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Abstract

In a one-dimensional wavepacket study the role of thermal population of molecular vibrations within surface photochem-
Ž .istry is studied using a model potential adopted to the system NOrCr O 0001 . Simulations are made concerning the2 3

temperature dependence of the efficiency for UV-laser induced desorption and of velocity distributions. The course of these
observables as a function of temperature is strongly dependent on the lifetime of the excited state. The results are compared

Ž .with experimental results on the temperature dependence of the non-thermal desorption of NO from the Cr O 0001 surface2 3

after excitation at 6.4 eV. The experimentally observed increase of desorption cross-sections by about a factor of 2 when
changing the surface temperature between 100 and 300 K is simulated when assuming an average resonance lifetime on the
order of 10 fs. The experimentally found increase of translational energy with increasing surface temperature by ;100 mrs
is also consistent with theoretical results. q 1998 Elsevier Science B.V.
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1. Introduction

In the early days of laser-induced surface photo-
chemistry one was interested in populating individ-
ual adsorbate vibrations using infrared lasers to in-

w xduce surface reactions 1 . The idea based on a
concept proposed by Lethokov was to prepare a
favourable precursor state for the reaction, via local
excitation of the bond to be broken with the aim to
control the route of elementary chemical reactions
w x2 . One application was suggested to be isotope
separation. At this time only nanosecond lasers with
a limited wavelength tunability were available. Nor-
mally, more than one laser photon was needed to

) Corresponding author.

excite the system above the dissociation threshold. It
turned out that mainly surface heating was observed

Žas the energy redistribution processes IVRs intra-
.molecular vibrational redistribution leading to

phonon excitation were fast on the time scale of the
laser pulses used. However, in the field of gas-phase
photochemistry vibrationally mediated photochem-

w xistry in small molecules has been demonstrated 3 .
The mild laser-induced thermal desorption using in-
frared laser light found its application in analytical

w xchemistry such as laser mass spectroscopy 4 . The
surface molecular dynamicists, on the other hand,
turned to electronically induced surface processes.

Ž .DIET desorption induced by electronic transition
was one of the major research activities. Particularly
measurements on final quantum state distributions of
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the desorbing molecules turned out to give a major
impact into the understanding of the elementary pro-

w xcesses 5–7 . Recently attempts were made again to
take up the idea of vibrationally mediated photo-
chemistry at surfaces for example via a combined

w xvibrationally IR–UV DIET scheme 8–10 . The rea-
son for this is that enormous progress has been made
with respect to laser technologies. Ultrafast lasers
enabled experimentalists to study the coupling be-
tween electron–hole pairs and phonons to adsorbate

w xvibrations in real time 11–13 . From these experi-
ments it has been established that the processes take
place on a picosecond time scale. Particularly find-
ings using ultrashort laser pulses in the femtosecond
regime gave new impulses as well. In those experi-
ments it was found that multiple excitations within a
single laser pulse resulted in a drastic non-linear

w xincrease of the desorption efficiency 14 . Branching
ratios within chemical reactions can be altered by
choosing the pulse intensity and duration as has been

Ž .demonstrated for the CO oxidation on Pt 111
w x15,16 . This effect was related to a pumping up
within vibrational excitation of the relevant bond due
to multiple excitations which increases the dissocia-
tion probability within this coordinate in further exci-
tation cycles. We were therefore interested which
impact different vibrational populations, i.e. popula-
tions of single vibrations as well as Boltzmann-dis-
tributed vibrational excitations have on a simple
photoreaction such as a DIET process of a diatomic
molecule and how this is influenced by the lifetime
of the electronically excited state. We performed
wavepacket calculations in a model potential adopted

Ž .to the system NOrCr O 0001 . For this system we2 3

can compare our theoretical calculations to an exper-
iment in which the temperature dependence of the
efficiency of the UV-laser induced desorption has
been studied in addition to the temperature depen-
dence of the final translational distribution of an
individual rovibronic state. The experimental data
will be presented in this paper together with our
theoretical investigations.

