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We have obtainedthe stablegeometricabktructuresenegetics, melting behaiors andphase
changesof Pd; clustersby using moleculardynamicsand thermalquenchingsimulations.
Cohesionof the clustersis modeledby an embedded-atorpotential,which containsmary-
body atomicinteractions.|somers'enegy-spectrum-widtrandtheir samplingprobabilities
arecalculated Melting phenomenomwf a clusteris describedn termsof relative root-mean-
squarebond-lengthuctuations, and of behaior of the speci ¢ heats.The transitionregion
from solid- to liquid-like phasess investigatedandthe meltingtemperaturef the clusteris
estimated.Minimum enegy pathwaysfor the phasechangesamongthe isomersof the Pd;
aredetermined.

PACS: 31.15.Q936.40.Ei,36.40.Qv

1 Intr oduction

Clustersare nite aggreateswith uniquephysicalandchemicalproperties Thereforethestruc-
tureanddynamicsof clustershave beensubjectof mary theoreticabndexperimentaktudiesn
thelastseveraldecade$l-16]. Especiallysizedependencef thereactvity, structuralsymmetry
phaseandphase-changkeaturef the clustershave beenandremainedn active researclareas
of the theoreticalstudies[1-4]. On the experimentalside, chemicalreactionshave beenused
asprobesof variousstructuralfeaturesof the metal clusters[14]. Theoreticalcalculationscan
complemensuchexperimentainvestigationdor the propertief interest.Thesestudiestoday
have setup anew scienti ¢ eld so-called'nano-science”Researchekave becomepossiblein
theseareasdueto the developmentof methodsandcharacterizatiomf clustersof variousmate-
rials. Themostimportantpredictionsof the theoreticaktudiesarea possiblecoexistenceregion
of thesolid- andliquid-lik e phase®f theclustersovera nite rangeof enegies,drasticchanges
in themeltingtemperaturewith the sizeof the systemsandthe structurereactvity correlations
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[15, 16]. In our previousstudy[1] we discussedhe structuresgnegetics,andisomerformation
probabilitiesof the small Pd clusters. Thesepropertiesof the clustersplay importantrole for
phasechangephenomenonf theclusters.

In the presentwork, we have focusedon the dynamicsof phasechangesand melting of
four isomersof a Pd; cluster The dynamicsof the initially non-rotatingand non-translating
Pd; clusterhave beenmonitoredastheir internalenegiesaregraduallyincreased.This sizeis
importantsinceit forms the backboneof the icosahedrasymmetry[1]. It hasbeenobsened
thatthe Pd;clusteralsoexhibit a so-calledcoexistencestageover a nite rangeof temperatures
beforethe liquid-like phasej.e., if oneassumesn ensembleof Pd; clustersat about700 K,
simultaneoushall isomersmay exist dueto the phasechangedbetweertheisomergseeFig. 6).
Themeltingtemperaturef the Pd;clusteris estimatedo be 770K whichis muchlowerthan
thebulk melting (1825K) temperatureThe smallermeltingtemperaturesomparedo the bulk
for smalltransitionmetalclustershave alsobeenreportedn someothertheoreticaktudieq5, 6,
12,13,17,18] andin afew experimentaktudiedor thelargegold clusterd19]. Furthermorewe
reportthe structuresandenepeticsof the stableisomersof the Pd;, isomers'enegy-spectrum-
width (ESW), their probability of sampling,andthe melting behaiors of thesePd; clustersby
employing anembedded-atom-meth@gBAM) potential[20, 21], andconstant-engyy molecular
dynamics(MD) method. The isomericforms of the Pd; clusterwere determinedby thermal
guenching(TQ) technique.Possibleminimum enegy pathwaysfor the phasechangesamong
theisomersof the Pd; clusterare determined.The detailsof the potentialenegy surfaceand
computationaprocedureregivenin thenext Section.In Section3 theresultsarediscussedand
we concludewith asummary

