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Abstract:

ThemalnCOnCernOFcLとISSICalhomogeneousnucJeallOnlheol.y hasbeena

thenll0dynZImlCdescrLPl10nOFlnLIla)stageornLlCleatl0nrlOmenlblyOLonucLeLLSWILh

alllLLeLaI'gelSLZeOVeltheCntJCalone,thus,thechとHlgCOrPとIrenLphLLSelntheSySLenl

hasbeenassLlmedlobenegJlgJblebecauseortheLaJgeneSSInVOlunle'lndmとlSS

compallngth三ItOfnucleLAs'lL-eSulL,thenucleatlOnCL"-Ve(rreeenelgyChzLngeVeI､US

nucleussLZe)p(lSSeSlhJOughwell-knownslng)emaxlmLllTIPO=1tCOneSPOndlng10the

crlLICとLIsIZeOFthenucleuslnthepresent Study,Lhenl10dynとtm)CSOrthecJ'1SStCiLl

horll0geneOuSnuCleatlOnWとLSre-VLS)LedanddeveJopedamodLrledequal)onfornlull卜

conlPOnentSOlul10nandgassystem wlthlllultl-componentnuC)elbytaklnglnl0

'lCCOuntthechangeoFtherl.eeenergyOFPaJenLphase.Us)ngLhLSequalLOn,the

caLculatLOnOFnuc]eatLOnCurvebeyondthesLZeOrCntlCaJnucleusbecamepossJble.

Aca)culalLOnOfAIBblnalySO)uL10nSystemrevealedanewmLnLmumPOlntlnthe

nuc)eatlOnCurve,1naddLtLOntOthemaxLmumPOLnt･ThLSmlnlmumPOlnllndlCateSthe
theoL-etLCalposslblLltytOStab111Zeala1-geamountOFnano-nuclellnequlL)bl-lumWllh

thesupel'saluraledparentphase.lnadd山on,Kelv)nequatlOnWasPIOVedaHhe
extl-emumOnthenuc)eatLOnCuL.Ve,ManysclentlStShavemlSunderstoodthatKelvLn

equa【loncorl▲eSPOndstothenlaX=mHnSlatebecausetheyhaveunnoLlcedthepresence

oFthenllnlmumandLISSlabl)Lry.Atthemlnlmumslate,thenuclelShouldbemore

stablethanthosealthemaXllmumSlate.ThL】S,KelvlnequatlOnShoLlldcorleSPOlld10
themlnlmumS【ateratherthanthemaxlnlumState,

Keywords:classICalhomogeneoLlSnuCLeatLOntheory,supersatul.alion,nuclea【10n,
crltlCaLnucleus,fL'eeenergy,KelvLneqUaL10n,equHlbrlum

l.Introduction.

AllhOLIgharealnucleal10nphenomenonlnClLldeslllanyPI~OCeSSeSandcomPllCated
Factors,numel-ousstudLeSCOnCernlngthephenomenahavebeenreportedlnVarLOuS
LleldslL19] EventhoughcLzISSLCalhomogeneousnucleat10ntheory〔1-9]descrlbes

themLCrOSCOpLCnuCleationphenomenonthroughamacroscopLCthermodynamlc

approachandtherelsargumentl6,10-日]agaLnSHhetheoryonthestandpolntOr

moleculardynamlCS,llconlamsessenceofnuclealLOnPhenomenalnSLmPleandcleat.

