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We study small clustersof atomic argon, Ar, Aris, and Arss, in the temperatureangewhen they
undergoa transitionfrom a solidlike phaseto a liquidlike phase. The powerspectraof potentialenergy
fluctuationsof taggedatomsin the liquid stateshow 1/f behaviorover a wide rangeof frequencyf,
unlike eitherthe solid phaseor bulk liquid, and suggesia new experimentalmeansof detectingcluster
melting. The origin of this temporalscaleinvarianceis exploredby studyingthe individual potential
energydistributions,which are observedo becomemultimodalwhenthe clustersmelt.
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Molecular dynamics (MD) simulations of small
Lennard-Jone<lustershave given evidencefor a tran-
sition from a solidlike phaseto a liquidlike phaseas
the internal energyis increased1,2]. It hasbeenseen
in a variety of studiesthat clustersof different sizes
exhibit dynamicalcoexistencd3] of thesephasesver a
well-definedenergyrange,in contrastto phasetransitions
in bulk matter.

One striking aspectof cluster dynamicsis that cor-
relationsare long lived, and in this Letter we examine
the persistencef correlationsby studyingfluctuationsof
the potentialenergyof taggedatoms. Suchfluctuations,
which are related to the internal temperatureof the
cluster, have a characteristic*1/f” power spectrum,
indicating temporalscaleinvariance,which is seenover
a considerableangeof frequencyy.

Theclassicaldynamicsof clusterss chaotic[4], arising
from the nonlinear nature of the underlying potential
energy surface[5]. This is reflectedin large positive
Lyapunovexponentsparticularlyin theliquidlike state[6].
Theclustermovesfrom oneconfigurationto anotheralong
an extremelyjaggedpath on the potentialenergysurface
(thelocal minimaarethe so-callednherentstructureg7]).
However,the intrinsic spatialanisotropyof clusters—the
sharpdifferencebetweensurfaceatomsand thosein the
interior—gives rise to memory effects, and the system
retainssomelong-rangeemporalcorrelations.

Attention to the existenceof suchlong-lived correla-
tions wasfirst drawnby Ohmineandco-workers[8] who
observedarge scalepotentialenergyfluctuationsin MD
simulationsof liquid water. Analysisin the frequencydo-
mainaswell asin thetime domainshowedthatthe power
spectrumof suchenergyfluctuationshasa 1/f (moreac-
curately,1/f%, 1 < a < 2) dependencf9]. 1/f noiseis
often seenas a temporalsignatureof complexdynamics,
wherethereis no characteristidengthor time scale. Cor-
relationsin such(usually nonequilibrium)systemsdecay
with powerlawsresultingfrom the absencef anintrinsic
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scale. One frameworkwithin which power-law correla-
tions may arisein suchsystems(particularlyif thereare
widely separatedatesof relaxation)is the conceptof a
self-organizedriticality [10,11]. Theapplicationof such
ideasto the behaviorof small systems—andthe clusters
consideredhere are indeed small—must be made with
care. Systemsconsistingof a few atomsdo not undergo
true phasedransitionsin the sameway asbulk matterdoes,
andthusthe critical statecannotbe truly scaleinvariant.
Neverthelessthe motion of atomsfrom surfaceto core
[12,13]andvice versain the clustergivesrise to temporal
correlationswhich arelong lived in theliquidlike phase.

In the presentwork, we study small clustersof rare
gas atoms, Ar, clusters of sizesn = 7, 13, and 55.
Simulationsarecarriedout usingstandardviD techniques
[14]. The interatomicpotentialbetweenneutralrare-gas
atomsis takento be the usualLennard-Jonepotential of
theform

V(r;) = 4el(a/rip)* — (a/rij)°], 1)

wherer;; is the distancebetweenthe atoms: and j and
— e is the minimum of the potentialat distance2!/°o, o
beingtheunit of length. Theclassicakquationsf motion
are integratedby the velocity Verlet algorithm; all the
quantitiesareexpresseth scaledform, time anddistances
by (mo?/48€)"/? ando, respectively. We choosee ando
appropriateo argon[15]: m = 6.63382 X 102 kg isthe
Ar mass,oc = 0.3405 nm, ande = 119.8 K. Thetime
stepusedis 0.01in reducedunits (3.125fs), andthe total
energyis conservedo within 0.01%.

