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Tbeconstant-NVTMonteCarlosimulationisperfomedformodelC60moleculesinteractlngViathe
Girifalcopotemialandafullfree-energyanalysisismadetopredictthehigh-temperaturephase
diagram ･TherepulsivepartoftheC60POtemialisverysteepandtheattractive.partisrelatively
short-ranged.Forsuchasystem accuratecomputationsofthevirialpressurearedi組cultin
simulationsanditisarguedthatthediscrepanciesam Ongthepreviousresultsforthephasediagram
ofC60CanPartlybeattributedtotheuncertaintiesofthevirialpressureinvolvedinslmulations･To
avoidthisdifBcultywetaketheenergyroutetocalculateequationofstate(巴OS),inwhichthe
absolute(Helmholtz)freeenergyisobtainedbyperformingisochoricintegrationoftheexcess
internalenergy.Adifncultyoftheenergyrouteinthehigh-temperaturelimitisresolvedbytheaid
ofananalyticmethod.neexactsecondandthirdvirialcoefAcientsarealsousedintheanalysisof

theflui'dEOS.ThepressurerouteistakentocalculatetheEOSofthesolidphase,inwhichthevirial
pressureisnumeriCallymorestablethaninthefluidphase.Theresultinghigh-temperaturephase
diagramofC60isqulteSyStematiCandfree丘omuncerminties,andtheliquid-vaporcritiCalPointis
found atTc=1980K andpc-0･44nm-3,whereasthetriplepointatTE=1880 and pE

-o･74nm-3,con丘-ingtheexistenceofastableliquidphaseovertherangeof～100K･◎ 1999
Americanlnstz'tuteofPhysics.lSOO2I-9606(99)5I13719]

).fNTRODUCTLON

InanearlytheoretiCalworkoncolloidalsuspensions,

Castetall1observedthatforsyst甲SwithsufRcientlyshort-
rangedattractivepotentialSthesublimationlinepassesabove
the liquid-vaporcritiCal temperature Tc in the T-p

(temperature-density)plane,andhencetheliquidphaseis
thermodynamicallyunstable.Morerecently,bulkC60hasat-
tractedgreatattemiOnasapossiblecandidateforsucha
substance,landseveralsimulationsandtheoretiCalCalcula-

tionshavebeenperformed.Hagenetal･3andChengetal･4

werethe丘rsttohaveperformedsuchsimulationsand
reacheddifferentconclusions;theformerusedaGibbs-

thnSembleMonteCarlo(GEMC)methodandfoundthatC60

hasnoliquidph甲e,Whereasthelatterusedamoleculardy-

LnaTic(MD)methodanqpredictedtheexistenceLOfastable
顎quidphasebetween～1800Kand～1900K.Bothofthese
lauthorsusedthesameintermolecularpotemialproposedby
Girifalco,5butintheGEMCsimulationofHagenetal･this

potentialwastruncatedatT'=20',wherecristhediameterof
theC60molecule.Theeffectofsuchatruncationwas
thoughttobeminute,butlatertheoreticalinvestlgation6
basedonaden占ity-functiontheory(DFr)offreezingre-
vealedthattheeffectissubstantialandtheinclusionofthe

truncatedpartofthepotentialcouldleadtoadifferentcon-
clusionastotheexistenceofastableliquidphase.Wealso
notethattheMDsimulationresultsofChengetal.aresub-

jecttOlargeuncertaintiesandquantitativelynotv∝yde丘nite.
meGEMCmethodwasalsousedinthesimulation
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studyofCaccamoetal･7andtheliquid-vaporcriticalpoint

wasfoundatTc=1920-1940K andpc-0･39-0･42nm-3

dependingonthenumberofmoleculesinthesimulationcell.

neysupplementedthesesimulationdatabythefreezingline
from othersourcesandconcludedthatstableliquidphase

existsinagreementwiththeMDresultsofChengetal･4
However,thelocationofthetriplepointestimatedbyCac-
Camoetal.wasinde丘nitebecausethefreezinglineusedin

thisestimationwasphenomenologiCalorsubjecttolargeun-
certainty.

Broughtonetal.8tookasomewhatdifferentapproachin
theirMDsimulationstudy.Theyemployedashellmodelin
whichtheradiusofeachC60moleculewasallowedtobea

dynamicalvariable.Theintermolecularpotential &asob-
tainedbytakinganumeriCalaverageover120rAndomiy
chosenrelativeofientationsofapairofC60mOlecules･The

resultingpotentialwasverysimi1arto,butnotthesameas

theGirifAicopotemial.Thephasediagram obtainedforthis
modelwassimi1artotheGEMCresultofHagenetall,3i･e･,

thesublimationlinepasses～40Kabovetheliquid-vapor
critiCalpointintheT-pplaneandtheliquidphaseisther-
modynamicallyunstableeverywhere･However,thiscom-

parisonshouldnotbetakenseriouslybecauseofthedifferent
modelsemployed･

h additiontoぬesesimulationstudies,theoreticalpre-

dictionsofthephasediagramofC60havealsobeenmade
usingtheintegralequationmethod,9theDFToffreezing'6,10

