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DYNAMICS OF PHASE CHANGES AND MELTING OF Pd7 CLUSTERS
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We have obtainedthestablegeometricalstructures,energetics,meltingbehaviors andphase
changesof Pd7 clustersby usingmoleculardynamicsand thermalquenchingsimulations.
Cohesionof theclustersis modeledby anembedded-atompotential,which containsmany-
body atomicinteractions.Isomers'energy-spectrum-widthandtheir samplingprobabilities
arecalculated.Melting phenomenonof a clusteris describedin termsof relative root-mean-
squarebond-length�uctuations,andof behavior of thespeci�c heats.The transitionregion
from solid- to liquid-like phasesis investigated,andthemeltingtemperatureof theclusteris
estimated.Minimum energy pathwaysfor thephasechangesamongthe isomersof thePd7

aredetermined.

PACS: 31.15.Qg,36.40.Ei,36.40.Qv

1 Intr oduction

Clustersare�nite aggregateswith uniquephysicalandchemicalproperties.Therefore,thestruc-
tureanddynamicsof clustershavebeensubjectsof many theoreticalandexperimentalstudiesin
thelastseveraldecades[1-16]. Especiallysizedependenceof thereactivity, structuralsymmetry,
phaseandphase-changefeaturesof theclustershavebeenandremainedin active researchareas
of the theoreticalstudies[1-4]. On the experimentalside,chemicalreactionshave beenused
asprobesof variousstructuralfeaturesof themetalclusters[14]. Theoreticalcalculationscan
complementsuchexperimentalinvestigationsfor thepropertiesof interest.Thesestudies,today,
havesetup a new scienti�c �eld so-called“nano-science”.Researcheshavebecomepossiblein
theseareasdueto thedevelopmentof methodsandcharacterizationof clustersof variousmate-
rials. Themostimportantpredictionsof thetheoreticalstudiesarea possiblecoexistenceregion
of thesolid-andliquid-likephasesof theclustersovera �nite rangeof energies,drasticchanges
in themeltingtemperatureswith thesizeof thesystems,andthestructurereactivity correlations

1E-mail address:karabacak@aku.edu.tr
2E-mail address:suleyman@gazi.edu.tr
3E-mail address:guvenc@cankaya.edu.tr

0323-0465/04 c
 Instituteof Physics,SAS,Bratislava,Slovakia 233



234 M. Karabacaket al.

[15, 16]. In our previousstudy[1] wediscussedthestructures,energetics,andisomerformation
probabilitiesof the small Pd clusters. Thesepropertiesof the clustersplay importantrole for
phasechangesphenomenonof theclusters.

In the presentwork, we have focusedon the dynamicsof phasechanges,andmelting of
four isomersof a Pd7 cluster. The dynamicsof the initially non-rotatingandnon-translating
Pd7 clusterhave beenmonitoredastheir internalenergiesaregraduallyincreased.This sizeis
importantsinceit forms the backboneof the icosahedralsymmetry[1]. It hasbeenobserved
thatthePd7clusteralsoexhibit a so-calledcoexistencestageover a �nite rangeof temperatures
beforethe liquid-like phase,i.e., if oneassumesan ensembleof Pd7 clustersat about700 K,
simultaneouslyall isomersmayexist dueto thephasechangesbetweentheisomers(seeFig. 6).
Themeltingtemperatureof thePd7clusteris estimatedto be� 770K which is muchlower than
thebulk melting(1825K) temperature.Thesmallermeltingtemperaturescomparedto thebulk
for smalltransitionmetalclustershavealsobeenreportedin someothertheoreticalstudies[5, 6,
12,13,17,18] andin afew experimentalstudiesfor thelargegoldclusters[19]. Furthermore,we
reportthestructuresandenergeticsof thestableisomersof thePd7, isomers'energy-spectrum-
width (ESW),their probabilityof sampling,andthemeltingbehaviors of thesePd7 clustersby
employing anembedded-atom-method(EAM) potential[20,21], andconstant-energymolecular
dynamics(MD) method. The isomericforms of the Pd7 clusterweredeterminedby thermal
quenching(TQ) technique.Possibleminimum energy pathwaysfor the phasechangesamong
the isomersof the Pd7 clusteraredetermined.The detailsof the potentialenergy surfaceand
computationalprocedurearegivenin thenext Section.In Section3 theresultsarediscussed,and
weconcludewith a summary.