The sizesstudied,n = 7, 13,and55, are“magic” num-
bersfor rare-ga<lusterg16]. Simulationsarecarriedout
for zerototal linear and angularmomentum[3], and the
clusterswereequilibratedfor 3 X 10° MD steps. Theav-
eragetemperaturd@ of the systemis givenby
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where N is the number of atoms, k, = 1.381 X
10~ 2 erg/K is the Boltzmannconstantand E is the ki-
netic energy,suitablyaveragedverthe entiretrajectory.
We examinethe typical variation of the total potential
energyof anindividual Ar atom(labeledk)
Vi(t) = Z V(ry;(2)). (3)
JjFk
The powerspectrumof the potentialenergyof the tagged
atomk is calculatedfor a trajectoryof length+ by a fast-

Fourier-transformrmethod
2

l/Tdth(t)exp(—ift) )
0
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S(f) = lim

T—®0

wheref is thefrequency. Thesespectraarethenaveraged
over different realizationsof the MD trajectory at the
sametemperature.

The power spectrumof individual atomic potential
energy fluctuationsin an Arss cluster at T = 37.5 K
is shownin Fig. 1. Shownin the insetis the power
spectrumof a tag atom in Ar,; at T = 20.2 K, when
these systemshave just gone into the liquidlike state.
Similar power spectraare also seenin the liquid state
of Ar,3, which are not shownhere. The spectrahavea
distinct 1/f* dependencever a wide frequencyrange.
The exponentsa for thesepower spectraare 1.28 and
1.5 for n = 7 and 55, respectively. The spectraare
flat below a frequencyf., indicating that on short time
scalegheindividual motionsarestronglycorrelatedvhile
motions separatedoy a time scale of the order 300 ps
are not. A similar loss of correlation occurswith the
increaseof internal temperatureof the clusters. At high
temperaturan the liquid statethe power spectrumtends
to flatten, i.e., becomesmore white-noise-like. In the
extremelimit, say,in thegasphasepnewould expectthat
correlationswill die out rapidly, and a flat spectrumwill
result. Consequentlythe exponenta decreasesvith an
increasein the internal temperatureas shownin Fig. 2
for the caseof Ar,;. This happensbecauseat lower
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FIG. 1. Powerspectrumof individual atomic potentialenergy
fluctuationsin the liquid state of Arss at 7 = 37.5 K. Also
shownis the powerspectrumof a tag particlein the liquid state
of Ar; at20.2K.
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FIG. 2. The dependenceof the scaling exponenta on the
temperaturen Ar 15 liquid clusters.

temperaturethedynamicsof the clusteris lessdiffusional
and hencethe motionsare strongly correlatedfor longer
times. (Notethatdeterminatiorof the scalingexponenis
notvery precisesincethe cutoff frequencyalsoshiftswith
temperature.) The exponentvarieswith clustersize and
at a giventemperaturés smallerfor largerclusters;in the
limit of bulk liquid Ar, the spectrumis flat [9].

During the dynamical evolution of the cluster, the
atomsconstitutingthe clustermove from one configura-
tion (or oneinstantaneoustructure)to another. In order
to understandhe origin of potential energyfluctuations
we have determinedthe actual minima on the potential
energy surfaceby quenchingfrom the instantaneougo
the inherentstructures: The moleculardynamicsis inter-
ruptedat equalintervalsof timesandthekinetic energyof
eachpatrticleis setto zero. The equationsof the motions
aredampedandthenfollowed until a potentialminimum
is found[7]. Theresultinginherentstructuregyive a pic-
ture of the pathtakenby the clusterasit exploressucces-
sive minimain the multidimensionaknergysurface. The
potentialenergyof theseinherentstructuress very similar
to that of instantaneoustructuresindicatingthe observed
fluctuation and the long-rangecorrelationis an intrinsic
property of the underlying potential energysurface(see
alsoRef. [9]).

