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We
�

study small clustersof atomic argon,Ar 7
� , A r13, and Ar 55

� , in the temperaturerangewhen they
undergo� a transitionfrom a solidlike phaseto a liquidlike phase. The powerspectraof potentialenergy
fluctuationsof taggedatomsin the liquid stateshow ����� behaviorover a wide rangeof frequency� ,
unlike� either the solid phaseor bulk liquid, andsuggesta new experimentalmeansof detectingcluster
melting.� The origin of this temporalscaleinvarianceis exploredby studyingthe individual potential
energy� distributions,which areobservedto becomemultimodalwhenthe clustersmelt.

PACSnumbers:36.40.Mr,05.40.+j

Molecular dynamics (MD) simulations of small
Lennard-Jonesclustershave given evidencefor a tran-
sition from a solidlike phaseto a liquidlike phaseas
the
�

internal energyis increased[1,2]. It has beenseen
in a variety of studies that clusters of different sizes
exhibit� dynamicalcoexistence[3] of thesephasesover a
well-defined� energyrange,in contrastto phasetransitions
in
�

bulk matter.
One
�

striking aspectof cluster dynamics is that cor-
relations� are long lived, and in this Letter we examine
the
�

persistenceof correlationsby studyingfluctuationsof
the
�

potentialenergyof taggedatoms. Suchfluctuations,
which� are related to the internal temperatureof the
cluster,� have a characteristic “ �! #" ” power spectrum,
indicating temporalscaleinvariance,which is seenover
a$ considerablerangeof frequency% .

Theclassicaldynamicsof clustersis chaotic[4], arising
from the nonlinear nature of the underlying potential
energy� surface [5]. This is reflected in large positive
Lyapunovexponents,particularlyin theliquidlike state[6].
The
&

clustermovesfrom oneconfigurationto anotheralong
an$ extremelyjaggedpathon the potentialenergysurface
(the
	

localminimaaretheso-calledinherentstructures[7]).
However,
'

the intrinsic spatialanisotropyof clusters—the
sharpdifferencebetweensurfaceatomsand thosein the
interior
�

—gives rise to memory effects, and the system
retainssomelong-rangetemporalcorrelations.

Attention to the existenceof such long-lived correla-
tions
�

wasfirst drawnby Ohmineandco-workers[8] who
observed( large scalepotentialenergyfluctuationsin MD
simulationsof liquid water. Analysisin thefrequencydo-
mainaswell asin thetime domainshowedthat thepower
spectrumof suchenergyfluctuationshasa )!*#+ (more

	
ac-

curately,� ,!-#.0/2143658795;: )
 dependence[9]. <!=?> noiseis
often( seenasa temporalsignatureof complexdynamics,
where� thereis no characteristiclengthor time scale. Cor-
relations� in such(usuallynonequilibrium)systemsdecay
with� powerlawsresultingfrom theabsenceof anintrinsic

scale. One frameworkwithin which power-lawcorrela-
tions
�

may arisein suchsystems(particularly if thereare
widely� separatedratesof relaxation)is the conceptof a
self-organizedcriticality [10,11]. Theapplicationof such
ideas
�

to the behaviorof small systems—andthe clusters
considered� here are indeedsmall—must be madewith
care.� Systemsconsistingof a few atomsdo not undergo
true
�

phasetransitionsin thesamewayasbulk matterdoes,
and$ thus the critical statecannotbe truly scaleinvariant.
Nevertheless,
@

the motion of atomsfrom surfaceto core
[12,13]andvice versain theclustergivesriseto temporal
correlations� which arelong lived in the liquidlike phase.

In
A

the presentwork, we study small clustersof rare
gasB atoms, C4DFE clusters� of sizes GIHKJMLONQP , and 55.
Simulations
�

arecarriedout usingstandardMD techniques
[14]. The interatomicpotentialbetweenneutralrare-gas
atoms$ is takento be the usualLennard-Jonespotentialof
the
�

form R
S!T U VKWYX[Z]\]^`_ba!c d�e!fhgOi8j]k`lbm!n o�prqtsvu (1)

	
where� wtx y is the distancebetweenthe atoms z and$ { and$|O} is the minimum of the potentialat distance~����]�������
being
�

theunit of length. Theclassicalequationsof motion
are$ integratedby the velocity Verlet algorithm; all the
quantities� areexpressedin scaledform, time anddistances
by
�������0�t���M�Y���!���r�

and$ � , respectively.We choose� and$ �
appropriate$ to argon[15]: �¡ K¢[£ ¢M¤M¤0¥M¦¨§ª©Q«[¬�¯®±°³² is

�
the

Ar
´

mass, µ·¶K¸2¹ ºM»M¸�¼O½2¾ , and ¿ÁÀÃÂMÂQÄ[Å ÆOÇ . The time
stepusedis 0.01in reducedunits (3.125fs), andthe total
energy� is conservedto within 0.01%.

