an extended point charge field.
o 0 s 0 B’ B &P %  The motion of the CO-molecule above the

Cr,0O5(0001)-surface was investigated with respect to four
FIG. 1. Experimental results after photodesorption of CO from the yqrdinates: The center-of-mass distadciEom the surface
Cr,05(0001)-surface with 6.4 eV radiatioheft Geometrical structure of B . . N o
the terminating layeftop), velocity distributions as function of the desor- as the desorpt|on coordinate,” the polar angﬁe(o <0
bate rotational statéottom}—Right quadrupole moment of desorbing cCO =< 180°) of the C—O axis with respect to the surface normal,
as function of rotational state for a low and a high velocity. the azimuthal angle¢ (0°<¢$<360°) and the one-
dimensional lateral translation coordinate describing the

motion of the CO center-of-mass along the Cr—Cr-axis. The

In the photodesorption experimeifghe CO-molecules WO angular coordinateg and ¢ are essential to address the
were desorbed by 6.4 eV laser pulses of the wavelength 193fereodynamical effect described in Sec. II.
nm and a duration of about 15 ns. After a well defined time ~ The lateral translatiorX is frozen at its ground-state
delay between desorption and detection the desorbed mofduilibrium value in the subsequent wave packet calcula-
ecules were detected quantum state resolved via a REM@PNs. This corresponds to a position of the CO-molecule
[1+1] (resonance enhanced multiphoton ionization where the center-of-mass is located in the middle of the Cr—
schemé? Figure 1 shows velocity distributions of the des- Cr-axis. The geometry of the substrate, both of the
orbing species in its vibrational ground state on the left. FoiClsOs-Cluster and of the embedding point charge field, was
some rotational quanta bimodal features as in the extensivefjxed at the optimum structure of the £5(0001)-surfacé?
studied NO—NiO-systeffi3? are observed. In the present the C—O bond length was fixed at its equilibrium gas-phase
study we focus only on the velocity of the desorbing mol-value of 2.13 a.u. The total energy calculations were per-
ecule. This ranges from 0 to 2000 m/s. formed using the Bochum open shab initio package*~3’

By changing the polarization of the detection laser, rotaFor the PES of the ground state, the calculations were per-
tional alignment effects of the desorbing CO-molecules, i.e.formed within the restricted open shell Hartree—Fock ap-
the direction of the total angular momentum vector J, couldoroximation with basis sets of triple zeta quality. The basis
be observed. In the system CO-05(0001) it was found Set superposition err¢BSSH was taken into account apply-
that CO-molecules desorbing with low rotational excitationing the counterpoise correction by Boys and Bern&tde-
(rotationally cold moleculesdesorb like a helicopter with tails of the electronic structure calculations can be found
the total angular momentum vector oriented parallel to theelsewheré® In Fig. 2 we show a two-dimensionat ¢ con-
surface normal. CO-molecules with high rotational excitationtour plot of the PES of the electronic ground state at the
(rotationally hot moleculesdesorb like a cartwheel with the equilibrium value of the center-of-mass distance coordinate
total angular momentum vector oriented perpendicular to th&. The ground-state PES exhibits its absolute minimum at an
surface normal. These effects are shown in Figright). azimuthal angle ofp=180° which corresponds to an inline
From the REMPI-intensities of parallel and perpendicularconfiguration of the CO-molecule with respect to the Cr—Cr-
polarized light the quadrupole mome&§{?)(J) of the desorb- axis, as shown in the inset of Fig. 2. The minimum with
ing CO-molecule can be deduc&tiThe valueAl?’=2 cor-  respect to the polar angle is locateddat 120°. This means
responds to a perfect helicopter molecul?)=—1 to a that the CO-molecule is very strongly tilted in the electronic
perfect cartwheel. For two desorption velocities this quadruground state of the adsorbate—substrate systea0° is the
pole momemAgz) is shown in Fig. 1. As mentioned before, upright O-end down geometry,=90° corresponds to a flat
the direction of the total angular momentum vector changegeometry. If the CO-molecule is rotated by 180° with re-
as a function of the rotational quantum number. This correspect to¢, a local minimum is reached after crossing an
sponds to a change from helicopter motion to cartwheel moenergy barrier of 40 kJ/mol. This local minimum ét=0°
tion with increasing rotational excitation. This stereodynamic(and at ¢=360° due to the periodicity off) exhibits a
effect enlarges the knowledge of scalar observables knowsmaller binding energgonly 15 kJ/mo) but corresponds to a
from former photodesorption experiments in oxide stronger tilted adsorption geometry @& 110°. Occupation
systems?0—32 of this local minimum would end in a nearly flat adsorption
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FIG. 3. 2D contour plot of the electronically exciteII-like stateab
FIG. 2. 2D contour plot of the electronic ground-stateinitio PES for the  initio PES for the CO—-GO4(0001) system#— ¢-dependence at the elec-
CO-CprO4(0001) systemd—¢-dependence at the equilibrium value for CO tronic ground-state equilibrium value for the CO center-of-mass distance
center-of-mass distanc& € 4.5 Bohr). The lateral translation coordinate  (Z=4.5 Bohr). This corresponds to the Franck—Condon pointZioiThe
is frozen at the equilibrium value, which corresponds to a position of therovibrational ground-state wave packet is positioned onto this PES, model-
CO-molecule in the middle of the Cr—Cr-axis. The two Cr-ions of the sec-ing a sudden vertical transition caused by the laser irradiation.
ond layer included in the QDg-cluster are not shown.