2 Potential and computational procedure

Thetotal potentialenergy surfacede�ning the forcesactingon eachatomin theclustersystem
is anN-bodyEAM. Thecohesionenergy of a metallicsystemis obtainedby thesumof all the
interactionenergiesin N-atomsystem,andit is expressedas
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whereFi ( �� i ) is theso-calledembeddingenergy of atomi in thehostof theotheratoms,� ij (r ij )
is thecore-corepair interactionbetweenatomsi andj , andr ij is thedistancebetweenatomi
andj . The hostelectrondensity� i is approximatedby a linear superpositionof all the atoms
surroundingatomi ,
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where�� (r ij ) is theelectrondensity(for Pd,� = 3:1632 	A � 1) createdby atomj at theposition
of atomi [21].
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Themeltingbehavior of theclusterswasinvestigatedby theroot-mean-square(RMS) bond-
length�uctuation � ,
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calculatedat differenttotal energies.Here,h�i denotesthelong-timeaveragecalculatedover the
entiretrajectory(over5 � 106 time steps)for a giventotal energy. Initially thenon-rotatingand
non-translatingcluster's internalenergy hasbeenincreasedstepwisemanner, andthevibrational
kineticenergy is scaledas

T(K ) =
2hEk i

(3N � 6)k
(5)

to obtainthe temperatureT(K ). HereEk is the internalkinetic energy of thecluster, k is the
Boltzmannconstant,N is the numberof atomsin the cluster, and(3N – 6) is the internalde-
greesof freedomof thesystem.Thestablegeometricalstructuresof a Pd7 clusterareidenti�ed
usingMD andTQ simulations[1]. Evolutionof theN-atomsystemin thephase-spacehasbeen
monitoredusingHamilton'sequationsof motionwith Hamming'smodi�ed 4th order-predictor-
correctoralgorithmwith astep-sizeof 1� 10� 15 s. Theclusteris equilibratedatnear2500K for
about5 nsbeforethecalculationof any physicalquantities.After theequilibration,a largenum-
ber of independentinitial quenchingcon�gurations(samplesizeof 5000)aregeneratedalong
a new trajectoryat the sametemperature(thesecon�gurationsare1000simulationstepsapart
from eachother).Theseindependentinitial con�gurationsareusedto calculateisomer-statistics.
Sincethe internalenergiesaremuchhigherthanthemelting temperature,1000-stepseparation
betweenthecon�gurationsis adequateto generatedifferentphase-spacepoints. The TQ tech-
niqueis usedto remove theinternalkinetic energy of theclusters;the internalkinetic energy is
setto zeroatevery50th step,andthisprocesshascontinueduntil thekineticenergy is completely
removed. Becauseof this slow minimizationprocess,clusterscannotstayat meta-stableloca-
tionsof thepotentialenergy surface,and�nally , they will settlein thepotentialenergy “wells”.
Thus,thelocally stableisomersareseparatedfrom thosemeta-stableones.As a resultwe have
obtainedfour differentstableisomersof thePd7 (seeFig. 1), andtheir probabilitiesof sampling
arecomputed.Thestructures,energetics,meltingbehaviorsof thesefour isomericformsandthe
ESW(energy differencebetweenenergeticallythelowestandthehighestisomers)of thecluster
arediscussedin thenext Section.

3 Resultsand Discussion

In additionto theenergeticsandgeometries(seeFig. 1) of the stableisomersof the Pd7 clus-
ter [1], their averagedbondlengthsandphasechangesarealsocalculated.We have foundthat
themoststablegeometricalstructureof thePd7 clusteris a pentagonalbipyramid,andobtained
threeotherstableisomers.The secondlowestenergy structureis a cappedoctahedron,which
canbeobtainedfrom thelowestenergy structureof thePd6 (octahedron)by simplycappingone
of thefacesof thePd6. Theenergy differencebetweenthesetwo structures(the1st andthe2nd

isomers)is 0.28eV. Whena freePdatomlandson thesurfaceof thePd6 clusterwhich areboth
at roomtemperature,thePd7 clusteris formed(Pd6 + Pd! Pd7). Exothermicityof this reaction
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Fig. 1. Isomersof thePd7 cluster.

