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Classical dynamics of impulsively driven collisional energy transfer

G. Roberts
Department of Physics, University of Newcastle, Newcastle upon Tyne NE1 7RU, England

~Received 9 December 2000; published 17 September 2001!

This paper seeks to address the problem of collisional energy transfer between atoms or molecules arranged
in connecting layers on a solid surface in response to impulsive photon impact. An analysis based on classical
trajectories of the motions of a line of touching spheres subject to impact at one end, computed by Green’s
method, is adopted to describe the collisional behavior of atoms or molecules attached to a metal subsequent
to electronic excitation by an ultrafast laser pulse. To highlight the essential dynamics, the characteristic line
dissociation and rebound behavior of a series of connected spheres is investigated for different impact dura-
tions, amplitudes, and numbers of particles. The individual particle trajectories reveal the propagation of a
disturbance along the line which results in fragmentation of the outermost particles from the remainder. In
applying this scheme to energy transfer between molecules stacked on a low-temperature metal, a model of
photon-induced, resonant electron scattering between displaced harmonic oscillators is invoked to estimate the
magnitude of the impulsive force that acts on the atoms or molecules immediately adjacent to the solid surface.
From the time-dependent line fragmentation velocities, kinetic energy distributions are calculated for photo-
desorption of benzene molecules from Pt$111% by a normally incident laser beam, and are compared with
recent experimental measurements.

DOI: 10.1103/PhysRevA.64.042903 PACS number~s!: 34.50.Dy, 31.70.Ks, 33.80.2b, 34.20.Gj
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I. INTRODUCTION

The interaction of ultrashort light pulses with atoms a
molecules at a solid surface is a subject of intense rese
activity on account of the range of physical phenomena
can be studied. These include: light absorption; electron
phonon scattering; atomic collisions; and desorption and
lation of atoms, molecules, and clusters. Experimental ob
vations have recently been reported of the velocity distri
tions of intact benzene~Bz! molecules ejected from a
platinum metal surface (Pt$111%) at 100 K by an ultrafast
laser pulse@1#. The photon field penetrates the transpar
molecular overlayer to interact with the conduction-ba
electrons of the metal. Measurements of the molecular
sorption speed at a specific angle relative to the surface
mal were made by recording the time-of-flight~TOF! of Bz
trajectories in a mass spectrometer. From the results of
periments carried out using laser pulses of varying inten
and duration applied to different molecular thicknesses~from
2 to 20 layers!, coupled with the use of deuterated benzene
was suggested by the authors of Ref.@1# that molecular de-
tachment from the solid was initiated by an impulsive for
applied to the innermost molecule. The initial impact w
postulated to originate from phonon-assisted, resonant e
tron scattering between molecular orbitals and the meta
conduction band, with subsequent energy transfer acros
condensed molecular layers resulting in desorption of in
molecules at or near the molecule-vacuum interface.
present contribution seeks to study these phenomena fro
classical dynamics perspective, adopting a simple theore
model for the light-induced desorption force and impuls
energy transfer between molecules attached to the solid
face.

During the completion of this study, a paper was pu
lished by Hinch and Saint-Jean~hereinafter referred to a
HSJ! @2#, which addressed an analogous dynamical prob
1050-2947/2001/64~4!/042903~15!/$20.00 64 0429
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in the context of impacts on granular materials. These
thors examined the Newtonian dynamics of a collection
touching particles subject to terminal impact, and formula
a theoretical model for the evolution of a spreading wa
along a line of spheres connected by linear and 3/2-pow
law contact forces, obtaining a similarity solution for i
propagation with time. The temporal dependence of solit
waves along lines of particles has been studied numeric
@3# and experimentally@4#. The dynamical behavior of lines
of particles impacted at one end is identical to that of a se
of ball bearings suspended from a thread between two st
less steel bars, an apparatus which constitutes an exec
toy known ~at least in the United Kingdom! by the epithet
‘‘Newton’s cradle.’’

Differing from HSJ, in this paper we compute classic
trajectories for a line of particles subject to impulsive forc
of varying duration and amplitude, and connect these res
to the question of laser desorption of molecules in multila
configurations attached to a solid surface. In Sec. II we g
the classical equations of motion for the problem and
scribe the numerical approach. The characteristic dynam
properties of such systems are examined in Sec. III, wh
briefly outlines the motions of a line of impulsively excite
connected spheres under different impact conditions
model for laser desorption of layers of molecules from so
surfaces based on these results, together with nume
simulations of the kinetic energy distributions of Bz mo
ecules photoejected from a Pt surface by a normally incid
laser pulse, is described in Sec. IV. Shortcomings of the
culations in respect of its intended application are summ
rized in Sec. V and concluding remarks are given in Sec.

II. CLASSICAL EQUATIONS OF MOTION

In this section we first give the classical equations of m
tion for a line of connected spheres and briefly outli
©2001 The American Physical Society03-1
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G. ROBERTS PHYSICAL REVIEW A 64 042903
Green’s method for calculating the trajectories of partic
subject to an impulsive driving force. This constitutes t
basis of the model of collisional energy transfer applied
Sec. IV. We also discuss the impact dynamics within an
harmonic potential, intended for atomic and molecular ap
cations, and briefly describe numerical considerations
evant to carrying out these calculations.

A. Terminal impact on a line of connected spheres

We consider the one-dimensional motion ofN particles
each of massm arranged in contact in a line. The classic
equations of motion for such an arrangement have b
given by HSJ@2#, but for completeness are briefly re-stat
here. Newton’s equation of motion for any particle other th
the two at the end of the line can be written

mz̈n5@2Fn211Fn#1@Fn2Fn11#

5k~zn212zn!12k~zn2zn11!1 , ~1!

wherezn[zn(t) represents the displacement of thenth par-
ticle from its initial position in contact with its neighbors,k
5v0

2m andn52, . . . ,N21. Whenn51 andn5N, the first
and second terms, respectively on the right-hand side
omitted from the equation of motion. Equation~1! assumes a
linear power law for the contact force between neighbor
spheres, which is considered to be purely elastic and no
hesive. The value of either term in parentheses is taken t
zero if the enclosed expression is negative, thereby remo
the possibility of tension between two particles; this is in
cated by the subscript ‘‘1’’ appended to the closing paren
thesis in the notation of HSJ@2#. To solve Eq.~1!, initial
conditions were chosen as

zn~ t50!50, 1<n<N; ~2a!

ż1~ t50!5H v1 , n51

0, 2<n<N.
~2b!

Equations~2! correspond to the first particle impacting th
remainder of a stationary line with a linear velocityż1(t)
5v1.