mannel-wllhdeeplnSLghtlnlい hus,1thasbeenusedwldelyforanalyzlngtheteal

nuc)eatlOnPhenomenonandfuLfIIZedablgrolefo).understandlnglt

Thegenerally-usedclassICaLhomogeneousnuclea【lontheorydescnbestheGLbbs

fleeenergyChangeduI)ngnuCleat)onoraspherlCaLnucleusmadeoFpurellqLl)dphase

AwLthradLuSrundel-acons【anHemperatureandapressul.eCOndLtlOnaS[ト4]-

△〝,",G=4,T,2g一生 空士 R,lnS".. , (L.)
3V̂

wheleVA isthen10Jarvolumeofpul･ecomponentAinthe)lquldstate,Rthegas

constant,Ttheabsolutetemperature,0-theLnterfac)aJlensLOnbetweenthed)opand

theparentphase,andS.〟.lSthe)∩)tlalsupersalur之ttLOndegreeofcomponentAln

parentphaseoverthespherLCa】dll0pOfradlusI.,comparedtothesa【Ura【ion上lm)tfor

thenatsurface,1eWhen/̀う co ThlSequa110nLSderlVedonanassLLmPILOnOF

unchangedfl.eeenergylnParentPhase･TheA,,uc/Gp)ouedasafunctLOnOfrshowa

cul'VeWlthamaxlnlLLmaSShownJnF]g.LThem(lXlmumPOlmCOn'eSPOndslotheso-



ca‖edcltuCal)adluS(I,,)orthenuclcLISHoweveJ,nuClelWllhanover-ctlllCとllSLZC

wIJlglowWILhoLItSlablJLZZtlJOnOFthelLSlZelnananOmelerSC̀11C,

IntheprevLOLLSlePOl't日2日henucLe之Ir10nCulVeOrFe-Al-0liquldilJloysystem,

lnWhlCha】ulTllnanuClelateCol-nled,calculatedbylaklngHlloaccoL"1日herleeeneJgy

changeorpとLrenLphとISe,I-CVeと11edthepleSellCCOrとLmlnLmunl1nthecuIVe The

mlnlmunldldnotappeallftherJeeenel.gyChangeorparellLPhasewasdlSregとLrded

ConsequentJy,theLong-pend"lgqLLeSLIOnrOlthlS System,nanlely,theleaSOnOr
peJ-SLStenCeOFsLlPerSaLLlraLedoxygensLttle, WasCleとIrLyseuledbythenlHllmLHll

TherelSafewI.ePOl.LCOnCernlngthemlnHlunlexceptthatofFe-AトOJlquJdaHoy,

thatlS,thenllnlmumlnflee-energyChangerotmelal-hydrogellSystemCalcLLLa【edby

PSPopeletal[)3],thatforclosedone-conlPOnentVZLPOrSystemunderlSOChoJIC-

isothe1-maLcondllLOnSrePOl-tedbyJSchnleLtzel'ela1日4】･ Theresultsuggeststhe

posslbL日lyofthepl.eSenCeOFmlnlmunl)nnuClealloncuLVeSfol'val'lousotheISystems

DunngtheLastdecadesnano-sclenCeandnano-technology(IethescLenCeand

technologyoFmanometersIZedphases)hasbeenplaylnganincreaslngroleLndLfferent

bl.anChesofmatel)a)SsclenCeandtechnologyOneoFthemoststralghtForwardways
lopll0ducenano-phasesLStOgrowthemFromanoversaturatedparentphase. Thus,

themlnlmum LnnuC】ea110nProcessesfl.om anoversaLulatedparentphasewou)d

provLdearheoretLCaLposs)blllLytoStab日IZenanOPhases

lnthepresentStudy,amodlrledclassLCalhon10geneOuSnuClealLOntheoryWas

developedformullLICOmPOnentSOlulLOnandgassystemsformlngmullLICOmPOnenl

nLlCIeLbytakLngIntoaCCOunHhechangeofthefreeenelgyOrPal'entPhaseandlt

provedanewmlnlmum】nthenucleationculVethroughnumellCaLca】cuLa110nLbl̀A-B
bLnarydllutesoLul10n

Ontheotherhand,manytextbooks【2,7-9]wroteLhaLKelvlnequalLOnholdsata

maxLmumlnnuCleatLOnCuZIVeeXPl-eSSedasFLg.1.Then,howdoeslLalam)nlmumり

SincethenucleusshoLLldbelnequl日bnum wlththeparentphaseatbothoFthe

maxLmumalldmLnLmum States,bothstatesshouldbedescrlbedbyKe]vlnequation.
Further,themlmmLLmStaleShouldbemorestablethanthemaxlmumState.Thus,

KelvLnequationCOuldbereaJLZedratherLnthemlnlmumState.However,therels
lHTHtedlnforma【lonll4]onthereLa【10nbetweenthemlnIITMmandKelvlnequatlOn
Thel'efoL-e,thepresentstudyauemptedtodenveKelvlnequalIOnthroughthemodlfied
classICa】honl0geneOuSnuCleat10ntheolyWLlhOutaPPrOXlmatlOnalbothofthe
extremum ThLSpl.OCedurelSneCeSSal-yforaplOOFofthemodlFledtheol-yandalsoFor
anappealthatthemlnlmumStateCOuldoftenbecomeacrosslnnaturalphenomena
eventhoughi【passesunnotlCed,becausetlleS一atedescnbedbyKelvlnequatlOn
frequentlyoccull.eSlnnature.

2.AMinimuminNucleationCurve

211HeLmholzFreeEnergyandGibbsFreeEnergyillNucleationProcessfor

Mu]Li-ComponentSystem.

