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A microscopic model for electronic quenching in the photodesorption of NO from(10@ is
developed. The quenching is caused by the interaction of the excited adsorbate—substrate complex
with electron hole pairs (O2— Ni3d state$ in the surface. The electron hole pairs are described

as a bath of two level systems which are characterized by an excitation energy and a dipole charge.
The parameters are connected to estimates from photoemission spectroscopy and configuration
interaction calculations. Due to the localized electronic structure of NiO a direct optical excitation
mechanism can be assumed, and a reliable potential energy surface for the excited state is available.
Thus a treatment dll steps in the photodesorption event from first principles becomes possible for
the first time. The surrogate Hamiltonian method, which allows one to monitor convergence, is
employed to calculate the desorption dynamics. Desorption probabilities of the right order of
magnitude and velocities in the experimentally observed range are obtain@@0® American
Institute of Physics.[DOI: 10.1063/1.1577533

I. INTRODUCTION short-lived electronically excited states have been
— _ 7
A molecule which is adsorbed on a surface can be deguggested.The Menzel-Gomer—RedheaGR) mode?

tached by thermal or photoexcitation. For chemisorbed mo|2ssumes the electronically excited state to be repulsive, while

ecules, desorption involves the cleavage of a chemical bon(!f a Va”_‘?'gn (t)ftthg MSR medIeI gol?]g bagklto At}:ltonlev_\?ctz_
and it represents the simplest case of a chemical reactioﬁhe excited state 1s bound. [n both models, the excriation

Since molecule and surface degrees of freedom are coupleﬁ?m the electronic ground to an excited state and the relax-
tion back to the ground state are modeled as vertical tran-

energy is transferred from the surface to the molecule ang" f 2 classical ic] hanical
vice versa. The nature of the excitation process reveals itsefftions Of a classical particle or a quantum mechanical wave
If an ensemble of wave packets is consid&téd,

in the observables of the desorption experiment: Thermapacket. . _ .
desorption results in the distribution of energy onto all de-62Ch wave packet spends a certain residence time on the

grees of freedom while for laser induced desorption the exeXCited state. Expectation values can then be computed as
citation of specific quantum states resulting in a nonthermaftochastic averages of the ensemble where the resonance
distribution of energy can be observed. The theoretical deime, i.e., the lifetime of the excited state, enters as a weight.
scription of laser induced desorption must therefore be quanthis procedure is usually termed Gadzuk's wave packet
tum mechanical and start from first principles. In particularJumping. A quantitative theoretical description has to be
all aspects of the problem should be treated on the same levefsed on amb initio treatment of the participating potential
of rigor. energy surfaces and excitation and deexcitation mechanisms.
The photodesorption process consists of three steps— The calculation of reliable potential energy surfaces in
excitation of the molecule due to the interaction with thegeneral, and for excited states in particular, is still an open
laser pulse, relaxation of the excitation energy into the surproblem. However, for NO/NiCL00)*® excited state poten-
face, and subsequent desorption. In previous treatmehes, tials were obtained on aab initio level. The topology of the
emphasis has been placed on the molecular dynamics. It iepresentative excited state potential for NO/Ni@0) which
the goal of this paper to go one step further and also treat theas used in the calculations will be discussed in Sec. I B.
dynamical interaction between molecule and surface on an Irradiation by nanosecond pulses can well be described
ab initio level. To this end, the surrogate Hamiltonian by a Franck—Condon transition. The theoretical description
method to model the dissipative quantum dynamics isof femtosecond experiments, however, requires an improved
combined withab initio potential energy surfaces obtained in model since excitation, excited state dynamics, and relax-
previous work!® ation all occur on the same time scale. For metals, the two-
Two mechanisms for laser induced desorption based otemperature modthas been introduced to describe femto-
second excitation of the surface. The excitation mechanism
3Electronic mail: koch c@fhi-berlin.mpg.de is assumed to be substrate-mediated, i.e., the pulse generates
YElectronic mail: kluener@*hi-berlin.mpg.de a cloud of hot electrons which can attach to or scatter from
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the adsorbate. On oxides, the substrate is also involved in theethod is furthermore equivalent to Gadzuk’s wave packet
excitation process. This can be seen in the linear dependengemping if a coordinate-independent relaxation rate is
of the desorption cross section on the laser energy once trassumed*2°
laser energy is larger than the band dgh@he excitation While the Markov approximation is intrinsic for the
mechanism can, however, be thought of as divethtin the  semigroup approach, the equation of motion obtained in a
substrate—adsorbate complex as will be discussed in Seperturbation theory approach in general is non-Markovian.
[IC. Then the full time-dependence of the pulse enters theSince the solution of integro-differential equations is far
theoretical model. from being straightforward, the Markov approximation usu-
The electronic excitation of the adsorbate is dissipatedilly needs to be made. It is, however, not necessarily justified
into the surface due to interaction with surface electrons anth the case of moderate or strong coupling between system
holes or phonons. The lifetime of the electronic excitation isand bath which can be expected for laser induced desorption.
extremely short? For metals it is estimated to be<1 fs  Within second-order perturbation theory different approaches
while for oxides it is assumed to be somewhat larger, exist to treat the memory kernel in the reduced equation of
~20-30 fs. If the interaction with charge carriers in the sur-motion. One possibility consists in transforming the integro-
face is seen as the primary cause of relaxation, this differdifferential equation into an algebraic equation by expanding
ence corresponds to the different density of states in metal#ie reduced density operator in a suitable polynomial basis,
and insulators. In both cases the short lifetime leads to the.g., Laguerre ponnomiaFE. The method is limited, how-
conclusion that the interaction with the surface must beever, to weak field excitation. If the interaction with strong
strong? If a fully quantum mechanical description of the external fields is to be considered, the non-Markovian equa-
problem is desired, an open quantum system approachon of motion for the system density matrix can be trans-
should be used to describe the relaxation process. The sUormed into a set of coupled Markovian equations for the
face electron—hole pairs and phonons are then modeled @sduced density matrix and auxiliary density matrices which
environment or bath. incorporate the memory effect This method is best suited
There are two standard approaches to the problem gbr high temperature calculations. No further assumptions

open quantum systems, perturbation theory and the dynamgther than the weak coupling approximation need to be
cal semigroup formalism. In both cases, the total Hamil-j5de?”

tonian is separated into parts describing (iemary) system The path integral formalism supplies a different ap-
and the(secondarybath, Hg andHg, proach to open system quantum mechafficd’ For a lin-
early coupled bath of harmonic oscillators, the bath variables
Hyor= Hs+ Hg + Hgg. (1)  can analytically be integrated. The effect of the bath is then

captured in an influence functior&Non-Markovian effects

In a perturbation theory treatmehit'*the coupling between result in an influence functional containing correlations in
system and bamCJSB, is assumed to be weak. Equations of time between different pathid,i.e., they can in principle be
motion for the reduced density operator, i.e., the density opaCCOUI’]ted for. However, the numerical evaluation of a mul-
erator of the systerps, can then be derived which depend tidimensional integral remains computationally challenging
upon system operators only. The derivation in a most generalespite recent progredsThis limits the applications of path
sense is done by the projection operator technf§d@The integrals to relatively simple model systems. Furthermore,
drawback of this reduction is the occurrence of memory efthe treatment of time-dependent Hamiltonians is not pos-
fects describing the correlations between system and bath. $ible.
is well known, however, that the dynamics of the reduced The theoretical description of femtosecond laser induced
density operator does not obey complete posititfitfhis  desorption thus poses a dilemma: Strong interaction with the
obscures the interpretation of diagonal matrix elemenggsof environment excludes perturbation theory. The impossible
as probabilities. The condition of complete positivity to- separation of excitation and relaxation time scales makes
gether with the Markov assumption is the starting point ofnon-Markovian effects likely to be important. An anhar-
the second approach. These two conditions are fulfilled if thanonic environmentthe electron—hole pairs in the surface
Liouville superoperator generating the dynamicspgfis of ~ comparatively low temperature, and an explicit time depen-
so-called Lindblad fornt/*8 Dissipation is modeled by sys- dence of the Hamiltonian are not well suited for a path-
tem  operators which have to be chosenintegral approach.
semi-phenomenologically. The number of existing theoretical studies is therefore