B. Impulsive impact of a line of connected particles

The transient behavior of a line of particles subject to
impulsive driving force at one end that acts for a time tha
finite, but short in comparison with the natural oscillatio
period, may be obtained by Green’s method@5#. The differ-
ential equation that describes the motion of the first~termi-
nal! particle is

z̈11v0
2~z12z2!15

F~ t !

m
, ~3!

for which the solution is

z1~ t !5E
2`

t

F~ t8!G~ t,t8!dt8, ~4!
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whereG(t,t8) is the Green’s function for the linear oscillato
Eq. ~3! @5# andF(t) is the driving force. The impulse that i
delivered to the first particle is subsequently transfer
along the line of particles in contact. In the absence of dam
ing, the equations of motion for all particles other than t
first are, from Eqs.~1! and ~3!,

z̈n2v0
2~zn212zn!11v0

2~zn2zn11!15
F8~ t !

m
2<n<N21

~5a!

and

z̈N1v0
2~zN212zN!15

F8~ t !

m
n5N, ~5b!

where F8(t)5F(t) for perfect coupling of subsequent im
pacts along the line of fragmentation between oscillato
that is, it is assumed that there is no degradation of the
minal impact by energy dissipation into degrees of freed
orthogonal to the dissociation coordinate. For reasons of
merical convenience, we takeF(t) to be the Gaussian form

F~ t !5F0 exp@2t2/2s t
2#,

characterized by a full width at half maximum~FWHM! tp

52Aln 2st .
In respect of the intended application of Eqs.~3!–~5! to

photon-initiated impulsive impact of atoms or molecules
tached to a solid surface, a crucial concern is how the t
dependence ofF(t) that acts on the terminal particle adja
cent to the surface differs from the temporal envelope sh
of the incident laser pulse. Except in the restricted exam
of direct dipole excitation of the innermost molecule by t
laser pulse,F(t) is modified by the dynamical reponse of th
substrate to the photon field, and how that couples to ato
or molecular motions normal to the surface plane. In the c
of Bz molecules transparent to the incoming radiation,
authors of Ref.@1~b!# put forward a model in which desorp
tion driven by resonant electron scattering was mediated
phonon motions during the course of the laser pulse.
model the diverse multidimensional electronic and nucl
motions of the substrate and their influence on desorp
modes demands a consideration of the time dependenc
F(t) beyond the scope of the present calculations, where
emphasis is on the dynamics associated with propagatio
an impulse along a line of molecules~or atoms!. For this
reason, we examine how the line fragmentation patterns v
for different F(t) characterized by values oftP spanning
three orders of magnitude.

C. Impulsive impact of a line of connected anharmonic
oscillators

In applying the approach of the previous section to co
sions between atoms or molecules, it may be conside
more sagacious to take account of the anharmonic chara
of interatomic and molecular forces. In Sec. IV we inves
gate the impact dynamics of a line of perfectly coupl
Morse oscillators: this form was chosen because only
3-2
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CLASSICAL DYNAMICS OF IMPULSIVELY DRIVEN . . . PHYSICAL REVIEW A64 042903
further parameter, the dissociation energyDe , is required in
addition to the oscillator frequency to characterize the fo
field. In this case, Eq.~5a! becomes

z̈n2v0
2S ~zn212zn!12

3

2
b~zn212zn!1

2 D1v0
2S zn2zn11)1

2
3

2
b~zn2zn11!1

2 D5
F8~ t !

m
, 2<n<N21, ~6!

where the Taylor expansion of exp@2x# is curtailed at the
third term andb5Am/2Dev0; Eq. ~5b! is amended analo
gously. In these calculations no account is taken of Bz in
nal motions or how they couple to desorption along the s
face normal. We also restrict our considerations to incid
light fluences below that which causes ablation of solid m
croparticles and clusters into the gas phase; i.e., only
fragmentation to give intact, single molecules is investigat
Garrison and co-workers have developed a breathing sp
model for molecular dynamics~MD! simulations of laser
desorption and ablation of molecular solids which takes i
account internal molecular motions, translation of desor
and ablated materials~atoms, molecules and clusters!, and
gas-phase collisional processes in the plume of ejected
terial formed immediately above the solid surface@7#. These
MD simulations reveal that large molecular clusters co
prise a substantial portion of the material photoejected fr
the surface of an organic solid above the ablation thresh
by focused ultrafast laser radiation, and that collisional a
dissociative processes in the plume which develops ov
time scale of hundreds of picoseconds have a significan
fluence on the terminal velocities and angular distributions
gas-phase particles@7#. Such processes are likewise not i
cluded in the much simpler calculations of the line dissoc
tion dynamics of intact molecules reported here.

D. Numerical solutions to classical equations of motion

Equations~3!–~6! were solved numerically by a fourth
order Runge-Kutta algorithm that included adaptive steps
control @6#. As noted by HSJ, it was found that non
negligible, non-fourth-order errors were introduced into t
solutions for large numbers of particles (N.100), arising
from the discontinuous change in the derivative of the fo
between extension and compression ofzn(t). Although the
present study does not report on the dynamics forN.20, the
selection of step size was controlled, as performed by H
@2#, such that when particlen11 lost contact with particlen
during time stepDt j , the increment in the time step wa
adjusted so that the separation occurred at the end of the
step, the correction being made to second-order accu
from knowledge ofzn , żn , andz̈n at the beginning of thej th
time step. Propagations were carried out for times at leas
times longer than 2s t .

III. CLASSICAL DYNAMICS OF AN IMPULSIVELY
DRIVEN LINE OF SPHERES

In prevenience to the molecular calculations presente
Sec. IV, we first discuss the impact dynamics of a line
04290
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touching spheres. The problem has been analyzed by
@2#: it is included here for the conceptual insights it affor
into the effect of changing the duration and amplitude
F(t) and as a check of numerical procedures. In applying
methods of Sec. II to liftoff of atoms or molecules from
metal surface it is necessary to invoke approximations~de-
scribed in Sec. IV! to estimate the magnitude of the initia
driving force and the nature of the interatomic or interm
lecular potentials. This section therefore describes the im
sive motions of a line of structureless spheres, which may
thought of in this context as atoms or molecules, so as
highlight the essential time dependences in the absenc
such approximations. The results obtained here pertain to
study of impulse dynamics in different areas of physics:
instance, the motion of atoms in a long molecule or polym
impacts on granular materials, as investigated by HSJ@2#;
and to atoms and molecules stacked on a solid, as discu
in Sec. IV.

Figure 1 shows the trajectories and velocities of sev
touching particles subject to impact at one end by particl
with a ~dimensionless! velocity v151, and is presented fo
direct comparison with Fig. 1 of the paper by HSJ@2#: Figs.
1~a! and ~c! display the dynamics for a linear interpartic
force, while Figs. 1~b! and ~d! give analogous results for
force that depends on the separation of neighboring sph
to the power 3/2@8#. For this number of particles and tim
scalest<10Am/k and t<10A5 m2/k2v1, both linear and non-
linear separation forces result in the same general pattern
temporal behavior, though differing in quantitative deta
The displacement versus time graphs have initial slopes
are zero for all particles except the first, and show that
displacement from pre-impact separation occurs sequent
for spheres further down the line. The graphs of veloc

FIG. 1. Variation of displacements@~a! and ~b!# and velocities
@~c! and~d!# in time for seven touching particles in a line impacte
at one end by particle 1 with unit velocity. Diagrams~a! and ~c!
show the dynamics for a linear contact force, diagrams~b! and ~d!
for 3/2-power law. For the linear contact force the time scale
given in increments of (m/k)1/2 and the displacement scale
v1(m/k)1/2, wherev1 is the impacting velocity of particle 1. For th
nonlinear contact force, the time scale is (m2/k2v1)1/5 and displace-
ment scale is (m2v1

4/k2)1/5 @2#. In diagrams~a! and~b!, the displace-
ment of thenth particle is increased byn for clarity of presentation.
3-3
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G. ROBERTS PHYSICAL REVIEW A 64 042903
versus time clearly reveal the temporal propagation of a
turbance along the line with a constant velocity ofvn51,
i.e., one particle per dimensionless unit of time. At tim
beyond t.7Am/k @Figs. 1~a! and 1~c!# and t
.7.5A5 m2/k2v1 @Figs. 1~b! and~d!#, contact between the pa
ticles ceases and their displacements vary linearly with t
in accordance with Newton’s first law. In this example, w
see that particles 6 and 7 fly off the end of the line: t
seventh with a velocity just below that of the impacting v
locity of particle 1, while the sixth emerges at about 0.4v1
and 0.2v1 for the linear and 3/2-power contact forces, r
spectively. The remaining five particles rebound backwa
after initial motion in the direction of the impacting particl
The analysis of HSJ leads to the expectation that when
impulse wave reaches the end of a line of discrete bod
O(N1/3) particles lose contact with the line with velocitie
O(N21/6) in the forward ~impacting! direction @2#. These
predictions are confirmed in Fig. 2, which displays the v
locities at which particles are ejected from the line scaled
N1/6 as a function of their position from the end of the lin
scaled byN21/3.