geometry. In NEXAFS-experiments evidence was found for

a very strongly tilted adsorbed CO-speci@Fhis electronic pairs. The 2r* orbital, which determines the topology of the
ground-state potential energy surface underestimates the exxcited state PES to a large extent, is singly occupied. There-
perimental CO binding energy of 43 kJ/mol by about 16fore, the angular topologies of the PES of th#l1-like state
kJ/mol?® Even the inclusion of dynamic correlation effects and thea I-like state and also of the lowest C@esonance

by MCCEPA (multiconfiguration coupled electron pair are very similar. A four-dimensiona(4D) PES for the
approximatiop—calculations does not account for this dif- 3 3[]-like state was calculated by the complete active space
ference. A detailed comparison between theoretical elecsCF(CASSCH method. The active space includes the 5
tronic ground-state calculations and experimental findingsnd 27* orbitals involved in the CO-excitation and in addi-
for the CO-CjOs-system was performed recentf.It  tion the 3-orbitals of the two top Cr-ons in the
should be noted that general features of the topology of th@:r406—cluster. Details of the calculation can be found
two dimensional2D) contour shown in Fig. 2 do not change e|sewherd! As for the ground state PES, the lateral transla-
if the center-of-mass distaneis varied. This implies that  tjon coordinatex was frozen at the equilibrium value. Figure
the consideration of the electronic ground-state PES is Nof shows thed— ¢ dependence of the PES for the electroni-
sufficient to account for the stereodynamic effects found i’bally exciteda 3I1-like state at the ground-state equilibrium

experiment. value of the desorption coordinafe This is thed— ¢ poten-
_ tial which the nuclear rovibrational ground-state wave packet
B. Excited-state PES experiences if it is placed by a sudden vertical transition due

basis, the knowledge of electronically excited states popuPES has a large gradient with respecttwhich forces the
lated by the laser irradiation is essential. The state mosgO-molecule to move from the strongly tilted ground-state
likely involved as desorption intermediate results from anequilibrium geometry towards an upright adsorption geom-
internal CO &r— 27* excitation. An internally excited CO- etry. At the same time, the excited CO-molecule is acceler-
molecule as intermediate is in contrast to the popular modedted with respect to the azimuthal angbe hence the CO-

of a negative ion resonance, which is mostly employed in thénolecule starts to rotate within the plane parallel to the
discussion of the photodesorption of small diatomic mol-surface. In Fig. 4 we quantify those effects. The corrugation
ecules (mainly NO) from metal and insulator surfac&s. Wwith respect to the azimuthal anglein the excited state is
However, contrary to NO, CO™ is not a stable molecule in inverted as compared to the electronic ground state. This can
the gas phase. It could be possible that the negative ion resbe seen in the one-dimensional cuts of the two PES at the
nance is stabilized in the electrostatic field above theequilibrium values ford, Z, and X (Fig. 4, lef). The two
Cr,04(0001)-surface. Therefore, CQannot be ruled out as topologies have their origin in the electrostatic interaction
an intermediate. On the other hand, there is no experimentdetween the quadrupole moment of the CO molecule and the
information about the nature of the excited state. The eneifield gradients at the surface. The instantaneous excitation
getically lowest &r— 27* -state is thea °II-like state with  indicated by the upward arrow transfers the nuclear ground-
an excitation energy very close to the experimental laser erstate wave packet to a region where it experiences an average
ergy of 6.4 eV. We have selected théll-like state of COas ¢-gradient in the Franck—Condon region of %.50 *

a representative electronically excited state, although thelartree per degree. The absolufecorrugation within the
transition into it is optically forbidden. This can be justified, excited state(0.010 a.u). is smaller than in the electronic
since it is not clear if the excitation can be described as aground statg0.015 a.u. With respect to the polar angig
optical transition or as being mediated via electron holeon the other hand, the nuclear wave packet experiences a
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TABLE I. Numerical parameters used in the 3D quantum wave packet cal-