Fig. 2. This Figure is taken from Figure2 of Ref. [1]. Isomer-forming probabilitiesof the Pd7cluster.
Eachpoint in thegraphcorrespondsto a differentisomerof theclusterandcorrespondingenergiesarethe
energiesof thequenchedisomers.
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meltsthecluster, andin vacuumtheclusterwill remainasmelted.However in theexperiment,
while thesmallclustersare“melting” asthey form, theHe carriergashascontinuouslycooled
themdown simultaneously. Theenergeticsof theprocessis givenasfollow; thetotal energy of
thePd6 clusterat 300K is near-9.96eV, andthetotal energy of thesecondisomerof thePd7 is
about-12.32eV at300K. Thedifferenceis 2.36eV whichis beingdissipatedto thesurrounding,
i.e., to thecarriergas. On theotherhand,thePd7 clustermeltsat the total energy of -11.9eV
which is lessthantheenergeticsof thePd6 at300K. Thisshowsthatin theexperimentthesmall
clustersmelt asthey form. Thereforethememoryof thegrowth pathis lost. In this sense,our
TQ simulationis somewhatsimilar to thecoolingprocessof thehot moltenclusterin theexper-
iment.As seenfrom theTQ simulation,half of themoltenclustersarequenchedinto thecapped
octahedronstructure,which may alsobe thecasein the experiment. In theotherhalf, the 1st ,
the3rd , andthe4th isomersaredistributedwith 0.27,0.05,and0.18probabilities,respectively.
Theseisomer-forming probabilitiesarecalculatedfrom the 5000phase-spacepoints,andthey
aredisplayedin Fig. 2. Thesecondisomermayhave a wider potentialwell andthereareeight
identicalstatesin thephase-spacefor it. Thesefactsdeterminetheisomer-formingprobabilities.
Theothertwo isomersaretopologicallyandenergeticallycloseto eachother(bothof themare
cappedtrigonalbipyramidandtheenergy differencebetweenthemis about0.06eV). The two
surfaceatoms,for thethird isomer, areon theadjacentfacesof thesamepolarregion. Similarly,
thefourth isomerhasalsotwo surfaceatomshowever they areon theoppositefaces(maximum
distanceis formedbetweenthecappingatoms).Therefore,therearesix identicalstates(topol-
ogy) for thethird, andthefourth isomers.However, theisomer-formingprobabilityis higherfor
the4th onecomparedto thatof the3rd one.Sincetheenergy differencebetweenthe4th andthe
3rd isomersis smallandthenumbersof accessiblestatesarethesame,in thiscase,theshapeand
thewidth of thepotentialenergy well mayplay role. Theisomer-formingprobability, Pn (E ), in
generalmaybeproportionalwith exp(c=(En + jEh j), hereEn is theenergy of thenth isomer
(En < 0), Eh is theenergy of the last isomer(in this caseit is the4th isomer),andc is a size
dependentconstantin unitsof eV (i.e.,highertheenergy, lower theisomer-formingprobability).
It is observedthatat temperatures� 300K the1st andthe2nd isomericformscanbeseenvia
phasechanges(Fig.6(b)). Therefore,bothisomersmaycoexistundertheexperimentalcondition
nearroomtemperature.If thereactivities of theseisomerswith smallmoleculesaresuf�ciently
different,then,they canbedistinguishedin theexperiment.Further, theESWof the isomersis
computedas0.74eV. In addition,theaveragebondlengths,hdi , of thequenchedfour isomers
of thePd7 cluster, from the�rst to thefourth, arecalculatedas2.554 	A, 2.536 	A, 2.551 	A, and
2.547 	A, respectively, wherethebulk valueis 2.75 	A.

The earlier theoreticalstudiesusedthe effective mediumpotentialin Ref. [11], the EAM
modelpotential[12,13], and modi�ed semi-empiricalextendedHünkel (EH) calculation[22]
have predictedthat the preferredstructurefor the Pd7 is a pentagonalbipyramid. However,
therearesomeenergy differencesamongthesestudies. Stave et al. [11], usingthe corrected-
effective-medium(CEM) andMD / MC - CEM theories,obtainedthat thebindingenergiesof
thepentagonalbipyramidare–13.94and–12.90eV, respectively. Rey et al. [13] computedthis
energy asabout–20eV usinga tight-bindingandtheoriginal versionof theEAM [20] methods.
We have obtained–13.00eV for thebindingenergy of thepentagonalbipyramid. Furthermore,
they alsoobtainedthreeenergetically different isomers. Our third and the fourth isomersare
energeticallycloserto eachothercomparedto thoseof Refs.[11,13]. Quantumchemicalstudy
of small palladiumclusterswasreportedby Efremenko et al. [22]. The pentagonalbipyramid
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Fig. 3. RMS bond-length�uctuationsversustemperatureof theisomers.