Figure 3 shows the displacements and velocities for se
touching particles subject to an impact of varying durationtp
at a constant maximum amplitudeF051 applied to particle
1. In this calculation,vn(t50)50 for all n, each particle is
initially located at its equilibrium distance from its neigh
bor~s! and the interparticle force is linear in the separatio
Several qualitative observations are apparent by inspect

~i! For the impulsive driving force withtp50.1Am/k, the
velocity of the first particle increases rapidly over a tim
scale t!Am/k and then decreases. For particles 2–6,
slower increase and decrease invn images the Gaussian tem
poral envelope of the applied impulse. ForF051, the sixth
and seventh particles are ejected from the line.@Particle 6
returns to the line over a time scale approximately 100 tim
longer than shown in Figs. 3~a! and ~d!.#

~ii ! When tp.Am/k, the increase in velocity of the firs
particle is slower than for the shorter duration pulse, in l
with the slower turn-on ofF(t), and the maximum velocity
attained by the particles is greater, resulting in a larger
placement at a given time fort>2.5Am/k. In this case, par-

FIG. 2. Plot of the scaled final velocitiesvnN1/6 of n particles as
a function of their position (N2n)N21/3 from the end of a line ofN
particles: triangles,N510; diagonal crosses,N520; rectangles,N
530; crosses,N540; diamondsN550.
04290
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ticles 6 and 7 initially fragment from the line, though th
sixth particle eventually rebounds to rejoin the remainder

~iii ! The longest-lasting impact, withtp510Am/k, results
in dissociation of the last two particles over a longer tim
scale with substantially increased forward velocities.@The
fifth particle returns to the line over a time scale 103–104

times longer than shown in Figs. 3~c! and ~f!.#
~iv! The overall effect of increasing impact duration is

delay the onset of line oscillation and fragmentation, and
initiate a more violent disturbance.

Similar behavior pertains when the amplitude of the drivi
force is increased for a given pulse duration, displayed
Fig. 4 for tp50.1Am/k. For F055, the line motions re-
semble the dynamics shown in Figs. 3~b! and ~e!, with for-
ward ejection of particles 6 and 7 and eventual rebound
the remainder. The effect of increasingF0 to 10 and 100 is
an increase in line fragmentation: the separation velocity
the last two particles increases linearly withF0, though frag-
mentation begins at the same time, and the difference
tween terminal forward velocities of particles 6 and 7 is
dependent ofF0. Forces with still larger amplitudes~not
shown in Fig. 4! bring about ejection of particles furthe
removed from the end of the line in the forward directio
albeit at reduced velocities.

FIG. 3. Time-dependent displacements@~a!–~c!# and velocities
@~d!–~f!# for seven particles in a line subject to a Gaussian temp
impulse of varying FWHMtp and constant maximum amplitud
F051 applied to particle 1:tp /(m/k)1/2 5 0.1 @~a! and ~d!#;
tp /(m/k)1/2 5 1.0 @~b! and ~e!#; tp /(m/k)1/2 5 10.0 @~c! and ~f!#.
Displacement, velocity, and time scales are the same as in Figs.~a!
and ~c! and the displacement of thenth particle is increased byn.
3-4
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CLASSICAL DYNAMICS OF IMPULSIVELY DRIVEN . . . PHYSICAL REVIEW A64 042903
The change in dynamical behavior that occurs when
number of particles is altered is illustrated in Fig. 5, fro
which it is clear that the impulse generated by the in
impact always propagates along the line until one or m
terminal particles dissociate. Figure 6 shows what happ
when the zero tension condition otherwise applied in all c
culations is relaxed: the particles remain in contact a
propagate as a group to larger displacements, the indivi
trajectories displaying characteristic oscillations due to in
cluster motions.

IV. IMPULSIVE ELECTRON SCATTERING
AS AN INITIATOR OF MOLECULAR EXCITATION

AND ENERGY TRANSFER

In this section, the model of Sec. II is applied to the si
ation of impulsive desorption of molecules from a metal s
face, the process being initiated by an ultrafast laser p
over a time scale shorter than, or at most comparable to
intermolecular oscillation period. As has been stressed e
where@9#, many~if not most! dynamical processes at met
surfaces triggered by ultrafast laser irradiation are initia
by excitation of valence electrons of the metal, which re
nantly scatter between it and the attached atoms or molec
on a time scale of typically tens of femtoseconds@10–12#. As
a result, theories of hot electron-stimulated photoinitiated

FIG. 4. Time-dependent displacements@~a!–~c!# and velocities
@~d!–~f!# for seven particles in a line subject to a Gaussian temp
impulse of varying maximum amplitudeF0 and constant FWHM
tp50.1(m/k)1/2 applied to particle 1:F055 @~a! and ~d!#; F0510
@~b! and ~e!#; F05100 @~c! and ~f!#. Displacement, velocity, and
time scales are the same as in Figs. 1~a! and 1~c! and the displace-
ment of thenth particle is increased byn.
04290
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namics at surfaces have been formulated which aim to
culate experimentally observable attributes of the desorp
~such as gas-phase yields and final quantum-state dist
tions! from an analysis of the nonequilibrium electronic m
tions. In the regime where the desorption yield is linea
proportional to the fluence of the incident light, mode
which invoke a single inelastic scattering event between
molecule and a ballistic hot electron have been develo
@9,13,14#; desorption of intact molecules that varies nonli

al

FIG. 5. Time-dependent displacements@~a! and~b!# and veloci-
ties @~c! and~d!# for differing numbers of particles in a line subjec
to a Gaussian temporal impulse withtp51.0(m/k)1/2 and F0

5100 applied to particle 1:N52 @~a! and~c!#; andN520 @~b! and
~d!#. The interparticle force is taken to be linear in the separati
The displacement, velocity, and time scales are the same as in
1~a! and 1~c!, and the displacement of thenth particle is increased
by n.

FIG. 6. Trajectories~a! and velocities~b! for seven particles in a
line that can remain in tension subject to an initial Gaussian driv
force with tp51.0(m/k)1/2 andF0510.0. The interparticle force is
linear in the separation and the displacement, velocity, and t
scales are the same as in Figs. 1~a! and 1~c!. Displacements and
velocities are increased by 5n for clarity, for which reason also
results forn51, 4, and 7 only are displayed.
3-5
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G. ROBERTS PHYSICAL REVIEW A 64 042903
early with laser fluence has been treated in terms of mult
electronic transitions between adsorbate neutral and i
states@9~b!,14,15#, by multiple scattering of thermionic ho
electron fluxes emanating from within the metal@16# and by
stochastic processes driven by electronic friction@17#. These
notions are supported by a wealth of experimental evide
on shape resonance-enhanced desorption of molecules
as NO, O2, and CO from Pd, Cu, and Pt surfaces by fem
second laser pulses@18,19#, though the multiplicity of scat-
tering at high incident fluences would appear to remai
question for further investigations@16#. The basic ideas o
the model based on a single ballistic electron scatte
event, as applied to photodesorption of Bz from Pt@1#, are
encapsulated in Fig. 7. Referring to the figure, a brief qu
tative description of resonant desorption in the style of G
zuk @9# proceeds along the following lines. First, the incide
radiation~of photon energy\vL) creates a high, nonequilib
rium distribution of hot conduction-band electrons above
Fermi level by photon absorption within the metal. This r
sults in a flux of electrons from the metal which are temp
rarily captured by adsorbed molecules adjacent to the
face, thereby generating a negative-ion state on the pote
V1(z;Q). The postulate of Ref.@1~b!# is that this process is
pre-empted by, and assisted by, preheating of the~Bz!-metal
complex by excitation of low-frequency vibrational modes
the molecule. The residence timetR of negatively charged
adsorbate-induced resonances has been variously determ
to be between 0.8 and 250 fs for different adsorbate-m
combinations by two-photon photoelectron emission~2PPE!
spectroscopy@10,11#. The lifetimes of image-potential state