02101 P exclied sie 4 om | preted e culations. All parameters are given in atomic units.
0205 [ oo 021 0034 a0 ) 1 Constants
' ' i Mass CO-molecule M 51 040.8724 a.u.
- \ 1 0200 \ Moment of inertia CO-molecule I 56 829.7084 a.u.
- 0.19 + Reduced mass CO-molecule s 12 499.8055 a.u.
& Internal C—O-distance Te 2.13 a.u.
>
g’ 0.008 | Z-Grid
m a5 | Start Zmin 2.0 a.u.
0.003 ’ End Z max 15.0 a.u.
oot b Grid points N2 256
-0.002 - Grid spacing AZ 0.051 a.u.
0.015 a 000 | Maximum momentum Kzmax 61.6 a.u.
-0.007 | ground state | eround state Momentum resolution AkZ 0.48 a.u.
0 % 80 270 360 0 50 120 180 Grid change
Azimuthal Angle ¢/’ Polar Angle 6/ Center of transfer function Zy 12.5 a.u.
Width of transfer function a 6.0 a.u.
FIG. 4. 1D cuts through electronic ground- and excited-state RES. Asymptotic grid start Z2min 10.16 a.u.
¢-corrugation atV=120° andZ=4.5 a.u.Right #-dependence ap=180° Asymptotic grid end 72 max 16.63 a.u.
andZ=4.5a.u. The upward arrow indicates a vertical sudden transition. Asymptotic grid points N2, 128
Asymptotic grid spacing AZ, 0.051 a.u.
Maximum asymptotic momentum K2 ,max 61.6 a.u.
g . 4 Asymptotic momentum resolution AkZ, 0.96 a.u.
significantly larger gradient of 3410~ " Hartree per degree _
after sudden transition to the excited-state PES at th&CMd o
Franck—Condon point. nd.pomts . Ny 83 (zeros 0fPgj)
Maximum rotational state Jmax 82

The two representativab initio PES discussed in this
section are the basis for quantum-dynamical studies of thé-Grid (periodic in[0:2])

photodesorption process within a two-state model. HoweveS™" rmin 0.02a.u.

. S .26 a.u.
before the tw_o PES, which have beep calculated pomtmsq;r]id points z:“ E656 au
can be used in the quantum-mechanical wave packet calCiyid spacing Ay 0.04 a.u.
lation, they must be cast into an analytical form. In theMaximum projection quantum number M., 82
present study, we fix the translation aloKgto its equilib-  M-space resolution AM 1
rium value of the electronic ground state and consider onlyropagation
the degrees of freedo®, 6, and ¢. The functional form is  Time Step(excited state At 10 a.u.
; Spacing of excited state lifetime grid  At, 50 a.u.
given by -
Number of quantum trajectories Nmax 80
Vg (2,0, ¢) =Up+ u1/Z3+ u2/Z4 Time step(ground state At 50 a.u.
' Total propagation time t 60 000 a.u.
+ Uz exp —Uys(Z—us)?), (1)
for both PES(g=ground stateg=excited statg whereu;
(i#0) are Fourier expansions in the angular coordin@tes W (Z,0,08) .
and ¢ i P =Hge(Z,0,0)Vy(Z,0,0,1), 2
N
U= vjcogj¢) for i=1,..5, for the nuclear wave functloﬁ.fg,e(lz,a,¢,t) is employed. .
j=o0 Within the 3D model the Hamiltonian contains the potential
N—1 N—1 energyVy o(Z,6,¢) of Eq. (1) and kinetic-energy terms in
; ; the center-of-mass coordinaZeand the two angular coordi-
0= ayii cog ko) + byi sin(kg) for j=0,
vl I(ZO i €Okt kz’l ki SINKO) J natesd and ¢
N-1 8 (70 1 1&,‘9& 1 &
vji = kzl Cyji sin(k#)  for j#O0. 0.0(2,0,9) 2urZising 36> 56 " sit 6 9¢?
(92

The fit parametersgg,ay;; ,by;i , andc,;; were determined by R
means of a least-squares meth¢electronic ground state: 2M 9Z2
N=4: electronically excited stafé:N=3). The fit param-
eters are provided to the interested reader on request.

+Vge(Z,0,0), 3

where \A/g,e(Z,f),gb) are theab initio potential energy sur-
faces for the electronic ground statg) (and the electroni-
cally excited stated) presented in Sec. IIM andu are the
IV. DYNAMICS total mass and the reduced mass of the CO-molecule, respec-
tively, with the internal C—O-distance held fixed at its equi-
librium valuer,=2.13a.u.

A purely quantum-mechanical wave packet method  For the coordinat& an equidistant grid is set up and fast
based on the time-dependent Schinger equation Fourier transform{FFT) techniques are used to calculate the

A. Propagation method



J. Chem. Phys., Vol. 116, No. 2, 8 January 2002 Photodesorption of CO from Cr,05(0001) 767

1501 E: -0.005929 au

150
e = E: -0.004946 au
120 (((((((@)D)))) = )
\\\\\\\\\—_—_//Z// 120 .
= - )
105 z 105 =
relative population: 1.0000| £ w relative population: 0.0446
%0 5 "1E: -0.004939 au FIG. 5. Eigenstates of the three-
. WO E: -0.005321 au S s o dimensional electronic ground-state
D PES. Left Excitation of molecule—
O 135 o 120 surface vibrationRight Excitation of
O N AN frustrated rotation. Absolute energies
c a 105 . .
< 120 ((((@)) relative population' 0.0434 E and_ relative populationB/P at the
= 7 % 045 5 — o experimental  temperature  of T
° Azimuthal Angle ¢ /° =100K are given. Th&— 6 distribu-
o 105 tions are shown for the azimuthal
relative population: 0.1462 equilibrium configuration ¢=180°).
90 The 60— ¢ distributions are shown for
1501 E: -0.004760 au JE; -0.004656 au the equilibrium center-of-mass dis-
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translational kinetic-energy operatidn, .2V in momentum of interest have been carefully checked and compared versus
space®2 The grid change technique proposed by Heather an#€ Chebychev propagafBwhich serves as a very accurate
Metiu*® is applied for this coordinate to separate and analyz&€ference. The parameters for propagation and grids are
the desorbing part of the wave packet and to prevent refle@Ven in Table I. _ _ _