2. Experimental setup

The experiments were carried out in a UHV
chamber routinely used in our laser desorption exper-

iments which has been discussed in detail elsewhere
w x17 . The chromium oxide was grown as epitaxial

Ž .film on a clean Cr 110 single crystal surface in an
atmosphere of 10y6 Torr of oxygen at 500 K fol-
lowed by annealing the oxide to 1000 K. NO was
desorbed normal to the surface with a pump laser

Žpulse, a broad band excimer laser Lambda Physik
2 .EMG 200, 15 ns, 1 mJrcm run at 6.4 eV. The

desorbing molecules were detected in the gas phase
Ž . Žparallel to the surface using 1q1 REMPI reso-

. w xnance enhanced multi-photon ionisation 19 and a
Ž .tunable excimer XeCl, Lambda Physik LPX 205 i cc

Ž .pumped dye laser Lambda Physik LPD 3002 .
Time-of-flight spectra were obtained for individual
rovibronic states by fixing the probe laser to the
maximum of an individual transition and changing
the time between desorption and detection. From the
known distance and flight time the velocity of the
detected molecules could be calculated. The ions
produced via REMPI were detected perpendicular to
the desorption and detection laser beam direction via
a detector consisting of a repeller, a flight tube,
microchannel plates and a phosphor screen.

The NO molecules were redosed onto the crystal
Žkept between 90 and 300 K depending on the exper-

.iment after each laser desorption pulse using a
pulsed molecular beam apparatus described else-

w xwhere 18 . The base pressure within the measure-
ment compartment did not exceed 3=10y10 Torr
when the molecular beam was running.

3. Experimental findings

NO adsorbs as a chemisorbed species with a
Žbinding energy of ;1.0 eV desorption temperature

.of 340"20 K in thermal desorption spectra at liq-
uid nitrogen temperatures until a saturation coverage
is reached. Further adsorption of a physisorbed
species is then observed with strong indication of a

w xrelated dimer formation 20 . Using a pulsed molecu-
lar beam allows us to exactly control the surface
concentration by redosing a fixed amount after each
laser shot so that an equilibrium concentration is
sustained. The data presented here are desorption
data from the chemisorbed species. This species is
known to adsorb on top of the chromium ions with
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an approximate tilt angle of 20–408 with respect to
w xthe normal of the surface 21 .

3.1. Desorption cross-sections

The desorption cross-sections of NO desorbing
Ž .from Cr O 0001 were measured starting with a2 3

saturation coverage of the chemisorbed species of
NO. For this purpose the substrate was predosed for

Ž5 min with the pulsed molecular beam doser 4 Hz,
.pulse width 701 ms, pressure behind nozzles2 bar .

After switching off the molecular beam the depletion
of the adsorbate on the surface after exciting the
system at 6.4 eV was followed by looking at the
diminishing signal of the desorbing NO molecules in
the gas phase as a function of photons impinged on
the surface. The desorbing molecules were detected
in a single rovibrational state at a fixed time delay
between desorption and detection using REMPI. As-
suming a first-order desorption kinetics the data can
be analysed by plotting the logarithm of the intensity
Ž Ž ..ln IrI as a function of the number of photons0

impinged on the surface n . We obtain a straightph
1line for coverages down to th of a saturation cover-5

age of the chemisorbate with the slope being the
desorption cross-section s . For lower coverages a
second line is observed corresponding to defect des-
orption. We shall here discuss only the cross-sections

Ž w xof the majority species see also Ref. 20 for further
.details . We did not observe any dependence on the

final rotational state of desorbing NO. The tempera-
ture dependence of the desorption cross-sections was
obtained by keeping the crystal at a fixed tempera-
ture during the whole experiment and is shown in
Fig. 1a. Though the error bars are relatively large
one can clearly see that the desorption cross-sections
increase with increasing temperature by about a fac-
tor of 2 in the temperature range of 90 to 260 K.