The
&

sizesstudied,ÈÊÉÌË , 13,and55,are“magic” num-
bers
�

for rare-gasclusters[16]. Simulationsarecarriedout
for zero total linear and angularmomentum[3], and the
clusters� wereequilibratedfor ÍÏÎ¡ÐQÑÓÒ MD steps. Theav-
erage� temperatureÔ of( thesystemis givenby

ÕÌÖ ×MØÙ�ÚMÛ¡Ü·Ý�Þ¯ßÓàâá (2)
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where� é is the number of atoms, êÓë¨ìÃíMî ïMð2í6ñòtó[ô�õ¯ö
erg�ø÷ Kù is the Boltzmannconstant,and ú is

�
the ki-

neticû energy,suitablyaveragedover theentiretrajectory.
We
ü

examinethe typical variationof the total potential
energy� of an individual Ar atom(labeledý )



þvÿ�������� �
	�� �� � ������������� � � ��� (3)

	
The
&

powerspectrumof thepotentialenergyof the tagged
atom$ � is

�
calculatedfor a trajectoryof length � by

�
a fast-

Fourier-transformmethod

� �"! #�$
lim%'& (

)
*

+
,.-0/2143�5�6"7 exp� 8�9;: <2=�> ?A@ (4)

	
where� B is thefrequency.Thesespectraarethenaveraged
over( different realizationsof the MD trajectory at the
sametemperature.

The power spectrum of individual atomic potential
energy� fluctuations in an Ar 55

C cluster� at DFEFGIHKJ LNM
is shown in Fig. 1. Shown in the inset is the power
spectrumof a tag atom in Ar 7

O at$QP.RFSITKU SNV , when
these
�

systemshave just gone into the liquidlike state.
Similar
�

power spectraare also seenin the liquid state
of( Ar 13, which are not shownhere. The spectrahavea
distinct
W XZY\[^]

dependence
W

over a wide_ frequency
`

range.
The
&

exponentsa for
`

thesepower spectraare 1.28 and
1.5 for bdcFe and$ 55, respectively. The spectra are
flat below a frequencyfhg , indicating that on short time
scalestheindividual motionsarestronglycorrelatedwhile
motions separatedby a time scale of the order 300 ps
are$ not. A similar loss of correlation occurs with the
increaseof internal temperatureof the clusters. At high
temperature
�

in the liquid statethe power spectrumtends
to
�

flatten, i.e., becomesmore white-noise-like. In the
extreme� limit, say,in thegasphase,onewould expectthat
correlations� will die out rapidly, anda flat spectrumwill
result.� Consequently,the exponenti decreases

W
with an

increase
�

in the internal temperature,as shown in Fig. 2
for
`

the case of Ar 13. This happensbecauseat lower

FIG. 1. Powerspectrumof individual atomicpotentialenergy
fluctuations in the liquid state of Ar 55

� atjlkdmonqpqr sut . Also
shownis thepowerspectrumof a tagparticlein the liquid state
of Ar 7

� at 20.2K.

FIG. 2. The dependenceof the scaling exponent v onw the
temperaturein Ar 13 liquid clusters.

temperatures
�

thedynamicsof theclusteris lessdiffusional
and$ hencethe motionsare strongly correlatedfor longer
times.
�

(Notethatdeterminationof thescalingexponentis
notû very precisesincethecutoff frequencyalsoshiftswith
temperature.)
�

The exponentvarieswith clustersize and
at$ a giventemperatureis smallerfor largerclusters;in the
limit
x

of bulk liquid Ar, thespectrumis flat [9].
During
y

the dynamical evolution of the cluster, the
atoms$ constitutingthe clustermove from one configura-
tion
�

(or oneinstantaneousstructure)to another. In order
to
�

understandthe origin of potential energyfluctuations
we� have determinedthe actual minima on the potential
energy� surfaceby quenchingfrom the instantaneousto
the
�

inherentstructures:The moleculardynamicsis inter-
ruptedat equalintervalsof timesandthekinetic energyof
each� particleis setto zero. Theequationsof themotions
are$ damped,andthenfollowed until a potentialminimum
is
�

found [7]. Theresultinginherentstructuresgive a pic-
ture
�

of thepathtakenby theclusterasit exploressucces-
siveminimain themultidimensionalenergysurface. The
potentialz energyof theseinherentstructuresis verysimilar
to
�

thatof instantaneousstructuresindicatingthe observed
fluctuation
{

and the long-rangecorrelationis an intrinsic
propertyz of the underlying potentialenergysurface(see
also$ Ref. [9]).

Following the dynamics of the individual particles
givesB additional insight into the long-lived correlations.
The distance of the tagged atom from the center of
mass of the cluster, |~}������ , can be comparedwith the
individual
�

potentialenergy ���4����� . When the atom stays
on( the surface of the cluster, ���4����� is

�
large, and its

individual
�

energy is also high comparedto when it is
in
�

the core. There is a high degreeof correspondence
between
�

variationsin �������"� and$ �A������� sincemajor energy
changes� occurprincipally whena givenatomtravelsfrom
the
�

surfaceof the cluster to the core (seeFig. 3). The
correspondence� is not exactthough,sincetherearestrong
cooperative� effects. In order for an atom to travel from
the
�

surfaceto thecore,it mustovercomeseveralpotential
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è



