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Abstract—The quantum molecular dynamics method is applied to understand the fundamental mechanism
of light-to-heat conversion in atomic systems under light irradiation. The light energy governs the time
history of kinetic energy of the atomic system under light irradiation. Under infra-red light irradiation, the
atomic fragments made by light irradiation have translational velocities parallel to the direction of light
fluctuation. Under light irradiation at electron energy levels, the fragments tend to be isolated atoms having
random translational velocities. The light electric field interacts with the atomic system through different
terms of the molecular dynamics equations in the thermal conversion processes of light in the visible to
infra-red range. Under infra-red light irradiation, the light interaction comes through fluctuations of
effective dipole moment, whereas light irradiation at electron energy levels, it comes from changes in the
potential energy between atoms associated with the electronic excitation. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

The progress of laser technology has made it necessary
to understand the light interaction processes with mat-
ters in non-equilibrium state. Although laser manu-
facturing of materials has been applied widely, it is
hardly explained theoretically how the light energy
at electron excitation levels is converted into atomic
thermal energies. On the other hand, according to the
progress of computational hardware the process of
light interaction with matters has been studied
recently by solving the Schrodinger equation. Metiu
et al. calculated the photo-dissociation process of two
atomic molecules [1]; Heather, HS [2] in intense light
field ; Doublet er al., H,O [3]; Garcia-Vele, Ar~HCI
[4] ; Guo, HBr on LiF (001) surface [5] and NH; on
metal surface [6] ; Atabek er al., HY [7]; H. Zhang er
al.,, H,O, [8). Generally the time-dependent Sch-
roédinger equation is solved by propagating the initial
wave functions with the split operator method [9-12]
with the FFT technique developed by Feit er al. [13].
These time-dependent approaches are usually applied
to simple atomic or molecular system to obtain the
dynamic features under light irradiation. From an
engineering point of view, it is necessary to develop a
numerical method which can be applied to large

systems under light irradiation at wide energy
levels.

On the other hand, the molecular dynamics method
(MD) has been developed and applied to molecular
systems for understanding the fundamental mech-
anism of thermal problems such as condensation or
heat conduction [14]. Since light absorption is related
to changes in rotational, vibrational or electronic state
of molecules, it is possible to apply the molecular
dynamics method to the thermal process of light
absorption. The potential energy used in the MD
method should be changed by light absorption during
the processes. This makes it difficult to analyze such
phenomena with the MD method [15].

In the previous report [16], the quantum molecular
dynamics method (QMD) is introduced to the cal-
culation of light interaction problem with matters and
it is applied to a system of two metallic atoms. The
results show that the thermal processes of light
irradiation are mainly attributed to the change in the
atomic dipole moment under infra-red light
irradiation and to the change in the atomic potential
energy under light irradiation at electronic excitation
levels. In the present study, the quantum molecular
dynamics method is applied to systems of seven and
thirteen atoms under light irradiation and the light-
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ay, b, numerical function at grid point (i, )

e unit electric charge

e+Z electric charge of a nucleus

E light electric field

E, magnitude of light electric field

H Hamiltonian

K kinetic energy

Ly length of calculation area

m, mass of an electron

M, mass of an ion

N the number of grid points

q..  effective dipole moment of ions

v coordinates of an electron (/)

R, coordinations of ions

RY  coordinates of nuclei (k)

R,, distance between ion (1) and ion (n)
with light irradiation

.o distance between ion (m) and ion (n)
without light irradiation

S deformation index

U potential energy

o1 potential energy between ions with

localized free electrons

potential energy between ions with

delocalized free electrons.

{-i
deloc

Greek symbols

o overlap parameter of potential energy
between ions
B effective dipole moment of free

electrons with light irradiation

NOMENCLATURE

B  dipole moment of localized free
electrons

Baaoc  dipole moment of delocalized free
electrons

At time step

€ energy parameter of the ground

Lennard-Jones potential energy
) light direction angle
scale parameter of the ground
Lennard—Jones potential energy
I density of a free electron (k)
Q@ light phase angle
¥ wave function of a free electron

(k)
v wave function of the system
w light angular frequency.