3.2. Velocity distributions

Time-of-flight spectra were obtained by measur-
ing the desorption signal as a function of delay time
between detection and desorption of a single rovi-
bronic state. For each time delay the signal was
averaged over 300 laser pulses. The coverage at the
surface was kept constant by redosing the crystal
after each laser desorption pulse via the molecular

beam doser. Such a dosing allowed a background
free detection of the desorbing molecules. From the
known distance between detection laser and substrate
the velocity distributions can be calculated. Fig. 1b
shows as an example the velocity distribution of the
JY s7.5, ÕY s0, 2

P state for a desorption energy1r2

of 6.4 eV as a function of three different tempera-
tures. The curves were normalized to the maximum
of the distribution. A detailed discussion of the
influence of the desorption energy and the rovibronic
states of the desorbing molecules onto the shape of
the velocity distributions including the possible in-

w xfluence of a precursor state is given in Ref. 20 . We
want to focus in this paper onto the pure temperature
dependence of the velocity distributions. The maxi-
mum of these is shifting towards higher velocities by
;200 mrs when comparing the data of 90 K to the
data taken at 250 K. Fig. 1c shows a plot of the mean
velocity obtained for a number of velocity distribu-
tions of the JY s7.5, Õ

Y s0, 2
P state measured1r2

as a function of surface temperature. An increase in
the mean velocities by ;100 mrs when changing
the surface temperature from 90 to 300 K can be
noticed.

4. Quantum mechanical simulations

In the following section of this paper a quantum
mechanical explanation of the observed temperature
dependence of the desorption cross-section and the
velocity distribution is given. Saalfrank has shown in
several wavepacket approaches with empirical poten-

Ž .tials that vibrational excitation in the NOrPt 111
Ž . Ž .and NH D rCu 111 systems result in a drastic3

w xincrease in the desorption probability 9,22–24 . Vi-
brational excitation was supposed to be generated
mainly by infrared photons. In the approaches con-

Ž .cerning the NOrPt 111 system surface heating up
to a temperature of 1000 K was also discussed as an
alternative method to increase the desorption cross-

w xsection 23 . This influence of the temperature is
again mentioned in density-matrix calculations on

Ž .the NOrPt 111 system, where a slight increase of
the desorption yield by 5% is predicted if tempera-

w x w xture is increased from Ts0 to 500 K 25 . In 26
the result of direct vibrational excitation by IR pho-
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Ž . Ž . Ž .Fig. 1. Experimental LID results of NO from Cr O 0001 at 6.4 eV: a temperature dependence of the desorption cross-section s ; b2 3

velocity distributions for three different temperatures measured for Õ
Y s0, JY s7.5, the distributions are normalized to the peak maxima;

Ž . Ž .and c temperature dependence of the mean velocities, deduced from the velocity distributions in b .
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Fig. 2. One-dimensional potential configuration used in the quantum mechanical simulations throughout this work. The Franck–Condon
point is shown as the starting point of all wavepackets that are propagated on the excited-state potential curve. The vertical shift between the
two states matches the experimental excitation energy of 6.4 eV.

Ž .Fig. 3. Asymptotic desorption probability P t as function of fixed residence life-times t in the excited state. Shown are results fordes r r
Ž . Ž .C n Õs0, 1 as initial wavefunctions.0
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tons is compared with the situation at Ts1000 K for
Ž .NOrPt 111 using a density-matrix propagation

technique by solving the Liouville–von Neumann
equation.

Recently, Zhu et al. have investigated temperature
effects in the photodesorption of methyl radicals

w xfrom GaAs 8 . They explained the increase in the
photodesorption yield in terms of an MGR picture

Ž . Ž . Ž . Ž .Fig. 4. Wavefunctions C ns0 a and C ns1 b at ts t s72 fs after backtransfer onto the ground state V .1 1 r g
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Ž . Ž .Fig. 5. Asymptotic desorption probability P Õ, t for three fixed residence lifetimes as a function of the initial vibrational state Õ: ades r
Ž . Ž .t s48 fs; b t s72 fs; and c t s96 fs.r r r
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and discussed the role of vibrationally excited initial
states. In that approach, parts of vibrationally excited
wavefunctions cross a critical distance on the repul-
sive excited state earlier than the vibrational ground
state because of their larger extension in coordinate
space compared with the vibrational ground state.

