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Electron nuclear dynamics of LiH and HF in an intense laser field

J. Broeckhove,* M. D. Coutinho-Neto, E. Deumens, and Y. O¨ hrn
Quantum Theory Project, University of Florida, Gainesville, Florida 32611-8435

~Received 2 June 1997!

The electron nuclear dynamics theory~END! extended to include a time-dependent external field is briefly
described. The dynamical equations, in addition to the full electron nuclear coupling terms, now also contain
the interactions of both the nuclei and the electrons with the external field. This extended END theory is
applied to the study of vibrational excitations of the simple diatomics HF and LiH. The END results using an
intense infrared laser field are compared with those of molecular dynamics as well as those from quantum
wave-packet calculations. While the effect of the nonadiabatic electron-nuclear coupling terms on the vibra-
tional dynamics is negligible for the chosen application, the electron-field coupling has a significant impact.
@S1050-2947~97!04412-0#
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I. INTRODUCTION

The familiar Born-Oppenheimer approximation leads to
two-tiered approach of molecular dynamics. First the el
tronic potential energy surfaces—and perhaps coupling
trix elements—are calculated and subsequently the nuc
motion is studied on the electronic potentials. The aim of
electron nuclear dynamics~END! theory is to provide a full
description of molecules as systems of interacting electr
and nuclei. It is comprehensive in that it considers all
constituent particles of the system at once and thus bypa
the calculation of electronic potentials and couplings. It
also comprehensive in that it allows for a hierarchy of a
proximations with increasingly sophisticated descriptions
the system, from classical to quantum for the nuclei, fr
single to multiple configuration determinants for the ele
trons.

END theory has been extensively reviewed~see, e.g.,
Deumenset al. @1#!. The dynamical END equations are d
termined using the principle of least action. The choice of
variational electron-nuclear wave function including the b
sis set is the only approximation. At the lowest level o
usually considers highly localized nuclear wave packets
classical nuclei, retaining the electron-nuclear coupl
terms. The electrons are described by a single complex,
unrestricted Thouless@2# determinantal wave function. Th
total molecular wave function is diabatic in nature. Th
leads to Hamiltonian equations of motion that describe
time evolution of the system as trajectories in the generali
phase space whose coordinates are the average nuclear
tions and momenta and the complex Thouless orbital par
eters for the electrons. The latter are related to more stan
molecular orbital coefficients via a general unitary transf
mation. Integration of this set of coupled first-order differe
tial equations in time from a given set of initial condition
produce END trajectories. Such trajectories depict the c
sical paths of the nuclei as well as the distribution of el
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tronic charge; in short, the time evolution of the variation
wave function, and hence any expectation value calcula
with it. This simplest level of END theory provides an intu
itively simple and appealing picture of the dynamics of
molecular system. Higher-order approximations may be
rived by invoking more sophisticated variational wave fun
tions. Equations of motion have been derived with multico
figurational wave functions for the electrons@3#, and
delocalized states for the nuclei have also been consid
@4#.

The Hamiltonian that generates the trajectories, i.e.,
generator of infinitesimal time translations in the generaliz
phase space, is simply the expectation value of the quan
Hamiltonian of the molecule with respect to the variation
wave function. Familiar terms such as electronic energy
nuclear kinetic energy can be discerned in its expression
this paper we show that the equations of motion are modi
in a straightforward manner when the Hamiltonian includ
interaction with a time-dependent electric field. Coupling
both electrons and nuclei to the field shows up as additio
forces.

In previous END work, vibrational dynamics in H2O was
investigated by distorting the initial molecular geometr
Frequency analyses of the ensuing nuclear motion with
Prony method then yielded values for the bending a
stretching modes@5#. Using the same Prony method o
analysis, the vibrational frequencies excited in a H2 target
after collision with H1 have been studied@6,7#. In the
present study we look at vibrational excitation through t
interaction with intense infrared laser fields. Approximatio
appropriate to intense lasers are introduced, namely, trea
the field classically, and employing the dipole approxim
tion. Thus the molecule interaction with laser light can
formulated in terms of a time-dependent external field. T
formulation is not restricted to harmonic time dependen
but is general.

