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Abstract. Photodesorption of CO from Cu(111) has been studied using a non-conservative
three-state phenomenological model, in a wave packet propagation of the Schrödinger equation
formalism. The non-conservative coupling with the metal bath is introduced through: (i) the rapid
time variation of a damped state of the metal giving rise to a dephasing between the excitation and
de-excitation events and (ii) a quenching rate of the excited state. The model displays a Y ≈ F4.9
dependence of the desorption yield with the laser fluence, in agreement with the experimental yield.
Key words: desorption, open system, damped state, dephasing, quenching.

1. INTRODUCTION
We already emphasized in the preceding paper (I) that the most outstanding
characteristic of desorption from metallic surfaces appears to be the nonlinear
yield/fluence dependence. The published models introduce this nonlinearity almost
using an effective electronic temperature that cannot be properly defined in the
sub-picosecond regime. In a previous simulation [1] we already tried to overcome
this problem using an optical potential related to a non-equilibrium hot-electron
population. Here we proposed a somehow different vision of photodesorption
where we explicitly introduce the PEC of the ground state.
In paper I, we constructed a two-state model, along the frame of Gadzuk [2],
that includes only the direct excitation of the negative ion resonance by the electric
field of the laser but it is more realistic than the usual models of this type because
we calculated the dependence of the Hamiltonian interaction terms with the
desorption coordinate. We showed that if the direct excitation would be the main
process leading to desorption there were no nonlinear yield/fluence dependence.
Only the interaction between the adsorbate and the surface bath may lead to
nonlinearity.
In this paper we present a three-state model where we allow simultaneously
the direct and indirect excitations and the system is open and interacting with the
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metal bath. The influence of the complex processes that may take place in the metal
is introduced through the presence of an effective third curve in the system, a
dephasing time between the excitation and de-excitation events and an optical
potential corresponding to a phenomenological quenching rate. These three ingredients
account for indirect excitations, the quasi-elastic electron-phonon, electron-electron
and electron-adsorbate scatterings and the inelastic electron-electron scatterings
that give rise to the energy exchange between the adsorbate and the substrate.
2. THREE-STATE MODEL
For this model we use the one-dimensional diabatic potential energy curves
(PECs ) V1 and V2 already presented in paper I and a third PEC V3, as can be seen
in Fig. 1. The coordinate Z is the desorption coordinate describing the motion of
the CO adsorbate center of mass (CoM) normal to the surface. V3 corresponds to an
excited state 3 of the neutral system built from the neutral CO bonded to the
metal with some electrons excited by the laser above the Fermi level. As this last
state belongs to the continuum of the excited states of the metal in the sp
conduction band, we take its Z dependence parallel to V1.

Fig. 1 – Potential energy curves
for desorption of CO from
Cu(111).

By two-photon photoemission spectroscopy experiments [3], the CO-2π*
resonance maximum is located at 3.35 eV above the Fermi level and its lifetime
estimated between 0.8 and 5 fs. The corresponding resonance width is of about
5 eV allowing its population by the excitation of the ground state with a laser of
energy between 0.85 and 5.85 eV. The experiment of Prybyla [4] for CO
desorption from Cu(111) used a laser of 2 eV, oriented perpendicular to the surface
and p polarised. The intermediate state 3 is therefore positioned at 2 eV above
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the ground state. The large width of the resonance allows us to place the ion
resonance state 2 so that V2 cross V3 near its ground vibrational level.
The Schrödinger equation for the nuclear motion on the three diabatic
potential curves in the presence of the electromagnetic field and the metal bath (in
this bath we include the electrons and the phonons) can be written in the following
matrix form:

H1
V12 ( Z , t ) + Q12 ( Z ) V13 (t ) ⎞⎛ ψ1 ( Z , t ) ⎞
⎛ ψ1 ( Z , t ) ⎞ ⎛
⎜
⎟ ⎜
⎟⎜
⎟
d
i= ⎜ ψ 2 ( Z , t ) ⎟ = ⎜ V12 ( Z , t ) + Q12 ( Z )
H2
Q23 ( Z ) ⎟⎜ ψ 2 ( Z , t ) ⎟ (1)
dt
⎜ ψ (Z , t ) ⎟ ⎜
⎟
V13 (t )
Q23 ( Z )
H3 − iVee ⎟⎜
⎝ 3
⎠ ⎝
⎠⎝ ψ3 ( Z , t ) ⎠
In this equation the electronic coordinates are already integrated out. As in
paper I, each Hi describes the motion of the nuclei on an uncoupled diabatic PEC
Vi, i ∈ [1,2 ] ,
2
2
H i = − = d 2 + Vi
2μ dZ