the thermodynamic perturbation theoryll and these

◎1999AmericanInstituteofPhysics
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combination･12Theintegralequationmethodprovidesus
withapowe鴫11meansofcalculatingtheSOSofthe丑uid
phaseandisusefulinthestudyoftheliquid-vaporphase
gansition.13ofthevariousversionstheZerah-Hansen(often
referredtoasHMSA)andthemodifiedhypernetted-chain
(MHNC)theorieshavebeenusedforthefluidC60and
yieldedTc-2050K(Ref.4)andTc-1920K,9respectively,
forthecriticaltemperature,thelatterbeinginbetteragree-
mentwiththesimulations･4･7Moreextensivestt)dyhasbeen
madeby HasegawaandOhnolOusing thegeneralized
MWDA(GMWDA),aversionoftheDFToffreezing.14The
GMWDAisanextensionof血eMWDA(Ref.15)(modi丘ed

weighted-density-approximation) and works for most
systems･16InthistheorytheEOSofauniform fluidwas
calculatedusingtheMHNCtheoryandtheresultforthe
liquid-vaporcoexistencewassimilartothatofCaccam 09
obtainedbyessentiallythesamemethod.Thetriplepoint
predictedbytheGMWDAfallsslightly(～20K)belowthe
critiCalpointandtheliquidphasewasfoundtoexistinquali-
tativeagreementwiththeMDresultofChengetal･4

TheworkofMederosandNavascugs12wasbasedonthe

SPWDA,asimplifiedversionoftheperturbationweighted-
density approximation(PWDA),andyieldedTcFtf2200K
andTE-1930K.Foraumiform且uidthistheoryreducestoa
thermodynamiCperturbationtheory･Suchatheoryworks
quitewellfortheLennard-Jones(LJ)Auid,17,18butyieldstoo
high CriticaltemperatureforC60COmParedwiththeresultsof
moreaccurateintegralequationmethods･II

Finally,Tauetal･19tookasomewhatdifferentapproach
toexplorethephasediagram ofC60･Theyusedtheso-called
hierarchicalreferencetheory(H良T)whichhasbeendevised
todealwithlong-wavelengthfluctuationsusingabasiccon-

ceptoftherenormalizationgroup(RG)theory,Atpresent,
theRGtheoryisonlythewaytoproperlytreatunusualfluid
behaviornearthecritiCalpoint･20TheHRTresultforTcwas
2138K,whichishigherthantheHMSAandtheMHNC
resultsby～90Kand～200K,respectively.nisresultof
high Tcispossiblyduetotheperturbativetreatmentofthe

long-rangepartoftheintermolecularpotentialintheHRTas
actually it is in the thermodynamic perturbation
theories.11･12･18

¶leresultsfわrC60haveledtomoresystematicinvesti一
gationsontherelationbetweenthenatureofintermolecular
potentialandthephasebehavior.neseinvestlgationsare
twofold;thefirstisconcemedwiththedisappearanceof

stableliquidphase,21722andthesecondwiththeisostructural
solid-Solidtransitionwhichoccursinsystemswithanex-

tremelyshort-rangedpotential･18･23-25Thepreviousinvesti-
gationsonthesesubjectsaresummarizedinRef.18.

InthepresentworkweperformedextensiveMCsimu-
lationsforbothfluidandsolidphasesofC60andmadeafull
缶ee-energyanalysistoexplorethehigh-temperaturephasと
diagram.As wehavediscussedabovetheprevioussimula-
tionshaveyieldeddifferentresultsforthephasediagram of

C60,WhichisincontrasttothecaseoftheLJsystemfor
whichthemostextensivesimulationstudieshavebeenmade,

Thisdifferencemaybeexplainedbythenatureoftheinter-
molecularpotentialofC60,i･e･,thestrongrepulsionatshort
rangeandtherelativelyshort-rangedattractivepart.Simula-
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tionsforsuchasystem aregenerallylessefficientinthe
sensethattheequilibradontimeisrelativelylongandalarge
num berofstepsarerequiredihorderrtoalchieや e-numerical
stabilityofanyphysicalquantityofinterest.Wefindthatthe
strongrepulsionatshortrangepreventsustomakeanaccu-

ratecomputationofthevirial pressureandisthemajor
sourceofuncertaintyinsimulations･hthe甲S90fconstant-
pressu托 Simulations,eitherMCorMD,theuncprtaintyof
thevirialpressureinevitablyleadstothatofthevolume.Ths
difacultycanpartlybeavoidedbytakingtheenergyroutein
whichtheexcess(Helmi101tz)freeenergyisobtainedbyper
formingisochoricintegrationoftheinternalenergy･Theex-
cessinternalenergyofthefluidC60ObtainedintheMC
simulationsisnumeriCal1ymuchmorestablethan thevirial
pressureandtheresultingfreeenergyisalsolessuncermin
thanthatobtainedbyintegratlngthevirialpressureinthe

pressurefOute･Theenergyrouteisalsousefultocalculate
theEOSonthehigh-densitysideoftheliquid-vaporcoex-
istencereg10n･TheMCresultforthevirialpressureisrela-
tivelystableforthesolidphaseandthepressureroutemay
safelybeused.