Both perturbation theory and semigroup formalism leadsmall. The above-mentioned two-temperature model was
to an equation of motion for the density operator of the sysused in a semigroup treatment for NQ/Hf1) 3223 The indi-
tem which needs to be solved. A description based on theect treatment of the pulse in the two-temperature model pro-
system wave function with a more favorable scaling in thelonged the excitation time scale justifying the Markov as-
numerical solution is also possible. The influence of the batlsumption inherent in the semigroup approach. Another
on the system is then treated as a stochastic force and tldirect treatment of the excitation process has been applied
method is hence termed the stochastic wave packet or Monte CO/CY111).3435The surface was treated as stochastic en-
Carlo wave function(MCWF) method?>~2®> The MCWF  vironment leading to an optical potential in the system
method was shown to be equivalent to the semigrougdamiltonian. Memory effects were considered to be negli-
formalism?°~2? For laser induced desorption, the MCWF gible due to the internal energy transfer in the surface. Direct
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optical excitation without further justification has been as-standing of the interaction between substrate, adsorbate, and
sumed for NH/Cu(111)® although the excitation is known laser pulse, the model will, however, be restricted to one
to be substrate-mediatédThe deexcitation was also mod- nuclear dimension—the desorption coordinate. Observables
eled by an optical potential, i.e., assumingsaorrelated of interest are therefore desorption yield and desorption ve-
environment. However, the field is known to affect thelocities. Once a fully quantum mechanical description of the
dissipatior’® Since excitation and deexcitation are bothdesorption event including electronic states, excitation, and
caused by electrons in the copper surface, and the time scalegaxation mechanisms has been obtained, a generalization to
of excitation and relaxation are comparable, correlations bemore degrees of freedom is possible. This would allow for
tween excitation and dissipation have to be expected butalculating furthermore rotational and vibrational distribu-
were not accounted for. tions. Such a generalization is beyond the scope of the
The present paper presents a theoretical study of femtgresent work which serves as one more step toward a com-
second laser induced desorption of NO/KIOQ0). This sys- plete quantum description of laser induced desorption.
tem has been the subject of numerous epxeriméntal*las
well as theoretical studiés’?>*3The most prominent feature

of the experimental results is a bimodality of the desorption; +HE SURROGATE HAMILTONIAN METHOD

velocity distributions and a coupling of rotational and trans-app| |[ED TO LASER INDUCED DESORPTION OF NO
lational energy for the fast desorption chantfefhese find- FrROM NIO(100)

ings could be explained in terms of the topology of the ex-

cited state potential and the excited state dynamics within a When the total system is separated into primary system

two-dimensional jumping wave packet treatm&tdow-  and secondary bath parts, its Hamiltonian is given by(Eg.

ever, the lifetime of the excited state had to be chosenf in addition the interaction with a laser field is explicitly

semiempirically. Furthermore, such a stochastic approach ngonsidered, the Hamiltonian can be written as

glects correlations between excitation and relaxation which

become important in femtosecond experiments as currently  Hio=Hs+ Hsg(t) + Hsgt Har(t) + Hg, 2

performed. The introduction of femtosecond laser technol-

ogy requires a theoretical treatment of excitation and deex?here the interaction of the primary system and of the envi-

citation mechanisms on the same level of rigor. In particularronment with the field is described Bysg(t) and Hgg(t),

a microscopic description of the dissipation has not beemespectively. In the present study, the system Hamiltokign

attempted so far. We therefore combine the information frontlescribes the adsorbed NO molecule on a finite part of the

previous studi€st2940424%yjith the surrogate Hamiltonian NiO surface(cf. Sec. 1l B, while the remaining part of the

method® to develop a model which treats the nuclear dy-surface is modeled as environment or blagq(cf_ Sec. Il D.

namics as well as the excitation and relaxation mechanisrhe effect of this environment on the system is captured in

on the same level of rigor. the interaction ternfgg (cf. Sec. 11 B. Before proceeding
The surrogate Hamiltonian is complementary to othenyith the application of the surrogate Hamiltonian to laser

approaches to dissipative quantum dynamics which are basggjuced desorption of NO/NiQ00), the general idea of the
on a reduced description of the system. This is particularlynethod? is recalled.

interesting in light of the rigorous proof that a reduced dy-
namics in general does not exist for quantum syst&hrsr
the surrogate Hamiltonian the starting point is a description  In quantum mechanics the effort to solve a problem
of the total system and bath. This description is approxiscales exponentially with the number of degrees of freedom.
mated in a controlled way yielding a model whose treatmenExcept for a few special, analytically solvable cases, Ebs.
is numerically feasible but whose validity is limited in time. and(2) therefore state an extremely complicated problem for
No weak coupling assumption needs to be made, and th@hich approximations are unavoidable. Since the bath de-
coupling constants can be derived from first principles. Theyrees of freedom themselves are not interesting, and only
environmental modes are described as two level system&eir influence on the system is important, the first step of
(TLS). Such an excitonic bath is particularly well-suited to approximation consists in an implicit description of the bath
model the electron—hole pairs in the surface. The interactioby abstract, representative modes. The core idea of the sur-
with phonons is not likely to play a role: It requires lifetimes rogate Hamiltoniahis the truncation of the infinite number
at least on the picosecond to nanosecond time scale. Thef representative bath modes in a well-defined way. This is
temperature dependence of desorption observables could fysessible if the modes are chosen such that the ones which
thermore be explained purely by initial population of groundinteract strongest with the system are always included in the
vibrational state&> The interaction of the excited adsorbate— description. This leads to a new, “surrogate” Hamiltonian for
substrate complex with phonons is therefore neglected. Ithe total system which generates the time evolution of a
principle, however, it could be incorporated in the model by“surrogate” wave function¥ (Z,a,04,05,...,0\). Z repre-
employing a second bath. sents the nuclear coordinate of the systenthe electronic
The treatment of time-dependent fields can be includedevel, ando; the bath degrees of freedom. Observables are
naturally into the description. Furthermore, the strength ofassociated with operators of the primary system. They can be
the surrogate Hamiltonian lies in the low temperature re-determined from the reduced density operator, i.e., the den-
gime. Since the focus is on developing a microscopic undersity operator of the primary system:

A. Brief review of the surrogate Hamiltonian method
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ps(Z,2" ,a,a")=trg{|W(Z,a,{0}})) uese; and eigenstates; of the bath were obtained within a
o microscopic modelcf. Secs. IID and IIlEE The TLS bath
X(W*(Z',a" {ai DI} (3 can also be viewed as a low temperature approximation to a

here t denot tial t the bath d ?armonic oscillator bath with the possibility of connecting
where tg{ } denotes a partial trace over the bath degrees e parameters of the two modéfs>2

freedom. The system density operator is thus constructed
from the total system—bath wave function while only this
wave function is propagated. This posteriori construction

of the density operator is different from most other ap-  The Hamiltonian of the primary systerﬁts, describes

proaches to dissipative quantum dynartfié§*’where the  two electronic states and one nuclear degree of freedom,

trace over the bath is performed before time propagationyhich is the distance of the molecule from the surface,
possibly neglecting correlations between system and bath. As

a consequence of the surrogate model, all correlations be- _
tween system and bath which the Hamiltonian allows for are ST
included. Furthermore, since the Sctlirmger equation fora
wave function is solved, the treatment of time-dependent ex denotes the kinetic energy operator which is applied in
ternal fields poses no additional problems. momentum space. Potential energy surfakigg(i) have

In the limit of an infinite number of bath modes, the been constructed by Kher and co-workefs in two
surrogate Hamiltonian is completely equivalent to the origi-dimensions—distance from the surfageand polar angled
nal, “true” Hamiltonian. Since, at least in principle, the num- between the NO molecular axis and the surface normal. In
ber of modesN can be increased, it is possible to checkthe present study the angle is kept fixed at the equilibrium
convergence. The truncation leading to the surrogate Hamilvalue = 45°. The excited state potential has been calculated
tonian relies on a time-energy uncertainty argument: In dn a valence configuration interactioi€l) approach for a
finite time, t<co, the system can only resolve a finite num- NO/NiOZ ™~ cluster embedded in a point charge fiéfiThe
ber, N<o, of bath states and not the full density of states.excited state is a charge-transfer state which is characterized
The sampling density in energy of the finite set of bath statesy a deep potential well due to Coulomb interaction between
is determined by the inverse of the time interval. This arguNO~ and the positively charged cluster and by a potential
ment leads to two observations—the surrogate Hamiltoniaminimum at a distance of about 1.5 a.u. smaller than the
is well-suited for the description of ultrashort events, and theslectronic ground state minimum. The wave packet will
number of needed modes increases with the interactiotherefore be accelerated toward the surface upon excitation
strength between system and bath. Strong and intermediagend desorption will occur according to the Antoniewicz
coupling strengths might therefore pose a computationainechanisny.
challenge. From the above-mentioned derivation, it is clear, CI has so far been the only method to obtain excited
however, that no weak coupling assumption was needed. Istates for adsorbates on transition metal oxftRésHowever,
addition, the surrogate Hamiltonian method yieldsoatrol-  within such an approach based on a finite cluster only rela-

B. The primary system

T+Vy(2) 0

N ~ - 5
0 T+Ve(2) ©

lable approximation. tive energies and the topology of the potential energy surface
The bath is composed of TLS and described by theare expected to be reliable. Vertical excitation energies can
Hamiltonian only be estimated due to orbital relaxation within the cluster
and due to extra cluster polarizatithSince many excited
|:|B=]S®E 8i&iT&i (4) states are located in the energy range probed by the laser

i pulse, the field is likely to cause a resonant transition. How-
ever, since the topology of these states is very similais

oA = ats i : _ .
with ;=6 6; the occupation number operator andthe  possible to select one representative state whose excitation
energy of theith bath mode. FoN bath modes the Hilbert energy coincides with the laser energy.