2 Potential and computational procedure

Thetotal potentialenegy surfacede ning the forcesactingon eachatomin the clustersystem
is anN-body EAM. The cohesiorenegy of a metallic systemis obtainedby the sumof all the
interactionenegiesin N-atomsystemandit is expresseas
2 3
X 1 X
V= AR()+ > i (1 )°; (1)
[ i(6i)
whereF; ( ;) is theso-calledembeddingenegy of atomi in thehostof theotheratoms, j (rjj )
is the core-corepair interactionbetweeratomsi andj , andrj; is the distancebetweenatomi
andj. The hostelectrondensity 7 is approximatedy a linear superpositiorof all the atoms
surroundingatomi,
X
i = (rij ); (2

j(si)
() =rf(e " +2% 20 (3)

where (rj ) is theelectrondensity(for Pd, = 3:1632A 1) createdby atom] attheposition
of atomi [21].
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Themeltingbehaior of theclusterswasinvestigatedy theroot-mean-squardRMS) bond-
length uctuation
2 X (hgi izt
= - 4
N (N 1) - h’ij | ( )

i<j

calculatedat differenttotal enegies.Here,h i denoteghelong-timeaveragecalculatecoverthe
entiretrajectory(over5  10° time steps)or a giventotal enegy. Initially the non-rotatingand
non-translatinglustersinternalenegy hasbeenincreasedtepwisemannerandthevibrational
kineticenepgy is scaledas

2hEi

T(K) = m ©)

to obtainthetemperaturel (K ). HereEy is theinternalkinetic enegy of the cluster k is the
BoltzmannconstantN is the numberof atomsin the cluster and (3N — 6) is the internal de-
greesof freedomof the system.The stablegeometricabktructuref a Pd; clusterareidenti ed
usingMD andTQ simulationg1]. Evolution of the N-atomsystemin the phase-spackasbeen
monitoredusingHamilton's equationf motionwith Hammings modi ed 4™ orderpredictor
correctoralgorithmwith astep-sizeof 1 10 1° s. Theclusteris equilibratedatnear2500K for
about5 nsbeforethe calculationof any physicalquantities After the equilibration,alargenum-
ber of independeninitial quenchingcon gurations(samplesize of 5000) are generatedalong
a new trajectoryat the sametemperaturgthesecon gurationsare 1000 simulationstepsapart
from eachother). Theseindependeninitial con gurationsareusedto calculateésomerstatistics.
Sincetheinternalenegiesare muchhigherthanthe meltingtemperature1000-stepseparation
betweerthe con gurationsis adequatdo generatalifferentphase-spacpoints. The TQ tech-
nigueis usedto remove theinternalkinetic enegy of the clusters;itheinternalkinetic enegy is
setto zeroatevery50™ step,andthis processascontinueduntil thekineticenegy is completely
removed. Becauseof this slow minimization processglusterscannotstay at meta-stabldoca-
tions of the potentialenegy surface,and nally, they will settlein the potentialenegy “wells”.
Thus,thelocally stableisomersareseparatedrom thosemeta-stablenes.As aresultwe have
obtainedfour differentstableisomersof the Pd; (seeFig. 1), andtheir probabilitiesof sampling
arecomputed.Thestructuresenegetics,meltingbehaiors of thesefour isomericformsandthe
ESW (enegy differencebetweerenepeticallythe lowestandthe highestisomers)of the cluster
arediscussedn the next Section.

3 Resultsand Discussion

In additionto the enegeticsandgeometriegseeFig. 1) of the stableisomersof the Pd; clus-
ter [1], their averagedbondlengthsand phasechangesarealso calculated.We have found that
themoststablegeometricaktructureof the Pd; clusteris a pentagonabipyramid,andobtained
threeotherstableisomers. The secondowestenegy structureis a cappedoctahedronwhich

canbe obtainedrom thelowestenegy structureof the Pds (octahedronpy simply cappingone
of thefacesof the Pds. The enepy differencebetweerthesetwo structuregthe 15t andthe 2