InthenextsectionwepresenttheoutlineoftheMC

methodemployedinthepresentstudy.Wethenpresent,in
See.Ⅲ,theresultsofoursimulationsandthemethodsof

analysesusedtoobtainthephasediagram .¶lefinalsection
isdevotedtothesummaryandconcludingremarks･

ILOUTLTNEOFTHEMCSIMULATJONS

weusedtheGirifalcopotential5astheintermolecular
potentialofC60.ThispotentialhasbeenJobtainedbyassum-
ingBeerotationofrigidC60andtheLrpotentialasthe
interacdonforapairofcarbonatomsondifferentC60mol-
ecules.TheresultisglVenby

鮒 ニーA[品 ･品 -;]

･Bl& ･& 藩 ]･ (1,

wheres-r/U,qbeingthediameteroftheC60molecule
(q-0･71nm).TheparametersALandBinEq.(1)havebeen
detemi nedempiriCal1y5andgivenbyA-74.94X10-15erg

andB-135･95×10-18erg･neGirifalcopotentialisuseful
fortheorientational1ydisorderedphaseathigh temperature
and,aswehavediscussedintheprevioussection,hasbeen
usedinmostsimulationsandtheoretiCalCalculationsforthe

high-tempera甲rephasediagram ofC60･Theconstant-NVT
insembleMCmethodwasemployedinthepresentwork
andlunlessotherwisestated,thesimulationswereperformed
usingtheparticlenumberofN-256inthecubiccellof

volumeVsubjecttotheperiodicboundarycondition.

A.Fluidphase

Wetooktheenergyrouteforcalculatingthefreeenergy
ofnuid･InthismethodtheexcessfreeenergyFexiscalcu二
latedas

Fex(p,T) Fex(p,To)

NkBT NkBTo

Uex(p,T')dT'

NkBT' T''
(2)
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wherep=N/V,theparticlenum berdensity,andUexisthe

excessintemalenergy,1.e.,thethermalaverageoftheinter-

actionenergy,

Uex(p,T,-(E,4(rL･)･,)･ (3,

InEq･(2)Toistakentobelargeenoughthatthecorrespond-

ingfreeenergycan easilybecalculatedorobtainedexactly.

HereweusedthelimitTo-00aswediscussbelow.

An otherwayofcalculatingthefreeenergylStOtakethe

pressureroute,inwhichFexiscalculatedas

Feュ(p,T) Fex(po,T)
NkBT NkBT

+ (4)

wherepisthevirialpressuredirectlyobtainedinsimulation,

p(p･T,=pkBTtl一拍 rE･j讐 )), (5,

withβ-1/kBT･WehaveFex(po,T)-0inthelimitp0-0
andthislimitcan beusedtocalculateFex(p,T)abovethe

liquid-vaporcritiCal temperature,Tc,andonthelow-

densitysideofthetwo-phaseregion.TheintegrationinEq.
(4)cannotbeperformedacrossthetwo-phaseregion,atleast

inprlnCiple,andtheuseoftheenergyroutemustbesupple-
mentedtocalculateFex(p,T)onthehigh-densityside.

Theenergyroutewasconsistentlyusedtocalculatethe

EOSofthe且uidphase,although thepressureroutewasalso

usedforcomparisonsandfortestlngtheintemalconsistency

wherepossible･lm thehmit,To-→00,Fe託(p,To)doesnot

vanishinthecaseofC60butapproachesthehard-sphere
(HS)resultsince¢(r)divergesatr-U.Wemayusethe

cam ahan-Starling26(cs)EOSfortheHSsystem,

実 害一芸 宗 , (6)

whereqisthepackingfractiondefinedbyわ- (q/6)pq3.At
p-Inm~3,nearlythehighest且uiddensityofinterest,we
haveカニ0.1874.meaboveCSfesultisvirtuallyexactat也is

andsmallervaluesofq.Then,Eq.(2)isconvenientlywrit-
tenas

pfex(p,T,;筈 宗 .lope,uex(p･T,暮 , (7,

wherefe九-Fe託/Nanduex-Uex/N･

TheintegralinEq.(7)cannotdirectlybeperformedus-
ingSimulationdataofuexsincetheintegrandisslngularin

thelimitβ′-0･Wecarteasilyseethissingularityusingthe
expressionforucx,

β′uex(p,T')-2･7TPI.mr2β′¢(r)g(r･,p,T')dr, (8)

whereg(r)istheradialdistributionfunction.Inthelimit,
p'-0,g(r)maybeapproximatedas27

g(r;p,T')-gHS(r/q;γ)exp[-β′¢(r)], (9)

gHSbeingtheHSradialdistributionfunction.No血gthat,
fortheGirifdcomodelinEq.(1),¢(r)-B/S(S-1)9inthe
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vicinityofs=r/0--1andthatthisbehaviorof¢(r)yields

theleadingcontributiontotheintegralofEq.(8)inthelimit

P'-0,wehave

β'uex(p,β′)-2qpq3gHS(1;q)

･Ilm蒜 expl一品 ]ds

-12ngHS'l;ワ' 誓 I,, (10'

where,accordingtotheCSresult,26

1-77/2

gHS(l;7)=両 戸,

･n-I.a

and

x-1/ne-xdx,

(ll)

(12)

withI9-1.07777.WenotethatEq･(10)isexactinthelimit
β′-oandtheintegrandinEq.(7)divergesasβ'~8′9

InEq･(7)theintegrationovertherangeofsmallβ′ca.n
convemientlybeperformedusinganewdihensionlessv打1-

able,y-(β'/βR)I/9-(TR/T')I/9,TRbeingthereference

temperatureintroducedforconvemienceandtakentobeTR

-1000K,i.e.,

βAfex(p,T,-I.Aββ,uex(p,T,,筈

-9loAyβ･uex(p･T･,筈 , (13,

whereAy-(AP/PR)I/9and,forbrevity,P'(=PRy9)isre-
tainedintheintegrand.UsingEq.(10)wehave,inthelimit