tion of the wave packet at the grid boundary at la@e The photodesorption process is described as a DHeT
Those parts of the wave packet which travel towards th&OrPtion induced by electronic transitigrsprocess in a
asymptotic region of the electronic ground-state potentiaFWO'State model. The two states mvolveq are the electronic
(beyond Z,) are considered as desorbed. Accordingly, inground stateq) and the electronically excited state)(con-

each time step the wave packet is multiplied by a smoottsidered in the previous section. We treat the DIET-process
wtransfer function” using Gadzuk’s jumping wave packet methotf

1 P .
ftrans=(1+exqa_(z_zo)))- (4) P(t;t,)=e Mot te~Hetn (), (5)

The rotational parf o, of the kinetic-energy operator is The rovibrational nuclear wave functiof(0) of the elec-
used within the Gauss—Legendre scheme proposed by Corgynic ground state is transferred in a first step vertically up

and Lemoiné® This scheme needs an equidistant grid withtg the electronically excited state and evolves in this state up
periodic boundaries for the azimuthal coordinaiein the 5 the residence time,. The wave function is then trans-
interval [0:27] to account for a full rotation of the CO- fgyred vertically down to the electronic ground state, where it
molecule in a plane parallel to the surface. The grid for thesyolves to a final time. At this time't, the observables of
polar angled is defined in the intervgl0: 7], the grid points  jnterest are converged with respect to propagation time. Ex-

IaDrOe Ioczted hat tllq\le .Zeiﬁs of tSe L;egepddre .pflyr]rohm'al)ectation values of operatofs as a function of this single-
NH(COS ), where N, is the number of grid points. The trajectory residence timg, are then calculated as

maximum rotational quantum number which can be repre-
sented on this angular momentum gridj js,=N,—1. After

the Gauss—Legendre transform the rotational energy opera- A(titn) =(Waed t,tn)[A| W ged t,1y)), (6)
tion consists of a simple multiplication with the rotational
energy eigenvalue spectruifl +1)/2ur2. and averaged incoherently with respect to a coordinate inde-

To calculate the time evolution, we use the Feit—Fleckpendent resonance lifetimeof the exponentially decaying
split propagatof® The numerical results for the observableselectronically excited state
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182.0
< 05 ' 360
o o
5 180.0 ¢ /
v 178.0 FIG. 7. 6—¢-snapshot of rovibrational ground-state wave packet after time
' evolution of 50 fs on the PES of the electronically excited state. The CO
molecule has left its strongly tilted equilibrium geometry towards an upright
adsorption geometry. Simultaneously, the molecule starts to rotate within a
_ 467 plane parallel to the surface.
£
@ 4.62
%’ 457 vibrational levels are significantly populated. In contrast to
& the situation in gas phase, rotational excitation occurs only at
4.52 relatively high energies. This is due to the corrugation of the
0 20 40 60 30 100 ele(_:tronlc ground-state PES with respect to the angular_ co-
Residence Time t, [fs] ordinatesé and ¢. The two nearly degenerate levels with

FIG. 6. Expectation value&s) (upper pané| (¢) (middle pandl, and(Z) npdes ind and¢ in the top right part of Fig. 5 cprrespond to
(lower panel of the rovibrational ground-state wave packet evolving on the hindered rotations. Although they are not significantly popu-
electronically excitech °I1-like state PES. lated at the experimental temperature, they help to gain in-
sight into the microscopic desorption mechanism discussed
. within the next paragraphs. Furthermore, they take part in the
U th discussion of laser control in the sense of preexcitation of
2 Altity)exp — = &0
= T separate adsorbate—substrate energy levels.
At;7)=