spaceHg of the bath has dimension2 This results from a

single TLS or spins being defined on a two-dimensional ¢ The interaction with the laser field

Hilbert space and the possibility to combine each of the two N

basis states for all modes. The dimension of the total Hil- The Hamiltonian, Eq(2), includes both diredt(Hsg(t)]

bert spaceHs® Hg is then given by the product of the di- and substrate-mediatddigr(t)] excitation of the primary
mensions ofHg and 2. Obviously, this dimension quickly system. However, in the following only direct optical excita-
gets very large when the number of bath modess in-  tion will be considered. For metal surfaces direct optical ex-
creased. However, considering all Bossibilities of combin-  citation can be excluded due to the strong quenching of elec-
ing the bath modes corresponds to consideatigpossible  trons in the conduction band. This situation is different for
system—bath correlations which might not be necessary. Thaexide surfaces which have a considerable band gap. Mea-
number of simultaneously allowed excitations can then besurements with different polarizations of the laser pulse
restricted. In an extreme case, only single excitations aréound a dependence of the desorption yield on the polariza-
considered. This reduces the dimension of the total Hilbertion while the desorption velocities were not influencedf.
space from ? to N+ 1. The approximation made is again the excitation is mediated by the substratiae excitation
controllable since the number of simultaneously allowed exenergy is dissipated into the surface via electron—electron
citations can be increased. In the present study, the eigenvand (secondary electron—phonon scattering. These multiple
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scattering events rule out a symmetry dependence of the ewthere(NN) stands for nearest neighbor, aég , &; are the
citation. In contrast, a direct excitation is determined by thecreation and annihilation operators for tite TLS, respec-
symmetry of the states involved. The polarization depentively. Equation(9) implies that one electron hole pair lo-
dence of the desorption yield for NO/N{@O favoring cated at site is modeled by théth TLS. The sites are Ni-O
s-polarized light® is compatible with calculated oscillator pairs in the lattice between which charge transfer can occur.
strengthd:® It therefore supports an electronic excitation The first term in Eq(9) describes the excitation of localized
mechanism which is determined by optical selection rulesTLS at the sites. This is motivated by the Ni@ states
i.e., a direct optical excitation within the adsorbate—substrateeing in general localizetf. Delocalization is brought about
complex. by the O 2 states and introduced into the model by the
If a direct optical excitation of the adsorbate—substratesecond term in Eq(9). This term describes the transport of
complex is assumed, the primary system interacts with thexcitation from one electron hole pair to its nearest neigh-
electric fieldE(t) of the laser pulse which causes an elec-bors. The bath is hence characterized by two parameters,

tronic transition, and 7. All electron hole pairs are assumed to have identical
o excitation energy. In a molecular orbital picture this is the
|:|sp( :< 0 E(t)/“ﬂ(z)> ©6) transition energy from .the highest occup_ied_moleqular orbital
E* (1) fty(2) 0 to the lowest unoccupied molecular orbitglis the interac-

oA - . . tion strength between nearest-neighbor TLS and leads to a
m(Z) is the transition dipole operator depending on thefinite width of excitation energy, i.e., an energy band of the
nuclear coordinate. The fiel(t) is treated semiclassically, path: If the bath Hamiltonian, E@9), is diagonalized, antl

and its spatial dependence is neglected. The shape of the the number of moded\ energies around correspond to

field is assumed to be Gaussian, single excitations,N energies around & correspond to
(t—tr)?) double excitations, etc. The spread of these eigenvalues
E(t)=Eq exp{ - z—mza) glect, (7)  arounde is determined byzn. The scaling 1/lod{) of the
op

second term in Eq(9) needs to be introduced to make the
Since the excitation is taken to be resonant, the laser frgarocedure convergent, i.e., to have the spread of energies
quencyw; coincides with the difference o, andV, at the ~ arounde independent of the number of bath modeés It
minimum of the ground state potential. The parameters charesults from the topology of the problem, i.e., from the map-
acterizing the pulse are its frequeney, the intensityE, or  ping of two dimensions of the bath onto ofa. the Appen-

the pulse fluence which is related Ep, and the full width ~ dix). The interaction itself does not scale with since the

half maximum(FWHM) 7, which is related to the standard bath modes are localizé8.To summarize, the parameter
deviation op by 7p=20p\y2In2. The transition dipole can be viewed as the center of the bath energy band while

i1(Z) can be obtained from the oscillator strendth determines its width. _ _
Equation(9) represents an abstraction from the compli-
f=5Eq|unnl? (8)  cated electronic structure of actual @-2Ni3d charge

transfer states in the surface. Therefore, it should be possible
to estimate reasonable valuessodind 7 from either electron
spectroscopy or electronic structure theory. From
experiment’*®as well as theory**°the band gap of NiO is
known to be about 4 eV with some surface states correspond-
ing to d—d excitations of nickel at lower energies. The
D. The electron hole pair bath width of the energy band of single electronic excitations was

found to be about 10 eV. However, laser energies between

The lifetime of the excited state has been estimated 335 and 6.4 et do not probe the whole energy band.sif

about .15_42 5 fs, 1.6, the chargg trans.fer state s extremelgnd n are chosen in direct correspondence to the electron
short-lived; but the lifetime is still considerably larger than

. . . energy loss spectroscopy data and CI calculations, modes
those estimated for desorption from metal surfdc@sptical with energy higher than those probed by the laser are in-
deexcitation and interaction with phonons require lifetimes alded. However. while these modes exist they do not con-
least on the picosecond to nanosecond time scale and cah ' ' X

therefore be excluded as possible relaxation channels. Tq

intera_ction with phonons is furthermore not likely t_o play a relevant range, i.e., the energy range set by the laser energy.
role since the temperature dependence of desorption ObserX'thorough discussion of the role efand » will be given in
ables could be explained purely by initial population of Secs. 1 B=IIID

ground state vibrational stat&sThe remaining possible re-
laxation channel is electronic quenching caused by the inte
action with electron hole pairs, i.e., ®@2>Ni3d charge
transfer states in the surface.

The electron hole pairs are described as a TLS bath, The interaction of the electron hole pairs with the NO
like intermediate leads to quenching of electronic excitation

I:|B=sz & o+ 7 2 (&iT&j n a_]_f&i), 9) of th_e primary system. The ele_ctr_on hole pairs can be V|ewed_
i log(N) i (RN as dipoles, and the laser excitation creates a nonzero transi-

(in atomic unit3. f was found to be approximately
f=exp(~2) in the ab initio calculations'® and E;;~4 eV
=0.15 a.u.

T A microscopic model for the system—bath
interaction
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tion dipole in the system. The interaction is therefore mod-sponds to a factorizing initial state at zero temperature in
eled as dipole—dipole interaction which assumes that theensity matrix formalism, i.e., no initial correlations between
electric field can be described classically and that the systesystem and bath are considered. Due to the large band gap of
dipole is in the far field of the bath dipoles. However, com-about 4 eV in NiO, no electron hole pairs are thermally ex-
pared to the simplification of the Qi2—Ni3d charge trans- cited at timet=0. Hence it is justified to neglect initial cor-

fer states to TLS, these additional approximations are exrelations between system and bath.

pected to be negligible. TheV; in the interaction Since a direct excitation mechanism is assumed, the la-
Hamiltonian, ser pulse transfers population from the electronic ground to
01 the electronically excited state around the Franck-Condon
|:|ss=( ®E Vi( &i*r +é), (10) point. The partial wave packets on thg electronically excited

1 0/ 5 state start to travel toward smaller distan@esDue to the

H1teracti0n with the bath, population is continuously trans-

ferred to the electronic ground state. The process is enhanced

when the energy of a bath mode matches the potential dif-

) ferenceAV(Z). In principle, while both electronic quench-

' (11)  ing and electronic excitation of the system are possible, the
latter is much less probable. This becomes obvious when

5 . . . using the rotating wave approximatiéRWA) and moving to
[F;| is the distance of théth bath dipole from the system . :

, N , . the rotating frame. Then the bath creation operators couple
dipole. Note that the/; are operators in the Hilbert space of )y ¢ the electronic annihilator of the system, and the bath
the system. Taking into account the expectation value of the,nihijators couple only to the electronic creation operator of
transition dipole instead of the operatag in Eq. (11) cor-  the system. Electronic excitation of the system can therefore
responds to a time-dependent self-consistent fieSCH  only occur after electronic quenching with the associated cre-
approach’ It introduces the fast time dependence of theation of bath excitations. The validity of the RWA has been
transition dipole into the Hamiltonian. Since evaluation Ofthoroughly checked. The population which has been trans-
the operator expressions poses no difficulty when using thgsrred to the electronic ground state will either be trapped in
grid representation, Eq11) was implemented using the op- the potential well though vibrationally excited, or it has
erators and not expectation values. The bath dipoles are a§ained enough kinetic energy to leave the potential well of
sumed to be located at the center of charge in between @e ground state and to desorb. The wave packet is propa-
nickel and an oxygen atom. The system dipole is located iyated on the electronic ground state until the trapped and the
between the nickel atom and the NO molecule. Evaluatingjesorhing parts are well separated and the observables in the
the scalar products then leads to asymptotic region are converged. The grid switching method
proposed by Heather and Metiu is employed.