Excitation induced through intense infrared lasers in
HF molecule has been studied extensively. Both nonrota
@8# and rotating HF@9,10# in a monochromatic field have
been considered and the quantum and classical approa
compared and found to lead to similar conclusions. Class
mechanics predicts time-averaged quantities of the cor

ter
4996 © 1997 The American Physical Society
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56 4997ELECTRON NUCLEAR DYNAMICS OF LiH AND HF IN . . .
order of magnitude and also correctly predicts increased
though underestimated, excitation for laser frequencies to
red of the fundamental one-photon resonance. It does
produce peaks at the multiphoton frequencies. This can
understood since the multiphoton resonances are essen
quantal phenomena. The anharmonicity of molecular vib
tions impedes the efficiency of the excitation process
cause the field becomes more off-resonant up the ladde
excited states and the dipole transition matrix elements
minish progressively. Efforts have been made to tailor
laser field such that excitation or dissociation probabilit
are optimal. Investigations have been done with two-mo
lasers @11–13#, with chirped ultrashort pulses@14#, with
trains of pulses@15#, and also with the use of control theor
to optimize the features of the pulse trains@16#.

In view of this previous work, little needs to be adde
concerning the interrelation of classical and quantum
scription of the laser or the effect of the laser properties
the nuclear vibrational excitation. Our study focuses on
impact of the coupling to the electrons, either direc
through the nonadiabatic electron-nuclear terms or indire
through the effect of the electron-field interaction on t
electronic structure. In all of the above-mentioned investi
tions it is assumed that the electronic structure is not p
turbed by the electron-field coupling even though extrem
high (1012– 1014 W/cm2) power densities are used. Ou
method allows us to take a critical look at this assumpti
We show that, in the cases studied, the nonadiabatic te
have negligible effect, while the modification of the ele
tronic structure engendered by the interaction with the fi
has considerable effect on the vibrational dynamics. Ot
dynamics studies have been made with external fields
approximate~diatomics in molecules, DIM! surfaces~see,
e.g.,@17#! taking into account nonadiabatic effects.

We consider the simple diatomic molecules HF and L
and initial conditions that do not induce rotation as a fi
effort, for computational simplicity and because diatoms
low for a stringent comparison of the END approach w
quantum wave-packet calculations. Particularly the HF s
tem has been used extensively in various studies.

These two diatomics are quite different. LiH has a bigg
dipole, is a strongly ionic molecule even for large nucle
displacements, and has a rather anharmonic potential, w
HF is more harmonic and has a nonlinear dipole as a fu
tion of internuclear distance indicating a more covale
bonding character.

II. THEORETICAL BACKGROUND

The key element of END is the quantum time-depend
variational principle~TDVP! which states that the quantum
action integral

A5E dt^zu i
]

]t
2Huz&/^zuz& ~1!

should be made stationary. Variation of the wave functionuz&
over the entire state space yields the time-dependent Sc¨-
dinger equation, while variation over a subspace yields
TDVP approximation for time evolution over that subspa
Using a coherent state manifold as a variational subspace
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significant advantages@18,1#. The parametrization of the
wave function defines a generalized phase space with
coherent state parameters as coordinates and the TDVP
to a system of Hamiltonian equations of motion.