FIG. 7. A mixed quantal/classical cartoon of electron-molec
scattering at a metal surface, induced by an ultrafast laser puls
photon energy\vL , which brings about line fragmentation of a
oms or molecules lined up normal to the metal surface indicated
by the hatched region. The transient, negative-ion wave-packet
c(z,Q;t) generated by resonant electron scattering transits ove
harmonic potentialV1(z;Q) for a period tR . After this time,
c(z,Q;tR) is coherently deposited as a superposition of bound
continuum levels supported by the ground electronic state, h
represented by a harmonic oscillator potentialV0(z;Q) truncated at
the dissociation energyDe on the largez side. Liftoff of intact
atoms/molecules~represented by classical spheres! subject to termi-
nal impact at the metal surface proceeds along thez coordinate, the
outermost sphere departing with a velocityvz along the surface
normal. (Q denotes all other nuclear degrees of freedom.! Adapted
from Fig. 3 of Ref.@26~b!#.
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determined by the same technique, are found to range f
tens of femtoseconds to greater than 1.5 ps@20,21#. At the
end of the periodtR , the hot electrons relax into unoccupie
conduction band states of the metal@10–12,22,23#, leaving
the attached molecule distributed among continuum lev
supported by the neutral ground-state potentialV0(z;Q)
above the threshold for desorption, as well as vibrationa
excited bound states. Since this superposition state con
continuum eigensolutions to the Hamiltonian associated w
V0(z;Q), it leads to liftoff of the intact molecule from the
surface. Gadzuk@9~a!,24# has stressed the importance of t
magnitude oftR , which is determined by the derivative o
the phase shift of the dominating partial wave that charac
izes the shape resonance with respect to energy@25#, com-
pared the relevant dynamical time scale~here, the vibrational
period along the desorption coordinate!, in controlling mo-
lecular nuclear dynamics on the surface.

In the present context, our interest is to estimate the a
plitude of the time-varying forceF(e;t) that acts on the lo-
calized wave-packet state resonantly dumped onV0(z;Q) at
a center energye by correlated hot-electron scattering an
rescattering, since this is required for input into Eq.~3!. To
determine the impulsive kick imparted to a molecule ad
cent to the surface, we consider a representation of the
tral and ionic electronic states by displaced, identical h
monic oscillator~HO! potentials@26#, illustrated asV0(z;Q)
andV1(z;Q) in Fig. 7. ~Here,z denotes the desorption coo
dinate and Q represents all other nuclear degrees of f
dom.! In reality, V1(z;Q) is likely to be more tightly con-
tracted due to enhanced electrostatic@9~a!,24,26~a!,27# and
electrodynamic~‘‘chemical’’ ! @28# attractive forces. It is as-
sumed that the excited ionic potential is centered at shortz
as a result of electrostatic attraction between the resid
positive charge of the metal and the electron trapped in
shape resonance. Models based on displaced harmon
anharmonic oscillators have been applied extensively
problems associated with resonant electron-stimulated di
ciation of molecules from metals@9,13,26#. Within the
framework of fast sequential desorption events outlin
above, the forceF(e;tR) acting upon the superposition sta
c(z,Q;t) returned toV0(z;Q) with a center energye at time
t5tR may be conveniently expressed as a sum of two pa

F~e;tR!5F1~e;tR!1F2~e;tR!. ~7a!

The first componentF1 derives from the momentum gaine
by the evolution ofc(z,Q;t) overV1(z;Q) for a periodtR .
WhenV0(z;Q) andV1(z;Q) are simple HO potentials with
the same oscillation frequencyv0, this contribution may be
written

F1~e;tR!52mv0
2dz cos~v0tR!, ~7b!

wheredz is the displacement ofV1(z;Q) along the desorp-
tion coordinate relative toV0(z;Q) as defined in Fig. 7.
Equation~7b! is a classical result based on Ehrenfest’s pr
ciple, in that it assumes that the spatial extent of the w
packetc(z,Q;t) deposited onV0(z;Q) remains very small
in comparsion to the dimensions of the potential ene
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CLASSICAL DYNAMICS OF IMPULSIVELY DRIVEN . . . PHYSICAL REVIEW A64 042903
curves V1(z;Q) and V0(z;Q) along thez coordinate; for
molecules attached to metals, Ehrenfest’s principle is lik
violated within a half period of the round-trip time o
c(z,Q;t) on V1(z;Q) by rapid phase-changing process
such as electron-hole, electron-phonon, and electron-elec
scattering@22,23#. The second component of the force is d
simply to the ground-state potential gradient atz(tR), i.e.,

F2~e;tR!52
]V0~z;Q!

]z U
z5z(tR)

52mv0
2@z~tR!2zeq#,

~7c!

wherezeq is the equilibrium distance between the electro
minimum of V0(z;Q) and the metal surface.

Within the terms of this model, calculation ofF(e;tR)
necessitates knowledge ofV0(z;Q), V1(z;Q), andtR . For
Bz attached to Pt$111%, the following spectroscopic informa
tion is available: the oscillation frequencyv05360 cm21

@29#, assumed to be independent of layer thickness in
absence of quantitative information about how it m
change; and the dissociation energiesDe50.54, 0.48, and
0.50 eV for layersn52, 3, and 4, respectively@30#. These
values are consistent with known information on the str
tures of Bz layers adsorbed on Pt$111% and Ru$001%, which
have been the subject of a series of studies by elec
energy-loss and other surface spectroscopies over 28 y
@30–33#. These indicate that whereas the innermost che
sorbed layer lies parallel to the surface for both met
@30,32#, in the second~i.e., first physisorbed! layer @a1# the
hexagonal rings are oriented at a high average tilt angle r
tive to the crystal surface face when higher layers
present, at least in the case of Bz adsorbed on Ru$001% @33#.
For the same metal, the third@a3# and other intermediate
layers that constitute the bulk crystalline phase also ado
configuration in which molecules are more or less uprig
with a high average tilt; molecules in the topmost metasta
layer @a28# are randomly oriented@33#. This simplified pic-
ture neglects the formation of two- and three-dimensio
islands, which are known to occur for Bz adsorbed
Ru$001% @33#. In the absence of prior knowledge on th
binding of the innermost (n51) layer to the metal, it is
assumed here that the desorption energyDe(Pt-Bz) of the
chemisorbed layer is 1.08 eV@34#, i.e., twice the binding
energy of the first physisorbed layer, which at least has
merit of qualitative agreement in trend with a measured bi
ing energy for Bz on Cu$111% and an estimate for Bz on
Ag$111% @35#. For n.4, De for n54 is assumed.