isomers)s 0.28eV. Whena free Pdatomlandson the surfaceof the Pds clusterwhich areboth
atroomtemperaturethe Pd; clusteris formed(Pd; + Pd! Pd;). Exothermicityof thisreaction
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Fig. 1. Isomersof thePd; cluster
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Fig. 2. This Figureis taken from Figure 2 of Ref. [1]. Isomerforming probabilitiesof the Pd;cluster
Eachpointin thegraphcorrespondso a differentisomerof the clusterandcorrespondingnegiesarethe
enepiesof thequenchedsomers.
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meltsthe cluster andin vacuumthe clusterwill remainasmelted. However in the experiment,
while the small clustersare “melting” asthey form, the He carriergashascontinuouslycooled
themdown simultaneouslyThe enegeticsof the processs givenasfollow; the total enegy of
thePd; clusterat 300K is near-9.96eV, andthetotal enegy of the secondsomerof the Pd; is
about-12.32eV at300K. Thedifferencds 2.36eV whichis beingdissipatedo thesurrounding,
i.e., to the carriergas. On the otherhand,the Pd; clustermeltsat the total enegy of -11.9eV
whichis lessthantheenegeticsof thePds at 300K. This shavsthatin theexperimentthe small
clustersmelt asthey form. Thereforethe memoryof the growth pathis lost. In this sensepur
TQ simulationis somavhatsimilar to the cooling procesof the hot moltenclusterin the exper
iment. As seenfrom the TQ simulation,half of themoltenclustersarequenchednto the capped
octahedrorstructure which may alsobe the casein the experiment. In the otherhalf, the 15,
the3®, andthe4™ isomersaredistributedwith 0.27,0.05,and0.18 probabilities respectiely.
Theseisomerforming probabilitiesare calculatedfrom the 5000 phase-spacpoints, andthey
aredisplayedin Fig. 2. Thesecondsomermay have a wider potentialwell andthereare eight
identicalstatesn the phase-spacir it. Thesefactsdetermingheisomerforming probabilities.
The othertwo isomersaretopologicallyandenegetically closeto eachother(both of themare
cappedrigonal bipyramid andthe enegy differencebetweernthemis about0.06 eV). The two
surfaceatomsfor thethird isomer areon theadjacenfacesof the samepolarregion. Similarly,
thefourthisomerhasalsotwo surfaceatomshowever they areon the oppositefaces(maximum
distanceis formedbetweenthe cappingatoms). Therefore thereare six identical stategtopol-
ogy) for thethird, andthefourthisomers However, theisomerforming probabilityis higherfor
the4™ onecomparedo thatof the3™ one. Sincetheenegy differencebetweerthe4™ andthe
39 isomerss smallandthenumberof accessiblstatesarethesamejn this casetheshapeand
thewidth of thepotentialenegy well may play role. Theisomerforming probability, P,, (E), in
generalmay be proportionalwith exp(c<(E, + jEnj), hereE, is the enegy of then™ isomer
(En < 0), Ey is the enegy of thelastisomer(in this caseit is the 4" isomer),andc is a size
dependentonstantn unitsof eV (i.e., higherthe enegy, lowertheisomerforming probability).
It is obsenedthatattemperatures 300K the 15t andthe 2" isomericforms canbe seenvia
phasechangegFig. 6(b)). Therefore pothisomeramaycoexist undertheexperimentatondition
nearroomtemperaturelf thereactvities of theseisomerswith smallmoleculesaresufciently
different,then,they canbedistinguishedn the experiment.Further the ESW of theisomersis
computedas0.74eV. In addition,the averagebondlengths,idi, of the quenchedour isomers
of the Pd; cluster from the rst to the fourth, arecalculatedas2.554 A, 2.536A, 2.551A, and
2.547A, respectiely, wherethebulk valueis 2.75A.

The earliertheoreticalstudiesusedthe effective mediumpotentialin Ref. [11], the EAM
model potential[12,13], and modi ed semi-empiricalextendedHunkel (EH) calculation[22]
have predictedthat the preferredstructurefor the Pd; is a pentagonabipyramid. However,
thereare someeneqy differencesamongthesestudies. Stave et al. [11], usingthe corrected-
effective-medium(CEM) andMD / MC - CEM theories,obtainedthat the binding enepiesof
the pentagonabipyramidare—13.94and—12.90eV, respectiely. Rey etal. [13] computedhis
enegy asabout-20eV usingatight-bindingandtheoriginal versionof the EAM [20] methods.
We have obtained-13.00eV for the bindingenegy of the pentagonabipyramid. Furthermore,
they alsoobtainedthreeenegetically differentisomers. Our third andthe fourth isomersare
enegetically closerto eachothercomparedo thoseof Refs.[11,13]. Quantumchemicalstudy
of small palladiumclusterswasreportedby Efremenlo et al. [22]. The pentagonabipyramid
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Fig. 3. RMS bond-lengthuctuations versusemperaturef theisomers.