()

nmax t
n
nzl exp — ;) C. Excited-state dynamics

Y 4es denotes the “desorbed” part of the wave packet, In the limiiing case ofT=0 K only the rovibrational
which is located in the asymptotic region of space at time ground-sta;e nuclear wave fur_nc'gon of the electror_uc ground-
The computer times necessary for the 3D wave packet captate PES |s-populated.. ”‘\‘:2 It IS transferred vert|c_ally .to
culations in this jumping wave packet picture are ratherthe ele_ctrpnlcally .excneda [-like state, where it will
large, since high kinetic and rotational energies occur for th volve in time. In Fig. 6 we show the e.xpecta'uc_)n vgl@é}s
heavy CO-molecule. Due to the large moment of inertia o ¢>.’ and(Z) as a function of t.he resndencg t.'rmﬁ in the
the CO-molecule, many rotational states are populated duP—XC'ted state. The polar angtincreases within the range

ing the propagation. The correct description requires moré’_60 fs. This i's the change from the strongly tilted adsorp-
than 3x 10° grid points in the 3DZ, 6, ¢ space. A single tion geometry in the electronic ground state towards an up-

nonaveraged quantum trajectory took about one day of CPJ—ight geometry during the time evolution on the PES of the

time on a workstatiofSGI R10000 for a total propagation excited state. The behavior in a time interval of 100 fs is
" 9 propag characterized by a “hindered rotation” of the adsorbed CO-

time t of about 1.5 ps. The number of quantum trajectories . ) . L .
[Nya in Eq. (7)] which is necessary to get a converged resultmolecule after being excited. This motion is accompanied by

in the lifetime averaging procedure is in the order of 100. a spreaq of the wave packe_t with respectﬁtdaecausg of the
weak azimuthalp-gradient discussed in Sec. lll. This means,

the laser excites a hindered cartwheel rotation of the CO-
molecule and simultanously a slight helicopter motion. This
By propagation in imaginary tim#&, the lowest station- motion is visible in Fig. 7, containing a snapshot of the rovi-
ary nuclear eigenfunctions of the electronic ground-state PEBrational ground-state wave packet after a time evolution of
were calculated. The lowest energy levels correspond to eX0 fs on the electronically excited-state PES.
citation of the molecule—surface vibrational mode. Some of As both PES involved in this desorption process are
them are shown in Fig. 5. Excitation of the molecule-surfacesymmetric in the azimuthal anglé> with respect to¢
bond becomes visible by the increasing number of nodes-180°, the expectation valugp) remains constant during
along theZ coordinate as shown on the left part of Fig. 5. the simulation. Fort, up to 70 fs the wave packet moves
The energies and relative populations, assuming a Boltzmartowards larger separatiah from the surface, which is typi-
distribution for the experimental temperature B=100K  cal for an MGR-type scenarit The topology of the elec-
are given in Fig. 5. Only the first three molecule—surfacetronically exciteda °I1-like state PES in the region of large

B. Electronic ground-state eigenfunctions
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FIG. 9. Desorption probabilitf 4.{t,,) for different initial eigenstates of the
electronic ground-state PES; the four curves in the center belong to the first
four molecule—surface vibrational levelBashed Initial state with azi-

E{é 0.06 muthal nodeDotted Initial state with node irg.

B 0.04
o probability is close to zero for all residence times
0,00 = so T e T e th[e.g., Pged50fs)=1.25<10 0], thus a 1D-treatment is

Resonance Lifetime ©/ fs certainly not sufficient. If the polar angle is also taken into
FIG. 8. Top Asymptotic desorption probabilitPe{t,); open triangles: ~account, a drastic increase in the desorption probability is
1D-calculations irZ with 6 and ¢ frozen at ground-state equilibrium values; found, which strongly depends on the residence time
open squares: 2D-calculation ;and ¢ with ¢ frozen; filled circles: 3D-  This increase clearly proves the importance of the angular
calculation inZ, ¢, and¢. Bottom Lifetime averaged desorption probability ~qgrdinates. The change in adsorption geometry in the ex-
(from 3D calculationsas a function of the resonance lifetime . N . . . .
cited state is crucial for the microscopic desorption mecha-
nism. Desorption can only occur after the CO-molecule has

values ofé forces the wave packet to move back towards thd®ft its strongly tilted ground-state equilibrium geometry and
surface at later time. The amplitude of this oscillation in theN@ moved towards an upright geometry. The electronic
Z coordinate is very small and amounts only to about 0.159round-state PES becomes repulsive with respeztidhe
Bohr. This means that the laser excitation does not lead to Bolar angle is increased. The topology of the PES of the
pronounced motion of the CO-molecule along the desorptioﬁxc'tEd state ena}bles this mcrease!).uSD calculations irZ,
coordinate in the electronically excited state. We will show? and ¢ result in a further increase dPue{ty), but the
later in this study that the angular coordinates are of mordlifference is not as large as that from the 1D- to the 2D-
importance for the microscopic desorption mechanismPpicture. At this stage it is already clear that it is primarily the

Therefore, it is not reasonable to distinguish between the twgngular coordinates which are responsible for the success of
well-known one-dimensional MGR and Antoniewicz desorp-the desorption event and not so much the dependence of the
tion mechanisms in this case® two PES involved on the coordinaZe The desorption yield

as a function of the residence timheseems to be “converg-
ing” with increasing dimensionality. 4D studies in which the
lateral translational coordinad¢ is also taken into account,
After transition from the electronically excited state to are presently performed. In Fig. 9 we show the desorption
the ground state the individual quantum trajectories are calprobability for different initial eigenstates of the electronic
culated up to a final time of 1.5 ps. The desorption probabilground-state PES. An influence of the molecule—surface vi-
ity per excitation event is calculated as the square norm ofration on the microscopic desorption mechanism is not ob-
the desorbing part of the wave packét {.), separated by served: The first four molecule—surface vibrational levels ex-