form has-11.44eV (highestoccupiedmolecularorbital)energy level. Further, thebonddistances
arereportedas2.56 	A and2.63 	A for thesamestructurein Ref.[22]. Thesedistancescorrespond
to thedistancebetweenthetwo adjacentatomsin thepentagonalring, andfrom any atomin the
ring to theoneof thecappingatoms,respectively. Ourcalculateddistancesfor thesamecasesare
2.52 	A and2.55 	A, respectively. Theseshow thatour resultsarein reasonableagreementwith
thoseof Ref. [22]. In addition,our modelpotentialenergy is alsocheckedagainstto the local
densityfunctionalapproach[23] by comparingtheaveragedbondlengthsof thesmallersizesof
thePdclusters;Pd4, Pd6 andPd8. Theaveragedbondlengths(calculatedin our work usingthe
EAM) of theseclustersare2.533 	A, 2.529 	A, and2.531 	A, respectively. They arereportedas
(in Ref. [23]) 2.661 	A, 2.718 	A, and2.661 	A usingGGA, and2.591 	A, 2.634 	A, and2.571 	A
usingLDA, respectively. As seen,therearesmall differences,anda similar trendbetweenthe
Pd4, Pd6, andPd8 clustersarenot reproducedby thesethreemethods.

In order to understandthe melting mechanismsof the isomersthe RMS bond-length�uc-
tuationsareplottedasa function of the internalkinetic energy (temperature),(seeFig. 3), and
averagekinetic energiesareplottedasa functionof the total energy (seeFig. 4). As shown in
Fig. 3, themeltingbehavior of the�rst isomeris similar to thoseof Lennard-Jonesclusters[24,
25]: whenthe internalenergy is increased,the clusterchangesits form from a solid-like to a
liquid-like phasevia an intermediatestage(transitionregion). The transitionregion from the
solid- to liquid-likestatesis spreadover300K (approximatelyfrom 600K to 900K). Thetem-
peraturecorrespondsto themiddlepoint of thesharplyincreasedregion (� �= 0:18) is takenas
themelting temperatureof thecluster(with anestimateduncertaintyof about� 5 %). As seen
from Fig. 3 the moststableisomer's melting temperatureis at about770 K. The bulk melting
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Fig. 4. Averagekineticenergy peratomversustotal energy peratomfor thefour isomers.

temperature(1825K) is muchhigherthanthe melting temperatureof the Pd7 [26]. The other
isomersareconvertedto themoststableisomerbeforethey melt. Therefore,all isomersfollow
a similar melting“path”. As a result,thePd7 clusterhasonly onemeltingtemperature(770K).
Thesecondisomeris convertedinto the�rst isomernear300K. However, transformationsof the
third andthe fourth isomersbegin at very low temperatures(near50 K and4 K, respectively).
Thisshowsthatpotentialenergy“wells” of the3rd andthe4th isomersarequiteshallow. Further-
more,the3rd and4th isomersdo not show classicalmeltingtransitions.Instead,theseisomers
move into thetransitionregion quickly from their minimumenergy con�gurations. Becauseof
0.68eV differencein thepotentialenergiesbetweenthe1st andthe3rd isomers,half of this en-
ergy goesinto the internalkinetic energy asclusterchangesits structure,the3rd isomermoves
quickly to thebeginningof themeltingstate(origin of thediscontinuityin theRMSvalue,andits
hightemperatureis dueto thisenergy difference).Themeltingbehavior of the4th isomeris very
similar to thatof the3rd oneasseenin Fig. 3. Onecanalsoseefrom Fig. 4 (caloriccurves)that
pentagonalbipyramidstructureatabout-1.73eV/atomhasbegunisomerisationtransition(slope
of thecurve changesnearthis energy). If the internalenergy is increasedfurther, theclusteris
convertedinto liquid-likeform. Thetransformationof thecappedoctahedron(2nd isomer)to the
pentagonalbipyramid form at -1.77eV/atomleadsto a suddenincreasein the internalkinetic
energy (seeFigs. 3 and4). Similarly, transformationsof the 3rd and4th isomersalsocreate
discontinuityin thecaloriccurves(Fig. 4).
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Fig. 5. Speci�c heatper atom(Cv ) for the four isomersof the Pd7 clusterasfunctionsof the total and
averagekineticenergiesin unit of eV/atom.