According to the authors of Ref.@1~b!#, desorption of Bz
multilayers by 100 fs laser pulses begins at the leading e
of the temporal intensity envelope by a phonon-induc
heating of a low-frequency Pt-Bz mode sufficient to popul
the q510 vibrational level ofV0(z;Q), followed during the
remainder of the pulse by single-photon excitation at\vL
51.55 eV to atransitory negative-ion resonance state~Fig.
7!. Desorption of the outermost molecules is postulated
result from subsequent energy transfer across the Bz lay
To estimateF(e;tR) the following procedure was therefor
adopted, working within the framework of the displaced H
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model illustrated in Fig. 7; the approach follows that e
poused by Gadzuk@9# and applied by him@16,24,26# and
others @13,14# to treat resonant molecular desoprtion ph
nomena. Using the quantum theory of forced oscillato
Korschet al. have shown that a ground-state HO subject
an arbitrary, time-dependent force attains a Poisson distr
tion,

Pq←0~ t !5exp@2a~ t !#
aq~ t !

q!
,

of final statesuq& as t→` @36#. For displaced HO’s of the
same frequency, the dynamic Poisson parametera(t) is sim-
ply

a~ t !52a0~12cosv0t !,

wherea0 may be identified asa0[mv0dz2/2\ @9,26#. If it
is assumed that the negative ion state decays exponentia
a rateG52p/tR @9~a!,24,26# then Pq←0(t) must be aver-
aged over all times weighted by an existence probability, i

^Pq←0~tR!&5E
0

` 1

tR
Pq←0~ t !exp@2t/tR#dt.

Unfortunately, little information appears to be known abo
the spectroscopy and lifetime of the excited state of Bz
tached to Pt$111%. For up to five layers of Bz attached t
Ag$111%, Harris and co-workers have recently determin
resonance lifetimes of betweentR520 and 50 fs for then
51 image-potential states from 2PPE measurements@21~a!#,
while Wolf and co-workers have previously reportedtR
540 and 20 fs for the two lowest image-potential states
mono- and bilayers of Bz adsorbed on Cu$111% @21~b!#.
These states were, however, determined to lie at ener
greater than 3 eV above the neutral ground state in b
cases. Without further quantitative information to hand,
assume here a value oftR530 fs for a state populated b
1.55 eV photons. MaximizingPq←0(t) for the eleventh vi-
brational level ofV0(z;Q) in accordance with the suggestio
of Ref. @1~b!# enables an estimate ofdz to be made for input
into Eq.~7b!, while the separationz(tR)2zeq,0 at the energy
eq51050.47 eV of the q510 vibrational level enables
F2(e;tR) to be determined from Eq.~7c!. @^Pq←0(tR)& al-
ways displays a maximum atq50 assuming an exponentia
decay rate withtR<150 fs.] This procedure yields an initia
force of magnitudeuF(e;tR)u.20 nN acting on the inner-
most Bz molecule in the direction of increasingz @implied by
the minus signs in Eqs.~7b! and~7c!# as a result of resonan
electron scattering and rescattering to and fromV1(z;Q).
Because of the approximate nature of this estimate, we
for the sensitivity of computed kinetic energy distributions
the value ofF(e;tR) used as input to Eq.~3! ~see below!.
The amplitudeF05F(e;tR) estimated from Eq.~7a! is
based solely from electron dynamics over displaced h
monic oscillator potentials. Not knowing the temporal sha
of the electron flux created by the laser pulse, the coupling
electron and lattice modes@37#, and how their time-varying
distribution functions together disrupt the forces between
3-7
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G. ROBERTS PHYSICAL REVIEW A 64 042903
metal and the molecules at the surface, we investigate
impactsF(t) with durations~FWHM! spanning three order
of magnitude that encompass the range of laser pulse d
tions used in the experiments of Ref.@1#. As discussed in
Sec. II B, it is assumed that coupling of collisional ener
between layers is identical for each neighboring pair and
there is no damping along the separation coordinate du
mixing of the desorptive motion with other vibrational d
grees of freedom available to the system.

As an aside, knowledge ofPq←0(t) enables a desorptio
probability PD(tR) to be calculated from@9,24,26#

PD~tR!5 (
q5qd

`

^Pq←0~tR!&, ~8!

whereqd is the lowest value ofq for which

~q10.5!\v0.De .

Figure 8 shows the dependence ofPD(tR) on the resonance
time tR for different values ofa0 corresponding to values o
F1 between 18.5 and 5.8 nN@F(e;tR) between 20.0 and 7.3
nN#: for F(e;tR)520.0 nN, giving a maximum atq510 for
Pq←0(t), we see thatPD(tR) attains an asymptotic value o
0.66 afterv0tR.7. Further discussion of the variation o
PD(tR) with tR may be found in Refs.@9# and @24~a!#.

Figure 9 shows the time-dependent displacements and
locities for N52, 10, and 20 benzene molecules attached
Pt, calculated from Eq.~6! on the basis of the model de
scribed above, subject to an initial impact withF0520 nN
and tp5100 fs. For these impulse parameters, the li
dissociation behavior is qualitatively similar to that shown
Figs. 4~b! and 4~f! and Fig. 5 for impacted spheres arrang
in a line of varying length. WhenN52, the nonimpacted
particle flies off with a velocity that is essentially the same
magnitude as that of the impacting particle, which itself
bounds in the backwards direction. ForN510, the three end-
most particles fragment from the rest of the line while t
remainder rebound, albeit at different speeds, as found ea
@Figs. 4~c! and 4~f!# for a linear contact force betwee
spheres. Similar behavior pertains forN520, when four par-
ticles dissociate from the line. The fragmentation velocit

FIG. 8. Variation of the desorption probabilityPD(tR) calcu-
lated according to Eq.~8!, plotted as a function ofv0tR for differ-
ent values ofa0540, 22.5, 10, and 4 treated as a parametric v
able.
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vN of the outermost particles in the forward direction d
crease by.25% fromN52 to 20 for this combination oftp
and F0. In contrast, the velocityvN21 of the penultimate
particles increases by.20% from N510 to 20, with the
ratio vN21 /vN increasing from 0.49 atN510 to 0.65 atN
520.

For a given number of particles, the variation of molec
lar displacements as a function of the duration ofF(t) at
constantF0 is presented in Fig. 10, while the behavior asF0
is changed at a constant impulse width oftp5100 fs is
given in Fig. 11; in both cases, results forN57 andN520
are given as examples. The variation of molecular veloci
with time is not displayed, but is qualitatively analogous
that given in Figs. 3~d!–3~f! and Figs. 4~d!–4~f!. Figures 10
and 11 reveal that desorption of the two particles furth
removed from the impact source with velocities close to
initial impact remains an intact feature of the dynamics
different tp and F0 ~and N, for N>4). For particular com-
binations oftp andF0 whenN is sufficiently large (N>5),
it is possible to induce additional line fragmentatio
whereby an increasing number of particles originally loca
in the central portion of the line loses contact with the
mainder.