In the context of our experimental results the
temperature dependence of several observables in the

Ž .DIET process of the system NOrCr O 0001 is2 3

studied systematically on the basis of two one-di-
mensional potential energy curves which are consis-
tent with ab-initio calculations performed in our

w xtheory group 27 . A time-dependent wavepacket
method will be applied, including the lifetime-aver-
aging procedure proposed by Gadzuk and finally a
Boltzmann weighting of the results. The next sec-
tions will deal with the computational methods and
the potentials, followed by the presentation of some

Ž . Ž . Ž . Ž . Ž .Fig. 6. Wavefunctions C ns0 and C ns4 at ts t s48 fs a and at ts t s96 fs b after backtransfer onto the ground state V . a1 1 r r g
Ž . Ž .and b are used to explain the increase and the decrease of P Õ in Fig. 5a and c, respectively.des
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Ž .Fig. 6 continued .

wavepacket dynamics with fixed lifetimes in the
excited state. The quality of these simulations is then
increased by applying a lifetime-averaging procedure
to the former results. Finally, after including temper-
ature as a parameter, the results are compared with
experimental data.

4.1. Computational methods

In all wavepacket calculations presented in the
following sections the time-dependent Schrodinger¨

equation is solved by approximating the time-evolu-
Ž .tion operator U t on a basis of complex Chebychev

w xpolynomials 28 . To represent the wavefunction in
coordinate space, an equidistant grid in the range
3.0–25 au with 1024 gridpoints was used. In all
simulations the desorbing part of the wavefunction is
seperated by a grid-change technique. This method is
based on an analytical propagation of the desorbing
part of the wavefunction on a second grid in k space,
where this part is analysed at a common final time
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w x29 . In this application of the gridchange the transfer
function

1
f s1y 1Ž .trans 1qexp a ryrŽ .trans

with

as6.0 auy1 and r s16.5 autrans

was used. This transfer function is located at 16.5 au,
which allows for a clear separation of adsorbed and
desorbed parts of the wavepacket.

The initial vibrational eigenfunctions of the
ground-state potential are calculated by a relaxation
method based on an imaginary time propagation

w xscheme 30 .
As a first guess the one-dimensional model should

be appropriate, but in a forthcoming paper the role of
Žother coordinates such as the polar angle between

.the molecular axis and the surface normal will be
w xdiscussed 31 .

4.2. The potentials

As the wavepacket dynamics depend dramatically
on the gradients and the relative position of the
excited-state potential curve with respect to the
ground state, a proper choice of the potential curves
has to be made. For example, statements concerning
the dependence of several experimentally observable
quantities on the lifetime of representing wavepack-

Ž .ets on the excited state the resonance are only valid
if the knowledge on this state is on a sufficient
theoretical basis. In the present study model poten-
tials are constructed on the basis of ab-initio calcula-

Ž .tions of the NOrNiO 100 system.
The experimentally investigated system

Ž .NOrCr O 0001 is similar to NOrNiO in a sense2 3

that the NO molecule is adsorbed in a non-linear
adsorption geometry. Furthermore, we believe an
NOy-like intermediate to be participating in the DIET
process. For these reasons the potential energy curve
of the excited state used in this work is derived from
a charge transfer state that was calculated for the
first time on a high-quality ab-initio basis for the

Ž . w xsystem NOrNiO 100 27 . A detailed investigation

of the dynamics of nuclear motion and the construc-
tion of two-dimensional ab-initio potential energy

Ž .surfaces for the NOrNiO 100 system from which
the excited-state potential used in the present study

w xcan be derived will be published elsewhere 31 .
The ground state consists of a simple Morse

potential with a dissociation energy of D s0.036e

au. This value is consistent with the experimentally
observed binding energy of nearly 1 eV. The equilib-
rium distance of r s5.55 au is a result of the0

w xab-initio calculations of the system NOrNiO 31 .
As Morse exponent as0.79 auy1 was chosen in
the following expression:

2
V r sD 1yexp ya ryr yD . 2� 4Ž . Ž . Ž .gr e 0 e

These potential energy curves are sketched in Fig.
2. In order to clarify the procedure presented in the
next section, the coordinate-space expectation value
of the vibrational ground state of the electronic
ground state is shown as the Franck–Condon point
on the excited-state curve.