β′-0(y-0),

β′uei(.p,T') 4 ､.∩ n､,′｡. /.爪
一言qgHS(1;q)(βRB)1/9I9, (14)

andthisresultcanbeusedtoperformtheintegrationinEq･
(13).As weactuallyshowlater,theMCdataforβ′uex/yat

丘niteyextrapolatequlteWelltothelimitingvaluegivenby

Eq･(14)･TheintegrationinEq･(7)overtheremaininginter-
val.,Aβ<β'<β,Can directlybeperformedusingslmulation
dataforuex.

B.So一idphase

Forthesolidphasewetookth_epressuterouteandcal-

culatedthefreeenergyusingEqs贋4)and(5).Thesimula-

tionresultsforthevirialpressurearerelativelystableforthe

solidphaseandthethermodynamicintegrationinEq.(4)is
limitedtoanarrowrangeofthedensityifwechoosean

appropriatedensitypowithinthesolidphase･Theabsolute
freeenergyatpowascalculatedusingacoupling-constant
me血OdinwhichweusedtheclassicalEinsteinsolidconsist-

1ngOftheparticleswith thesam emassasthatofC60･28

UsingahnearpathconnectlngtheC60andEinsteinsolids

whosepotemialenergleSaredenotedasUandUE,respec-

tively,wehave
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F(p.,T)-FE(po,T)+I.1
dh(U-UE)" (15)

whereFEisthefreeenergyoftheEinsteinsolidand(･･.)i
representsthetherm alaverageinthesystemwiththeHami1-
tonian,

HL-HE+九(U-UE), (16)

HEbeingtheHmi 1toni甲 OftheEinsteinsolid.Tbe丘ee
energyoftheEinsteinsolidperpardcleisglVenby28

3 ｢ 3A2 1
PfE(po,T)-βuo(po)+

-βuo(po)+Jyid(po,T)+1

3

+言In
(17)

whereuoisthepotentialenergyperparticleofthestatic

crystal,A isthethermaldeBrogliewavelength,((Ar)2)E
-((Ar)2)九=｡isthemean-square-displacement(MSD)of

thepureEinsteinsolid,andlidistheideal-gasfreeenergy,
I?lid(p.,T)-1n(pdA3)-I.TheMSD,((Ar)2)E,Char acter-
izestheEinsteinmodelanditsoptimalchoicemaybe28

((Ar)2)E-((Ar)2), (18)

where((Ar)2)-((Ar)2)̂=listheMSDofthetruesystem
andobtainedbysimulations.

Theterm (U)iintheint甲 andofEq･(15)divergesin
thehmit九一OandtheintegrationCannotbeperformedusing
numericaldata.However,by an appropnatechoiceof

((Ar)2)ESuchasinEq,(18),thesingularitycan beelimi-
natedforanordinarypotentialdiverglngatZeroSeParadon･28
Itisnotimmediatelyobviousifitisalsothecaseforthe

Girifalcopotentialwhichdivergesatr-J,anditmaybe
usefultoexplicitlyshow thatthesingularity Can alsobe

eliminatedforC6｡.Tothisendwenotethatu九-(U)九/N
canbewrittenas

put-左Idrlldr2β¢(r12)p九(rl)pL(r2)g入(rl,r2),
(19)

wherepkandgL are,respectively,thedensity distribution

andtheparrcorrelationfunctionofthesystem with the
Ham iltomiangivenbyEq.(16).Inthelimit九一0,pL(r)is

nothingbutthedensitydistributionintheEinsteinsolidand

glVenby血esuperpositionof血eGaussianscenteredonlat-
ticesites,

p"r,-(;)3/27 expl-"r-RL･,2･, (20,

whereRiisthFithlatticesiteofagivencrystalstructureand

a-1-3((Ar)2)E/2,((Ar)2)EbeinggivenbyEq.(18)inthe

presentchoice.Forthepurposeofestimahnganorderof

magnitudeof(U)九wemayuseanapproximation,

g九(rl,r2)-eXPl-入β¢(r12)], (21)

M.HasegawaandK.Ohno

whichreducestogL(rl,r2)-1inthelimiti-0,inagree-

mentwiththeresultfortheEinsteinsolid.UsingEqs.(20)

and(21)intoEq.(19)wehave29

pun-左肘 ′2R;0% I.O
drrβ¢(r)expl一九β¢(r)]

･tex p l一言 (r-RJ･,十 ex pト芸(r･Rj, 2 ]･)

- 喜(訂 /2%I.pdrrβ¢(T･)exp[一九β¢(r)]

xexpl-;(r-Rl,2], (22)

whereRjandNjare･reSPeCtively･thedistanceandthenum-
berofthejthnearest-neighborlatdcesites,andonlythelead-
1ngterm isretainedinthesecondstep.Theomittedtermsin

