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Interaction-induced absorption in argon-krypton mixture clusters: Molecular-dynamics study

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

~Received 14 November 1997!

Molecular-dynamics~MD! simulations have been used to calculate the many-body time-correlation func-
tions and interaction-induced absorption spectra for the small clusters composed of binary argon~Ar!-krypton
~Kr! mixtures. The liquid state phase of ArkKr132k (0,k,13) clusters has been studied, and considerable
differences between the interaction-induced absorption of the clusters and bulk matter are observed.
@S1050-2947~98!07806-8#
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I. INTRODUCTION AND SIMULATION DETAILS

When two dissimilar rare-gas atoms interact, a dipole m
ment is generated, due to mutual distortion of the atom
charge clouds. The corresponding absorption spectrum
in the far infrared, typically in the range 0 – 250 cm21. The
far-infrared absorption bybulk rare-gas mixtures, both in th
gas and the liquid phase, has been one of the most expl
interaction-induced processes in the last 30 years@1#.

The finite-size clusters are currently being intensiv
studied because their properties are significantly modi
from those of bulk materials. By studying clusters, we c
also better understand the origins of collective behavior
bulk systems. One would like to know whether and how
peculiarities of atomic dynamics in a very small system
fluence the interaction-induced spectra. Very recently,
phenomenon of depolarized~Rayleigh! light scattering from
the Ar13 cluster has been studied@2#. A distinct difference
between the depolarized Rayleigh spectrum of a small ar
cluster and its counterpart of bulk argon was reported. Ho
ever, to the best of our knowledge there has been no re
on the interaction-induced absorption for the matter in
embryonic state, namely, for small clusters. This is the s
ject of our computer experiments. Particularly, we exam
here the ArkKr132k (0,k,13) clusters with the ‘‘magic’’
total number of atomsN513.

The interatomic potential between atoms is taken to be
usual Lennard-Jones potential of the formV(r i j )
54«@(s/r i j )

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

the atomsi and j , 2« is the minimum of the potential at
distance 21/6s. For the values of« ands for pure argon and
krypton atoms see@3#. The potential parameters between u
like atoms a and b are given by Lorentz-Berthelot rule
sab5(sa1sb)/2 and «ab5(«a«b)1/2. More sophisticated
potentials exists for the rare-gas atoms’ interaction. Ho
ever, at the present stage we do not make a comparison
experimental data so the detailed form of the potential is
crucial in this context. The classical equations of motion
integrated up to 10 ns by the velocity Verlet algorithm. T
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integration time step used is 0.25 fs, which ensures that
total energy is conserved to within 0.01%. The appropri
correlation functions were averaged over 103 time origins.
The origins were separated by a time interval equal to
integration time steps. Our calculations were carried out fo
constant energy ensemble for zero total linear and ang
momentum of the whole system and the clusters were eq
brated for 23105 molecular dynamics~MD! steps. The av-
erage energy can be adjusted as desired by a process of
batic heating~or cooling!, wherein the velocities are scale
by a factor slightly exceeding~or less than! 1, for a limited
time interval at a sufficiently slow rate.

II. RESULTS

The interaction-induced spectrum is related to the Fou
transform of the time correlation functionC(t),

C~ t !5( ^m i j ~ t !•mkl~0!&, ~1!

wherem i j is the dipole moments induced in a pair of di
similar atoms and the sum is over all pairs of unlike atoms
the mixture containingNA and NB atoms of typeA and B,
NA1NB5N. The correlation functionC(t) of the total di-
pole momentm5( i , jm i j can be decomposed into pair, trip
let, and quadruplet contributions@1#

C~ t !5C2~ t !1C3a~ t !1C3b~ t !1C4~ t !, ~2!

C2~ t !5 (
i PNA ,i 8PNB

^m i i 8~ t !•m i i 8~0!&, ~3!

C3a~ t !5 (
i PNA ,i 8Þ j 8PNB

^m i i 8~ t !•m i j 8~0!&, ~4!

C3b~ t !5( ^m i i 8~ t !•m j i 8~0!&, ~5!
TABLE I. Parameters for the Ar-Kr induced dipole, taken from@8#.

m0 (10231 C m) r 0 (10210 m) a (10210 m21) b (10210 m21) D7 (10231 C m)

0.741 3.468 2.961 0.984 2615.854
740 © 1998 The American Physical Society
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C4~ t !5 (
iÞ j PNA ,i 8Þ j 8PNB

^m i i 8~ t !•m j j 8~0!&, ~6!

where eventual irreducible three-body dipole moments h
been neglected. In the following, the two-body dipole m
mentsm i j are identified with dipole functions available in th
literature@4,5#

m i j 5m~r i j !ni j , ~7!

m~r !5m0e2ar 2b~r 2r 0!2
1D7 /r , ~8!

where m0 , a, b, r 0 are parameters evaluated for differe
rare-gas pairs. The values of these parameters for the A
induced dipole, taken from@5#, are given in Table I.

Although in the dense fluid phase the measu
interaction-induced spectrum is not directly related to a
one of the component correlation functionsCn(t) (n
52,3a,3b,4), this decomposition helps to analyze the li
shape of the interaction-induced absorption spectrum of b
materials@6#. We applied a similar approach to the study
the interaction-induced absorption in clusters.