Superscripts/subscripts
A-B between A and B
be bound electrons

deloc delocalized free electrons

e electrons

fe free electrons

i ions

k number (k) of an ion or an electron
light light effects

local, loc localized free electrons

n nuclei

* dimensionless value

’

excited state.

to-heat conversion mechanism is studied by observing
the atomic motions associated with changes in system
and light parameters.

2. NUMERICAL METHOD

When an atomic system is composed of atomic
nuclei (n) and electrons (e), the time dependent
Schrédinger equation of this system under light

irradiation can be expressed as follows:
0

iha[‘P=H‘P=(—K+U+Uth[)‘P. (nH

The Hamiltonian can be written as,
H=-K -K+U,_,+U,_.+U._.
+ Ulightfn + U]ighl—e (2)

where Ujgn—, and Uy, are the potential of nuclei
and electrons due to the electric field of light given by,

Uligh(—n =Ze'Zk'Rk'E 3
X

Ulighl»e = Z(“‘e) ‘r'-E. “)

The electric charge of nuclei, coordinates of nuclei
and coordinates of electrons are denoted by ¢+ Z, R
and r, respectively. The magnetic field of light is
ignored in comparison with the electric field. The light
electric field E is expressed as,

E = E;*cos - cos(wt+ @) (5)

where 0, w and ¢ are the direction angle, angular
frequency and the phase angle of light, respectively.

Electrons can be classified in two kinds of the
behavior to nuclei ; bound electrons (be) and free elec-
trons (fe). The Hamiltonian is then written as

H= —Kn“Kbe‘Kfe'FUnfn

FUn et Une+ Upeve + Upe—re + Upe e
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+ Ulight-—n + Ulight~be + Ulightffe' (6)

By considering the motion of nuclei and electrons, the
wave function can be assumed to be separable in a
form of

\P = \Pn ) l{lbe : l}Ife (7)

although ¥, and W, are functions of R and r. Nucleus
motions are much related to the average state of ¥,
and ¥,.. Free electrons can be considered as the elec-
trons uncoupled from the bound ones due to their
weakly coupling potential energy to the nuclei so that
the bound electrons and their nucleus can be con-
sidered to form an ion (i). The wave function can be
then assumed as:

Y=Y Y. (8)

The governing equations are then reduced to

.0
lhalyre ={—KetUp o+U o+ Ui )P 9
0
fha‘Pl = {_K+Ui~i+Ui—fe+Ulight~i}‘Pi (10
where
Ulight —te =Z"'(Rk_ljc)'E (1)
%

The Newton’s equation can be obtained for ions by
ignoring the distribution of ¥; and assuming # — 0.

*R
ot

i

f 0
= - Z’E {(q’fel U_i|¥)

+ Vel Ui | ¥ied + {¥re Uigne il WD} (12)

The term Uy, ; includes the light interaction with the
bound electrons, that is, the effect of polarization of
ions. It can be assumed that the polarization induces
an effective dipole moment so as to be expressed as

<lecl Ulighl—lllpfe> = Z Grn '(Rmn _RmnO) ‘E (13)

mn

where R,,, and R, are the distance between ion (m)
and ion (n) with and without light irradiation, respec-
tively. ¢,,, is the magnitude of the induced dipole
moment with light irradiation.

The wave function of free electrons can be obtained
by solving the Schrédinger equation equation (9).
With this ¥y, the Newton’s equation, equation (12),
can be solved to obtain the motion of ions. With the
assumption that the free electrons are not strongly
related with each other, the Schrédinger equation can
be separated into the time dependent Schrédinger
equations for each electron, yk.