are then given by the scalar product of the system’s transitio
dipole, ;ts, and the electric field of the bath dipolé,:

(frsT)(

il

=

v

i

Vi:

= i

v

= |0
w | w]w
9w

Vi(2)==+ qa"'““(z)z - The convergence of the surrogate Hamiltonian with re-

- 5 2 spect to the propagation time is limited due to recurrences in

( E(Z+a0)+mao +tn a0> the bath. Since the bath Hamiltonian is finite, energy trans-

ferred from the system to the bath will eventually be re-

qaguy(2)22 flected and transferred back to the system. At this point

*3 5 =75, (12 (calledtg), the simulation should be stopped and the number
((E(Z+ao)+mao +n2ag) of bath modes_needs to be ir_lcr(_aased. In the gimulatt@ns,

2 can be determined by two criteria, the population backflow

and the bath distance criteria. For the first, the population of
the zeroth mode corresponding to all TLS being deexcited is
monitored. If it increases, population and energy is trans-
ferred from the bath back into the system. For the latter, the
verage distance of the excitation in the bath is calculated.
his is possible since every bath mode is connected with a
iO lattice position. A reflection of the excitation at the
oundary due to the finite size of the bath leads to a decrease
in the bath distance.

Within the convergence time of the surrogate Hamil-
Bnian it is not possible to obtain converged expectation val-
ues in the asymptotic regidiVy(Z) ~0] which can be com-
pared to observables of laser induced desorption
experiments. However, the surrogate Hamiltonian is needed
only to describe electronic quenching, it is not necessary to
describe the nuclear motion on the electronic ground state

The initial state is taken to be the vibrational groundleading to a separation of the wave packet into a trapped and
state of the electronic ground state potential. This correa desorbing part: If the decay of the electronic excitation is

wherea, is the distance between the Ni and O atoms, i.e.
half the lattice constant @=3.93 A), andn, meN. n
labels the sites within the surfa¢leorizontal distancewhile

m labels the layergvertical distance, cf. the Appendixf a
one-dimensional primary system is considered, i.e., the til
angle of NO versus the surface normal is neglected, only th
bath dipoles parallel to the surface normal contribute to th
interaction. The only parameter in E.2) and therefore in
the interaction HamiltoniaﬁiSB is the dipole chargeg char-
acterizing the completeness of charge transfer between
nickel and an oxygen atom. An estimatecpfs known from

ab initio calculation€® The role ofq will be discussed in
Sec. llIE.

F. Dynamics and observables
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fast, the quenching happens on a much shorter time &sale T T T T [ T T T T T ]
than the nuclear motion in the ground stée), and the two Ol NNl TN 1
phenomena can be separated. g [\ b ;5:36‘
After the interaction has been switched off at tilmghe 5 0.05 e o [eoe N=35,N, =1 152
2N ground state wave packets can be propagated until the % 7 - g:;‘:g: 1s.1
observables in the asymptotic region are converged. If the £ 0?_ P TR _'0
wave packet is still comparatively localized, it is, however, ?”’) “f . it 1s
more efficient to construct the ground state density maigix 3 N - 1105
of the system by tracing over the bath. Since no further dis- = A 1V
sipative processes are included in the description, the time L IS
evolution of this reduced density matrix is unitary. Therefore, 0.01 L 20

if ps is diagonalized,

PR PR TR PO TRPU SO PN PR TR RSP PR NP I
0 10 20 30 40 50 60 700 10 20 30 40 50 60 70

time [fs]

FIG. 1. The excited state population vs time is shown on the left, on a linear
(top) and logarithmic scaléottom. The expectation value of distangep)

o . . and momentuntbottom of the wave packet on the excited state vs time are
no further mixing of the wave functionls/y(Z)) will occur  shown on the right. Increasing the number of molgsrolongs the conver-

during the time propagation. More than one eigenvglye gence time. The number of simultaneously allowed excitations can be re-

will be nonzero since the wave packet created by electroniétrided to 1 since the black and gray curves are identical. The parameters
. . . . aree=4.0eV,n=2.0eV,q=0.1, v, =3.7 eV.

guenching and nuclear dynamics is a mixed state. But the

number ofp, which contribute significantly in the sum in Eq.

(13) is small (usually between 15 and 20 in the examples

presented in the following Expectation values can be con-
structed ag\(t)=2kpk<l//k(t)|A|¢k(t)>- The computational N=45, and 60 fs forN=55. The convergence timg is
savings depend on the number of modésand can reach Somewhat smaller than the total lengthof the curves in
several orders of magnitude for larde Fig. 1 since the interaction with the bath is switched off
The observables in laser desorption experiments of NOwWhen recurrences reach the zeroth spinor component. By this
NiO(100) have been the desorption cross section which igime the energy reflected at the boundary of the finite system
related to the desorption probability and the quantum statBas already passed through the bath modes. The exponential
resolved velocity of the desorbing moleculés®*°The de-  decay of excited state population within the convergence in-
sorption probability is obtained by weighting the populationterval can be fitted to obtain decay rates or lifetimes. Decay
in the asymptotic region by the excitation probability. In arates versus the number of bath modes are plotted in Fig. 2,

ps<z,2';t)=0+ﬁ>0=2k Pl U Z; O Z7 50, (19)

one-dimensional model, only average velocity distributions0P panel, while the quality of exponential fit characterized
can be observed. The velocity distribution corresponds to thBY the correlation coefficient is shown in the bottom panel.
probability density of the wave packet in the asymptotic re-Two different values of dipole strength characterizing the

gion in momentum representation.

strength of interaction between system and b@ath Sec.

IIlE) have been used. The decay ratidstimes) saturate at

Ill. RESULTS AND DISCUSSION

about 0.04 fs* (25 fs) for q=0.10 and 0.075 fs! (13 fs) for

g=0.14. The correlation coefficient fluctuates between

A. Convergence behavior

The time interval for which propagation with the surro- @nd exponential fit.

gate Hamiltonian gives converged results depends on the
number of bath mode. This interval can be prolonged by
increasing the number of bath modes. On the other hand, the

convergence of observables with respect No can be 0.08 . L P T
checked. Figure 1 shows the populatiieft), coordinate 7 i e w010 |
(top right, and momentuntbottom righ} expectation values “:; 0.06- ,,.-"""* - +:}=o;l4 ]
on the electronically excited state fbi=35,45,55. Further- = 004'_ . ]
more, forN=35 and forN=45, one and two simultaneously g ) e

allowed excitationgdotted and solid curvesare compared. 0.02 —1 ; : :

The curves are indistinguishable, i.e., it is possible to restrict 09995 % ——
simultaneously allowed excitations to one. This is not sur- g T e

prising, since the energy of double excitations is much higher %90 ,‘ e et e ]
than the laser energy. Only single excitations have energies 80.9985_ ¥ e=37eV,n=07eV,0,=37eV
in the right range to accept excitation energy from the system ; 4'5.0 s b o

and thus can be effective in the quenching. Exponential de-
cay of population can be observed after excitation by the
laser puls€Fig. 1 left), while the wave packet is accelerated

0.9980 and 0.9995 showing a good agreement between data

Number of modes

FIG. 2. The excited state decay rate obtained from exponentigbfit and
the correlation coefficient of exponential fitottom) are plotted vs the num-

toward the surfaceFig. 1 top righj. The observables can be e of hath modesl. The decay rate reaches saturation when incredsing

considered converged up to about 27 fsKbr 35, 40 fs for

while the correlation fluctuates in a range close to one.

Downloaded 02 Apr 2007 to 141.14.132.17. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 3, 15 July 2003 Electronic relaxation in laser induced desorption 1757
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FIG. 4. Dependence of excited state population vs time on the TLS energy
FIG. 3. The range of bath eigenenergies needs to match the differencg If ¢ and therefore the center of the bath energy band is close to the system
potentialAV for quenching to be efficieriteft). It is determined by the bath  resonance fixed by the laser energy (the dashed curveshe decay of
parameters and » (right). The difference potential is fixed by assuming excited state population is exponential, and the choice adtermines con-
resonant excitation at the Franck—Condon point with a laser energy of 3.Vergence. If the bath energies are larger than the system resofumizse
ev. curve), the system cannot give energy to the bath and no decay is observed.
For bath energies smaller than the system reson@utiel curve, the wave
packet needs to travel to a region where the bath energies match the poten-
tial difference before decay can ocdsee the text for further explanation
B. Role of center of bath energies for the quenching N indicates the number of bath modes.
dynamics