D. Desorption probability

the grid change technique as mentioned in Sec. IV hibit the same dependence of the asymptotic desorption
e probability on the residence tintg. This is due to the weak
Paed t;tn) = (W aed t,t0) [ W ged t,t0)). ®)  Center-of-mass distance dependence of the electronically

In Fig. 8 the question of dimensionality is addressed. Oneexcited-state PES at the Franck—Condon point. The minor
dimensional calculations with respect to the coordindte importance of the center-of-mass distance coordinate for the
were performed after “freezing” the angular coordinatesmicroscopic desorption mechanism becomes already obvious
6 and ¢ at their ground-state equilibrium valu¢g=120°  from the small amplitude of th€Z) oscillation in Fig. 6 and

and ¢=180°. For the CO-CjO; system the desorption the very low desorption probability found in the 1D calcula-
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tions shown in Fig. 8. The eigenstate with an azimuthal nodé. Velocity distributions and rotational alignment
(dashed curve in Fig.)9on the other hand, leads to signifi- The velocity distributions of the desorbing CO-

cantly higher desorption probabilities than the rovibrational olecules shown in Fig. 10 enable further comparison with
?r:f)uns tsta_te.ﬂ'}l’he reasg_n 'f th"ﬁt theflncreased ex:{fe_n_smtn §}<periment. The velocity distributions, i.e., the probability
Is state in the¢ coordinate allows for a more efficient yigyip tion of the desorbed part of the wave packets in mo-

desorption since the electronic ground-state PES is repulsiv'%entum space, are lifetime averaged with respect to a repre-

as soon as the CO-molecule leaves its Cr—Cr inline configusg vative resonance lifetime of=10fs. This value corre-

ration after laser excitation. So, desorption becomes eﬁiderﬁﬁonds to a desorption probability per excitation event of

at Shg’”er_ re5|denqe times of the wave pack_et“on the F_)ES,,% out 5%. Averaging with respect to the rotational state of
thea“l1-like state if the selected eigenstate is "pre-excited CO has been performed as well. The different distributions in
Gf:ig. 10 result from different initial eigenstates of the elec-
tronic ground state in the excitation—de-excitation cycles.
*The distributions are located roughly in the experimental
range between 0 and 2000 m/s.

lowest rovibrational eigenstate.

The same argument holds for an eigenstate which is e
cited in the# coordinate(dotted curve in Fig. @ The larger
extension of this state with respectd@s compared with the In the experiments reported in Sec. II, the alignment of
rovibrational ground state enhances the desorption probabi{ '

it I This is al d by the tonol ¢ the ol he total angular momentum vectdrhas been measured.
Ity as well. 10IS 1S aiSo caused by the topology of the€ €1eC-r, o projection of] onto the surface normal is given by the

tronic gro_unq_ state, Whi(?h becomes_ repuls_iye_when the IOOIaﬁuantum numbeM. One has to distinguish between align-
angle 0 S|gn|f|cantly QeV|ates from its equilibrium value Of. ment and orientation. The desorbing molecules are aligned if
120°. At re§|dence times of about 3040 fs thg nodg 9f thighe population of highM|-values is different from the popu-

0 excited eigenstate accounts _for a saddle-point within th‘?ation of low [M|-values. Orientation means that the popula-
Paedln) function. At a propagation time of about 30-40 fs tions of positive and negativil-values differ. The quadru-

on 'Fhe excned—stat.e PES this node is located in the “critical pole momeni?2 is a measure of the rotational alignment and
region for desorption. Due to th¢-symmetry of the poten- is defined a¥

tial energy surfaces this saddle-point does not occur for the
¢-"pre-excited” eigenstate.

The considerations presented so far yield insight into the ~ A5(J) = < J‘ 37
microscopic desorption mechanism. Additional insight is
gained after applying lifetime averaging with respect to theThe quadrupole moment can be numerically lifetime aver-
resonance lifetimer. A lifetime averaged desorption prob- aged according to
ability allows for a direct comparison with experimental re-

2 2

J> . (10)

sults Mmx t, 3M2—-J?
exg — — |2yl ——z—| Ps(M,tp)
n=1 T \]
Nmax t, A3, 7)= T t :
2, Pdes“'tn)ex‘“( B 7) > exp - ;“) P(M.t,)
Paedt;7) = C) n=1
e Nmax tn) (11)

