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Interaction-induced light scattering in Lennard-Jones argon clusters: Computer simulations

A. Dawid and Z. Gburski
Department of Physics, University of Silesia, Uniwersytecka 4, 40-007, Katowice, Poland

~Received 26 March 1997!

Molecular-dynamics simulations have been used to calculate the time-correlation functions and spectra of
the depolarized light scattering from a Lennard-Jones argon cluster Ar13. Three thermodynamic phases of
Ar 13 have been studied~solid, solid-liquid coexistence region, liquid! and striking differences between the
depolarized Rayleigh spectra of these phases were found.@S1050-2947~97!06509-8#

PACS number~s!: 36.40.2c, 31.15.2p
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I. INTRODUCTION

During the last decade, there has been a great dea
interest in studying very small, nanometer to subnanom
scale, aggregates of particles because their properties ar
nificantly modified from those of bulk materials. Exampl
are atomic and molecular clusters containing a small num
of particles. A distinct feature of clusters as compared to
bulk, particularly of the small ones, is that the local enviro
ment can vary dramatically from one atom to the other. T
leads to large inhomogeneities in their physical propert
One expects to see the effects of this inhomogeneity in t
dynamical properties as one heats a cluster through the
perature region where it changes from a rigid solid to a
uidlike phase. The dynamics of a small cluster as it make
excursion through different pathways in phase space ca
seen through molecular dynamics~MD! or Monte Carlo
~MC! simulation experiments. Many studies over the p
few decades, based on either MD or MC simulations, h
revealed several characteristics of clusters. Clusters und
the phase transition from solidlike to liquidlike phases as
total energy is increased@1#. The single sharp melting
freezing point of a bulk solid bifurcates in a cluster to gi
distinct and separate freezingTf and meltingTm points. The
temperature range betweenTf andTm is the cluster coexist-
ence region in which potential energy distributions are fou
to be bimodal, indicating that the cluster exists in dynami
equilibrium and fluctuates back and forth between the so
like and liquidlike form@2#.

Closely connected with the many-body dynamics of
particles in a system is the phenomenon of depolarized~Ray-
leigh! light scattering, for the bulk atomic liquids alread
investigated by the MD method@3#. Naturally, one would
like to know whether and how the above-mentioned pe
liarities of particles’ dynamics in a very small system infl
ence the depolarized Rayleigh spectra of clusters. This is
subject of our computer experiments.

II. SIMULATION DETAILS

The interatomic potential between argon atoms is take
be the usual Lennard-Jones potential of the fo
V(r i j )54«@(s/r i j )

122(s/r i j )
6#, where r i j is the distance

between the atomsi and j , and2« is the minimum of the
potential at a distance 21/6s. For Ar «/kB5119.8 K,
s50.345 nm,kB is the Boltzmann constant, and the mass
561050-2947/97/56~4!/3294~3!/$10.00
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the argon atom ism56.63382310226 kg. More sophisti-
cated potentials exists for the argon-argon interaction@4#.
However, at the present stage we do not make a compar
with some experimental data so the detailed form of the
tential is not crucial in this context. The classical equatio
of motion are integrated up to 10 ns by the veloc
Verlet algorithm. The integration time step used is 0.25
which ensures that the total energy is conserved to wit
0.01%. The appropriate correlation functions were avera
over 103 time origins. The origins were separated by a tim
interval equal to 20 integration time steps. Our calculatio
were carried out for a constant energy ensemble for zero t
linear and angular momentum of the whole system and
clusters were equilibrated for 23105 MD steps. The average
energy can be adjusted as desired by a process of adia
heating~or cooling!, wherein the velocities are scaled by
factor slightly exceeding~or less than! 1, for a limited time
interval at a sufficiently slow rate. This is particularly usef
in probing the coexistence region, when the cluster wand
erratically between solid and liquid configurations.