The TLS bath describes electron hole pairs in the surface

which cause the quenching of electronic excitation. It is Charpotential is decrease@f. Fig. 3, bath energies in the right
acterized by the two parametersand  in Eq. (9), the TLS  range are found, and decay of excited state population may
energy and the nearest-neighbor interaction strength. The$g observed with some deldgolid curve in Fig. 4 For
parameters are related to the center and width of the energijtermediate values of, the excited state population decays
band” of the bath. Figure 3 shows the range of bath exponentially. Exponential decay corresponds to a constant
eigenenergies for different values of these parameters on thg|axation rate and allows for a comparison of the surrogate
right. Only single excitations are considered, i.e., the numbegamiltonian method with the jumping wave packet approach
of simultaneously allowed excitations of the bath is restrictedhccording to Gadzuk*? The specific value of determines

to one. Double excitations would lead to a second bath enconvergence as can be seen from comparison of the black
ergy band at larger energies. The left of Fig. 3 displays theind gray lines(101 and 91 bath modes, respectiveand
excited state potential and the difference potentdV(Z)  from Table I. An optimal choice places close to the laser

=Ve(Z) —Vy4(Z). The Franck—Condon point indicated in energy. This is reasonable also from a physical point of view.
Fig. 3 determines the classical turning points for the wave

packet motion on the excited stafiight gray arrow. The
values of the difference potentiAV in between the classical

turning points specify the range of bath energies relevant for £='37e|V 'N: 161 o
quenchingbold dark gray. Bath modes with energies within L r=e= fg'g5 f/V 1
this range can accept energy from or give energy to the sys- CAsosey
tem causing a transition between electronic ground and ex- 0055 ¢ —1=07eV ]
cited state. The bath parameters should therefore be chosen l
to obtain the best possible convergence of observables with 0 — 1
respect to the number of modes~3.7-4.0 eV andyn 0.1+

~0.7-1.0 eV, cf. Figs. 4 and)5Many electron hole pairs s

with energies much higher than the laser energy Eximit 0.051

they are not needed. This explains why double, triple, etc., I

excitations can be neglected in the dynamics. 0

Figure 4 shows the influence of the TLS energgn the
excited state dynamics. K is considerably larger than the
laser energy, the range of bath eigenenergies does not mattie. 5. Dependence of excited state population vs time on nearest-neighbor

the values of the difference potential between the C|aSSiCéTteraCtion strengthy: For small (0.05 and 0.3 eYthere is no transport of
relaxed population out of the interaction region, the convergence time is

turning points. The TLS therefore Cannqt accept energy f_ron\}ery short and cannot be improved by increasing the number of nfddes
the system, and hence no decay of excited state population ligreasingy (0.5 V) leads to transport, however on a time scale larger than
observeddotted curve in Fig. % For e considerably smaller the interaction with the system. Fge=0.7 eV, the transport is efficient, and

than the laser energy there are no matching bath modes clo onential decay of excited state population is obsereedves in the
’ ottom panel Large » causes less quenching of excitation during the inter-

to the Franck—Condon POint- However, as the wave packelction of the system with the pulse, and hence a larger maximum population
travels toward smaller distances, the value of the differencef the excited state.

time [fs]
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TABLE I. The quality of exponential fit for the decaying part of the excited cjents of the exponential fit lie within the intervig@.99,1.G
state population with TLS energyvaried is given by the correlation coef- with the exception ofp=0.5 eV(Fig. 6, botton). If the data
ficient. The best fit is obtained fer=w =3.7 eV. In this case, the quench- _ . e T .

ing is also most efficientiargest decay raje for »=0.5 eV is fitted only up to 25 fs, its correlation coef-
ficient also lies withif0.99,1.Q. A similar behavior is found

Decay rate(1/fs) Decay rate(1/fs) Correlation of fit Correlation of fit for 7=0.6 eV, while the data foﬁ: 0.4 eV is similar to the

€ (N=101) (N=91) (N=101) (N=91)  one with #=0.3 eV. Thus, variation of; does not change

35 0.050 0.046 0.988 0991 the decay of excited state population qualitatively. This is

3.7 0.096 0.095 0.997 0.998  different from the role of the TLS energy (cf. Fig. 4.

4.0 0.011 0.010 0.977 0.967  However, sinces shifts the position of bath eigenenergies
while z changes only their widthcf. Fig. 3, this is not
surprising.

Since the laser pulse induces an electronic transition in the The considerations have so far only been numerical and
nickel oxide surface, its energy needs to be equal to or largeguggest an optimal choice of about 0.7—-1.0 eV foHow-

than the band gap to whichis related. ever, an upper limit to the nearest-neighbor interaction
strength is also set by the physics of the NO/Ni@D) sys-

C. Role of the nearest-neighbor interaction for the tem: The lowest states are surface states in the optical band

qguenching dynamics gap at about 2.7 e¥. These are not charge transfer states,

The dependence of excited state population on thé)Ut Ni d—d excitations. The charge transfer states lie ener-
nearest-neighbor interaction strengjtof the TLS is shown getica}ly above the band gap. Therefore no bath mOdeS with
in Fig. 5. Since the dipole—dipole interaction exhibits Z%1/ energies much below 3.5 eV need to be considered. Of

dependence, the system interacts only with electron holEOUrse. if the TLS energy is shifted,  should be adjusted

pairs which are very close to the NO molecule. To transpor{o result in a reasonable smallest bath eigenenergy. Accord-

the excitation away from this interaction region, the nearestlngly’ the optimal choice of bath parameters leading to best

neighbor coupling between electron hole pairs is needegl. If possible convergence of expectation values with respect to
is very small(0.05 and 0.3 eV in Fig. 5 the excitation the number of bath modes is a combination of TLS energy

cannot be given to TLS outside the interaction region, ancfmd nearest-neighbor interaction strengtfin the following,
the convergence time is determined by saturation of the fei ~ -/ €Y andy=0.7 eV were used.

TLS close to the primary system. In this case, increasing the

number of modes cannot prolong the convergence timeD. Asymptotic observables

When 7 is increased, transport sets in leading to a longer

. So far it has been shown that converged observables
convergence time, to slower decay, and to a dependence an

the number of modes. Eurthermore. the quenching of excit related to the excited state dynamics can be obtained. While
: ’ q 9 Fhe excited state dynamics are crucial for the outcome of a

tion during interaction of the system with the pulse is IessI . . . :
- . . . aser desorption experiment, they are not directly accessible
efficient, hence the maximum population of the excited state

is increased for largen (cf. Fig. 5, lower pangl The excited in a single pulse experiment. Instead, the desorption yield

state population decays exponentially—independent of thgmd the state resolved velocity of desorbing molecules are

value of » with the exception ofj= 0.5 eV. The decay rates measured, ie, observables in th_e asymptotic region. Due to
) o . the Antoniewicz-type mechanism of desorption, the

obtained from an exponential fit of the excited state popula-

tion versus time(Fig. 5 are plotted versus the number of

modes in the upper panel of Fig. 6, while the lower panel

shows the goodness of the exponential fit characterized by =z .
the correlation coefficient. The decay rate is decreased for %

increasing nearest-neighbor interaction. This can be under- &

stood from the following considerations: determines how § g
quickly relaxed population is transported away from the pri- = ‘ ) : -
mary system, but also from TLS close to the primary system. 1.00 gt o]
The interaction energy, i.e., the expectation value of the in- 5 0.9 g
teraction Hamiltonian, Eq(10), depends on the population Eoos| e e
of the primary system and of the bath modes close to it. If 72097_ b
population is removed from these bath modes, the interaction 8 | o

energy is decreased and the decay becomes slower. If more 09— s——T——5 3 35 = 3
electron hole pairs are excited close to the NO molecule, the nearest neighbour interaction strength 1

decay becomes faster. . . FIG. 6. The decay rates of excited state population which were obtained
The same argument explains the increase of the MaXkom an exponential fit of the data shown in Fig. 5 are plotted vs nearest-

mum excited state population, i.e., decrease of quenchinggighbor interaction strength (upper panél It decreases for larger values
during the interaction with the laser pulse. Since the timeof 7 The goodness of exponential fit is more or less independen} of
scale of this interaction is shorter than that of relaxatibe (lower panel. Tvio values for the decay rate and the correlation co_efﬂc_nent
.. are plotted forp=0.5 eV, once the data of the whole range shown in Fig. 5
laser FWHM was chosen as 5)’f$he effect becomes visible and once only values of excited state population up to 25 fs were used in

only for large % (cf. Fig. 5, righ). The correlation coeffi- fitting.
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FIG. 7. The population of the excited state vs time. The coupling betweer} |G- 8. Increasing the interlayer goupling leads to a slower decaY due to
electronic states is switched off when recurrences occur, therefore the grapfSter fransport of relaxed EOpma“on away from the interaction regian
lengths indicate the convergence time. rameters as in Fig. 7, b, =5).

asymptotic observables are detemined by partial wave packl® intralayer coupling, has been directly related to the elec-
ets which stay on the excited state for a comparatively lond"Nic structure of the system, such a connection has so far
time. In this case, the partial wave packets end up high ofOt Peen given for the interlayer coupling, . However,

the repulsive part of the ground state potential after the eleciNce in the NiO surface the transport of excitation is equally
tronic quenching. They can then gain enough kinetic energykew horizontally as well as vertically, it is reasongble to
to leave the potential well and reach the asymptotic region2SSUme tha,should be of the same order of magnitude as