> expg ——
n=1 T with

As many as 80 single three-dimensional quantum trajectories
(nmax=80) had to be calculated for tHe=0 K limiting case

to get converged results fét4.{t; 7). For more detailed in-
formation on the parameters of the averaging procedure sda the evaluation of Eq(11) the desorbed part of the wave
Table I. Figure 8(bottom) shows this averaged desorption function, separated by the grid change technique presented in
yield as a function of the external parametewhich is the  Sec. IV A, was used. Figure 11 shows the calculated quadru-
resonance lifetime of the CGintermediate. The correlation pole momentA3 as a function of the rotational quantum
between the calculated desorption yield per excitation evermumberJ together with the experimental observations. The
and the experimental desorption cross section is not straight:alues have been averaged with respect to the CO desorption
forward. For the system CO—£D; we estimate the desorp- velocity. Again, a representative excited-state resonance life-
tion yield to be between 1%-10%. This estimate is based otime of 7= 10fs has been chosen, corresponding to a desorp-
isotopic measurements for metallic adsorbate—substratiion probability per excitation event of about 5%. In Fig. 11
system$’ and on the fact that in case of oxidic systems theseveral cases are studied:

desorption cross sections are one to four orders of magnitude If one starts from the rovibrational ground-state eigen-
larger than for metallic systeni$A resonance lifetime of the function (T=0 K cas@, helicopter motion is found at me-
CO* -intermediate between 5 and 15 fs can then be estimatedium rotational excitation which changes to cartwheel mo-
from our 3D studies. This lifetime is shorter than the value oftion with increasingl. This is in qualitative agreement with

25 fs estimated for the NOintermediate in the photodesorp- the experimental observation. However, at low rotational
tion of NO from NiO(100) that was studied in two dimen- quantal) our simulations differ from the experimental values
sions recently! in the T=0 K limit.

PJ(M,tn)sz W (K, M)W gedky I MYdK, . (12)
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cartwheeling CO-molecules in the entiterange.

=——= rovibrational ground state

0.005 f i b TEtaTAll; SRCHSR S (G0 Z-H5as) It is the combination of thej-gradient in the excited
4 h g = - - rotationally excited state (one 6-node) stateand the ground-statep-corrugation which induces the
» #-— ¢ rotationally excited state (one ¢—node) . . . .
0008 I helicopter motion of the desorbing molecule. The mechanis-
‘ '+ tic picture is such that after laser excitation the CO molecule
|
|

is forced out of its ground-state geometry with respecpto
After being transferred back to the electronic ground state,
the CO molecule experiences an opposftgradient which
accelerates the molecule backwards towards its equilibrium
geometry. This excitation—de-excitation cycle excites heli-
copter motion. Evidence for this process can be found in the
1D-cuts through the PES on the left of Fig. 4.

The present mechanistic picture has been obtained by
taking into account our two representatiab initio PES.
Especially their angular topologies could not have been
guessed on an empirical basis. Nevertheless we have to keep
in mind that there is considerable disagreement at low

FIG. 10. Asymptotic velocity distributions for an averaged resonance life-J-yalues. There are four possible reasons for this deviation:
time 7=10fs for different eigenstates of the electronic ground-state PES.

The velocity distributions are averaged with respect to the rotational state of1) For smallJ experimental uncertainties exfStsince the

the desorbing CO-molecule. quadrupole moment has been derived from experimental
spectra within the classical vector approximation which
is only valid in the largeJ limit.2%33

For very smallJ, our picture of a helicopter molecule is
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0.002

0.001

0.000

3000

0 1000

2000
Velocity/ m/s

The agreement at low is better if the frustrated rota-

2
tional level with one node inp is pre-excited. The micro-
scopic reason is that this level has larger helicopter character
from the very beginning of the DIET simulation. This feature
survives within the excitation—de-excitation cycle and the
following lifetime averaging. It yields high helicopter char-
acter of the desorbing CO throughout the enfin@nge, dis-
agreeing with the experimental values at ladgeéDue to the  (3)
relative populations of the nuclear eigenstates given in Sec.
IV B a temperature averaged result will look very much like
the T=0 K result. The molecule—surface vibrational levels
do not yield significant different curves for the quadrupole
moment as a function af and are not shown in Fig. 11. This
behavior again emphasizes the minor role of the desorption
coordinateZ for the microscopic desorption mechanism in
this system.

To understand why helicopter motion is observed in gen-
eral, we have switched the azimuthal gradients of the poten-
tial energy surfaces on and off. After switching the
¢-gradient off we have the situation of flat uncorrugated sur-
faces. (4)

As can be seen in Fig. 11, a combination of two flat
uncorrugated states within the DIET-cycle yields cartwheel-
ing CO-molecules in the entirg&range. In this case there is
no driving force for helicopter motion in the entire system.

We do not get any helicopter motion as well, if only the

not meaningful. The perfect helicopter molecule has its
angular momentum vectal directed perpendicular to
the molecular axis. In the very lo@ regime, this case
cannot occur, because the projectionJobnto the sur-
face normal does not approach the length ofthector
itself.

Of course, also the question of the accuracy of albr
initio calculations arises. As shown in Fig. 11, the quad-
rupole moment is strongly influenced by the azimuthal
dependence of the potential energy surfaces. We showed
that helicopter motion is a result of a delicate interplay
of azimuthal forces. However, since our ground-state
calculation underestimates the adsorption energy by
about 0.2 e\#® we expect an overestimation of the equi-
librium distance of the molecule from the surface. Thus,
the azimuthal surface corrugation in the electronic
ground state could be too small in oalp initio calcula-
tions. A larger azimuthal gradient within the electronic
ground state would promote helicopter motion.