III. RESULTS

The depolarized light scattered by bulk monatomic flu
has been studied for many years. The spectral line sh
reflects the time dependence of the polarizability anisotro
of colliding pairs of atoms. The major contribution to th
anisotropy is described by the dipole-induced-dipole mec
nism ~DID! @5#. The DID interactions result from the fac
that the incident light beam induces an oscillating dipole
the i th particle and this dipole generates an oscillating lo
field at the j th particle. The DID mechanism is a two-bod
interaction that gives rise to two-, three- and four-body c
relations contributing to the intensity of scattered light. T
depolarized Rayleigh spectrum is the Fourier transform
the polarizability anisotropy autocorrelation functionG(t),
which for a monatomic sample ofN atoms is@5#

G~ t !}K (
i , j ,k,l 51

N

b i j ~ t !bkl~0!L , ~1!

where i , j ,k,l identify different atoms. The pair anisotrop
b i j in the DID limit is @6#

b i j ~ t !5s3@3xi j ~ t !zi j ~ t !/r i j
5 ~ t !#, ~2!
3294 © 1997 The American Physical Society
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where xi j and zi j are components of the separation vec
r i j between thei th and j th atoms. The correlation functio
G(t) can be decomposed into pair, triplet, and quadrup
contributions

G~ t !5G2~ t !1G3~ t !1G4~ t !, ~3!

G2~ t !}K (
i , j 51

N

b i j ~ t !b i j ~0!L , ~4!

G3~ t !}K (
i , j ,k51

N

b i j ~ t !b ik~0!L , ~5!

G4~ t !}K (
i , j ,k,l 51

N

b i j ~ t !bkl~0!L . ~6!

The first termG2(t) in Eq. ~3! is responsible for depolarize
light scattering in the low-density limit@gas phase where
G(t)>G2(t)#, while the other two can become important
high density. For the bulk samples at liquid densities,
positive two- and four-body contributions are almost exac
canceled by the negative three-body term, and the tota
tensity is much smaller than any of the components@3#.

In this paper then-body correlation functionsGn(t)
(n52,3,4) andG(t) of Ar 13 cluster have been calculatedvia
the MD method at several temperatures corresponding to
solid state phase (T521 K!, the solid-liquid coexistence re
gion (T532.1 K!, and the liquid state phase (T538 K!.

The normalized total correlation functionsĜ(t)
5G(t)/G(0) are presented in Fig. 1. One observes the st
ing differences betweenĜ(t) plots representative of thre
temperature regimes~phases! mentioned above. For the so
idlike domain at low temperatureT521 K each atom oscil-
lates around its equilibrium position~no diffusion!. As ex-
pected, the corresponding total correlation functionĜ(t)
pulsates too, reflecting the oscillatory motions of atoms.
the contrary, at higher temperatureT538 K ~liquid state of
Ar 13) the correlation functionĜ(t) decays slowly, regularly
and without feature. A similar, very monotonic decay w
also reported forĜ(t) of bulk liquid argon@6–9#. However,
the functionĜ(t) of a liquid Ar13 cluster decays much mor

FIG. 1. The normalized total light scattering correlation fun

tions Ĝ(t) of an Ar13 cluster at three thermodynamic phases: so
state atT521 K, solid-liquid dynamical coexistence region
T532.1 K, and liquid atT538 K.
r

t

t
e
y
n-

he

-

n

slowly than its counterpart of bulk liquid. For example, f
bulk liquid argon atT589 K the correlation functionĜ(t)
decays to zero after;3 ps @6#, while for liquid Ar13 it per-
sists for a period about ten times longer~see Fig. 1!. The
DID interaction varies asr i j

23 and Ĝ(t) depends almost en
tirely upon interactions among atoms that are within the d
tance no longer than 3.5s. This interaction dies down slowly
enough to guarantee that in a bulk liquid many neighbor
atoms~several tens! will contribute significantly toĜ(t). In
an Ar13 cluster each atom has only 12 neighbors, and
resulting interaction is much weaker. An additional cause
the observed slow decay ofĜ(t) may be that the liquid
phase of the argon cluster Ar13 exists only in the low-
temperature range 36–41 K~Ar 13 vaporizes at.42 K!. The
diffusion of atoms in the low-temperature liquid is less e
fective and much slower, compared to the atoms’ mobility
the liquid phase of a bulk system, which exists in subst
tially higher temperature.