4.3. WaÕepacket propagations with fixed residence
lifetimes

By wavepacket propagation in imaginary time
w x Ž . Ž30 17 vibrational eigenfunctions C n Õs0, . . . ,0
.16 of the ground-state potential are calculated. These

eigenfunctions are transferred separately onto the
excited-state potential in a Franck–Condon-like
manner, where the individual wavepackets are propa-
gated under the influence of the excited-state Hamil-
tonian for a maximal time duration of one oscillation
in the excited state. The wavepackets belonging to a
fixed residence time t are separately transferredr

back onto the ground-state potential and propagated
to a final common time of 2 ps. This procedure is
repeated for each vibrational eigenstate of the elec-
tronic ground state.

In Fig. 3 the resulting desorption yield is shown
as a function of fixed residence times in the excited
state for the two vibrational states with Õs0 and
Õs1. First of all, the different structure of the Õs1
curve, which is caused by the nodal structure of the
Õs1 density, is noted. To illustrate this, the Õs0
and Õs1 densities, resulting after a propagation on
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Ž .Fig. 7. Lifetime-weigted asymptotic desorption probability P Õ, t for three resonance lifetimes t as a function of the initial vibrationaldes
Ž . Ž . Ž .state Õ: a ts6 fs; b ts12 fs; and c ts24 fs.
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the excited state for 72 fs and a Franck–Condon
backtransfer onto the ground-state potential curve,
are shown in Fig. 4. The plateaus in the Õs1 curve
Ž .Fig. 3 are due to the fact that for the corresponding
residence lifetimes the node of the Õs1 density is
located in a region of the repulsive part of the
ground-state potential where enough energy can be
accumulated in order to allow for desorption.

Furthermore one realizes in Fig. 3 that in the case
Ž .of residence times t -72 fs and t )120 fs ther r

desorption probability is higher if the initial wave-
w xfunction is the Õs1 eigenfunction. In 10 it is

analysed quantitatively for an Antoniewicz scenario
that higher eigenstates of a one-dimensional ground-
state potential can reach the repulsive region of the
excited state within a shorter time than lower states
do. The reason is the larger extension in coordinate
space occupied by these higher eigenfunctions. Fig.
5a, where the desorption probability in case of the
fixed residence lifetime of 48 fs is plotted as a
function of the initial vibrational quantum number,
confirms this analysis also for our potentials. Al-
though fixed residence lifetimes are only unrealistic
computational parameters, it is interesting to investi-
gate the desorption probability for two more fixed
residence lifetimes. In Fig. 5b and c the results for
t s72 fs and t s96 fs are shown, respectively. Ther r

residence time of 96 fs corresponds to the turning
point of the wavepacket in the excited state. While in

Ž .case of short and more realistic residence lifetimes
the larger extension in coordinate space of higher

Ž .eigenstates increases the desorption yield Fig. 5a ,
this larger extension in coordinate space becomes a
disadvantage near the turning point. The lowest
eigenstate, for example, is characterized by nearly
100% desorption, while the larger extension of higher
eigenstates causes less desorption. Here the reason
for this behaviour is that at the turning point, for
example, only ;50% of the Õs4 wavefunction
finds itself in a region of the repulsive part of the
excited state, which allows for desorption after the

Franck–Condon-like back transfer onto the ground
state. To summarize, the large extension of vibra-
tionally excited wavefunctions in the distance-coor-
dinate increases desorption only during a certain
period of time within the translation of the
wavepacket in the excited state. The wavefunctions
after the Franck–Condon backtransfer onto the
ground-state potential are sketched in Fig. 6a and b
for t s48 fs and t s96 fs, respectively.r r

If a lifetime of t s72 fs is chosen, the twor

features discussed in this paragraph are important at
Žthe same time and a nearly flat curve results Fig.