The END ansatz for the variational wave function is
molecular coherent state

uz&5uz,R&uR,P&[uz&uf&, ~2!

where the electronic part is a single determinantal~unnor-
malized! coherent state

uz&5det$x i~xj !%, ~3!

in terms of the nonorthogonal spin orbitalsx i5ui

1( j 5N11
K ujzji expressed in terms of a basis$ui% of atomic

Gaussian type orbitals of rankK centered on the dynamicall
moving nuclei and with complex coefficients$zji %. The
nuclear part is represented by localized Gaussians

uf&5)
k

expF2
1

2 S Xk2Rk

b D 2

1 iPk~Xk2Rk!G ~4!

or, in the narrow wave-packet limit, by classical trajector
(Rk ,Pk). The equations of motion obtained from this ansa
are

F iC 0 iCR 0

0 2 iC* 2 iCR* 0

iCR
† 2 iCR

T CRR 2I

0 0 I 0

GF ż
ż*

Ṙ

Ṗ
G5F ]E/]z*

]E/]z
]E/]R
]E/]P

G , ~5!

where the dot represents time differentiation,E is the expec-
tation value of the quantum Hamiltonian, and where the
namical metric contains the various coupling terms

C5
]2lnS~z* ,R8,z,R!

]z* ]z U
R85R

, ~6!

CR5
]2lnS~z* ,R8,z,R!

]z* ]R U
R85R

, ~7!

and

CRR522 Im
]2 lnS~z* ,R8,z,R!

]R8]R U
R85R

, ~8!

with S(z* ,R8,z,R)5^z,R8uz,R&.
The Hamiltonian

H5(
A

PA
2

2MA
1

1

2 (
A,B

ZAZB

r A,B
1(

A,i

ZA

r A,i
1(

i

Pi
2

2me

1
1

2 (
i , j

1

r i , j
1S (

A
ZArWA1(

i
erW i D •«W , ~9!

with the external field interaction has sums over nuclei~A
and B! and over electrons~i and j !. The «W 5«W (t) is the
classical electric field representing the laser light. The ene
in the equations of motion Eq.~5! is given by
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E5(
A

PA
2

2MA
1Eel~z,z* ,R!1@mW n~R!1mW el~z,z* ,R!#•«W ,

~10!

with Eel the expectation value of the electronic Hamiltonia

A. Molecular dynamics

The END equations~5! reduce to those of molecular dy
namics~MD! on a potential energy surface, whenż50, for
all z coefficients. Then

]E~z,z* ,R,P,«W !

]z*
5 iCRṘ ~11!

and

FCRR 2I

I 0 GF Ṙ

ṖG5F]E/]R
]E/]PG . ~12!

A bit more explicitly the first equation becomes

]Eel~z,z* ,R!

]z*
1

]mW el~z,z* ,R!

]z*
•«W 5 iCRṘ ~13!

the solutions of which are the electronic dynamical variab
zs5zs(R,Ṙ,«W ). This solution then defines the forces exert
on the nuclei in the second equation. This set of equation
analogous to the familiar molecular dynamics approach
motion on a self-consistent-field~SCF! potential energy sur-
face. There are, however, some differences. It can be sh
@1# that for «W 50W Eq. ~13! amounts to SCF with properly
boosted molecular orbitals and a similarly boosted electro
energy. This formulation constitutes an alternative to
more traditional use of electron translation factors to desc
the dragging of the electrons by the nuclei. If the veloci
dependent terms are neglected in Eqs.~11! and~12! the for-
mulation of classical nuclear motion on a Born-Oppenheim
potential surface is recovered. In our case there is also
explicit field dependence in the equation for the electro
structure. For strong fields the electronic orbitals are mo
fied and this in turn has an effect on forces driving the nuc
We show how this effect may be analyzed in terms of
electronic polarizability.

We also employ molecular dynamics~MD! without the
dipole term in Eq.~13!, but retaining it in Eq.~12!, and label
that the nonpolarized~MD-NP! approach. This is more in
line with traditional methods that use classical nuclei
field-independent potentials.