Figures 9–11 display results which can be connected
least in a qualitative fashion, to the experimental TOF sp
tra for dissociation of Bz from Pt obtained by Arnoldset al.
@1#, specifically with the TOF data recorded as a function

i-

FIG. 9. Time-dependent displacements@~a!–~c!# and velocities
@~d!–~f!# of N52, 10, and 20 touching benzene molecules sub
to a Gaussian temporal impulse with FWHMtp5100 fs and maxi-
mum amplitudeF0520 nN applied to the innermost molecule (n
51): N52 @~a! and ~d!#; N510 @~b! and ~e!#; N520 @~c! and
~f!#.
3-8
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CLASSICAL DYNAMICS OF IMPULSIVELY DRIVEN . . . PHYSICAL REVIEW A64 042903
Bz coverage„Fig. 1 of Ref.@1~a!# and Fig. 2 of Ref.@1~b!#…,
pulse width„Fig. 4 of Ref.@1~b!#… and laser fluence„Fig. 5 of
Ref. @1~b!#…. Removal of the outermost particle with highe
velocities may be associated with the appearance of a ‘‘h
energy’’ peak of desorbed molecules in the experimen
TOF spectra. The departure velocities of the secondary f
mentation process are somewhat lower than those for los
the outermost particles, and may be connected with
slower, ‘‘thermal’’ benzene desorption feature noted in t
laboratory. For large driving forces~e.g.,F05200 nN) ap-
plied for long enough (tp>100 fs) and long lines (N
.20), a third low-velocity fragmentation of the line occur
and this may be associated with the slow, so-called ‘‘subth
mal’’ desorption route monitored experimentally under co
ditions of photodesorption of thick Bz layers by 100 fs las
pulses@1#. Within this scenario, it is not necessary to invo
either cluster formation nor long surface residence times
account for subthermal line dissociation@1#.

The results presented so far have not taken into acc
the spatial dependence of the intensity of the incident la
beam, i.e., we have assumed irradiation of a ‘‘tube’’ of be
zene molecules stacked perfectly one upon the other w
somewhat in contradiction, recognizing a difference in sta
ing configuration in different layers to define az-dependent
oscillator frequency through the agency of a local dissoc
tion energy. We now introduce thex andy spatial profile of
the incident laser pulse to calculate distributions of deso

FIG. 10. Time-dependent displacements forN57 @~a!–~c!# and
N520 @~d!–~f!# touching benzene molecules subject to Gauss
temporal impulses of fixed maximum amplitudesF0520 nN (N
57) andF05200 nN (N520) and varying widthtp applied to
the innermost molecule:tp510 fs @~a! and ~d!#; tp5100 fs @~b!
and ~e!#; tp51000 fs@~c! and ~f!#.
04290
h-
l

g-
of
e

e

r-
-
r

to

nt
er
-
le,
-

-

-

tion velocity which can be compared directly with expe
ment. To achieve this, several simplifying assumptions
made. The first is that it is assumed that the laser be
propagating through the transparent molecular overlayer
incident on the metal normal to its surface with a spa
intensity dependence given by the two-dimensional Gaus
form,

I ~x,y!5I 0 exp@2~x21y2!/4ss
2#, ~9!

where ss539 mm is chosen to correspond to a disc
270 mm in diameter atI /I 050.025 illumination in an at-
tempt to mimic experimental conditions@1#. Here,I 0 may be
regarded as an arbitrary~time-dependent! normalizing pa-
rameter; in the laboratory it corresponds to the use of a
wave plate and polarizing optic to generate different la
intensities. The spatial intensity distribution within the illu
minated area is discretized in units of the dimensions of
radiated Bz molecules, taken to be elongated hexagon
length 11.08 Å and width 9.60 Å@31~b!#. We take no accoun
of the detailed packing arrangement of Bz molecules
tached to Pt in thex and y dimensions, though information
for multilayer coverages on different metals is increasin
available from infrared spectroscopy@30,33# electron diffrac-
tion and Auger spectroscopy@31#, and electron energy-los
measurements@32#. Nor do we discriminate between chang
in intermolecular structure as a function of layer thickne

n
FIG. 11. Time-dependent displacements forN57 @~a!–~c!# and

N520 @~d!–~f!# touching benzene molecules subject to Gauss
temporal impulses of fixed durationtp5100 fs and varying maxi-
mum amplitude F0 applied to the innermost molecule:F0

510 nN @~a! and~d!#; F0520 nN @~b! and~e!#; F05200 nN@~c!
and ~f!#.
3-9
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FIG. 12. Bar charts showing the fractio
f (vz) of molecules with desorption velocitiesvz

normal to the surface plotted as a function ofvz

for N52 ~a!, 7 ~b!, 10 ~c!, and 20~d! molecular
layers subject to terminal impact on the inne
most layer by a Gaussian force of FWHMtP

5100 fs and maximum amplitudeF0520 nN.
Panels~a!, ~c!, and~d! display 103f (vz) for all n;
panel ~b! and its inset display 102f (vz) (n55)
and 103f (vz) (n56 and 7!. The bin sizedvz is
10 ms21 for all panels.
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@30,33#. It is further assumed, with no formal justification
that F0 is directly proportional to the laser intensityI 0(t)
through the action of theE vector of the light on the meta
electron cloud; i.e., an increase in electron flux incident
the innermost molecule from within the metal generate
larger amplitude force in linear measure.~The same assump
tion is implicit in the discussion of Fig. 11 given above.! This
is tantamount to invoking, within one interpretation@1#, ther-
mal excitation of low-frequency vibrational modes durin
the laser pulse such that, as the intensity of the incident l
is increased,c(z,Q;t) is transferred toV0(z;Q) at increas-
ingly repulsive parts of the potential~see Fig. 7!. A DIMET
~desorption induced by multiple electronic transition!
scheme, whereby multiplez transits of the excited-state po
tentialV1(z;Q) by a transient superposition state results i
greater initial desorptive impulse, would yield a nonline
dependence ofF0 on the laser intensity@9~b!,14–16#.

For given N and tp , calculations ofz(t) and ż(t) are
performed for a range of values ofF(x,y;t) along a line
radiating outwards from the central laser spot wh
F(x,y;t)5F0 to the limit where F(x,y;t)5F0/40, dis-
cretized as described above; every direction is assumed
the same, given the form of Eq.~9!, and we integrate ove
the number of hexagonal tubes enclosed within the disc
minated by the laser profile. From this information, the fra
tion f (vz) of the total number of irradiated molecules wi
desorption velocities in the rangevz→vz1dvz is computed.
The size of each velocity bin,dvz , is typically 10 or
1 ms21 as stated in the captions to Figs. 12–14; for la
driving forces, though, a value ofdvz5100 ms21 was se-
lected on grounds of computational convenience. By way
comparison, in the experiments of Ref.@1#, a TOF resolution
of 61 ms measured over the flight path between metal s
face and mass spectrometer rendered a precision in vel
measurements of approximately620 ms21 at vz
52000 ms21 and60.05 ms21 at vz5100 ms21.

Figures 12–14 present results in the form of bar graph
f (vz) at different values of the desorption velocityvz5 ż(t).
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Figure 12 shows how the distribution varies as a function
the number of layersN for given tP andF0. It can be seen
that: for N.2, the innermost layer that desorbs in the fo
ward direction@that is, without rebounding towards the met
surface,n55, 8, and 17 for Figs. 12~b!, ~c!, and~d!, respec-
tively#, results in a narrow distribution of low velocities wit
vz<700 ms21, the width of which is maximal forN.10;
layers further removed from the source of the initial impa
result in broader distributions off (vz) that extend up tovz
.3400–5000 ms21 for the particular combination oftP
andF0 investigated here; for each value ofN, the outermost
layer results in the broadest distribution, with line dissoc
tion over the entire range of permissible velocities fro
vz.200 ms21 (N57, 10, and 20! up to vz.10 000 ms21