V
�

OLUME 74,
�

NUMBER 21 P HY S I CA L REV I E W L E T T ER S 22 MAY 1995

FIG. 3. (a) Potentialenergydistributionsand(b) �������¡  distri-
¢

bution
£

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

energy� barriers. Thusthe relaxationprocessherecanbe
modeledas a sequence¤ of( activationprocesses.In fact,
the
�

distributionof individual atomicpotentialenergiesin
the
�

liquid stateis seento bea superpositionof Gaussians,
depending
W

on the shell structureof the cluster [2]. The
individual potentialenergydistribution ¥§¦�¨ª© hastheform

«u¬�ª®°¯²±³ ´~µ ¶u· exp� ¸�¹Nº�»½¼¿¾~ÀÁÃÂ�ÄZÅ4ÆÈÇ ÉÊÌË�Í (5)
	

where� Î§Ï is the amplitude, Ð�ÑÒ is the position, and ÓÕÔ is
the
�

varianceof Ö th� Gaussian.For Ar 55
C , for example,this

is
�

a sumof threeGaussians[seeFig. 3(a)], indicatingthat
there
�

is a rangeof differentbarriersencounteredby atoms
as$ theymoveaboutin a cluster.

The
&

correlationfunction ×KØ�Ù�Ú"Û for
`

the tagatomis given
by
�

ÜKÝ�Þ�ß�à§áãâ\ä4å�æ�çéè\ê�ë�ì�í§îðï�ñ�ò�ó
(6)
	

with� ô\õ
õ
õ ö denoting
W

the averageover ÷ . øKù�ú�û"ü for
`

Ar 55
C is
�

shownin Fig. 4. The dependenceis exponential,ý�þ�ÿ����
exp� ������	�
����� being

�
the relaxation time. The power

spectrumof sucha processis [10,17]

��������� ���� �"!$#&%�'�(*)�+-, (7)
	

However,given that there is a distribution of relaxation
times,
�

it is known [17] that the power spectrumhasthe
dependence
W .�/�0�1�2436587�9;:=< >4?@>BA

.
The existenceof multiple time scalesthus accounts

for the observedC6D8EGF dependence.
W

Below the freezing
temperature,
�

the powerspectrumis peakedat the charac-
teristic
�

normal modefrequenciesof the global minimum
[9]. As the cluster melts, time scalescorrespondingto
diffusional
W

motion come into play. For large clusters,
the
�

time scalefor motion from the surfaceto the core is
veryH differentfrom thosemotionson thesurfaceor within
the
�

core. For smallerclusters,the distinctivetime scales
are$ more properly characterizedas thosecorresponding
to
�

vibrational motions around the minima, and those
that
�

correspondto permutationalisomerizations(i.e., mo-
tions
�

over saddle points connectingdifferent minima).
The anisotropicnatureof the cluster appearsto play a
crucial� role—in liquid argon,owing to theisotropyof the

FIG. 4. Correlationfunction of potentialenergyfluctuationof
the tag atomwhosedistributionis shownin Fig. 3.
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system,the lossof memoryis more rapid and I�JLK$M�N is O
correlated,� giving rise to a flat spectrum[9].

At
´

higher temperaturesin the liquid state,the nonri-
gidityB of the cluster increasesand complex collective
motionsP becomeincreasinglymorefacile. Consequently,
multipleP time scalesceaseto exist, and the systemloses
the
�

characteristicQ6RTS signatureand becomesmore like
white� noise. An alternateprobe of this mechanismis
the
�

introduction of impurity atoms; we observethat inUWV*X�Y�Z\[�]
clusters,� the more massiveXe atom, which is

largely localized in the core, has a unimodal potential
energy� distributionand,consequently,aflat spectrum[13].

The persistenceof correlationsis a featureof complex
systems,and, as such,clusterscan be consideredas an-
other( exampleof systemswith complex or “emergent”
dynamics
W

[10,11,18]. This effect is amenableto experi-
mentalP verification. In a relatedcontext,it hasbeenob-
servedthat the depolarizedRamanscatteringspectrumof
liquid
x

water[19] hasamarked̂`_8a falloff,
`

which hasbeen
attributed$ to similar long-rangecorrelations[9]. Onepos-
sible routeis throughthe spectroscopyof a rare-gasclus-
ter
�

dopedwith a chromophore[20], althoughstudieson
binary
�

Xe-Ar clusters[13] indicatethat qualitativelynew
featuresmay resultdueto introductionof the dopant. A
more attractivealternativeis thereforeto study a homo-
geneousB clusterwhich is susceptibleto spectroscopicin-
terrogation.
�

In this regard,andasan illustrativecase,N2

clusters� seemapt: Bulk nitrogen forms an unassociated
liquid,
x

and bdcfe6g�h clusters� will consequentlybe dynami-
cally� similar to i�j�k , eventhoughthe geometriesmay be
different.
W

Further,Ramanspectroscopicstudiesof ldmonqpsr
[21] and tdufv6wsx benzene

�
[22] have beenrecently carried

out( aswell. Suchtechniquescan,we hope,beadaptedto
probez thedynamicalcorrelationsassociatedwith themelt-
ing transitionin finite clusters.
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