.5b .
Finally, the higher the initial vibrational quantum

number the less sensitive is the desorption yield to
this quantum number. This is explained by arguing
that in case of high excited states the square of the
vibrational wavefunctions has its maxima at the clas-
sical turning points of the oscillation. Increasing the
vibrational quantum number does not change the
shape of the corresponding distribution significantly.
Of course, only the very first few eigenstates are
relevant in the thermal averaging procedure which
allows comparison with experimental data.

It has to be mentioned again that a more reason-
able and physical time parameter is an averaged
lifetime of the excited state and this will be subject
of the next section.

4.4. AÕeraged resonance lifetimes

In this section the lifetime-averaging procedure
w xproposed by Gadzuk 32,33 will be applied. This is

Ždone by propagating 400 wavefunctions only differ-
.ing by their residence lifetime t in the excited stater

for all 17 vibrational eigenstates on the electronic
ground state, resulting in 6800 separate calculations.
These wavefunctions correspond to a lifetime inter-

Žval in the excited state between 0 and 193 fs this is
one complete oscillation of the initial wavepacket in

.the excited state . According to Gadzuk, any observ-

Ž . Ž .Fig. 8. Result of the summation 3 as a function of the maximum residence lifetime used in the lifetime averaging procedure: a ts6 fs;
Ž . Ž .b ts12 fs; and c ts24 fs. The inclusion of quantum trajectories with a residence lifetime t up to ;125 fs leads to a converged valuer

Ž . Ž .for P t . To get rid of the dependence on the initial vibrational state, the result of 3 has been temperature-averaged already with thedes

parameter Ts300 K. The residence lifetime t s72 fs is indicated by the vertical line. At this residence lifetime the dependence of ther

unaveraged desorption probability on the initial vibrational state Õ changes roughly from an increasing to a decreasing behaviour.
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able A is averaged with respect to the resonance
lifetime t by guessing an exponential decay of the
excited-state population:

N

A t exp yt rtŽ . Ž .Ý n n
ns1A t s . 3Ž . Ž .N

exp yt tŽ .Ý n
ns1

The index n accounts for the quantum trajectory
with the fixed residence lifetime t . As mentionedn

before, N equals 400 in this averaging procedure.
In Fig. 7a, b and c the averaged desorption yields

for the exemplary resonance lifetimes ts6, 12 and
24 fs, respectively, are presented as a function of the
initial vibrational state. In all cases the averaged
desorption yield increases with the vibrational quan-
tum number Õ. This is reasonable, because specially
in case of the resonance lifetimes 6 and 12 fs those
quantum trajectories which belong to residence life-
times shorter than 72 fs can be shown to be mainly
relevant in the lifetime-averaging procedure. To
demonstrate this, Fig. 8 shows the results of the

Ž .summation 3 as a function of the residence lifetime
t for all three resonance lifetimes. The temperaturer

Ž .averaging procedure Ts300 K that will be pre-
sented in the next section has been performed in this
case already in order to include all vibrational eigen-
states at the same instance. First of all it is clearly
seen that a maximum residence lifetime of 190 fs
yields a converged result in all cases. Then the role
of residence lifetimes with t )72 fs has to ber

emphazised. In the last paragraph it has been shown
that roughly at this residence lifetime the desorption
yield as a function of the initial Õibrational eigen-
state changes from an inreasing behaÕiour to a more

Ž .or less decreasing behaÕiour Fig. 5a–c . This ‘criti-
cal residence lifetime’ t s72 fs is indicated in Fig.r

8 with a vertical line. It must be recognized that
residence lifetimes, which decrease the desorption
yield as a function of the initial vibrational state
Ž .namely those with t )72 fs begin to play a morer

and more important role in the averaging procedure
in case of relative large resonance lifetimes as for
example 24 fs. This resonance lifetime is not too
unrealistic, because it yields desorption probabilities
on the experimental order of magnitude. To summa-
rize, the increase in the desorption yield as a function

Ž .of the vibrational quantum number Fig. 7 is influ-
enced by the choice of the resonance lifetime in
Gadzuk’s averaging procedure. As a measure of this

Ž . Ž .increase P ns16 rP ns0 is calculated anddes des

yields the values 525, 15 and 3 if the resonance
lifetimes are 6, 12 and 24 fs, respectively. In case of
ts24 fs the relative small factor can be explained
in terms of the weight of those residence lifetimes,
which account for an decrease in the desorption yield

Žas a function of the initial vibrational state see Fig.
.5c .
This section dealt with lifetime weighted desorp-

tion probabilities as a function of the initial vibra-
tional state. In order to allow comparison with exper-
imental data, the influence of temperature on the last
results has to be investigated in the next section.