Dynamicsof phasechangesandmeltingof Pd7 clusters 241

Fig. 6. Short time averageof the temperatures,hT (K )i s, for the 2nd (from (a) to (c)) and for the 3rd

(from (d) to (f)) isomersof thePd7 clusterasa functionof time (ps). Internalenergiesof the isomersare
increasingfrom (a)to (c), andfrom (d) to (c). Thetemperaturesin the�gures aretheaveragedtemperatures
over theentiretrajectory.

Speci�c heatsperatom[27] is calculatedfrom

Cv =
�
n � n

�
1 �

2
3n � 6

�
hEk ihE � 1

k i
� � 1

(6)

for the four isomersof the Pd7 as functionsof the total energy per atomandaveragekinetic
energy peratom,andthey aregivenin Fig. 5. Theenergy valuesof thespeci�c heatswherethe
slopsof thecurveschangerapidlyon theleft handsideof thepeakscorrespondto thebeginning
of themeltingof theseisomers.As seen,thebeginningof thephasechangesandtheliquid-like
stateis in between-1.74eV/atomand-1.62eV/atom,asthetotalenergy (or from 0.057eV/atom
to 0.100eV/atomastheaveragekineticenergy). This regionalsocorrespondsto 670K – 950K.
Behaviorsof theotherisomersareverysimilar to thatof the1st isomersincethey areeventually
convertedinto theform of the1st onebeforethey begin to melt.

In orderto understandthedynamicsandtheorderof thephasechangesof the2nd , the3rd , and
the4th isomers,theshort-timeaveraged(averagedover1250timesteps)temperatures,hT(K )i s,
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Fig. 7. ThesameasFig. 6 for the4th isomer.

aredisplayedasa function of the simulationtime in Figs. 6 and7. As seen,the 2nd isomer
(Figs. 6(a) – 6(c)) nearroom temperatureis transformedinto the 1st one (Fig. 6(b)). As the
temperatureincreases,the phasechangefrom the 1st , 2nd oneis morefrequent(Fig. 6(c)).
At higherinternalenergies(nearmelting)3rd , 2nd , 1st transitionstake place. Eventually
the4th isomeris seen(not shown), andthe�uctuations in thekinetic energiesaremuchlarger.
The3rd isomer(Figs.6(d)and6(f)) goesthrough3rd ! 2nd at very low temperature(� 50K).
After this point, dynamicsof thephasechangesandtheorderof thetransitionsarevery similar
to thatof the2nd isomerdiscussedabove, i.e., from 2nd ! 1st is seennearroomtemperature.
If onestartswith the4th isomer(seeFig. 7), then,thetransitionfrom the4th to the2nd isomer
takesplace�rst at about4 K. This shows that the potentialenergy well depthis very shallow.
Theorders:2nd ! 1st , 3rd ! 2nd , and4th ! 2nd arethepossibleminimumenergy pathways
for thephasechanges.Thiscanbeunderstoodfrom Fig. 1. Finally, in orderto checktheisomer
spectrumasa functionof temperaturesimilar runsweremadeabove 2500K. However, before
all theinitial conditionsareformed,fragmentationof thePd7 clusteris observed.Therefore,we
believe that thesefour stableisomersof the clusterform the spectrum.In our simulation,too
shallow/narrow potentialwells cannotbefounddueto thenumericalerrors.

4 Summary

Size7 for the Pd clusteris importantsinceit forms the backboneof the icosahedralstructure.
Therefore,in thiswork, thenumberof stableisomers,theirenergetics,structures,meltingbehav-
iors, isomer-forming probabilitiesof thePd7 cluster, andthephasechangesarediscussed.The
isomer-forming probabilitiesdependon the isomer's energy, symmetry, numberof accessible
statesfor a givenenergy, andtheshapeandthewidth of thepotentialenergy well. Themelting
behavior is characterizedby the RMS bond-length-�uctuation.The �rst isomershows similar
meltingbehavior to thoseof Lennard-Jonesclusters.On the otherhandcaloric curvesandthe
RMS valuesof theotherisomers(energeticallyhigher)have discontinuitybecauseof thephase
changesfrom higherisomericformsto the lower isomericforms. Discontinuitiesin thecaloric
curvesandthe RMS dependon the energy differencebetweentheseisomersandthe 1st one.
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Speci�c heatgraphsdisplaypeaksfor all theisomersnearlyat thesametotal energy values.All
theseshow thatmeltingtemperaturesfor thePd7 is about770K. Short-timeaveragedtempera-
tureversustime �gures clearlydisplaysthephasechangesbetweenthe isomers.Theordersof
thephasechangeswhich requireleastenergiesare2nd ! 1st , 3rd ! 2nd , and4th ! 2nd .
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