Eq.(22)areextremelysmallsinceαisverylargeasactually

itis.UsingananalysissimilartothatleadingtoEq,(10),we
have

put-妄(g l2% expl-i (1-R" ]漂 ヱI9･(23,

showingthatu入StrOnglydivergesasん-8/9.InEq.(23),

α*-αcr2,R芋-RI/0-,andI9isde血edbyEq.(12).The
aboveresultissomewhatdifferentfromthatforapotential

whichdivergesatzeroseparation･Foratypicalexampleof
theLJpotemial,¢(r)-4El(q/r)12-(q/,)6],wehave

PUL-2α*(蛋 )1′2NleXP昌 α*RT2)i# I4,
(24)

whereI4isagainde血edbyEq,(12),andα*andRTare
nowde丘nedintermsoftheLJpotentialparan eter,ol.With

aproperchoiceof((Ar)2)EaSinEq.(18)thesingularbe-
haviorofuLinEq.(24)contributesverylitdetotheintegral

in EqL(15)owing to thevanishingly smallprefactor,

exp(-α*Rf/2),inotherwords,smalloverlapofthedensities
associatedwith theneighboringlatticesites.28Thepresent

caseofEq.(23)isapparentlydifferent,buttheprefactor

exp卜α*(1-RT)2/2]isalsoyanishinglysmallasweactuany
demonstrateinthenextsectlOnandthesingularbehaviorof

uLinthevicimityof九-0can beignored･

日.RESULTSANDDISCUSS10N

Figure1showstheMCsimulationresultsfortheinte一

grandin Eq.(13).Theupperboundoftheintegral,Ay
-(0.01)I/9=0.5995,correspondstoT=1X105K withthe

choiceTR-1000K,about50timeshigherthanthetempera-

turesofinterestforC60･Thevaluesofβuex/yatfinitey

extrapolatequitewelltothelimitingvaluegivenbyEq.(14),
confirmingtheconsistencybetweenthetheoreticalanalysis

andthesimulations.TheHSterminEq.(7)andthehigh-

temperaturecontributiongivenbyEq.(13)arethesameor-

derofmagnitude,andtoge也eraccountfor仙esubstantial

partoftheexcessfreeenergyattemperaturesofinterest
(～2000K).Figure2illustratesthesimulationresultsforthe
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FIG.1.MCsimulationresul(sfortheintegrandinEq.(13).Thevaluesat
y-0wereobtainedfromEql(14)aJldtheparameterlabelingeachcurve
representsthedensityinunitofnm~3･Theupperboundoftheintegralin
Eq.(13),Ay-(0.01)lJ9=0.5995,correspondstoT三=IX105K

excessinternalenergyinthelow-temperaturerange,T<1
x105K･Atatemperaturebelow～2000Kdependingonthe

density,βuexbeginstoshoyalarge伽ctuationoradrastic

change,suggestingthatthesy軍tembecomesuhstableagalnSt
thephasesepaLration.Weshouldnotethatwecanlocatenei-

thertheliquid-vapornorthesohd-Vaporphaseboundary
usingSuchainstabilityobservedinconstant-volumesimula-

tionsfora丘nitenumberofparticles,Insuchasimulationthe

systemremainsuniform andstableuntilitreachesapoint

deepinsidethetruecoexistencereglOnSincetheformation

ofinterface is energitically unfavorable.Abramo and

coppolino30disregardedthisfeatureandwerecompletely
wrongim血einterpretationof也eirMDsimdationres山tsfわr

C60.

Figure3showsthetypicalexamplesoftheexcess丘ee

energyobtainedfromEqs.(7)and(13)usingthesimulation

dataforPuexasshowninFigs.Iand2.hthepresentanaly-
sistoobtainthephasediagram theseMCresultsoftheexI

cessfreeenergywerefittedtoatpolynomial,

■bL I I5000I 一 l25002000l l 11500丁(K)l

0.050.1

0.2
0.4

0..6
0.8

0.2 0.4 0.6 0.8

1000K/丁

FIG.2.MCsimulationresultsfortheexcessintemalenergy.Theparameter
hbellingeachcurverepresentsdiedensityinunitofnm-3.
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0.0 0.2 0.4 0.6 0.8 1.0

p(nm~3)

FIG.3.Theisothermsoftheexcess飴eenergyobtainedfromthepresent
MCsimulationsthroughEq.(7)(甜edcircles)and&omthelow-ordervirial
expansion(dottedcurves),Pfex(p.T)-A2P+A3P2,withtheexactA2-B2

andA3〒B3/2.ThehllctlrVeSaretheleast-mean-sqtnreAttotheMCre-
sults(Seethetext).

Jyex(p,T)-A2P十A3P2+A4P3+･･.+Ampm-1 (24a)

Thecorrespondingpressureisgivenby

p-pkBT(l･p% )

=pkBT(I+B2P+B3P2+B4P3+-+Bmpm-I),(25)

whereBn-(a-I)An.Inthisfittingprocedureweusedthe

exactvirialcoe組CientsforB2-A2andB3-2A3,Whichcan

easilybecalculateda527

B2(T)--2打

and

r2f(r)dr

B,'T'-一字 I.bdrlrlf'rl'I.mdr2rJ'r2,

･Ilr:_',r21dr3rJ(r3,,

(26)

where I(r) is the MayerfunctiOn dehed by f(r)