Other contributions of the light irradiation to the
molecular motion are changes in the ionic potentials
U, _. and U, _; which include electronic interactions of
the bound electrons. The potential between ion and
free electron can be expressed as

MNelUi_e W) = Zpk Ut s (14)

where

px = YrIVED. (15)

The electronic states of the bound electrons are
changeable with the free electron field, it leads to mod-
ify the potential between ions. Light irradiation makes
the electronic state of free electrons excite, say, from
state 1 to 2. At state 1, free electrons are at the ground
state localized around ions, and at state 2 they are
sufficiently distributed and delocalized by light
absorption. Corresponding to these states 1 and 2,
denote the potential between ions as Ul and Ui,
respectively. The potential energy during excitation
takes intermediate values between them. The inter-
mediate may be assumed to take a form of linear
summation as,

<lee|[Jl ||q}te> =ar Ulocal+(1 (X) Udeloc = (/171'
(16)

In the present study, Uiy, and Uiyl are expressed by
the Lennard—Jones potential as:

) P 12 s 6

e =l () (7|
a/ 12 O,/ 6

Udelocmn = 4‘0/{<R > —'(R ) } (18)

The parameter « can be a function of positions of
free electrons which are related to the effective dipole
moment of free electrons f;

B=12% Y ep@)R—rgl.

k=i allspace

(I7)

(19)

If the parameter o is assumed to be proportional to f,
o is given by:

o= {ﬂdeloc “ﬁ}/{ﬂdeloc _ﬂloc}- (20)

The potential energy between ions is Ul at f = Bioc
and Udeloc at ﬂ = )Bdeloo

The Schrédinger equation for a free electron (k)
and the Newton’s equation for ions () and are finally
described as,

aljlfe

_{ K +Ute fe+U| fe+e.E'(Rk*rk)}‘//§e
k=1,2,..0) (21
R ]
Mi_"l‘_ Ulml+ ?’;ke
o 8R’"{ Lper U

+zqmn'E'(Rmn—Rmn0)} (m = 1’27) (22)

where the Coulomb type potential energy is used for
U._r and Ug_.. The system parameters included in
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Table 1. System parameters in the calculation

System parameters

Non-dimensional Standard value

Energy parameter of the excited Lennard-Jones potential ¢’
Scale parameter of the excited Lennard—Jones potential ¢
Dipole coeflicient of bound electrons of ion g,,,,

Dipole coefficient of ground free electron field f,.

Dipole coefficient of excited free electron field By

&* 8.125x 10~ ()

a* 4.555% 107" (m)

q* 3.7%x 10 (C)

B, 1.8x 107" x¢ (C-m)
Blace 17x10"“xe (C-m)

these equations and used in the present study are
listed in Table 1. With the standard values, the system
parameters are non-dimensionalized as (g*, o*, g*,

ﬁl’gc’ B(Teloc)'

Equation (21) is simply written as:

a e
e~ Kt U, @)
where the kinetic operator is
hZ
_ 2
K= ——2meV . (24)

The solution of equation (23) becomes a complex
function of the time 7 and coordinates r. The problems
of solving the equation are the time integration and
the second-order space derivatives of this equation.
As for the time integration of equation (23), the split
operator method [13] is employed in the present study
as:

ihAr _, —iAtU
Vi (t+Af) = exp <4me \Y )exp( 5 )

x exp (%% V2>wk<z). 25)

In order to keep sufficient precision of the second-
order derivatives on the fixed space grid points, it is
necessary to prepare very fine grid points which cost
long calculation time. In most cases, the function
expansion method is employed with Fourier expan-
sion [13] or Chebyshev polynomials. The Fourier
expansion method is applied in the present study. The
Fourier expansion of a two-dimensional wave func-
tion can be written as

N2 N2
\*[(x, Vs [) = Z z amn(’)
m= —N2+t n= -Ni2+1

exp [?(mx + ny)} (26)

where N, a,,,(f) and L, are the number of grid points,
the coefficients in Fourier space and the length of
calculation area, respectively (N =32, L, =31 A).
The wave function of free electrons is represented as
complex numerical values at two dimensional grid
points (i,f) in a form of

Yhy =dh+ibl, (k=1,2,..)). 2n

The velocity and position of ions are calculated by the
molecular dynamics method with using the central
difference method [17].