B. Wave-packet propagation

We also perform quantum wave-packet~WP! calculations
using the split operator propagation method@19#. The time-
dependent Schro¨dinger equation is solved by applying th
time evolution operator to the initial state

C~ t !5U~ t,t0!C~ t0!. ~14!

aContractions used: H:(3s)/[2s], Li:(6 s,3p)/[3s,2p], and F:
(6s,3p)/[3s,2p].
.
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U is defined as

U~ t,t0!5tH expF2 i E
t0

t

dsH~s!G J ~15!

using the Dyson time-ordering operatort, which is required
by the presence of a time-dependent potential in the Ha
tonian. The propagation interval fromt0 to t is subdivided
into short time stepse,

U~ t,t0!5 )
j 51

j 5N

U~ t j ,t j 21!, t2t05Ne, t j5t01 j e

~16!

and the evolution operator for each such step is appr
mated by

U~ t1e,t !5expS 2 i
e

2
TDexpS 2 i E

t

t1e

ds V~s! D
3expS 2 i

e

2
TD . ~17!

The power of the algorithm lies in this particular factoriz
tion. The action of the potential energyV is evaluated while
the wave function is in the coordinate representation, i
defined by its values on a grid in coordinate space, while
action of the kinetic energyT is effectuated in the momen
tum representation using the discrete Fourier transform a
ciated with the grid. The kinetic energy operator is multip
cative in that representation, so its action is also ea
evaluated. Afterwards one transforms the wave function b
to the coordinate representation with an inverse Fou
transform. This is a viable approach because of the availa
ity of fast Fourier transform algorithms that perform the
transformations very efficiently. The decomposition outlin
in the above formula, including the elimination of the tim
ordering operator, is correct through second order ine pro-
vided the potential has a well-behaved time dependence@20#.

The Hamiltonian for the wave-packet propagationH5T
1V(t) has a potential

V~ t !5VSCF~R!1mW SCF~R!•«W ~ t !. ~18!

The potential and dipole are obtained from SCF calculati
at several bond distancesR with the END determinanta
wave function using the same basis. This provides for a c
sistent comparison of the results between the various m
ods.

III. RESULTS AND DISCUSSION

A 3–21G electronic basisa is used in the END ansatz fo
both LiH and HF. This limited basis provides an accepta
model for seeking an understanding of the factors determ
ing the dynamics. Obviously further work is needed w
careful basis set studies, however, in other applications
this level of END theory we have observed a surprising
sensitivity of results to basis set augmentations@21#.

Because the spin symmetry of the ansatz does not b
either for the MD or the MD-NP calculations, restricte
Hartree-Fock~RHF! limiting behavior exists at large bon
distances in the potential and dipole used in the MD a
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56 4999ELECTRON NUCLEAR DYNAMICS OF LiH AND HF IN . . .
MD-NP wave-packet calculations. Fortunately this unphy
cal behavior does not affect the dynamics significantly si
such large bond distances are not explored by the nuclei.
wave-packet calculations may be more susceptible to the
behaved region of the dipole and the potential due to the
that the nuclear wave function has a finite width.

Unlike MD and MD-NP, the full END approach admits
consistent exploration of symmetry broken solutions that,
instance, allows for a correct description of bond break
and bond formation in closed shell systems@21#. The agree-
ment between the END and the MD calculations is an in
cation that the dynamics is not affected by the unphys
RHF behavior of the potential curve at large separation.

Another way of viewing this is that the END equation
permit the ordinary differential equation solver to samp
also symmetry broken solutions. Actually, in practice t
solutions being generated are always of the symmetry bro
type and can lead to correct dissociation limits. The detail
the numerical analysis of this are outside the scope of
paper and are planned to be published as a separate stu

As a way to judge the quality of the basis set we p
formed time-independent calculations on HF and LiH. R
sults for HF show that the dipole function is somewhat s
sitive to the basis set, but for the region of interest
agreement with the result obtained with a more flexible wa
function @22# is acceptable~see Fig. 1!. Equivalent results
were obtained for LiH by Butalib and Gade´a @23# using full
configuration interaction~the dipole moment results were ob
tained from Berriche and Gade´a @24#!. Values obtained for
the equilibrium distance are 1.771 a.u. for HF and that
the vibrational frequency is 4150.8 cm21, while for LiH we
calculate 3.066 a.u. and 1428.8 cm21, respectively.