-expl-β4(r)]-I.Theremi ningcoefBcients,A4-A〝l,in

Eq.(24a)weredetemi nedbytheleast-mean-squarefitand

wefoundthatm-7yieldsaveryaccurate丘tting.Theuseof

theexactB2andB3eliminatesthearbitrarinessofthe丘tting

procedureandtheresultinglow10rdercoefAcients,possibly

B4andB5,maybeinterpretedastheapproximatevirial
coefacientsLWe.noti,however,thatthecoefBcientsBnwith

n>3ofthetruncatedexpansioninevilablycontainmoreor

lesstheeffectofhigh-ordertensinthevirialexpansion･In
Fig.3we点ndthatthesimulationresultsofPfexatlow

densitiesareingoodagreementwiththoseobtainedfromthe

low-ordervirial expansion,Pfex(p,T)-A2P+A3P2,with

A2-月2andA3-月3/2,suggesting血eaccuracy of血e

presentsimulationresdts･
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FIG･4.ComparisonsofthepressurefromthepresentMCsimulations
throughEq.(25)(funcwves),thevirialpressuredirectlyobtmiedinthe
MCsimulatioJISthroughEq.(5)(opencircles),andthelow-ordervirial
expansion,p-pkBT(I+B2P+B3P2),with theexactB2andB3(dotted
cuⅣes).

Figure4illustratesthetypicalexanplesofthepressure

obtainedfromEq･(25)andtheircomparisonswiththevi申1
pressuredirectlyobtainedinthesimulationsthrough Eq.(5).
Theseresultsofthetworoutesarergenerallyinagreement

witheachotherathigh temperatures.However,astempera-
turedecreasesthefluctuationofthevirialpressurebecomes
large,whichmakesitdifAculttoobtainaccurateEOS.We

notethatthesimulationresultsforthevirialpressureinFig.
4wereobtainedusingan ensembleof3xlO4MC steps
(7･68×106steps),whereas1X104MCstepsweresufacient
toyieldaccurateexcessintemalenergyintheenergyroute.

Next,weproceedtothesimulationresultsforthesolid

phase･Followingtheprevioussimulations3･4andtheoretical
Calculations,6･10･12weassum edaface-centered-cubic(fcc)
structure.TherecentMDsimulationshaveshownthatthe

modelC60athigh temperaturesactuallyfreezesintoafcc
s加ctureas也edensityincreases,30inagreementwi山 地e

presentassumption.TheabsolutefreeenergleSOfthesolid
werecalculatedusing血eprescnptionsglVenintheprevious
section,Figures5and6illustrate血eprocessofsuchcalcu-
lations･ForatypicalsolidC60atT-2000Kandp-1.25
nm~3,wehaveα*-αq2-133from thesimulationsand

henceexp卜α*(卜RT)2/2]-54,85×10~7,whichimpliesthat
thesingularbehaviorof(U)iinthevicinity ofは Ocan
safelybeignoredinperfomi ngtheintegrationinEq.(15)

andwemayassumeasmoothfunctionfor(U)九.Weactu-

allyfitted(U)itoathird-orderpolynomialofiwiththe
coefBcientsdetemi nedbythesimulationdataat九-0.025,

0･05,0･75,and0.1.Thevalueof(U)九=OinFig.5isthe
resultobtainedinthisway.Figure6showsthetypicalex-
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FIG･51MCsimulationresultsfortheintegrandhEq.(15).Thevalueof
くU)ゝat九-0wasobtainedusingathird-orderpolynomialof九withthe
coや托cientsdeteminedbythevaluesatGmite九(seethetextfordetail).

amplesofthesimulationdataforthevirialpressure･Incoや-
trasttothecaseofthefluidphase,the且uctuationofthedata
becomeslessseriousastemperaturedecreases,whichseems

toreAectthatthesoudismorestableatlowertemperatures･
hthecalculationofthephasediagramtheseresultsfor

thepressureofsolidphasewereRttedtoafunctionofthe
form,

p-pkBTl1+b｡+bl(P-P｡)+b2(P-P｡)2], (28)

usingtheleast-mean-squaremethod.Thecorrespondingex-
cessfreeenergylSgivenby

iUex(p,T)-Pfex(po,T)+bo(p-po)+妙1(P-P｡)2

+ib2(P-P.)3, (29)

wherePfex(po,T)waLSCalculatedbythemethodgiveninthe
previoussectionandillustratedinFig･5.

Finally,Figs･7and8showthehigh-temperaturephase
diagramofC60detemi ned-usingalltheresultsfortheabso-

lutefreeenergyandthepressureofbothphases.Wefirst

notethattheresultingphaseboundariesarequitesystematiC･
Itisdifficulttoestimateerrorbarsinourcalculations,but
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FIG･6･MCsimuladonresultsforthevirialpressureofthesolidphase
(丘11edcircles)andtheleast-mean-squarefit(fullcurves)totheMCdata.
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FIG.7.High-temperaturephasediagramofC60intheT-pplaneobtained
inthepresentMCsimulations;the丘Iledcirclesrepresent血establephase
boundary,theopencirclesthemetastal)leliquid-vaporbinodalpoints,the
opentrianglesthemeandensityofthecoexistingliquidandvapor,aLndthe
crosstheestimatedthehquid-vaporcdticalpoint.Thedottedcwveisthe
smoothinterpoladonoftheGEMC(Ref.7)resultsforN-1500.

theyarepossiblynolargerthanthesizeofcirclesusedto

locatethephaseboundaries･Thehquid-vaporcriticalpolnt
wasdeterminedbyassumingalaw,