(2)

The two terms above correspond to the kinetic and potential energy operators of
the Hamiltonian for the motion of the nuclei and μ is the reduced mass of the
system. Qij is the electrostatic interaction between the diabatic states i and j ,

i, j ∈ [1 − 3] , that determines the non-radiative electron charge transfer, taken to be
symmetric.
The three-state model now includes besides the direct excitation of state 2 ,
the indirect excitation of this state. This means that the exchange of electrons
between 1 (associated to the surface electronic state, SS) and 2 associated to

CO-2π* resonance can now be realized through direct and indirect processes. The
direct process imply only the absorption of the radiation and the electron transfer
due to Coulomb interaction between 1 and 2 states whereas in the indirect
process the system uses as an intermediate, the damped gap-state 3 . Precisely, in
the indirect processes an electron from the SS absorbs one photon and goes to this
3 state. There it can be de-excited directly by photon emission to the ground state
or it can interact with the adsorbate state 2 by charge transfer. In the state 2 the
electron spends some time and then it can return to the ground state through the
electrostatic coupling or photon emission. Or it can fly back to the 3 state and be
de-excited to the ground SS state. The de-excitation occurs by photon emission, by
multiple inelastic scatterings with other electrons (through Vee) or by quasielastic
scattering with phonons coupled with both mentioned processes. These processes
take place repetitively during the illumination by the laser. Due to the described
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complexity, one sees that the processes in the metal are complicated and difficult to
introduce in a quantitative manner.
The direct excitation/de-excitation of the ion state 2 by the laser field is
described by the symmetric interaction term V12(Z, t) as in the previous two-state
model:
k//
( Z )E0 cos(ωt ) g(t ) + 1 α kxx// ( Z )E02 cos2 (wt )g2 (t ) ⎤⎥
V12 ( Z , t ) = −e ⎡⎢ D12
2
⎣
⎦

(3)

where E0 is the modulus of the electric field vector, ω is the light angular
k//
( Z ) is the electric dipole moment for the transition between states
frequency, D12

1 and 2 and α kxx// accounts for the polarisability term. The laser pulse temporal
form g(t) is taken to be of a Gaussian shape g(t) = exp(–(t – tp)2ln2/τp2), with 2τp
the full width at half-maximum (FWHM).
Between states |1> and |3> a particular unsymmetrical form is used:

{

}

Vij (t ) = −eR ϕ j ( Z , x , y, z xE0 g(t ) exp [i(kz − ωt ] ϕi ( Z , x , y , z ) =

{

}

= −eR Dijk// exp(iϑij )E0 g(t ) exp [ −iωt ] =

(4)

= − e Dijk// E0 g(t ) cos(ωt + ϑij )
where again Z is the desorption coordinate and x, y, z are the electronic coordinates,
centered on the Cu atom. The integration is performed over the electronic
coordinates. As in the experiment of Prybyla [4], we take a p polarised laser in a
normal incidence configuration with its electric vector in the x direction.
Let us comment on eq. 4. First, because the electronic functions of the states
participating in the transition have similar Z-dependence, we restrict Vij(t),
i, j ∈ [1,3] to be independent upon Z. Secondly, because state 3 is a damped gapstate with an associated complex electronic wave function, the transition moment
k//
k//
Dijk// is also a time-dependent complex number. The modules D13
and D31
are

different because of the decay of the 3 state electronic population, attributed
mainly to the multiple inelastic collisions with other electrons. Moreover, ballistic
and diffusive transport of electrons out of the volume of observation and hot-electron
cascade may also contribute [5]. The phase difference:

Δϑ = ϑ31 − ϑ13

(5)

is induced by scattering with the electron and phonon bath that changes the k||
value of the electron in the state 3 , without changing its energy. It is also the
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expression of the delay between excitation and de-excitation in state 3 already
used by Guo [19].
The dephasing Δθ was the subject of many recent papers concerning the twophoton time-resolved photoemission spectroscopy [5–9]. The cited authors
interpret their experimental results in terms of coherent and incoherent processes.
In a coherent process, the laser couples directly the initial and final state of
photoemission without populating any intermediate states. On the contrary, in an
incoherent process the laser couples the initial and final states through an
intermediate state, producing a population of hot-electrons. Then, these electrons
can decay by inelastic electron-electron, quasi-elastic electron-phonon or electronCO adsorbate scattering [10] and are detected by absorbing a supplementary
photon. The processes taking place in the intermediate state give rise to an
instantaneous [5] loss of coherence between photon excitation and emission,
equivalent to a laser pulse having a random phase component [8].
The present work models an analogous situation. Our system includes an
intermediate state 3 and this supplementary flexibility gives rise to de-coherence
of the electrons through interaction with phonons. This de-coherence is modelled
here by the dephasing Δθ (delay) in the transition moment between the absorption
and emission of a photon in the third state. This dephasing is presently unknown
and we restrict its variation to [0, 2π].
The optical potential Vee describes, through a phenomenological quenching
rate, the loss of population in the third state 3 due to inelastic electron-electron
collisions:
Vee = =
(6)
2 τee
where = is the Planck's constant and τee is the electron-electron collision time in
the excited state 3 . We use τee = 35 fs, value obtained by Ogawa [5] in a twophoton time-resolved photoemission spectroscopy experiment for the Cu(111)
clean surface.
k//
k//
and D31
and
Because of the difference between the transition moments D13
of the optical potential Vee, the Hamiltonian is non-hermitian, non-symmetric and
non-conservative and it corresponds to an open system connected to the substrate
sea of electrons and phonon. Such a non-hermitian Hamiltonian has been used
before in the description of the de-excitation process in a DIET “dissipative wave
packet model” [11]. Here we use it to describe excitation together with de-excitation
processes in a DIMET model.
The propagation of the Schrödinger equation (1) was performed using a
third-order split-operator (SO) method [12, 13], according to the well known
standard scheme:

534

D. Bejan

(

) (

6

) (

)

Ψ ( Z , t + Δt ) = exp − V Δt exp − T Δt exp − V Δt Ψ ( Z , t ) + Ο(Δt 3 )
2=
2=
2=

(7)

Here Ψ ( Z , t ) is the total nuclear wave function, the column vector of the equation
(1) with the elements ψ1 ( Z , t ), ψ 2 ( Z , t ) and ψ3 ( Z , t ) . V and T are the potential
and kinetic energy operator matrices. At each time step the wave function is
discretized on a one dimensional grid and the kinetic and potential energy operator
applications are carried out in local representations. The kinetic operator action is
carried out in the momentum space with the help of the FFT algorithm. To obtain
the potential operator action we could not diagonalize the complex V matrix.
Instead, we calculated the potential factor by expansion in a power series up to
order 16. We verified that for a real V matrix the results obtained by the power
series and by standard diagonalisation are identical.
The desorption probability Pdes is obtained in the standard way from the norm
of the asymptotic wave function as defined in paper I, eq. (9).

3. RESULTS
k//
The dipole transition moment D12
( Z ), the polarizability term α kxx// ( Z ) and
the electrostatic interaction Q12(Z) were already calculated in paper I and here we
used their exponential form (see eq.(10) from paper I). The electrostatic interaction
k//
k//
and D31
are
Q13(Z) was taken symmetric and equal to Q12(Z). The modules D13

taken equal and the entire asymmetry of the three-state Hamiltonian matrix is cast
k//
= 4 A° is roughly estimated from the
in the dephasing Δθ. The present value D31

copper atomic transition 4s → 4p (assuming that the metallic value is greater than
the atomic one because in the sp metal band the electrons are nearly free) and
therefore imprecise.
Fig. 2 presents the desorption probabilities as functions of time for three
different fluences and two dephasings. Because the desorption probabilities of
states 2 and 3 are 10–3 and 10–9 lower than for the state 1 , the total desorption
probability is restricted to the ground state. One can see that the desorption process
begins after laser extinction at about 150 fs. Pdes rises in time and stabilizes at a
constant value for all considered fluences.
The variation of the desorption yield with the laser fluence for three
dephasing is presented in Fig. 3. For π dephasing the yield is larger than the
experimental one, while for the smaller dephasing it compares well to the experimental
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Fig. 2 – Time variation of the desorption probability for 0 and π dephasing and for three
different fluences.