formhas-11.44eV (highestccupiednolecularorbital) enegy level. Furtherthebonddistances
arereportedas2.56 A and2.63A for thesamestructurein Ref.[22]. Thesedistancegorrespond
to the distancebetweerthe two adjacentatomsin the pentagonating, andfrom ary atomin the
ring to theoneof thecappingatoms respectiely. Our calculatedistancesor thesamecasesre
2.52A and2.55A, respectrely. Theseshav thatour resultsarein reasonablegreementvith
thoseof Ref.[22]. In addition,our modelpotentialenegy is alsochecled againstto the local
densityfunctionalapproachH23] by comparingthe averagedondlengthsof the smallersizesof
thePdclusters;Pd;, Pds andPds. The averagedondlengths(calculatedn our work usingthe
EAM) of theseclustersare2.533A, 2.529A, and2.531A, respectiely. They arereportedas
(in Ref. [23]) 2.661A, 2.718A, and2.661A usingGGA, and2.591A, 2.634A, and2.571A
usingLDA, respectiely. As seentherearesmall differencesanda similar trendbetweerthe
Pd,, Pd;, andPd; clustersarenotreproducedy thesethreemethods.

In orderto understandhe melting mechanism®f the isomersthe RMS bond-length uc-
tuationsare plotted asa function of the internalkinetic enegy (temperature)(seeFig. 3), and
averagekinetic enegiesareplottedasa function of the total enegy (seeFig. 4). As shown in
Fig. 3, themeltingbehavior of the rst isomeris similar to thoseof Lennard-Joneslusters[24,
25]: whenthe internalenegy is increasedthe clusterchangests form from a solid-like to a
liquid-like phasevia an intermediatestage(transitionregion). The transitionregion from the
solid- to liquid-lik e statess spreacover 300K (approximatelyfrom 600K to 900K). Thetem-
peraturecorresponds$o the middle point of the sharplyincreasedegion( = 0:18) is takenas
the meltingtemperaturef the cluster(with an estimateduncertaintyof about 5 %). As seen
from Fig. 3 the moststableisomers melting temperaturas at about770 K. The bulk melting
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Fig. 4. Averagekinetic enegy peratomversugotal enegy peratomfor thefour isomers.

temperatur€1825K) is muchhigherthanthe melting temperaturef the Pd; [26]. The other
isomersarecorvertedto the moststableisomerbeforethey melt. Thereforeall isomersfollow
asimilar melting “path”. As aresult,the Pd; clusterhasonly onemeltingtemperaturg¢770K).
Thesecondsomeris convertedinto the rst isomernear300K. However, transformationsf the
third andthe fourth isomersbegin at very low temperaturegnear50 K and4 K, respectiely).
Thisshavsthatpotentialenegy “wells” of the3™ andthe4™ isomersarequiteshallov. Further
more,the 3@ and4" isomersdo not show classicameltingtransitions.Instead theseisomers
move into the transitionregion quickly from their minimum enepgy con gurations. Becausef
0.68eV differencein the potentialenegiesbetweerthe 15 andthe 3" isomers half of this en-
ey goesinto theinternalkinetic enegy asclusterchangests structure the 3@ isomermoves
quickly to thebeginningof themeltingstate(origin of thediscontinuityin theRMS value, andits
hightemperaturés dueto this enegy difference) Themeltingbehavior of the4™ isomeris very
similar to thatof the 3@ oneasseenin Fig. 3. Onecanalsoseefrom Fig. 4 (caloric curves)that
pentagonabipyramidstructureatabout-1.73eV/atomhasbegunisomerisatiortransition(slope
of the curve changeshearthis enegy). If theinternalenepy is increasedurther, the clusteris
corvertedinto liquid-lik e form. Thetransformatiorof the cappedctahedrorf2™ isomer)to the
pentagonabipyramid form at -1.77 eV/atomleadsto a suddenincreasen the internalkinetic
enegy (seeFigs. 3 and4). Similarly, transformationf the 3@ and4" isomersalso create
discontinuityin the caloriccurves(Fig. 4).
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Fig. 6. Shorttime averageof the temperaturestiT (K )is, for the 2" (from (a) to (c)) and for the 3
(from (d) to (f)) isomersof the Pd; clusterasa functionof time (ps). Internalenegiesof theisomersare

increasingrom (a)to (c), andfrom (d) to (c). Thetemperaturems the gures aretheaveragedemperatures
overtheentiretrajectory