The convergence of the surrogate Hamiltonian with respect- On the other handy, is related to the convergence prop-
to the number of modes is limited in time. It is therefore €rti€s of the model. This means that there exists an optimal

comparatively easy to obtain converged excited state dynany2!ue for which the largest convergence time for a given
ics, while it turned out to be more difficult to obtain con- NUMber of modes and a given number of layers is obtained.
verged asymptotic observables. If »_ is small, an increase in the number of layers, i.e., an

Two strategies can be employed to reach convergence Jpcrease of the vertical bath size, will not result in a larger
the asymptotic observables. Either the number of batffonvergence time. In this case, the excitation hits the hori-
modesN, or the number of layers in the surfadé, (cf. the zontal boundary of the bath before reaching the vertical

Appendi®, can be increased. An increase in the number ofimit. For large values ofy,_ the opposite is true: The vertical

bath modesN, enlarges the size of the bath horizontally, and'S reached bgfore the horizontal boundary. The best conver-
more layers in the surface allow for vertical transport, i.e.,9€Nce is achieved when at the same time both boundaries are
transport into the surface. While both processes are equalfgached. The optimal choice af_ therefore depends on the
likely for nickel oxide, they are not treated on the same foot-"umber of bath modes and the number of layers. _
ing in the model. This is discussed in more detail in the For the parameters mve_stlgated, up to 21 Iaye_rs With
Appendix. <51 and up to 13 layers withN=<<101 bath modes in each
Considering several surface layers indeed leads to Yer were considered. The maximum convergence time was
longer convergence timef. Fig. 7). The treatment of more about 90 fs. This was enough to obtain converged desorption

than one layer of dipoles introduces a new parameter into the
model, the coupling between layesns, . Its influence on the
excited state dynamics is shown in Fig. 8. A small value of S : :
the interlayer coupling0.0 and 0.05 eV in Fig. 8does not | e—o n =03eV ] —= N =17
change the lifetime of the excited state. Increasing the value 0.20
of z_ leads to slower decay of the electronic excitatior2
and 0.3 eV in Fig. 8 This can be understood by an argument
similar to the one explaining the dependence of the lifetime
on the nearest-neighbor interaction The strength of the
system—bath interaction depends on the excited state popu
lation of the system and on the population of bath modes 0.05
close to the system. An increase gf results in quicker
transport of excitation from bath modes close to the system 0.00 jer-riliear= Tl — 10002000
to bath modes further away. Thus the system—bath interac- Number of layers velocity [m/s]
tion becomes weaker and the lifetime longer. _ _

AS a consequence of the siower decay, increasing (hELS. 2, e e Turber o evrs i o coneres desopon

?nterlaye_r couplingr;,_ leads to a Iarger de§0rpti0n_ pr(_)bab”' influences the lifetime of the excited state and therefore also the desorption
ity (cf. Fig. 9. While the nearest-neighbor interactigni.e.,  probability (parameters as in Figs. 7 anjl 8
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probabilities and velocitie&f. Fig. 9). Desorption probabili-
ties between 1% and 20% were obtained. This is compatible
with estimates from experimeft!®2 Furthermore, the ve-
locities are found to be in the experimentally observed range
between 0 and 2000 m78.

The population of the excited state was decreased fron
its maximum value of about 0.11 to about 0.0 best
0.0034 shown in Fig. )7 This means that about 0.5% of the
density was left out when the bath was switched off. While
this number is small in absolute value, it might be a consid-
erable portion of the desorbing part. The desorption probabil-

Koch et al.
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ity is obtained by weighting the norm in the asymptotic re-
gion by the excitation probability. One may assume that all
or a substantial part of the neglected density desorbs since _ o _
the coordinate expectation value approaches the value of tHéS. 10. If the distance of the bath excitati(gray) is used as convergence

| ical t . int. | i dd lect ict criterion instead of the population of the systéstack), longer convergence
C_ assical urning p.om.. ncase orasu en. electronic l"”‘r1S"['imestS can be obtainedindicated by the black arrowThe time the wave
tion much of the kinetic energy would be gained by the wavepacket spent on the excited state is crucial for both the desorption probabil-

packet. Weighting the value of 0.5% with the excitationity (bottom lefy and the shape of the velocity distributiofight, scaled for

r ility r Its in ible incr f th roti omparison The second peak in the velocity distribution can be related to
P obab ty results a poss ble increase of the deso pt Ort?he passage of the classical turning point of the excited state poténtial

p_rObabi”ty by 5%. Whi!e this is on _the_same_or_der (_Jf M&ag-gicated by gray arrowwhich has only occurred for the gray curves with
nitude as the desorption probability itself, it is still well N=181 andN=201. The top left shows the population of the excited state

within the uncertainty of the experimental estimate. with the pulse(not to scalg¢indicated(parameters as in the previous figures,
The second strategy to increase the convergence timRtNL=1).

consists in increasing the number of bath modgswithin

one layer. A peculiarity is then observed: Above a certain

number,N*, of bath modes a further increase does not resulE}rOp%’atlon on the excited state continued sufficiently long

. . . pass the classical turning point. Therefore an interference
in a prolongation of the convergence time. The exact value o . N .
* . . .~ _can be observed in the velocity distribution. The interference
N* depends on the parameters, in particular on the dipolg . .
. . . . fesults from different pathways of partial wave packets
strength,q, which determines the system-—bath interaction . : . .
which have reached the asymptotic region. It iscderent
strength and hence the convergence. For numbers of modeﬁ . o
. o : . phenomenon which cannot be observed within a one-
larger tharN*, the two criteria to monitor recurrences in the . . . :
: . : dimensional stochastic wave function approach.
bath lead to different convergence timgs while for small . L o : ;
. : This point is clarified by Fig. 11, which shows the ex-
N the ts are more or less equivalent. This means that for ited state population versus time and velocity distributions
N>N*, the finite boundary does not seem to be reache(g Pop y

h lation backflow is ob d A ible int or a different number of bath modés. For all three cases
when population backllow IS observed. A possibie Interpres, Fig. 11, the switch-off criterion employing the bath dis-
tation of this phenomenon consists in a polarization of th

bath diool hich int ¢ with th tem leading t th%ance has been used. Adr= 161 bath modeggray curves in
ath dipoles which intéract with the system feading to ig. 11, the propagation with both electronic states had to be
backflow of population. Both criteria rely on expectation val-

. . switched off before the classical turning point was reached.
ues, i.e., averages. They can therefore both only give an e

. . ; o The corresponding velocity distribution therefore shows only
timate of the time at which recurrences occur. In addition to

the bath distance, also its variance has been examined as
switch-off criterion, but no differences could be observed. —

0e+000 i >

time [ps]

A comparison of the two criteria is shown in Fig. 10. 0.10f- -+ . -
Due to the structure of the interaction operator in the RWA, g I I \\ el TP
the population backflow can be observed directly by an in- & o00sf | e :
crease in the excited state populatich the upper left panel et T
of Fig. 10. In spite of the backflow of population into the 0.00 TR 2 R IR
system, Fig. 10 shows that the switch-off criterion employing time [f5]
the distance of the bath is reasonable: The curves of excited 2 ' e e e
state population overlap for an increasing number of bath g _,~"(""":-..‘_.\ ------- N =181
modes for a time considerably longer than the convergence —, & 5 N=16l
time given by the population backflow criterigimdicated by Eo Fd ('Y
the black arrow in Fig. 10 The two switch-off criteria lead v _ | R et S

0 500 1000 1500 2000 2500

to different desorption probabilitie&f. the lower left panel
of Fig. 10 owing to the different times the wave packet
spent on the excited state. The different times spent on thEG. 11. The gray curves from Fig. 10 are plotted here for increasing num-

excited state furthermore result in different velocity distribu- 2" ©f bath modesl. The appearance of the high velocity peak is related to
the passage of the classical turning point, but is independent of the increase

tipns (cf. the_right pan_el O_f Fig. 10 In the c_:ase_ of the bath in excited state population, i.e., it is not caused by the recurrences in the
distance switch-off criterior(gray curves in Fig. 10 the  bath.

velocity [m/s]
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FIG. 12. The lifetime decreases with increasing dipole stremptfiN,
FIG. 13. The dipole strengtip determines the lifetimé&op left) and it leads