4.5. Boltzmann weighting

The lifetime-averaged results of the last section
will be connected with the influence of the tempera-
ture T by guessing a Boltzmann distribution of the
initial vibrational eigenstates. This leads to an aver-

Ž .aging procedure for the observable A t , where the
weighting function is the Boltzmann factor exp
Ž .yE rkT :Õ

N

A t exp E rkTŽ . Ž .Ý Õ

Õs0A t , T s . 4Ž . Ž .N

exp yE rkTŽ .Ý Õ

Õs0

The propagation of 17 vibrational eigenfunctions

Table 1
Relative population P rP of the initial ground-state vibrationalv 0

level Õ for T s350K and T s100K

T s350K T s100K

Õs0 1.0000 1.0000
Õs1 0.4455 0.0590
Õs2 0.2005 0.0036
Õs3 0.0973 0.0002

y5Õs4 0.0419 2=10
y6Õs5 0.0194 1=10
y8Õs6 0.0091 7=10
y9Õs7 0.0043 5=10
y10Õs8 0.0021 4=10
y11Õs9 0.0010 3=10
y12Õs10 0.0005 3=10
y13Õs11 0.0002 2=10
y14Õs12 0.0001 2=10
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Ž . Ž .Fig. 9. Temperature-averaged desorption probability P T , t for three resonance lifetimes t as a function of temperature T : a ts6 fs;des
Ž . Ž .b ts12 fs; and c ts24 fs.
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was sufficient to investigate a temperature interval
between 0 and 600 K. For the relative populations of
the vibrational energy levels see Table 1, where
these values are collected for the two temperatures
Ts100 K and Ts350 K, the desorption tempera-
ture found in thermal desorption spectra being in the
range 340"20 K. The temperature dependence of
the averaged desorption yield is illustrated in Fig. 9.
Again the sample resonance lifetimes 6, 12 and 24 fs
were chosen. In all cases a clear increase in the
desorption yield after the incorporation of the tem-
perature parameter is obvious.

The experimental cross-section, which is on the
y17 2 Žorder of 1=10 cm 1–4 orders of magnitude

.larger than in the case of metals is consistent with a
desorption yield per excitation event on the order of
0.01. This fact is the basis to estimate a resonance
lifetime in the range between 12 and 24 fs. This
range, which seems to be reasonable in case of this

w xoxide system 27 is located at higher values than the
lifetimes that are estimated in some cases for metal-
lic systems in one-dimensional treatments.

Nevertheless, the most dramatic effect of increas-
ing temperature on the desorption probability is seen
in Fig. 9a. An increase in temperature from 100 to
300 K yields an increase in the desorption probability
by a factor 3, if a resonance lifetime of 6 fs is
chosen. This factor is reduced to 1.4 and 1.1 for
resonance lifetimes of 12 and 24 fs, respectively.
This behaviour can be directly traced back to the
different dependences of the desorption yields on the
fixed vibrational quantum numbers that was dis-
cussed in the last section and was illustrated in the
Fig. 5a–c. The different factors of the last paragraph
are still ‘visible’ after a temperatur-averaging proce-

Ž .dure. In the case of short resonance lifetimes 6 fs
only the quantum trajectories which increase the
desorption probability as a function of the initial

Fig. 10. Temperature dependence of the lifetime-averaged velocity distributions in the case of ts12 fs. Shown are velocity distributions for
Ts100, 200 and 300 K.
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² :Fig. 11. Temperature dependence of the mean velocities Õ , deduced from the calculated velocity distributions, for three resonance
Ž . Ž . Ž .lifetimes t : a ts6 fs; b ts12 fs; and c ts24 fs.
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vibrational state are relevant. If the resonance life-
time is increased, the influence of quantum trajecto-
ries with the opposite behaviour grows.