The models defined by the 3–21G bases are adequat
our purposes. However, it should be pointed out that an
portant quantity in the analysis of the time-independ
MD-NP calculations is the force term«W •]mW /]R. For LiH
using the 3–21G basis this term is almost a factor 2 gre
than the one obtained from more exact calculations, w
for HF it is too small, particularly aroundR52.0 a.u.

The laser field is written as

FIG. 1. Dipole moment functions for HF calculated using RH
for different basis functions~this work! and CASSCF-MRCI@22#.
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«W ~ t !5«W 0p«~ t !sin~Vt !, ~19!

where«W 0 defines the electric field strength and polarizatio
p« is a dimensionless function with maximum value 1.0 d
scribing the pulse shape, andV is the carrier frequency. Two
field intensities, each with linear polarization, are use
35 GW/cm2 and 1 TW/cm2 corresponding to field strength
of 0.001 and 0.0054 a.u., respectively. In combination w
the initial condition that aligns the molecule with the fie
this avoids introducing any rotational motion; a realistic a
sumption, since rotational time scales are much longer t
vibrational ones and we do not want to evolve the syst
over a long time anyway. The quantum wave-packet pro
gation is similarly limited to the vibrational degree of fre
dom. The END initial conditions are further specified b
using the nuclear equilibrium distance and putting the el
trons in the SCF state at that geometry. The initial condit
for the quantum evolution is the ground vibrational state
the SCF potential. It is calculated using the renormaliz
Numerov method@25#.

In the zeroth-order approximation the system may be c
sidered to be a linearly driven harmonic oscillator, i.e., t
potential is assumed harmonic and the dipole linear, wh
the electrons have no couplings to the nuclear dynam
This approximation is appropriate and interesting beca
the classical and quantum response of a harmonic oscill
to a linear external force is identical@26#. The energy of the
oscillator system with massm and frequencyv, initially in
its ground state, is given by

e~ t !5
m0

2E0
2

2m U E
0

t

ds p«~s!exp@ ivs#U2

. ~20!

For a continuous-wave monochromatic field, i.e.,pe51, and
small detuningD5V2v, the energy transfer is periodi
with the detuning period 2p/D,

e~ t !5
m0

2E0
2

2mD2 sin2S D

2
t D . ~21!

An example for LiH of the absorbed energy for
continuous-wave field is shown in Fig. 2 obtained both w

FIG. 2. Absorbed energy for LiH using a continuous field
intensity of 35.1 GW/cm2 and a detuning of 21231026 a.u.
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5000 56BROECKHOVE, COUTINHO-NETO, DEUMENS, AND O¨ HRN
the END and the quantum wave-packet methods. The res
are for matching detuning, rather than identical field f
quency, because the END and the quantum methods
slightly different fundamental frequenciesv. We have sim-
ply used the ground state for both the classical and the q
tum case, and have not averaged over ensembles of traj
ries to improve the classical-quantum correspondence for
initial condition. For a ground state in a nearly harmon
system this should be an acceptable approximation. In
example we have used the LiH molecule. The weaker fi
and a detuning above the fundamental frequency, i.e., a
from multiphoton resonances, conspire to optimize osci
torlike behavior and the mutual agreement between
methods. Considerable differences do occur for other fi
conditions, but for a detailed investigation we refer
Walker and Preston@8#, Dardi and Gray@9#, Lin et al. @27#,
and Goggin and Milonni@28#.

Time-averaged absorbed energies@8,9,27# are used to
compare the classical and the quantum calculations. A
ages were taken over detuning period intervals. The sp
trum of average absorbed energy as a function of field
quency is a broad peak with spikes at the multipho
frequencies. The broad peak is reproduced in calculat
with classical treatment of the nuclei, but the evidence
multiphoton frequencies is inherently quantum mechani
As the field strength increases the peak heightens and s
to the red. This is apparent in the results in Table I, wh
gives the average absorbed energy for LiH. The stron
field shows the larger absorption values at detunings tha
shifted to the red.