=1).
to a very slight shift in mean velocitlyight). The desorption probability was
a single peak. FON=181 andN=201 modes, the excited converged well enough to give an order of magnitude estimatottom

state propagation continued beyond the classical turning™

point. Consequently, the velocity distributions exhibit an in-
terference pattern. In particular, it can be concluded from> . . .
Fig. 11 that the interferences in the velocity distributions =91 @ I|_near dependence is ob_serv_ed. Thls corresponds to
appear independent from the population backflow since thg1e couph_ng_constants, EdLY), be_lng linear ing. .
latter is observed for all three cases presented in Fig. 11. The "fetﬂ‘e.‘)f the electronic state was est|mate(_j as
Such interference can also be observed with the populatio?.lbou.t 25 f55 With the surroga}te Hamiltonian, such a life-
backflow criterion—given that the propagation proceede Ime 1S obt{:uned foracompgratlvely sma}ll V‘.”‘!Umo-l- A
long enough on the electronically electronic state to pass th alue of tr_ns order.of magmtude seems justified, hpwever, by
classical turning point. This was the case, for example, if ar e following c'onS|derat|on: The Ostta_tes are quite delo-
unphysically small TLS energy was chosercf. the solid cal!zeq. One r'ucke'l atom.therefore receives the electron from
curves in Fig. 4. The conclusion is that the interference pat- all its five or six neighboring oxygen _atoms. But only the one
tern is not caused by recurrences in the bath, but it can urf2f two charge transfer states with d|po|_e moment pa_rallel to
the surface normal contribute to the dipole—dipole interac-
tion. This gives a rough estimate of 0&§=0.2. A similar
number has been obtained independently in a population

equivocally be related to the excited state dynamics.
analysis of the O g— Ni3d charge transfer states obtained

E. Dependence on the dipole charge
There is only one parameter which enters the interactiom electronic structure calculatiofi3.
Hamiltonian, Eg.(10), and the interaction constants, Eq.  The lifetime of the electronically excited state and there-
(11)—the dipole charge. It characterizes the completenessfore q determine the desorption probability. While this is not
of charge transfer between a nickel and an oxygen atom, @onfirmed by Fig. 13lower left panel due to the conver-
<g=<1, and it determines the system—bath interactiorgence problem explained in the previous section, it can be
strength. The dynamics can therefore be expected to deperfyserved in Fig. 14. Figures 13 and 14 have been obtained

crucially ong. Its value is related to the electronic structure with the population backflow versus the bath distance crite-
rion for switching off the bath. The desorption probability of

of the substrate.
Figure 12 shows that an increasegifeads to a stronger p . ~0.005-0.01 forq=0.1 (gray line in Fig. 13 is too

interaction between system and bath and therefore to a

smaller lifetime of the excited state. But the excited state
dynamics is influenced in a twofold way: Besides the expo- T T —
nential decay which can be observed after the pulse has been 0.10} | ‘\ o ﬁi%gi T ;;7"'7'3_\‘ .
applied, the maximum population of the excited state is de- g I ! \\ tcmi 1 ;;' 3 g
creased. The two phenomena are, of course, related. The lat-= % i Seemm i i
ter, however, giveg the meaning of a parameter character- 000' o i H ./é
izing a metal to insulator transition, albeit in a very 0 50 100 i A g
. i . . time [fs] ] i\ e
simplified way. For largey, no significant population of the — i i B
excited state is observed at all. This corresponds to the case '5¢03[ AT ; "-».__\\ v
of metals where a direct optical excitation is immediately  1.0e-031- 54-"" 1] i %\
guenched due to the strong interaction with the substrate. =", [ § 10 4 A
5.0e-041 ; A\
I’ I i | . I L ’Ir . ! . S
3 0 1000 2000

The exponentially decaying part of the excited state -
population versus time can be fitted to obtain decay rates or %% I

lifetimes. The fit is indicated for three examples in the lower
left panel of Fig. 12(solid lineg. The obtained decay rates g, 14, The same as Fig. 1§ (aried, but with bath distance switch-off

versusq are plotted in the right panel of Fig. 12. For criterion. The velocity distributions have been scaled for comparison.

2
time [ps] velocity [m/s]
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small because a comparatively large amount of population is
neglected when switching off the bath. If the amount of ne- 094
glected population is added to the desorbed norm, an uppe

2 Jos

: Jos

limit for the desorption probability of aboRy.e=0.2 is ob- g - d TTINIE dos %’
tained. Forq=0.14 (black line in Fig. 13, the observed de- % r 102 &
sorption probability of about 4% is in the correct order of * 5 | R ____] &
magnitude. In this case, the amount of neglected populatior & °° P e ms e | R
was much smaller than faj=0.1. While the bath distance e:, 1t ’ 2
criterion leads to a higher desorption probability for smaller # 5088 i §'

g as expected, it leads to a trapping of population on the =~ lE E b
excited state which does not seem to be physical. One couli i ]

. . - [ 7=21.0 fs, R = 0.9990 N
argue that the excited state population does not have to dece patodoietlll o 1 c 5 21 o m 21 % lom
in an overdamped way, i.e., purely exponentially. This would 0 20 40 60 80 1000 10 20 30 40 S0 60

L. . o . . Pulse fluence [mJ] time [fs]
lead to additional, decaying oscillations in the excited state
population due to multiple elegtrgnlc transitions. It is, hOW_' FIG. 15. Dependence of excitation quenching on pulse fluence: energies
ever, beyond the current feasibility of the method to obtaineading to about 10% excited state population as employed in the other
convergence times Iong enough to test this hypothesis. calculations are in the linear reginimdicated by an arroy The bath pa-

: e : rameters ares=4eV, p=2eV with resonant system excitation ai
The desorptlon velocme(mght panel of Figs. 13 and 14 =3.7 eV and a pulse duration ef,,y=5 fs. The excited state lifetime is

depend only S”Qhﬂy ory. This is, however, Sl_ije(_:t tf) the not affected by increasing the pulse energy. The quality of the exponential fit
convergence behavior. The shape of the velocity distributions denoted by the correlation coefficieRt

might be changed considerably by the density which has

been neglected when switching off the bath. While it seems

reasonable to assume that all or most of the neglected pop@xcitation quenchingdleft panel of Fig. 1% shows a linear
lation reaches the asymptotic region and desorbs, it is impo$lependence on the fluence. For strong pulses, Rabi cycling
sible to estimate with which velocities the desorption occursbetween the two electronic states becomes significant leading
It should be pointed out, however, that in all cases the velocto a nonlinear dependence. These intensities are very high,
ity distributions show intensity in the experimentally ob- and Rabi cycling is probably insignificant. It was further-
served velocity range, and the desorption probability is of thénore shown in a simulation without bath, that Rabi cycling
expected order of magnitude fqe=0.14, i.e., for a value of has no influence on the desorption. In that case the popula-

q close to the estimate from electronic structure calculationstion transfer is solely caused by the coupling to the laser
pulse. The time spent on the excited state, however, turned

out to be insufficient for desorption—independent of pulse

F. Dependence on the pulse parameters intensity and length. Since Rabi cycling is the only mecha-
nism in the present model, which can lead to a nonlinear

0.86

ence. This indicates a DIMET mechanism and a fluence del_newtably only be modeled by taking into account substrate-

pendent transition from DIET to DIMET regimé&% Figure med_ll_?]te% excnzltlon de?crl;bed ng(t)' the pulse duration i
15 therefore shows the dependence of the excitation quench- € dependence of observables on the puise duration 1S

ing and the excited state decay on the laser fluence, i.e§hown in Figs. 16 and 17. The lifetime of the excitation is

JZ_E(t)dt. The arrow in Fig. 15 indicates the pulse fluencea,ISO inde_pendent of pulse duration. This is expected and can
which has been used in the remaining calculations. Thi?‘zJ explained by the same argument as above: The decay is

value is still larger than the fluence of experimentally em-
ployed pulsegabout 200rJ in Ref. 4. The comparatively

large value can be justified, however, to compensate for the — E— Isfs
simplification of just a single excited state which is ac- — Togmy = 10|
counted for in the theoretical model. This excited state is a £ Trwa = 2565
representative of many, closely lying states which are in or i 7
close to resonance with the laser pulse in the experiment. § ] .
The population transfer will therefore be higher than pre- g ———N=63
dicted by the model. This argument is supported by the in- 3 [ N\~ 2286 o =l
dependence of experimentally observed state resolved veloc- 5:

ity distributions from the laser energyw, , which indicates

a manifold of excited states with a very similar topology of

their potential energy surfac&3A similar conclusion has 00— 60 80 100

been reached by CI calculatioh3. time [fs]

. Th,e eXCIte_d state de,ca,y rate does not erend on the laslg'é 16. The lifetime of the excitation is independent of pulse duration. The
intensity (cf. Fig. 19. This is reasonable since the decay ispain parameters are=4eV, p=2eV and the excitation is resonant at
caused by the substrate. For weak to moderate pulses, thg=3.7 ev.
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Electronic relaxation in laser induced desorption 1763
obtained from first principles were combined with a micro-
scopic model of the interaction between the excited
adsorbate—substrate complex and substrate electron hole
pairs causing the finite lifetime. The picture is based on a
simplified description of the electron hole pairs as a bath of
dipoles, and a dipole—dipole interaction between system and
bath. All parameters were connected to results from elec-
tronic structure calculations. This direct derivation of the
coupling constants from first principles is different from the
more common treatments based on a reduced description and
harmonic baths.