(N52); the highest dissociation velocity attained by the o
ermost particle is smallest for the largest number of interv
ing molecular layers and vice versa. There are therefore th
or four distinct distributionsf (vz) at all N, depending on the
number of desorbing layers, except forN52, in which case
there is obviously only one, broadf (vz). For N.2, the gen-
eral pattern of a narrowf (vz) peaked at low velocities with a
series of broader distributions extending to highervz is
found for all N<20 investigated in this study. More so tha
with Figs. 9–11, these calculations can be compared dire
with the experimental results plotted in Fig. 1 of Ref.@1~a!#
and Fig. 2 of Ref.@1~b!#, which display TOF spectra fo
photoejection of Bz from Pt induced by 150-fs laser pulses
different molecular coverages~i.e., N). Such a comparison
shows that the calculated values off (vz) extend to much
higher velocities than observed in the laboratory by a fac
of approximately 2, indicating that the model of resona
electron scattering supplies a value ofF(e;tR) that is too
large. However, the results of Fig. 12 are in qualitative agr
ment with experiment in that they predict liftoff of intac
molecules from the metal surface with different characte
tic velocity distributions and how they vary withN. The
different shapes of the calculated and experimental distr
tions is discussed below.
3-10
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Figure 13 shows the variation off (vz) with terminal im-
pact amplitude forN57 and constanttP5100 fs. In this
case we see that although the pattern of three distinctf (vz)
distributions is maintained at values ofF0510, 20, and 200
nN, the distribution of desorption velocities of the two ou
ermost layers, labeledn56 andn57, widens substantially
as the driving force is increased. Line fragmentation an
55, however, proceeds with a relatively narrow distributi
of velocities irresepctive of the magnitude ofF0, and the
maximum ejection velocity of the fifth molecular layer in
creases approximately linearly withF0 ~by a factor of 28
compared to 20!.

The distributions obtaining for impulses with an identic
maximum amplitudeF0 but different impact durations ar
portrayed in Fig. 14 forN57. The goal of these calculation
is to examine collisional energy transfer when the drivi

FIG. 13. Bar charts showing the fractionf (vz) of molecules
with desorption velocitiesvz as a function ofvz for N57 layers
subject to different maximum driving forces ofF0510 ~a!, 20 ~b!,
and 200~c! nN. F(t) has a constant Gaussian FWHM oftP5100
fs. Panel~a! displays 102f (vz) (n55) and 103f (vz) (n56 and 7!;
panel ~b! displays f (vz) for all n; panel ~c! displays 102f (vz) (n
55) and 103f (vz) (n56 and 7!. Bin sizesdvz are 10 ms21 for
panels~a! and ~b! and 100 ms21 for panel~c!.
04290
l

force is shorter than, comparable to and far in excess of
oscillation periodv0

21 of molecules arranged on the met
surface in the absence of an external perturbation: in th
model calculations,v0

21593 fs for Bz @29# irrespective of
N. There is no mediation ofF(t) due to the response of th
substrate to theE field of the incident laser light. To include
the temporal organization of the electron distribution at
metal surface due to photon impact requires calculations
the electron dynamics appropriate to the structure at
molecule-metal interface as well as, if the supposition of R
@1~b!# is correct, input from phonon modes of the lattic
during irradiation@37#. For tP5100 fs, we see that the out
ermostn57 layer can dissociate from the remainder at v
locities in excess of 8500 ms21, while the penulimaten
56 layer is ejected at velocities up to.3500 ms21. When
the pulse width is increased tenfold totP51000 fs, the de-

FIG. 14. Bar charts showing the fractionf (vz) of molecules
with desorption velocitiesvz as a function ofvz for N57 layers
subject to terminal Gaussian temporal impacts of varying FWH
tP510 ~a!, 100 ~b!, and 1000~c! fs. F(t) has a constant maximum
amplitude ofF0520 nN. Panels~a! and~c! display 103f (vz) for all
n; panel~b! displays 102f (vz) (n55) and 103f (vz) (n56 and 7!.
Bin sizesdvz are 1 ms21 for panel~a! and 10 ms21 for panels~b!
and ~c!.
3-11
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G. ROBERTS PHYSICAL REVIEW A 64 042903
sorption velocities of the two outermost layers are subs
tially reduced, by more than a factor of 0.5, though th
distributions are still broad in comparison tof (vz) for the
n55 layer. WhentP is shortened to 10 fs, a fourth fragme
tation channel opens up, the line dissociation velocities
massively reduced, and the pattern of velocity distribution
altered. In this case, by contrast with the results of Figs.
and 13, it is the outermost molecular layer which fragme
from the line with the lowest velocities,vz51 and 2 ms21,
and the narrowest distribution of velocities. The penultim
n56 layer also lifts off slowly, but with a broader spread
vz . The molecules that desorb fastest, and with the broa
distribution of f (vz), are those that originate from the thir
outermost layern55, for which f (vz) shows values up to
vz517 ms21; the next inner layer,n54, which emerges
with velocitiesvz<14 ms21, also has a broad distribution i
f (vz) in comparison to those for the two outermost layer

The results of Fig. 14 stand in qualitative agreement w
Figs. 2 and 4 of Ref.@1~b!#. Both calculated and experimen
tal values off (vz) shift to a lower range of velocities whe
the impulse duration is increased such thattP@v0

21; the
experimentalf (vz) distribution also becomes distinctly non
Maxwellian in form ~see below!. From Fig. 14 it may be
concluded that to achieve the highest line fragmentation~de-
sorption! velocities for a givenF0, which is stated to be
directly proportional to the maximum incident laser fluen
~see earlier!, it is necessary to select a pulse width th
closely matches the natural oscillation period of the impac
molecules about their equilibrium locations~neglecting an-
harmonic effects!. When tP5v0

21, the impacting force
achieves its maximum value at the same time at which
innermost molecule, assumed to be positioned initially at
equilibrium coordinatezeq for the purposes of this discus
sion, returns to the same location with maximum veloc
one half cycle later, and is thus able to deliver maximu
impact on the neighboring molecule~Fig. 7!: since it is as-
sumed that the same value ofv0 pertains to molecules in
different layers and that degradation of collisional ene
transfer through orthogonal inelastic effects may be
glected, this choice oftP results in molecules in the oute
most layer receiving a maximal impact. WhentP@v0

21, the
effect of numerous oscillation cycles executed by the m
ecules during the impacting pulse is to destroy the deve
ing phase relationship~coherence! between the attainment o
F0 by the applied force and the completion of the first h
cycle of the molecular oscillation. WhentP!v0

21, the ter-
minal impact is simply not applied for long enough in com
parison tov0

21/2 for maximal transfer of the initial impac
along the line. In both these latter situations, the resul
force experienced by moleculesn>2 is diminished relative
to the value of the appliedF0, giving rise to smaller line
fragmentation velocities.

What is also clear by inspection of Figs. 12–14 is that
distributionsf (vz) are not Maxwellian. The authors of Re
@1# fitted measuredf (vz) obtained under conditions of dif
fering light fluence, pulse duration, and molecular layers t
sum of three modified Maxwellian distributions of the for
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2/2kTi #, ~10!

whereTi is the temperature associated with thei th distribu-
tion, ai is its amplitude andui the stream velocity. Furlan ha
recently criticized the isolated use of thermal distributi
functions such as Eq.~10! to describe translational energ
distributions that are inherently non-Maxwellian@38#, noting
the need for a model of the impact and subsequent disso
tion to accompany the measured energy partioning, as is
established for measurements of translational energy rel
in gas-phase dissociations@39#. Restrictions on the use o
Maxwellian distributions to describe molecular TOF me
surements under non-Maxwellian conditions have been
cussed elsewhere@38,40# and are not repeated here. A form
analysis@41# of thermally driven desorption from surface
based on the method of moments, in which particle inter
tions in the gas phase close to the surface are treated ex
itly, leads to the adoption of a Maxwell-Boltzmann distrib
tion characterized by a single temperature for t
development velocities of photoejected materials. This re
has been utilized in a number of investigations of Knuds
layer formation in laser-induced sputtering and ablation
half a monolayer or less of material in 10-ns pulses@42#.
Monte Carlo simulations, on the other hand, suggest the
plicabiltity of a two-temperature model@43#, though the ar-
guments in support of such an approach are based on c
fitting rather than theory. For ablation of more than 0
monolayer and nonthermally driven processes@42#, where
the Knudsen layer breaks down to form an unsteady a
batic expansion, it is not entirely obvious that equations s
as Eq.~10! can be meaningfully employed.