Speci ¢ heatsperatom[27] is calculatedrom

1
Ch=n n 1 3n—26 hEihE, ti (6)
for the four isomersof the Pd; asfunctionsof the total enegy per atom and averagekinetic
enegy peratom,andthey aregivenin Fig. 5. The enepgy valuesof the speci c heatswherethe
slopsof the curveschangeapidly on theleft handsideof the peakscorrespondo the beginning
of the melting of theseisomers.As seenthe beginning of the phasechangesndtheliquid-like
stateis in between1.74eV/atomand-1.62eV/atom,asthetotal enegy (or from 0.057eV/atom
to 0.100eV/atomastheaveragekineticenegy). Thisregionalsocorrespond$o 670K —950K.
Behaviors of the otherisomersarevery similar to thatof the 15t isomersincethey areeventually
convertedinto theform of the 15 onebeforethey begin to melt.
In orderto understanthedynamicsandtheorderof thephasehange®f the2" , the3™, and
the4™ isomerstheshort-timeaveragedaveragedver 1250time stepstemperaturesiT (K )is,
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Fig. 7. ThesameasFig. 6 for the4" isomer

are displayedas a function of the simulationtime in Figs.6 and7. As seen,the 2" isomer
(Figs. 6(a) — 6(c)) nearroom temperaturds transformednto the 1%t one (Fig. 6(b)). As the
temperatureéncreasesthe phasechangefrom the 15t ,  2"d oneis morefrequent(Fig. 6(c)).
At higherinternalenegies(nearmelting) 3@ , 2" | 15t transitionstake place. Eventually
the4" isomeris seen(notshavn), andthe uctuations in the kinetic enegiesaremuchlarger.
The 3 isomer(Figs. 6(d) and6(f)) goesthrough3™ I 2" atverylow temperatur¢ 50K).
After this point, dynamicsof the phasechangesndthe orderof thetransitionsarevery similar
to thatof the 2" isomerdiscussedbove, i.e., from 29 | 15t js seennearroomtemperature.
If onestartswith the4™ isomer(seeFig. 7), then,thetransitionfrom the 4" to the 2" isomer
takesplace rst at about4 K. This shaws thatthe potentialenegy well depthis very shallow.
Theorders:2@ 1 15t 3d 1 21 gnd4th 1 27 grethe possibleminimumenegy pathvays
for the phasechangesThis canbe understoodrom Fig. 1. Finally, in orderto checktheisomer
spectrumasa function of temperaturesimilar runsweremadeabove 2500K. However, before
all theinitial conditionsareformed,fragmentatiorof the Pd; clusteris obsened. Thereforewe
believe that thesefour stableisomersof the clusterform the spectrum.In our simulation,too
shallov/narron potentialwells cannotbe found dueto the numericalerrors.

4  Summary

Size7 for the Pd clusteris importantsinceit forms the backboneof the icosahedrabtructure.
Thereforejn thiswork, thenumberof stableisomerstheirenegetics structuresmeltingbehar-
iors, isomerforming probabilitiesof the Pd; cluster andthe phasechangesarediscussedThe
isomerforming probabilitiesdependon the isomers enegy, symmetry numberof accessible
statedor a givenenepy, andthe shapeandthe width of the potentialenegy well. The melting
behaior is characterizedby the RMS bond-length- uctuation.The rst isomershavs similar
melting behavior to thoseof Lennard-Joneslusters.On the otherhandcaloric curvesandthe
RMS valuesof the otherisomers(enegetically higher)have discontinuitybecausef the phase
changedrom higherisomericformsto the lowerisomericforms. Discontinuitiesin the caloric
curvesandthe RMS dependon the enegy differencebetweentheseisomersandthe 15 one.
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Speci ¢ heatgraphsdisplaypeaksfor all theisomersnearlyatthe sametotal enegy values.All

theseshaw thatmelting temperaturefor the Pd; is about770K. Short-timeaveragedempera-
ture versustime gures clearly displaysthe phasechangedetweertheisomers.The ordersof
thephasechangesvhichrequireleastenegiesare2™ | 15t 3 1 2nd gnd4th | 2nd,
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