Summarizing, a reasonable choice of the reso-
nance lifetime is 12 fs. Larger values lead to a better
agreement with the absolute experimental cross-sec-
tion, but reduce the temperature effects, which we
mainly focus upon in this paper.

Another experimentally observable quantity is the
velocity distribution of the desorbing species. From
these distributions mean values of the velocity can
easily be derived. For this reason, the lifetime-aver-
aging procedure, followed by thermal weighting was
applied to the momentum-space density of the des-
orbed part of the wavefunctions, which have reached
the asymptotic region of the ground-state potential.
After the analytical propagation to a common final
time on the second grid these resulting momentum-
space densities can be interpreted as velocity distri-
butions of the desorbing NO molecules. As these
distributions are an observable quantity, it is reason-
able to proceed in the same manner as with the

w xdesorption probability 34 .
In Fig. 10 the influence of temperature on the

velocity distributions is demonstrated. The distribu-
tions resulting in case of the resonance lifetime 12 fs
are shown for the temperatures 100, 200 and 300 K.
At a first glance only the increase in the desorption
probability as a function of the temperature is con-
firmed, because this quantity scales with the area
enclosed by the velocity distribution. A more de-
tailed analysis reveals a slight dependence of the
mean velocity on the temperature. Fig. 11 shows
expectation values of the lifetime- and temperature-
averaged velocity distributions as a function of the
temperature again for the three exemplary resonance
lifetimes 6, 12 and 24 fs. In all cases the mean
velocity increases if temperature is enhanced. The
absolute increase is in the same order of magnitude
as the experimentally observed behaviour. Although
this result is encouraging, it should be realized that
the absolute value of the mean velocities is too high.
Reasons for this might be the one-dimensional treat-
ment or the lack of any precursor states in our
simulations. We believe that those states should be
discussed in terms of a multidimensional model in
order to explain the shape of the experimentally
observed velocity distributions. Precursor states could

play the role of an energy trap accounting for the
peaking of the velocity distributions at relative small
velocities. A detailed theoretical investigation of the
role of precursor states in laser-induced desorption

w xwill be published elsewhere 35 .

5. Conclusions

Performing time-dependent wavepacket studies we
have shown that the experimentally observed depen-
dence of quantities like desorption cross-section or
mean velocities of the desorbing species on tempera-
ture can be explained in terms of a pure quantum
mechanical picture. The trend of an increase in
desorption yield and velocity as a function of tem-
perature is visible even after carrying out two aver-
aging procedures, which tend to allow for a realistic
comparison with experiment. The two parameters in
the averaging procedures were the resonance lifetime
t of the excited state and the temperature T. It is
shown in case of our system that short resonance
lifetimes have more pronounced relative effects on
the dependence of the observables on temperature
than longer, not too unrealistic resonance lifetimes.
The temperature effects on the desorption probability
become less pronounced if residence lifetimes of the
representing wavepacket in the excited state with a
negative influence on the desorption probability be-

Ž .come relevant. In our NOrCr O 0001 system all2 3

these effects have to be discussed, because only quite
large resonance lifetimes are consistent with the
observed desorption cross-sections. The microscopic
reason is the weak gradient of the ab-initio excited-
state potential used in the presented simulations. A
resonance lifetime of ts12 fs accounts for an in-
crease in the desorption probability by a factor of 1.4
and yields absolute values of P which are slightlydes

too small. One has to consider on the other hand that
the exact correlation between the measured desorp-
tion cross-section and the calculated desorption prob-
ability per resonance event is not known.

Due to the fact that in the presented simulations
the temperature effects become more pronounced if
the resonance lifetime of the excited state is short-
ened, one would guess that another temperature de-
pendence is observed for example in the case of
metals, where the resonance lifetimes are believed to
be smaller than 10 fs.
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