In this first attempt to study laser induced desorption

with the surrogate Hamiltonian method, converged excited
FIG. 17. Desorption probability and velocity distributions for vgried pulse state dynamics could be obtained. The convergence of
Sh“;’g:jgé 'grtgfzfretggen52@;?3;22;22 E‘;C%?:grzzdm;‘gzglge time scales oy mptotic observables proved to be more difficult. The con-

vergence behavior with respect to the parameters of the

method was characterized. As a fully quantum mechanical,
caused by the substrate, and its rate should not be altered byd therefore coherent method, the surrogate Hamiltonian
the pulse. The independence of the decay rate from the pulsiggests that experimentally observed bimodality of velocity
parameters points to a consistent treatment of the excitatiogistributions can be caused by quantum interferences known
process in the model. The excitation quenching, however, ias Stieckelberg oscillations. The surrogate Hamiltonian treat-
influenced by the pulse FWHM—a longer pulse leads to amment represents the first attempt to microscopically model
increased quenchingf. Table Il and Fig. 18 The system the relaxation which subsequently leads to desorption. The
interacts simultaneously with the field and the bath. Thereonly parameter entering the system—bath interaction was the
fore, in case of a larger FWHM and hence a longer interacdipole chargeg. This parameter was estimated by consider-
tion with the field, more population can be quenched. ing the geometry and electronic structure of the substrate.

The time in which the system simultaneously interactsThe value obtained agrees very well with an estimate from

with the field and the bath should furthermore influence theC| calculations. The model leads to desorption probabilities
asymptotic observables. This is shown in Fig. 17. The resultf the same order of magnitude as the experiment and to final
are, however, only preliminary due to the convergence probyelocity distributions in the experimentally observed range.
lem discussed earlier. When the pulse duration becomes The results obtained with the surrogate Hamiltonian
comparable with the vibrational period of the wave packet onmethod, in particular the shape of the velocity distributions
the excited state potential, an interplay between pulse angf desorbing molecules, should be considered as preliminary
nuclear dynamics can be observed. A longer pulse duratiogince the convergence requires improvement. They suggest,
excites partial wave packets at times further away from eacRhowever, that the experimentally observed bimodality can be
other. This leads to more different pathways which occur a%xp|ained by quantum interferences due to different path_
interference pattern in the velocity distributioSig. 17,  \vays. A similar interpretation had been given in Ref. 65,
right). While this is consistent within the model, some cau-a|peit with a simplified treatment of the relaxation. An alter-
tion is advisable when drawing conclusions with respect tative reason was suggested within a two-dimensional sto-
experiment. In the present treatment, electronic dephasinghastic wave packet treatméf? There, the experimentally
has been completely neglected. Electronic dephasing wihpserved bimodality was connected to a bifurcation of the
certainly wash out some of the observed quantum cohekyaye packet on the excited state caused by the topology of
ences. This effect should become more pronounced as thge excited state potential energy surface. These two hypoth-
pulse duration is increased. The quantum coherences Willses could be tested by an experiment as well as theoretical
f_urthermore be attenuated in a higher dimensional descripsy,dies which change the vibrational frequencies of the po-
tion. tential while leaving the chemistry invariant. This could be

accomplished, for example, by using different isotopes of the
IV. CONCLUSIONS NO molecule.

This study was aimed at a theoretical description of laser ~ While in a MCWF approach the lifetime of the excited
induced desorption where all aspects of the problem argtate is empirically chosen and adjusted to give the correct

treated on the same level of rigor. Potential energy surfacedesorption probability, the surrogate Hamiltonian approach
yielded expectation values in the right range for both experi-

mental observables which can be captured within a one-
dimensional treatment, the desorption yield and the desorp-
tion velocities, without any adjustable parameters. The exact

TABLE Il. The quenching of excitation is increased for longer pulses.

Poe L2 PIe@eta® oy m=5f  Trm=10fs  rruwm=25fs . AR
. 08407 07053 04823 shape of the velocity distributions could, however, not be
N=5 ' ‘ ‘ reproduced. The restriction of the present model to one di-
N=61 0.8403 0.7045 0.4822 S . : : .
N=63 0.8399 0.7038 0.4818 mension is certainly a flaw. A two-dimensional stochastic

wave packet treatment showed a better compatibility with
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the experimental results, i.e., bimodal velocity distributions.The Fritz Haber Center is supported by the Minerva Gesell-
A combination of two-dimensionadb initio potential energy schaft fur die Forschung GmbH Whachen, Germany.
surfaces with the microscopic treatment of the dissipation in
the surrogate Hamiltonian therefore paves the way toward
complete quantum mechanical description of the experimené
In future work, vibrational relaxation for the ground
state dynamics should be included. This could be accom- The electron hole pairs which make up the bath are as-
plished by employing a second bath modeling the surfacsumed to be localized on single Ni—O pairs. Then the bath is
phonons. Vibrational relaxation for the excited state dynamiwo dimensional2D) considering the uppermost layer of the
ics is insignificant due to the difference in time scales. InNiO surface or three dimension@D) in case several layers
contrast the ground state wave packet leaves the potentiate considered. However, only the distance of each electron
well on the time scale of picoseconds meaning that vibrahole pair from the NO molecule and the direction of its di-
tional relaxation plays a role. Furthermore, the dynamicapole moment are important. In a one-dimensional treatment
simulations of the surrogate Hamiltonian should be suppleef the primary system only electron hole pairs with dipole
mented by a detailecb initio calculation of the dipole moments parallel or antiparallel to the surface normal con-
charge of nickel oxide. While an estimate based on CI caliribute to the dipole—dipole interaction. Therefore the bath is
culations has been given in Ref. 63, a more accurate invesffectively one dimensional.
tigation would further reduce the uncertainty of this param-  The fact that NiO has cubic lattice structure can be used
eter in the surrogate Hamiltonian approach. Additionally, itto develop an algorithm to map a 2D or 3D bath onto one
should be investigated in more detail whether a substratedimension(the distanceand a sign(the direction of the di-
mediated excitation is feasible within the surrogate Hamil-pole). In 2D, each Ni—O pair is located at a point of a qua-
tonian. This would allow for a direct comparison of the cur- dratic lattice. The lattice points correspond to number®
rently applied direct and a purely substrate-mediatedsn<NgeN, for which n=i?+j2 holds with i,j=0,...
excitation mechanism, and it would permit a theoretical in-e N. This means that all square numbers and sums of two
vestigation of the DIET to DIMET transitioff: A substrate- square numbers need to be found to determine the lattice
mediated, i.e., indirect excitation mechanism can be modelegoints. A theorem from number theory can be employed:

PPENDIX: MAPPING THE TWO-DIMENSIONS OF THE
ATH ONTO ONE DIMENSION

by exciting the TLS by the laser pulse, Every integer can be factorized into prime numbprs2,
p=4m+1, andp=4m+3. If and only if all prime factors
QBF(t):E(t)E /"i(&iT+ o). (14) p=4m+3 of n occur an even number of times in the fac-
i

torization,n is a sum of two square numbers. The distance of

Indirect excitation of the adsorbate has so far been treatedis lattice point to the origirtwhich is the site below the NO
semi-phenomenologically by the two-temperature model neMoleculs is then given by
glecting, for example, the nonthermal nature of excited  yistance of TLS: \/ﬁao (A1)
electrons’?33 Another approach took into account the non- _ _ _
linear optical response of the substrate treating, however, théith o half the lattice constant. The sign of the dipole mo-
interaction between substrate and adsorbate in a TD-SCHent is given by
framework®*3® In contrast to these approaches, a surrogate j + j even—+,
Hamiltonian treatment would allow for a microscopic de- (A2)
scription of the interaction between laser pulse and surface i+]j odd——.
electrons. It needs to be investigated, however, whether a |t n can be factorized into different pairg,{), the num-
comparatively small number of bath modes would be suffiher of possible factorizations corresponds to the number of
cient to model excitatio@nd deexcitation of the system due tjmes this distance occurs,
to the bath, i.e., whether such an approach would be numeri- ) o
cally feasible. While modeling substrate-mediated excitation ~ ©ccurrence:Number of different(i,j) - 4, (A3)
will require some effort, the description of a two-pulse ex-where the factor 4 accounts for fourfold symmetry. Since
periment with the direct excitation model as employed in thispoints which are connected by a 90° rotation are identified,
paper is comparatively straightforward within the surrogatethe surface slab is mapped onto a sphere. The usual assump-
Hamiltonian. It requires, however, the characterization of &jon of periodic boundary conditions corresponds to a map-
third electronic state describing the NO molecule, an unping onto a torus and does not make use of four-fold sym-
bound electron and the positively charged surface. metry.
The outlined algorithm allows one to map a 2D bath,
namely the dipoles in the uppermost layer of Ni-O pairs,
ACKNOWLEDGMENTS onto one dimension. If additional Ni—O layers shall be
treated to account for transport into the surface, the simplest
We would like to thank Roi Baer for fruitful discussions approach describes every layer as a separate (bathrig.
and Stephan Thiel for reading the manuscript. Financial supt8). This means that all correlations between layers are ne-
port from the German-—Israeli Foundation for Scientific Re-glected. For the NO/NiQ00 system this should not pose a
search and Developme(®IF) and from the Deutsche Fors- serious restriction. From physical considerations, there is al-
chungsgemeinschafSPP 1098is gratefully acknowledged. ready one restriction on the correlations between layers: The
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