3. RESULTS AND DISCUSSIONS

In the previous report [16], the quantum molecular
dynamics method was applied to two-atom systems
under light irradiation. In the present study, the QMD
method is applied to atomic systems of seven and 13
atoms shown in Fig. 1. Light is irradiated to the system
in the direction as shown by the arrow. In Section
3.1 light irradiation effects on the atomic motion are
discussed from the point of the atomic deformation
and the time history of kinetic energy. In Section 3.2
light to heat conversion mechanism is studied by chan-
ging the parameters of the system and light irradiation
in order to know which terms of the Newton’s equa-
tion govern the process predominantly.

3.1. Light irradiation effects on atomic motions

The effects of light irradiation on atomic motions
are discussed in this section by examining the atomic
deformation and time history of the kinetic energy
under light irradiation. Figure 2 shows ion positions
and electric charge density distribution at 100, 200
and 300 fs under light irradiation for a seven-atom

ion
Ne
[ ]
®
[ ]
® 6 ©
® O

electron

/

>light direction

<
’0. ® 0 O.
o 0 o o0
0 0 0 o

Fig. 1. Configuration of ions and free electrons.
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Eo(V/m)

0.75 X 10°

2.5X10°

5.0x10°

ho (eV)

0.03

0.05

0.07

()
Fig. 2. (a) Atomic deformation under light irradiation: effect of light electric field (seven atom system);
(b) atomic deformation under light irradiation : effect of light energy (seven atom system); (c) atomic
deformation under light irradiation : effect of light energy (seven atom system).

system. The light energy is 0.03 eV which corresponds ~ which are comparable with practical laser outputs.
to an infra-red light energy level and the light electric  Light parameters are written in Table 2. Dimen-
fields are 0.75x10°, 2.5x 10° and 5.0x 10° V. m™', sionless parameters of the system (&*, o*, g*,
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1.8

2.0

22

Fig. 2—continued.

Table 2. Energy and electric field of light

Light energy Light electric field
V) (10°Vvm™)
Case 1 [Fig. 2(a)] 0.03 0.75
Case 2 [Fig. 2(a)] 0.03 2.5
Case 3 [Fig. 2(a)] 0.03 5.0
Case 4 [Fig. 2(b)) 0.03 2.0
Case 5 [Fig. 2(b)] 0.05 2.0
Case 6 [Fig. 2(b)] 0.07 2.0
Case 7 [Fig. 2(c)] 1.8 2.5
Case 8 {Fig. 2(c)] 2.0 2.5
Case 9 [Fig. 2(c)] 22 2.5

B, Bioc) are (0.5,2.0,1.0, 1.0, 1.0), respectively. The
cases with different system parameters are calculated,
but the results are not shown here.

Figure 2(a) shows that the atomic system has been
deformed to the arrow direction which represents the
light direction. In the cases of 2.5 x 10° and 5.0 x 10°
V m™', the system is deformed and finally dissociated
into atoms or atomic clusters. The fragments made by
light irradiation tend to have a translational velocity
parallel to the light direction. The characteristic time
of these deformation depends on the light electric field,
becoming short as the electric field is large. In Fig.
2(b), the light is irradiated with the energy of 0.03,
0.05 and 0.07 eV and the light electric field of 2.0 x 10°
V m™". Inthe case of 0.03 eV, the system is dissociated
into two atoms, a dimer and a trimer at 300 fs. In the
case of 0.05 eV, the system is dissociated into five
atoms and a dimer. In the case of 0.07 eV, the seven-

atom system is deformed, but not dissociated by light
irradiation within 300 fs. The natural frequency of the
inter atomic vibrational motion corresponds to the
light energy from 0.01 to 0.03 eV. This will be con-
cerned with the efficiency of light-to-heat conversion.
Figure 2(c) shows the cases of high light energy of 1.8,
2.0and 2.2 eV with 2.5x 10° Vm™". In the case of 1.8
eV the system deformation is not observed within
300 fs. In the cases of 2.0 and 2.2 eV the system is
decomposed into isolated atoms that have random
translational velocities parallel to the light direction.
The atomic translational velocities are also different
in both cases. It indicates that the light energy also
affects the magnitude of translational velocity of the
fragments.