Ap"(Tc-T)P, (30)

whereAP-P1-Pv,thedifferencebetweenthedensitiesof

thecoexistingliquidandvapor,TcisthecritiCaltemperature,
andβ-thecritiCalexponent(nottheinversetemperature).We
usedthevaluesofApat1900K,1925K,and1950Kto

determine Tc and β and found thatTc-1980K and
βFt50.439.Inthisdetemi nadonweavoidedthe'useofApat

thetopmosttemperature,1975K,whichissomewhatuncer-
taimUsingtheaboveresultsandtherecti1inearlawweob-
tainedpc-0･440nm~3forthecritiCaldensity･

hFig･7thepresentresultfortheliquid-vaporbinodal
line･iscomparedwiththeGEMCresultofCaecam oetal･7
obtainedforN-'1500,thelargestsystem studiedbythem.
We･丘ndthatbothareingoodagreementwitheachother
exceptinthecriticalreglOmInthiscomparisonweshould

1600 1700 1800 1900 2000 2100
T(K)

FIG･8.High-temperaturephasediagramofC60inthep-Tplane;the点Iled
circlesrepresentthepresentMCsimtllationresul(S.thefulHilleStheir
smoothinterpolation,andthecfOSStheestimatedliquid-vaporcriticalpoint.
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notethattheGEMCresultsshowsomesize-dependenceand

theagreementisworseforsmallerNandthatthenonclassi-

calexponent,19p-0.32,wasusedintheanalysisofthe
GEMCdata.Thelatterpointwillbediscussedbelowinmore

detail.ToseetheN-dependenceofthebinodallinewealso

performedMCsimulationsforalargersystem ofN-500

andfoundthattheresultwasalmostindistinguishablefrom
thatforN-256below～1900K.Above1900Kwefound

smalldifferencesbuttheyarealmostinvisibleonthescaleof

Fig.7;moreexplicitly,weobtainedTc-1976K,p-0.436,
andpc-0.445forN=500usingthedataofApat1900K,
1925K,and1950KasinthecaseofN-256.Theseresults

suggestthatTchasatendencytolowerwithincreasingNin
contrasttotheGEMCresultsofCaccamoetal.7However,

theN-dependencepredictedinourapproachmightbewithin
thenumeriCaluncertaintyandcouldbemarginal.Toseethe

N-dependencemoreclearlyweneedtoperform systematic

simulationsforlargerN,whicharecomputatiOnallytoo

heavytoperfom withinareasonablecomputertime･
AmoredetailedLinspectionoftheliquid-vaporcoexist-

enceshowsthatthepresentresultforthecritiCalexponent,
β-0.44,islargecomparedwiththeacceptednonclassical
value,19p-0.32,andratherclosetotheclassical Value,
p-0.50,whichisresponsibleforthesharpnessofthebinl
odallineobtainedinoursimulations.nemean-丘eld-like

theoriesandmostperturbationtheoriesareknowntoglVethe

classical exponent,19whichistheconsequenceoftheim-

propertreatmentofthelong-wavelengthdensityfluctuation･
Simulationstudiesalsoin.evitablysufferfromasimilarhmi-

tationand,toavoidthisdifficulty,thecritiCalPointisusually

locatedbyusingthenonclassicalexponent,p-0･32,together

withthedataofApatsubcritiCaltemperatures･Caccam o
etal･7actuallyfollowedthismethodandlocatedthecritical

polntusingtheirdataofApbelow ～1900K,thehighest
temperatureatwhichbinodalpontswereavailableintheir

GEMC simulationsIForco甲Parisons,Wealsoassumed
β-0.32andobtainedTcF%31954堤,whichisveryclosetothe

GBMCresults,Tc3g1940K,forN-15001Inthisestimation
weusedtheMCdataofApat1875Kand1900Kwiththe

expectationthatthesedataarenotmuchaffectedbythecriti-
Caifluctuationandbyapossible丘nite-sizeeffect,whichis

alsothelargestinthecritiCalreglOn.Theabovecomparison,
however,shouldnotbetakenseriouslysincewehaveno

criteriontocboose血edataofAJ).

TbebiplepointwasfoundatTE-1880K and pE

-0174nJn-3fronthepresentMCsimulations･As wehave

discussedabove,wemayexpectthatattemperaturesbelow

～1900KthepresentMCdataforthefluidEOSarealmost
缶eeforn thecriticalfluctuationandthe丘nite-sizeeffect,

suggestingthattheresultingtriplepointisratherde丘niteand

astableliquidphasecertainlyexistsinthesubstantialrange
oftemperatureabove1880K.

Finally,thepresentresultsforthecriticalandtriplepoint
arecomparedinTableIwiththoseoftheprevioussimula-
tionsand山eoreticalcalculations.Thesecomparisonsshow
thatallthesimulationsandtheMHNCresultsforTcandpc

basedonthesameGirifalcopotentialareintherange1900-

2000KandOl39-0･56nm-3,respeCtively･We notethatthe
MHNCtheorywasalsousedtocalculatethefluidEOSinthe
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TABI丘Ⅰ.ParametersofthecriticalaJldtriplepointofC60Obtainedinthepresentworkandtheircomparisons
withthoseoftheprevioussimulationsandtheoreticalCalcdations,NotethattheGEMC(Ref.3)andtheMD
(Ref.8)resultsarebasedonthetmncatedpotendalandonadifferentmodel,respectively(Seethetext).