Functional forms such as Eq.~10! have, however, been
invoked to describe laser-induced desorption of range
molecules from metallic and nonmetallic surfaces@43,44#,
notwithstanding arguments concerning the usefulness
correctness of such an approach. What is clear from F
12–14 is that, within the remit of the model described in th
section, an impulsive impact on a molecule adjacent t
metal surface followed by classical energy transfer across
adsorbed layers does not inherently lead to molecules eje
into the gas phase with kinetic energies distributed accord
to a Maxwellian expectation. This in itself is not surprisin
the initial electron-induced impact assumed here is not
thermal origin and and there are no subsequent thermali
collisions as energy is transferred to the outermost partic

V. SHORTCOMINGS OF THE MODEL CALCULATIONS

It is appreciated that there are many. In particular, it
possible to identify four central features of the scheme p
sented in Sec. IV as applied to ultrafast laser desorption
molecular layers that could be improved upon in more
phisticated calculations:

~i! Application of the model to impulsive molecular de
sorption is predicated upon ultrafast, coherent electron-h
scattering as the origin of the initial force that is direct
along the surface normal, away from the metal. Of pa
mount importance to a complete description of the effect
light on transparent molecules attached to a low-tempera
3-12



th
a
ta
th

an
ci
th
n
th
u

ra
an
bo

p
e
d
h
n

-
a
g
m
la

ed
in

o

le
re
s

he
se
s

as
on
on
re
he

m
su
d
n

nd
he
r
is
e
th

lift
-

e

l for
old
ns
of
and
er

ng
ns-
of
y
d:

eak

for

at
nd

es,

on

at
e
the
or-
al

ial

in-
to

the
ow
ser
ted

ad-
that
m
of

tive
ter-
ults
ally
il-
ort-

on

CLASSICAL DYNAMICS OF IMPULSIVELY DRIVEN . . . PHYSICAL REVIEW A64 042903
solid is the connection between the time development of
incident photon field and that of the impulsive force th
triggers the initial impact on molecules closest to the me
surface. An analysis of the substrate temporal response
intervenes in time between the effect of the laser pulse
the onset of collisional energy transfer is needed to spe
the transient hot electron distribution generated during
light pulse. For unidirectional thermionic electron emissio
Gadzuk has carried out the pertinent calculations of
growth and decay of a thermal electron flux at a metal s
face as a function of different desorption energies@16#. The
relation between the time dependences of a photon-gene
electron flux, the electrical forces it sets up at the surface
the incoming light beam is what is required in a more ela
rate theoretical description than that presented here.

For the case of Bz attached to Pt$111%, the coupling of a
hot electron flux to phonon motions, and how the two coo
erate to propel molecules away from the surface, also ne
to be understood if the near-linear dependences of Bz
sorption yield and translational energy on the incident lig
intensity is to be recovered in line with recommendatio
based on the experimental observations@1#. The notion that
has been put forward@1~b!# is that electron-phonon excita
tion of the molecule-surface mode at early times on the le
ing edge of the laser pulse leads to vibrational pre-heatin
the innermost molecule followed by an electron-driven i
pact and sequential energy transfer across the molecular
ers. A vibrationally assisted origin to the impulse direct
along the desorption coordinate has not been explicitly
cluded in this work, demanding as it does a consideration
the metal-molecule coupling in a multidimensional space
the relevant vibrational degrees of freedom.

~ii ! Information on the packing arrangement of molecu
at the surface and in subsequent layers, such as is inc
ingly available from density functional theory calculation
would be crucial for a detailed study of the effect of t
distribution of photon impacts delivered by an incident la
beam with a known spatial intensity profile in both tran
verse and longitudinal dimensions.

~iii ! The interaction between neighboring molecules is
sumed to be governed by a Morse potential. For calculati
that incorporate the coupling between the field and electr
in terms of the system eigenstates, or a superposition the
knowledge of the lowest-lying excited-state potential of t
molecule-surface complex is also required.

~iv! No account has been taken of the gas-phase dyna
subsequent to photoejection of molecules from the metal
face. Clustering to form conglomerates has been discusse
a distinct possibility under the prevailing experimental co
ditions @1#.

VI. CONCLUSIONS

This paper discusses the classical dynamics of a line
particles subject to an impulsive driving force at one e
individual particle trajectories leading to the breakup of t
line have been computed for different magnitude and du
tion impulses, and for varying numbers of particles. It
found that multiple fragmentation patterns can be induc
leading to different line dissociation behavior: particles at
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end of the line opposite to which the impulse is applied
off with approximately the initial impact velocity, in accor
dance with the findings of an earlier investigation@2#; par-
ticles that were initially stationed in the middle portion of th
line dissociate at slower speeds.

A line of touching spheres has been applied as a mode
ultrafast laser irradiation of transparent molecules on a c
metal surface, and leads to qualitatively correct predictio
of the desorption behavior as a function of the number
molecular layers attached to the surface and the duration
amplitude of the driving force, the latter determined by las
pulses of varying fluence. From Figs. 9–14, the followi
deductions may be made, within the context of energy tra
fer across ‘‘Newton’s cradle,’’ concerning the desorption
Bz N.2 from Pt$111% subject to impacts approximatel
equal to or longer than the intermolecular oscillation perio

~i! The appearance of a hyperthermal desorption p
in the observed TOF spectrum@1# originates from desorption
of the outermost benzene molecules forN>3, and is inde-
pendent of the number of intervening layers, at least
3<N<20.

~ii ! Slower desorption of molecules initially stationed
intermediate line positions, resulting in observed thermal a
subthermal features in the TOF spectrum@1#, is favored at
large driving impacts, associated with high laser fluenc
and for thicker coverages of the metal.

~iii ! The distribution of desorption velocities depends
the particular combination ofF0 andtP that characterize the
initial impact, as well as the number of layers, in a way th
is not alwaysa priori obvious; i.e., it is not always the cas
that hyperthermally desorbed molecules originiate from
outermost layer, thermal molecules from intermediate p
tions of the line, and molecules with the slowest, subtherm
velocities from locations closest to the source of the init
impact.

~iv! The yield of hyperthermally desorbed molecules
creases with coverage for thicknesses corresponding
3<N<20.

These deductions are independent of the exact origin of
force that drives the initial impact at a metal surface and h
it is modified by the dynamical response of the solid to la
light. They are also in agreement with the conclusions sta
in the papers of Arnoldset al. @1#, and lend support to the
postulated mechanism of rapid energy transfer between
sorbed molecular layers. Because of the approximations
are invoked to model multilayer molecular desorption fro
metals, it is not possible to comment on the usefulness
measured TOF distributions as a quantitatively sensi
probe of the molecule-molecule and molecule-surface in
actions. Predictions of the model and experimental res
could be brought into closer agreement with an substanti
improved treatment of the light-matter interaction Ham
tonian and intermolecular potentials. These and other sh
comings of this approach have been discussed.
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