Figure 3 shows the atomic configuration to thirteen
atom system at 30, 60 and 90 fs under various light
irradiation. Figure 4 is the time history of kinetic
energy of the system under light irradiation shown in
Table 3. System parameters (¢*, 0%, ¢*, B, B¥ic) are
chosen as (0.5, 1.2, 1.0, 1.0, 0.18) because the potential
energy with excited free electron is assumed to have a
smaller ¢ and larger ¢ than the ground potential has.
In the case of 0.01 eV the deformation of the system
is not observed within 90 fs. In the case of 0.03 eV,
the system is deformed and dissociated. In the case of
0.1 eV, the system deformation is observed and an
atom is separated to form a (1 +12) atom system. In
the case of 0.3 eV, the deformation of the system is
not observed. In the case of 2.0 eV, the system is
dissociated into atoms and atomic clusters that have
random translational velocities parallel to the light
direction. The relationship between the light energy
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Fig. 3. Atomic deformation under light irradiation : effects of light energy (13 atom system).
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3
x10~17]

Kinetic Energy(J)

,1/\4/1.-1~—/~qu~«—1-
0 5
Time(sec.)

Fig. 4. Time history of the kinetic energy: effects of light
energy (13 atom system).

x10~ 14

Table 3. Energy and electric field of light

Light energy Light electric field
(eV) (10°Vm
Case ] 0.01 3.5
Case 2 0.03 3.5
Case 3 0.1 3.5
Case 4 0.3 3.5
Case 5 2.0 3.5

and fragments motion is similar to that of the seven
atom systems in Fig. 2. The time history of the
vibrational kinetic energy shows different features
depending on the light energy. In the cases of 0.01,
0.03, 0.1 and 2.0 eV, fluctuations are observed in the
time history of kinetic energy although the case of 0.3
¢V has little fluctuations. However, the kinetic energy
itself is increased intensively only when the light
energy is 0.03 eV. These characteristics of the atomic
deformation and the time history of kinetic energy
should be changed with different system parameters.
In a present study the system deformation is associ-
ated with increasing the kinetic energy under light
irradiation of 0.03 eV and without any increase of the
kinetic energy under 2.0 eV irradiation.

3.2. Light-to-heat conversion mechanism

In Section 3.1, effects of light irradiation on the
atomic configurations and motions are shown in vari-
ous cases of light and system parameters. These fea-
tures will be related with the processes from light
absorption to heat conversion. In this section, the
mechanism of light-to-heat absorption is studied by
calculating the kinetic energy (K) and the deformation
index (S) under various conditions of light irradiation
and atomic system. The deformation index (S) is
defined as,

13
S= 73 [Ri~Ry|/13 (28)
j=1
where R, is the coordinates of an ion and R, is the
center of mass of the system. This value represents the
magnitude of deformation of the atomic system and
it is about 5.8 x 107! m at the stable state of the
atomic system calculated in the present study. The
calculation systemis a 13 atom system as shown in Fig.
1. Light and system parameters used in this section are
written in Tables 3 and 4, respectively.

Figure 5 shows the effects of light parameters on
the deformation index (S) and kinetic energy (K) at
90 fs after light irradiation. In the case of the light
electric field of 5.0x10° V m™', both deformation
index and kinetic energy become larger than those of
3.5x10° V. m ' at almost all light energies. Under
irradiation of 3.5x 10° V m™!, the light irradiation
induces the atomic motion effectively at light energies
of 0.03 and 2.0 eV and less effectively at light energies
between these values. The figure shows that system
deformation is resulted in most predominantly under
light irradiation of 2.0 eV and 5x 10° Vm~".