Presentwork

N-256 N=500 (Ref.7) 取ef.3) (Ref_4) (Ref.8) (Ref_9) Oief.10)

Tc(K) 1980 1976 1924-1941b 1798 1900±100 1850 1910 1960
1954a

pc(nm~3) 0.439 0.445 0.39-0.42b o.41 0,56±0.06 0.51 0.43 0,41
0.444a

T,(K) 1880 1875C N0 -1774 No 1940
p,(nm13) 0.74 0,73C N0 -0.944 No 0.53

aObtaizledbyassumingthenonclassicalcriticalexponent,p-0･32,andusingthedataforthebinodalpointsat
1900Rand1875K.
bTheresdtsforNS300-1500inthiso一der.
cEsdmatedfrom dieintersectionoftheGEMCbinodallineforN-1500andthefreezingline(afterextrapo-
lation)ofthepresentwork(seeFig.7).

GMWDAofRef.10.As wehavealreadypointedout,the

resultsofHagenetal.3andBroughtonetal.8donotserveas
thedirectcomparisonswithotherssincethefomeruseda
truncatedGirifalcopotemial,whereasthelatteremployeda
similarbutsomewhatdifferentmodel.

lV.SUMMARYANDCONCLUSl0NS

WehavepresentedtheresultsofextensiveMCsimula-
tionsforthehigh-temperaturephasediagran ofthemodel

C601Thepresentstudyhasbeenmotivatedbytheprevious
simulationsforC60performedinanattempttoglVeanan-

swertothequestionofwhetherthissubstancehasastable
liquidphaseornot･Thesesimulationsweregenerallysubject
tolargeuncertaintiesandyieldedquantitaLtivelyoreven

qualitativelydifferentresultsdependingonthetechrLiques
employedorthetreatmentsofthemodel,andtheabovean -

swerhasbeeninconclusive.Inthepresentstudy,toavoidthe

difficultyinherentinthesesimulations,Weconsistentlytook
theenergyroutetocalculatetheabsohtefreeenergyofthe

fluidphase.Thsrouteiscomputationallymoredemanding
butenablesustomakeaccuratecalculationsoftheabsolute

freeenergyofthefluidphaseatanyrelevantpolntinthe

T-pplanetThismethodactuallyyieldednumeriCal1ymore
stableresultsthan thatutilizingthevirialpressure･Forthe

solidC60theabovedi餓cultyislessseriousandwetookthe
pressurerouteinwhichthefreeenergyisobtainedbyinte-
gratingthevirialpressure.Wehavealsopresentedthede-
tailedaccountsofresolvingsomepra/CtiCaldi氏cultiesinthe
calculationofthefreeenergyusingSimulationdata-The

generalaccountsofthesepracticesmighthavebeenimphcit
intheprevioussimulationstudiesforthephasediagram28
butnotreadyforanimmediateapplicationtoaparticular
caseofC60.

TheresultingphasediagramisinfactquiteSystematic
andfreefromlargeuncertainty.Themostdi托cultproblem

indetermlnlngthephasediagram ishowtotreattheeffectof

largedensity触ctuationintheliquid-vaporcriticalreglOn･
Theconstant-NYTensemblesimulationsarecertainlynot

adequateforexploringthisproblemandseemtoyieldaclas-
sicalresultforthecriticalexponent,whichisresponsiblefor
thesharpnessofthebinodallineobtainedinthepresent

work･Wehavebypassedthisprobrembyusingthedataat
subcriticaltemperaturesandassumingthenonclassicalCriti-

Calexponent.Thecriticaltemperatureestimatedinthisway
wascertainlyabove1950K,whilstthetriplepointwas
foundatT,-1880K,supportingtheclaim thatthemodel
C60hasathermodynamiCallystableliquidphase.

Wehavemadenosystematicinvestigationforthe丘nite-
sizeeffectonthelocationofthecriticalpoint,whichrequlreS
substandalamountofcomputertime.Forthisproblemwe
refertothepreviousGEMCstudyforC60Whichhasshown
thatbothTcandpchaveatendencytobecomehigherwith
increasingParticlenumberinthesimulationbox,7whichis
incontradictionto血epresentnonsystematicanalysis.We

alsonotethatthepresentfree-energyanalysisseemstosuffer
muchlessfromthefinite-sizeeffect.

¶lefinalpointtonoteistheexperimentalfeasibilityof
testingSimulationsandtheoreticalCalculationsforthemodel

c60･nerecentabinitioMDsimulations31havepredicted
thatan isolatedC60moleculeisstableagalnStfragmentation

upt0-4500KandamodelofrigidC60couldbevahdinthe
low-densityVaporphase.However,experimentssuggestthat
C60moleculesin thesolidphaseareunstableagalnSt

polymerization32 0r decompose into an am orphous
carbon33135wellbelowthetemperatures(～2000K)ofinter-
est･Theseresultspreventustothinkthatthepresentand
previousstudiesonthephasebehaviorofC60areOfpartiCal
importanc'e･Nevertheless,thismodelitselfistheoretically

quiteinterestingasatypicalexampleshowingaunusual
phasebehaviorwhichisanintermediatebetweenthoseof
ordinaryatomicsubstancesandsystemsofmesoscopICPar-
ticlessuchascolloids.
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