As expected from the literature both END and MD exhi
agreement with the quantum wave-packet results. Non
the detunings in Table I coincide with a multiphoton fr
quency. The differences between END and MD in Tabl
appear to be almost negligible. A similar observation w
made when inspecting results for the time evolution of bo
distance and electric dipole moment. The same observa
was again made for the differences between END and MD
all test calculations on HF. This leads us to the first conc
sion, namely, that for the kind and magnitudes of tim
dependent field used here, nonadiabatic effects in the
lecular Hamiltonian are of little consequence for t
dynamics. Since the MD calculations require significan
less computational time, the remaining calculations are a
this type.

TABLE I. Average absorbed energy~in 1023 a.u.! taken over
the first detuning period for LiH using a continuous field with i
tensities 35.1 GW/cm2 ~upper part of the table! and 1 TW/cm2

~lower part of the table! at different detuningsD ~in 1026 a.u.!.

D END MD WP

212 0.59 0.60 0.61
268 4.81 4.63 5.45

2248 0.56 0.56 0.72

212 5.84 5.87 6.87
268 10.97 11.06 12.29

2248 14.55 14.53 15.38
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For a pulsed field of finite duration one can compute t
energy absorbed after the pulse has subsided. To a very g
approximation this also applies to a pulse with a Gauss
profile of widtht ~full width at half maximum! and one finds

e~`!5
m0

2«0
2

2mD2

p

4
~Dt!2exp@2~Dt!2#. ~22!

The pulse duration needs to be matched to the detuningD of
the carrier frequency to obtain optimum energy absorptio
When the pulse is too short the system does not have eno
time to respond; when the pulse is too long as in Fig. 3, t
system releases energy back to the field. We have use
width of 5942 a.u., which roughly matches the larger neg
tive detuning (224831023). An example of the time evo-
lution of the absorbed energy is shown in Fig. 3 for LiH.

Focusing on the effect of the polarizability we consid
Figs. 4 and 5. A comparison is shown of the final absorb
energy for LiH and HF with the MD and MD-NP approxi
mations, i.e., with and without polarizability of the system
Results for the lower field intensity show comparable diffe

FIG. 3. Absorbed energy as a function of time for LiH with th
END, MD-NP, and WP calculations. A pulsed field with intensit
35.1 GW/cm2 and detuning224831026 a.u. is used.

FIG. 4. Absorbed energy, inhn0 units, as a function of detuning
~in 1026 a.u.! for HF calculated with MD and MD-NP.
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56 5001ELECTRON NUCLEAR DYNAMICS OF LiH AND HF IN . . .
ences between MD and MD-NP on both LiH and HF w
the maximum absorption frequency being closer to the h
monic frequency~zero detuning!.

It is immediately evident that the effect of the polarizab
ity is significantly more pronounced for HF than for LiH
This is also illustrated in Figs. 6 and 7 for specific detunin

The use of different approximations to solve the dyna
ics, of course, leads to different approximations for the
scription of the time-dependent dipole. More precisely, M
introduces relaxation with the field and adiabatic correctio
and END also introduces nonadiabatic corrections.

As already mentioned, the dynamics produced by E
and MD are here very similar. This similarity is assigned
the very small nonadiabatic effects@i.e.,CR terms in Eq.~5!#
on the dynamics. In contrast, the MD dynamics is differe
from the MD-NP, indicating that electronic relaxations,
polarization with the field is an important dynamical effe
The polarization is shown in Figs. 6 and 7 as the depar
from the MD-NP dipole function given by the solid diagon
line. Note how the amplitude of the motion is much smal

FIG. 5. Absorbed energy, inhn0 units, as a function of detuning
~in 1026 a.u.! for LiH calculated with MD and MD-NP.

FIG. 6. Molecular dipole vs bond distance traced during ti
evolution for LiH at detuning26831026 a.u. and field intensity of
1.0 TW/cm2 for MD-NP ~line! and MD ~oscillatory parametric
curve!. The calculated equilibrium bond distance is 3.066 a.u.
r-

.
-
-

s

t

.
re

r

in MD for HF, suggesting a more important role of the po
larizability for this molecule.