Fig. 3 – Variation of the desorption
yield with the laser fluence for three
dephasings.

value. For 0 dephasing we have a sub-linear dependence on the laser fluence (Y ≈
F0.42) but the power exponent rises rapidly with dephasing. Namely for π/2, 3π /4
and π dephasing we obtained respectively Y ≈ F3, Y ≈ F5.8 and Y ≈ F6.9. Modifying
k//
the the value of the dipole transition moment between states 1 and 3 , D13
, we

can obtain even larger super-linear dependences of the desorption yield with the
laser fluences.
We have tested the stability of our model against the three main parameters:
k//
( Z ), q0 the amplitude of the
d0, the amplitude of the exponential form of D12

exponential form of Qij, α0, the amplitude of the exponential form of α kxx// and
k//
D31
. Generally, the variations influence only the yield value and do not modify
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the yield-fluence dependence. However, if q0 of Qij is greater than 0.52 eV
(10 times greater than the actual value of 0.052 eV) the yield-fluence begins to
diminish. The use of a Gaussian, instead of exponential dependence in Qij or a
k//
Z-independent form of D12
( Z ), influence again only the value of the yield. The
influence of k|| on d0 and q0 has been also considered, but it does not influence the
yield/fluence dependence.
The yield-fluence variation and the yield value are strongly modified only by
k//
(typical value 4 A°). For example, between 1 A° and 3 A° the
the amplitude D13

dependence is close to F3, from 3.5 A° to 4.5 A° it is close to F5 and at 5.5 A° it is
k//
F7. For this last value of D13
the yield becomes almost 1, when a saturation of the
k//
, connected to the
desorption yield occurs. Therefore, the amplitude of the D13

excitation of the electrons in the metal, is responsible for the yield/fluence
dependence, in agreement with a mechanism of desorption mediated by the
substrate.

4. CONCLUSION

In this paper, we present a quantum-mechanical phenomenological desorption
three-state model designed to explain qualitatively and semi-quantitatively the
femtosecond laser induced desorption. The experimental evidence shows that the
direct excitation of the negative ion resonance is not the main process and that the
interaction between the adsorbate and the bath contributes substantially to the
desorption dynamics.
To realistically simulate the photodesorption experiments at the present laser
fluences, one should introduce a supplementary parameter (non-thermal electronic
population, electronic temperature) coupling the system with the bath. In the
litterature, the complex dynamics of the electrons in the laser-adsorbate-substrate
system was introduced through temperature dependent couplings between PECs as
for example in the MCWP method [14, 15] or in a density matrix approach [16],
both implemented in a quantum mechanics framework. Classically, one can use the
Langevin formalism with electronic friction and random forces, dependent on the
electronic temperature, in models implemented in molecular dynamics [17]. In our
BRM model, we used a diagonal optical potential that contained an enhancement
and a dissipation terms related to a non-equilibrium hot-electron distribution.
Together with the temperature, this non-equilibrium population appears to be the
only other parameter able to introduce the non-linearity in the desorption models.
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Here we have used a three-state model associated with a single parameter
responsible for the nonlinearity. The approach starts from the standard PECs of the
ground and ionic states and we added a supplementary effective PEC in order to
take into account the continuum of states in the metal and the interaction with the
bath. This third PEC is associated to a damped state of the metal, having a rapid
variation of the electron population, leading to non-equivalent excitation/deexcitation processes. This non-equivalency shows up in a dephasing and an optical
potential/quenching term Vee. Physically these interactions correspond on the one
side to elastic electron-phonon, electron-electron and electron-adsorbate interactions
and on the other side to inelastic electron-electron collisions. The system becomes
non-conservative, sharing its energy with the metal bath.
We obtained a desorption yield-fluence dependence that scales like F4.9, a
result that is better than the one recently achieved by Micha et al. [18], Y ≈ F2.7,
using a density matrix formalism. Changing all the parameters of our model, but
k//
, will modify the desorption yield itself, having only a minor
the amplitude of D13
k//
impact on the yield-fluence dependence. Changing this amplitude D13
immediately
k//
changes the yield-fluence dependence. Therefore, D13

is the single parameter

responsible for the nonlinearity.
As a further extension of the presented model one should consider the
dephasing Δθ as a random variable and calculate the yield as an average over the
desorption probabilities for different dephasings. The model should also include
the first image state of the Cu(111) surface. In the experiments of two-photon
photoemission on CO/Cu(111) [6] it has been shown that a strong coupling occurs
between the CO negative ion resonance and the first image state of the metal and
we think that such a coupling could play an important role in the desorption
process. The extension of the model along these lines is now under development.
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