In Fig. 6, effects of the effective dipole moment (¢*)
are shown on the deformation index and the kinetic
energy. Decreasing the magnitude of the dipole
moment leads to decrease in the light interaction
except at light energy of 2.0 eV at which light
irradiation induces the electronic excitation of atoms.
Figure 7 shows the effects of system parameters ¢*
and f%,.. on the deformation index (S) and kinetic
energy (K). It is seen from the figure that these system
parameters affect the atomic motion only when the
light energy is 2.0 eV. The system parameter g* is
related with the third term of equation (22) and o*
and f%,,. with the first term of equation (22). These
results definitely explain that the light electric field
interacts with the atomic system through the first term
of equation (22) under the light irradiation at energy
levels of electronic excitation and through the third
term under infra-red light irradiation. The third term
has direct relationship with the direction of the light
electric field. In Section 3.1, there are some differences
in the atomic deformation under light irradiation at
infra-red energy levels and that at electron energy

Table 4. System parameters

e o* g B Bl
Case 1 (Fig. 5) 05 12 10 10 018
Case 2 (Fig. 6) 05 12 01 10  0I8
Case 3 (Fig. 7) 10 14 10 10 018
Case 4 (Fig. 7) 10 13 10 10 018
Case 5 (Fig. 7) 10 12 10 10 018
Case 6 (Fig. 7) 05 12 10 10 017
Case 7 (Fig. 7) 05 12 1.0 1.0 0353
Case 8 (Fig. 7) 05 12 10 10 0529
Case 9 (Fig. 7) 05 12 10 10 10
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Fig. 5. Effects of light parameters on deformation index (.S5)
and kinetic energy (K) : (a) deformation index (S) ; (b) kinetic
energy (K).

levels. This is because light absorption at electron
energy levels changes the potential between ions
through the first term in equation (22) and this poten-
tial change hardly depends on the light direction, and
even if the atomic system is decomposed into atomic
clusters such as dimers and trimers, the decomposed
cluster has a large possibility to absorb the light energy
regardless of its directional configuration with respect
to the light direction. It means that the light
irradiation keeps continuous effects on the atomic
motion after the decomposition, but light absorption
at infra-red energy levels is caused by the effective
dipole fluctuation with the light electric field through
the third term in equation (22). It has the largest
effects on the atomic system when the system axis is
parallel to the light direction. When the atomic system
is dissociated into atomic dimers or smaller clusters
to get rotational motions, the rotational motions may
reduce the possibility of light absorption. This is the
reason why the fragments of atomic cluster tends to

847
[x10"10] o~
— 7F 3
N2 - ]
g ! ;
1072 1071 10
Light energy(eV)
*
q =
10
v 0.1
(a)deformation index(S)
= FT T
S10-17 -
<5} E
o i
o107 18k
-.é E 31
=an-10Lw i cnnd L
1
<1002 10T 1o0
Light enggy(eV)
q =
e 10
v 0.1
(b)kinetic energy(K)

Fig. 6. Effects of system parameter (¢*) on deformation index
(S) and kinetic energy (K): (a) deformation index (S); (b)
kinetic energy (X).

have parallel translational velocities to the light direc-
tion. Differences of the mechanism of light absorption
to heat conversion due to the light energy cause the
differences in the thermal processes of the atomic
system, the time history of kinetic energy and system
deformation.

4. CONCLUSION

The quantum molecular dynamics method is
developed to analyze the fundamental mechanism of
light-to-heat conversion mechanism. The numerical
method developed in the present study can be appli-
cable to the atomic system under light irradiation from
infra-red light to visible light. Characteristic differ-
ences in the kinetic energy and deformation of the
system are observed under various light irradiation.
Under infra-red light irradiation, the atomic frag-
ments made by light irradiation have parallel trans-
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Fig. 7. Effects of system parameters (e*, 0%, 8., B%..) on deformation index (S) and kinetic energy (K):
(a) deformation index (S); (b) kinetic energy (K).

lational velocities. Under light irradiation at electron
energy levels, the fragments tend to be isolated atoms
having random translational velocities to the light
direction. These differences are caused by the differ-
ence of the light-to-heat absorption mechanism
depending on the light energy. Under infra-red light
irradiation, the light interacts with the atomic system
through an effective dipole moment fluctuation, and
under the light irradiation at electron energy levels, it
acts through changes in the potential energy between
ions due to electronic excitation.
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