The response of the dipole moment to the field allow
estimates of the polarizability and hyperpolarizabilities to
made. The dynamics explicitly yields the dipole at each tim
step, allowing the dipole to be obtained directly from th
time-dependent dipole~see Fig. 8! as a function of the field
for different internuclear distances.

If we assume a linear response of the dipole with the fie
mW 5mW 01a«W (t), the dependence of the polarizability~axx in
this case! on the internuclear distance is obtained direct
from the data in Fig. 8 to produce the results in Fig.
Similar results are computed for LiH and shown in Fig. 1
Computed values for HF at equilibrium are similar to oth
results in the literature@29# using larger basis sets.

The computed polarizability is not exactly the dynam
one since it represents the response to a Gaussian sh
pulse with a frequency spread. Calculations@30# using our
basis sets for static polarizabilities at different internucle
distances have shown that the variation with frequency

FIG. 7. Molecular dipole vs bond distance traced during tim
evolution for HF at detuning26831026 a.u. and field intensity of
1.0 TW/cm2 for MD-NP ~line! and MD ~oscillatory parametric
curve!. The calculated equilibrium bond distance is 1.771 a.u.

FIG. 8. Dipole as a function of the field for HF for differen
internuclear distances~different lines!. The field intensity used is
1 TW/cm2 and the detuning is 24831023 a.u.
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FIG. 9. Polarizability@a~D!# vs internuclear
distance for HF using a field of 1 TW/cm2 and
different detunings.
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small, but bigger for LiH, and fluctuates about the value
the static polarizability for both LiH and HF.

The effect of the polarizability on the dynamics of the tw
systems may be discussed in terms of classical perturba
theory@31#. The classical analog for a polarizable molecu
system is that of an anharmonic oscillator driven by a fo
of frequencyV, arising from the dipole interaction, and
force with frequency 2V, arising from the polarizability@the
polarizability a accounts for a contribution to the energ
which can be expressed as2 1

2 a(R)«0
2(t)p«cos2(Vt)#. It can

be shown that an anharmonic oscillator driven by a force
frequency close to 2v0 undergoes resonance. Assuming v
lidity of perturbation theory the equation of motion for su
a system reduces to that of an anharmonic oscillator dri
by an effective force with frequencyV and proportional to
the original force, the anharmonicity, and the amplitude
r

on
r
e

f
-

n

f

the motion. For LiH and HF the derivative]a(R)/]R is
always positive while the anharmonic coefficient is negati
making the sign of the effective force opposite to the sign
the field. The result is an enhancement of the dipole fo
term for LiH ~which also has a different sign with respect
the field! and a reduction of the dipole force for HF.

IV. CONCLUSIONS

The electron nuclear dynamics theory which is capable
full nonadiabatic treatment of molecular systems has b
applied to study molecular processes in a time-depend
external field. In this initial study we have investigated t
effects of nonadiabatic coupling terms, as well as the in
action of intense laser fields with the electron and the nuc
dynamics for the simple diatomic molecules LiH and HF.
FIG. 10. Polarizability@a~D!# vs internuclear
distance for LiH using a field of 1 TW/cm2 and
different detunings.
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the chosen field intensities the results of the full END and
molecular dynamics on a field-dependent potential ene
surface yield similar results, the difference being greater
the HF molecule. This indicates that for the cases studied
infrared ~IR! light absorption is adiabatic.

The applied field can be considered of moderate intens
however, in view of the absorbed energy~as seen in Figs. 4
and 5! and the number of vibrational quanta involved, t
situations are quite different for the two molecules.

The external field interaction with the electrons appear
be crucial for the correct description of the dynamics, sin
inclusion of the polarization proves to have a substantial
fect. The polarization effects are more pronounced for
HF molecule than for LiH.

The new capability of the END approach to molecu
.

ev

J

e
y
r

he

y,

o
e
f-
e

r

processes offers interesting possibilities to study more c
plex molecular systems. Such work is in progress.
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