Finally, our discussion is limited by the restriction of our
model to three dimensions and by the possibility of a
CO ™ -intermediate to be involved in the photodesorption
process.

The choice of the resonance lifetime of the excited state

excited statap-gradient is switched off. From a mechanistic as the only external parameter did not influence the calcu-
point of view this is reasonable, since the CO-molecule doekated quadrupole moment and the velocity distributions sig-
not get its helicopter kick after laser excitation any more.nificantly as long as the value efremained between 5 and
Apart from spreading, the molecule rests in its ground-statd5 fs.

equilibrium position with respect t¢ during the entire simu-

lation. Acceleration can only occur with respect to the pola

angle 6, therefore, only cartwheel motion is found.
However, the helicopter kick in the excited state is also

'V. CONCLUSIONS

In this study the photodesorption of the

not sufficient to explain the helicopter motion of the desorb-CO-CrO;(0001) system was treated systematically on a

ing molecule. Turning off the ground-statg-gradient and

completeab initio basis. The time-dependent Sctirger

keeping the excited-stat¢-corrugation one gets also only equation was solved in three dimensidtige desorption co-
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20 —— bolvabiniio PES motion of rotationally hot molecules. After relaxation to the
J o—o excited state PES fiat electronic ground state the CO-molecule experiences the
ground state PES flat ¢-corrugation of the ground state which drives it in the op-
1.54 Helicopter o—a  both PES flat posite direction towards the inline configuration.

——— both abinitio PES, inital state However, at low rotational quanta our three-dimensional

rotationally excited (one ¢-node)

model quantitatively disagrees with the experimental fea-
tures. Nevertheless, we clearly gain microscopic insight into
the desorption mechanism and a qualitative agreement with
the experimental quadrupole moment. The discrepancies be-
tween experiment and theory have to be addressed by further
experimental and theoretical investigations.

With an excited-state resonance lifetime of 10 fs the ve-
locity distribution of the desorbing species is located in the
experimental range. At the experimental temperaturd of
=100 K only molecule—surface vibrational levels are signifi-
cantly populated. These have no significant influence on the
desorption efficiency and the rotational alignment of the de-
sorbing CO. On the other hand, the “frustrated” rotational
levels do influence those observables. Especially, the state
with a node in the azimuthal angtgenlarges the desorption
efficiency and accounts for an increased helicopter character
-1.0 ! ' ' ! ' ' e of the desorbing CO-molecule. This illuminates the impor-

0 5 10 15 20 25 30 35 40 . . S

Rotational State J tance of the angular coordinates for the microscopic picture
of the desorption mechanism. For the mechanistic under-

_,
2
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FIG. 11. Quadrupole moment for the desorption of CO fromQgras a standing of the desorption experimentél'ai 100K it is suf-
function of rotational excitation, averaged with respect to the desorptio

velocity; the resonance-lifetime of the C@ntermediate has been chosen asnﬁCient thoth to consider the rovibrational ground state of

r=10fs in coincidence with a reasonable desorption probabilty. Filledthe electronic ground state PES.

circles: Experimental data points. For future investigations it is challenging to further in-
crease the dimensionality of the quantum dynamical calcula-
tions. Four-dimensionahb initio PES for both states in-

ordinate and two angular coordinatdsr a two-state model volved, in which also the frustrated translatigris included,
' {re already availab®:*! Four-dimensional time-dependent

The two electronic states involved are the electronic groun ket calculati @b initio PES for th d and
state of the adsorbate—substrate system and an electronicaﬂf\{e packet cacuiations initio orfhe ground and.
excited state generated by an internal C@-(527*) exci- excited state will provide a benchmark study. More approxi-

tation at a laser irradiation of 6.4 eV. The PES of both state{"3' schemen the dynamic as well as the electronic struc-
were calculated by quantum chemiedd initio methods. ture par) could very well be _cahbre_xted o our study. A futL_Jre
There are several conclusions from the quantum dynamlgoal is the parameter-free simulation of a DIET-process in as

cal calculations as far as the microscopic desorption mech nany dimensions as po§3|blg. Itis _also challenglr_lg 1o com-
nism is concerned: A one-dimensional treatment in the de®"€ the_ prgsented h|gh-d|meQS|onaI cal_cu!athns with
sorption coordinateZ, as performed very often in former methological improvements. In this sense dissipative quan-
studies, is not sufficient for this system. The desorption i

Jum dynamics in combination with the explicit treatment of
strongly coupled to the polar angke The inclusion of this

the experimental laser pulse as an external perturbation is
coordinate enlarges the desorption efficiency drastically. Thgurrently Stl_]d'eq' Finally, _the possibility of a _C@esonance
mechanistic reason for this increase in desorption efficienc?S a short-lived intermediate has to be eludicated.

is that the CO-molecule moves from the strongly tilted ad-
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