The plot ofĜ(t) for the liquid-solid coexistence region a
T532.1 K is again different from both cases discuss
above. Its behavior interpolates between the decay ofĜ(t)
for the solid and the liquid state, which reflects the comp
cated dynamics of atomic motion in this unusual thermo
namic phase. The inset in Fig. 1 shows in detail the discus
correlation functionsĜ(t) for the short-time region. In Fig. 2
we present the corresponding power spectra of the depo
ized light scattering of Ar13 cluster, i.e., the Fourier trans
forms of the functionsĜ(t). Significant differences betwee
the light-scattering spectra of the various phases are
served.

For the bulk materials, the separate two-, three- and fo
body correlation functionsGn(t) are sometimes discussed,
addition to the total functionG(t). An example of the sepa
rately calculatedGn(t) for Ar 13 in the liquid phase at
T538 K is shown in Fig. 3. The cancellation effect of neg

FIG. 2. Frequency transformsI (n)5*0
`dtĜ(t)cos(2pnt) of the

total correlation functionsĜ(t) of an Ar13 cluster at three thermo
dynamic phases:~a! liquid at T538 K, ~b! solid-liquid coexistence
region atT532.1 K, ~c! solid state atT521 K.
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tive G3(t) with positive G2(t) and G4(t), characteristic of
the bulk systems, is clearly seen for the cluster case too

The relationship between the ratios of the compon
Gn(t) correlation functions and the anisotropic fluctuatio
that cause depolarized light scattering can be explored
examining the self-correlation function. This describes
fluctuations in induced anisotropy of an individual atom@10#,
and is experimentally probed by dielectric relaxation and
the molecular case by depolarized Raman scattering:

Gs~ t !;K (
i

b i~ t !b i~0!L , ~7!

whereb i , the induced anisotropy of an atomi , is defined by
b i5( j ( j Þ i )b i j . It follows from this definition that

Gs~ t !52G2~ t !1G3~ t !. ~8!

If the environment of an atom is isotropic for all times, as
a static face-centered cubic lattice, for example, then the
duced anisotropyb i is zero. In this case, the total correlatio
function, which can be written asG(0)5^( i , jb ib j&, is zero,
as is the self-contribution. It follows from Eqs.~3!–~6! and
~8! that the ratio of pair-triplet-quadruplet terms is 1:22:1,
the total of course being zero. Therefore, if att50 the ratio
of G2 :G3 :G4 is 1:22:1, it means that the environment o
the atoms is permanently isotropic. In fact, atT538 K the
t50 ratios for Ar13 are 1:21.09:0.38, which indicates tha
the fluctuations from isotropy in a liquid Ar13 are substantia
~note that in dilute gas the ratio is 1:0:0, reflecting lar

FIG. 3. The two-, three- and four-particle correlation functio
Gn(t) (n52,3,4) of an Ar13 cluster in the liquid state atT538 K.
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instantaneous anisotropies!. In Fig. 4 we show the normal
ized total and self-correlation functions for liquid Ar13.
Compared toĜ(t), the self-correlation functionĜs(t) de-
cays faster for short timet,5 ps. For times greater than
ps, the total correlation functionĜ(t) decays more rapidly
than the self-contributionĜs(t), which reflects the fact tha
the anisotropy of an atomb i decouples more rapidly from
that of its neighborsb j than it does from itself. The inset in
Fig. 4 shows the short-time region ofĜ(t) andĜs(t).

Several issues may be addressed for future work, inc
ing the following: ~i! sensitivity of the simulated spectra t
the detailed form of interatomic potential, i.e., other than
simple LJ potential,~ii ! inclusion of overlap and hyperpolar
ization effects in the pair polarizability of argon atoms@5#,
which become more important for smallr i j , when the elec-
tron clouds of the two atoms overlap,~iii ! simulations on
clusters of different compositions and sizes. The pres
work is mainly of theoretical interest since the intensity
the depolarized light scattering of small clusters is mu
weaker than in the bulk material. The low-temperature en
ronments where the small atomic or molecular clusters pr
ably can exist are some areas of the interstellar space. T
studies might be linked to the discussion on the spectrum
cosmic dust@11#.
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FIG. 4. Comparison of the normalized, self-Ĝs(t) and totalĜ(t)
correlation functions of Ar13 cluster in the liquid phase (T538 K!.
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