Then-body correlation functionsCn(t) andC(t) of three
ArkKr132k clusters (k52,6,11) in the liquid state at the tem

FIG. 1. Correlation functionsC(t) for a liquid Ar11Kr2 cluster at
T540 K.

FIG. 2. Correlation functionsĈ(t) of ArkKr132k (k52,6,11)
clusters atT540 K.
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peratureT540 K have been calculatedvia MD method. The
quantum corrections toC(t) are expected to be small in cas
of Ar-Kr mixture @5# and have been neglected. As an e
ample, the functionsCn(t) and C(t) of Ar11Kr2 cluster are
presented in Fig. 1. The correlation functionsC4(t) and
C3b(t) appear to be the small positive constants and have
discernible effect on the course ofC(t). The only negative
function isC3a(t) for t<1.5 ps, becoming positive and fla
later on. Note a market, broad dip in the short-time region
C3a(t). The positive correlation functionC2(t) decays fast
for t<1 ps and has substantially higher amplitude th
C3a(t). Hence the cancellation effect, which results in t
negative portion ofC(t) for the bulk mixtures@5–8# is mod-
erate in the case of clusters. Consequently, after a rapid
cay (t<1.2 ps), the total correlation functionC(t) remains
non-negative and exhibits a very long-time tail lasting f
several hundred picoseconds. One should remember
C(t) for the bulk mixtures of argon-krypton decays to ze
after a few ps@5#.

Figure 2 shows the plots of the normalized correlati
function Ĉ(t)5C(t)/C(0) of ArkKr132k clusters at T
540 K for k52, 6, and 11. The very short time dynamic

FIG. 3. Temperature dependence of the correlation func

Ĉ(t) of the liquid Ar6Kr7 cluster.

FIG. 4. Temperature dependence of the long-time tail ofĈ(t)
for the liquid Ar6Kr7 cluster~logarithmic plot!.
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~ballistic region,t,0.3 ps! hardly depends on the concentr
tion changes. However, the region around a minimum
Ĉ(t) and later on is quite sensitive to the variation ofk; as
the fraction of Ar atoms in the cluster increases, the dip
Ĉ(t) systematically fills in. We have seen before~Fig. 1! that
this minimum is the result of cancellation ofCn(t) compo-
nents of C(t), particularly important is the ratio betwee
C3a(t) andC3b(t) sinceC2(t) is always positive andC4(t)
negligible. Apparently, the reciprocal relations betwe
Cn(t) ~cancellation effect! strongly depends on the cluster
composition.

We have also examined the temperature dependenc
Ĉ(t) for an Ar6Kr7 cluster in the liquid phase and this
presented in Fig. 3.Ĉ(t) is a surprisingly sensitive function
of the cluster’s temperatureT; there are two changes tha
occur asT varies. The most evident change is the filling
the short time dip ofĈ(t); lowering the temperature by a
little as 2 K fills in about 50% of the dip. However, th
position of the dip, i.e., the minimum ofĈ(t) remains stable.
The other change is substantial, increasing of the amplit
of the long-time tail ofĈ(t), as temperature is lowered. Ob
serving the decay of the long-time tail ofĈ(t) in Fig. 3, one
may recognize that it approximately follows an exponen
low behaviorĈ(t)}exp@2a(T)t# for large t. The confirma-
tion of this is given in Fig. 4, where lnĈ(t) is plotted. We
have also found that the coefficienta(T) linearly depends on
the temperature, as shown in the inset of Fig. 4. We wo
like to point out that the interaction-induced absorption m
surements can be used as a quite sensitive indicator of p
transition in mixed clusters. In Fig. 5 we show how t
total correlation time t5*0

`dtĈ(t) depends on the
temperature—a dramatic increase oft is observed once the
melting point of the Ar6Kr7 cluster is approached. We di
not attempt to make simulations in the narrow temperat
region very close to phase transition, where the fluctuati
become larger and larger. To complete our paper we
present in Fig. 6 the Fourier transforms ofĈ(t) for three
different temperatures.

The present work is mainly of theoretical interest sin
the intensity of the interaction-induced absorption of sm

FIG. 5. Temperature dependence of the total correlation t

t5I (0)5*0
`dtĈ(t) for the Ar6Kr7 cluster.
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clusters is very weak. The natural, low-temperature envir
ment where the atomic or molecular mixture clusters co
exist is the interstellar space so these studies can be linke
the discussion on the spectrum of cosmic dust@2#.

In conclusion, we made a reconnaissance study of
interaction-induced absorption in small argon-krypton clu
ters usingclassicalMD simulations. The deficiencies of thi
approach are~i! application of very simple Lennard-Jone
potential,~ii ! neglecting the quantum mechanical effects a
~iii ! the possible contributions coming from irreducib
three-body terms in the induced dipole and in the interact
potential @1#, ~iv! use of the phenomenological form of th
induced dipole moment. All these more or less questiona
assumptions may be ruled out by performing in the futureab
initio or first principles@9# MD simulations. The phenomen
of interaction-induced absorption or light scattering seem
be a good ‘‘battle field’’ for testing the efficiency and rel
ability of the first principle MD technique.
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FIG. 6. Frequency transformsI (n)5*0
`dtĈ(t)cos(2pn) at three

temperatures:~a! T57.48 K, Ar6Kr7, ~b! T535.84 K, and~c! T
537.95 K.
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