Following the dynamics of the individual particles
gives additional insight into the long-lived correlations.
The distance of the tagged atom from the center of
massof the cluster, R.(z), can be comparedwith the
individual potentialenergyV,(z). When the atom stays
on the surface of the cluster, R;(r) is large, and its
individual energyis also high comparedto when it is
in the core. Thereis a high degreeof correspondence
betweenvariationsin R;(z) and V;(r) sincemajor energy
changesccurprincipally whena givenatomtravelsfrom
the surfaceof the clusterto the core (seeFig. 3). The
correspondencis not exactthough,sincethereare strong
cooperativeeffects. In orderfor an atomto travel from
the surfaceto the core,it mustovercomeseveralpotential
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FIG. 3. (a) Potentialenergydistributionsand (b) R;(¢) distri-

bution of the sametag atomin Ar 55 clusterin the liquid state.

energybarriers. Thusthe relaxationprocessherecanbe
modeledas a sequence of activation processes.In fact,
the distribution of individual atomic potentialenergiesn
theliquid stateis seento be a superpositiorof Gaussians,
dependingon the shell structureof the cluster[2]. The
individual potentialenergydistribution P(V) hastheform

Py = Aexig—(V — V0207, (5)
im

whereA; is the amplitude,V,~0 is the position,and o; is
the varianceof ith Gaussian. For Ar sg, for example this

is asumof threeGaussiangseeFig. 3(a)], indicatingthat
thereis arangeof differentbarriersencounteredby atoms
asthey moveaboutin acluster.

The correlationfunction C,(z) for thetag atomis given
by

Cr(t) = (Vi(n)Vi(t + 7)), (6)

with (---) denotingthe averageover . C,(t) for Arss is
shownin Fig. 4. The dependencés exponential C(1) =

exp—t/7), = being the relaxation time. The power
spectrumof sucha processs [10,17]
4qr
S(f) = T Qaf? (7)

However, given that thereis a distribution of relaxation
times, it is known [17] that the power spectrumhasthe
dependencs(f) = 1/f*, 1 < a < 2.

The existenceof multiple time scalesthus accounts
for the observedl/f* dependence.Below the freezing
temperaturethe power spectrumis peakedat the charac-
teristic normal modefrequenciesof the global minimum
[9]. As the cluster melts, time scalescorrespondingo
diffusional motion come into play. For large clusters,
the time scalefor motion from the surfaceto the coreis
very differentfrom thosemotionson the surfaceor within
the core. For smallerclusters,the distinctivetime scales
are more properly characterizedhs those corresponding
to vibrational motions around the minima, and those
that correspondo permutationaisomerizationgi.e., mo-
tions over saddle points connectingdifferent minima).
The anisotropicnature of the cluster appearsto play a
crucialrole—in liquid argon,owing to the isotropyof the
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FIG. 4. Correlationfunction of potentialenergyfluctuationof
the tag atomwhosedistributionis shownin Fig. 3.
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system,the loss of memoryis morerapid and C,(t) is &
correlatedgiving rise to aflat spectrum9].

At higher temperaturesn the liquid state,the nonri-
gidity of the cluster increasesand complex collective
motionsbecomeincreasinglymorefacile. Consequently,
multiple time scalesceaseto exist, and the systemloses
the characteristicl/f signatureand becomesmore like
white noise. An alternateprobe of this mechanismis
the introduction of impurity atoms;we observethat in
XeAr, ; clusters,the more massiveXe atom, which is
largely localized in the core, has a unimodal potential
energydistributionand,consequentlyaflat spectrun{13].

The persistencef correlationsis a featureof complex
systemsand, as such, clusterscan be consideredas an-
other exampleof systemswith complex or “emergent”
dynamics[10,11,18]. This effectis amenableto experi-
mentalverification. In a relatedcontext,it hasbeenob-
servedthat the depolarizedRamanscatteringspectrumof
liquid water[19] hasamarkedi/f falloff, which hasbeen
attributedto similar long-rangecorrelationg9]. Onepos-
siblerouteis throughthe spectroscopyf a rare-gasclus-
ter dopedwith a chromophord20], althoughstudieson
binary Xe-Ar clusters[13] indicatethat qualitatively new
featuresmay resultdueto introductionof the dopant. A
more attractivealternativeis thereforeto study a homo-
geneougclusterwhich is susceptibleto spectroscopidn-
terrogation. In this regard,andasanillustrative case N,
clustersseemapt: Bulk nitrogenforms an unassociated
liquid, and (N,), clusterswill consequentlybe dynami-
cally similar to Ar,, eventhoughthe geometriesnay be
different. Further,Ramanspectroscopistudiesof (N,),
[21] and (N,), benzengf22] have beenrecently carried
outaswell. Suchtechniquesan,we hope,be adaptedo
probethe dynamicalcorrelationsassociatedvith the melt-
ing transitionin finite clusters.
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