LetusconsldeL-anLLCleat10nOflLquldorsoILdsphellCalnucLelWILhradLuSrundera

constantLemperatule(771naC)osedmulL卜COmPOnentSystem:thesystemLnCludesfn

componentsandlSCOmPOSedofsphe).LCalnucleL,ParentPhaseandLnrel.face,nucleLLS

ISassumedtobeen【lre)yhomogeneousFromthecenterlothelnlel.face,nucleus

LnCILldesccomponents,the,llandcal-elntegel.Sandm≧c

HelmhollZn'eeenergybeforenuclezLt10n(thelnlt)aLstateoFnucleaL10n)lSeXPl-eSSed
aS●
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F,〟,=∑11,//,一PV, (21)
∫

whereP,Vl-ep1-eSenHhepressLH'e,andvoJumeofthesystemJeSPeCLIVely,FL,,n,arc

thechcmlCillpotenLIalandnl0lenunlbelorconlPOnentI HelmhoILzrl.eeeneJgy

dLu)ngandarLelnuCleatLOnISexpressedas:

(
F=∑〝,ltFl,'L(p")+∑′存;+∑〝,///,I+oA一(P''vJ'+pV ) (22)
′=】 / ∫

ThesuperscrLPtS*,〟a..dIとltlaCL.ed.ntheparan.e【ers(P,V p,,n,).nd.catethe
parent,nucleusandLnrerraCla】phases ThecTarld Aaretheln【erraciallenSLOnand

101aliu-eaOFLnterfacebe-weennucleLandparentphase,respecrlVely SlnCePnlS

hlgLlerthanP+,whlchlSPl･edlCtedbyLapLaceequatlon,thechenlLCalpolentlaLor

componentHnnuc]eLLSPhaselSeXP'･eSSedasp:'(PH) Theth.cknessorthelnteZface

lStakenaszel-0andThelntel.Facecorrespondstothesul.FaceoFtenslOnlnamodelby

GLbbswhlChISdescnbedbyDe一ayandP-1gOgLner9],andAbrahaml7】,lnWhlChthe

lnteI､Face satlSFleS Laplace equat10n The volunledlrrerenCe before and a一ter
nuclealIOnCanbewrlLtenaS:

AV=Vn+V'-V (23)

ThetotalmolenumbelOfeachcomponentLnthesystemI.enlalnSconstant,thus:t (

H,=n:I+n,+n,I, ∑n,=∑n:'+∑n,'+∑′l!,
l=I I=I L=J l=l

∑n,-∑n:+∑n: (2･4)
l=C+I (=c+L t=c十I
HelmholtzfreeenergychangewhlChshouldbeusedaspoLenllalenergychange

underaconstanttemperatureandvolumecolldit10n(AV=0)LSeXPl'eSSedasl9,15]
AF-F-F,,,,
C
=∑n,1'p,1'(pl')+∑′在,++∑'7,/p,I-∑H,p,+oA-(PIJv't+p'VヰーPV) (25)
LIL I I (

Fo]･asystemunderaconstantPressure(P=P'),G.bbsfreeenergyshouldbeusedas
potentla)energyl9,15]
AG=AF+PAV
■

-∑":LP,''(FW)十∑ n,'F/:･∑〝.Ip,I-∑n,FI,･a4-(P〝-P')Vn･ (26)
I=l I I
Here,thefoLlowlngequatLOnSareWlltten.

/I,'L(p′-)≡p,'T+V,～(p'(-p.),
C a
∑′l,'7p:'(FW)-∑n,''//,''十V''(PIT-po),
l=1 /=l
C C

V''=∑V,n/1,"qJ''∑n,H,
t=) (=l

wherev,'lstheparllaLmoJarvolLLm eOFcompone-1LI"川 uC)eusandv〝lSthenl01ar

volumeoFnucleusSlnCenucleusISlnthesoHdorIlqLHdstate,thecompresslblllly

canbeneglectedl9,LO],andthev:''lndv''a】.eapproxlnla【elyconstantForthechange
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orp,.essurc.The//,'LlnEqs(27)and(28)lSthechenllCalpoLenl】a】OrcomponentIln
TltJCIeusLJndelPIeSSureFh ThePovaluecanbeseEecredalbltl.alybLltWhen

conslderlngKelvlnequa【lO n,1tShou一dbethe｢】nとtlpressuleOVCrthena=1uCIcLIS

(l//-;0)UndelaconsLanLPreSSuL-eCOndlllOn,PocqLlalsF'

ThelerOre,Eq(25)Canberewlt【ten-
(

AF=∑ (,I,''(I/:I-/∫,)i+∑(n,I(//,'-p,))･∑ E,),/(〟,I-p,)l+L7,A+K
l=l ( I

--(∑′J,'')JU h.S….十∑(,7:(P,+-P,)†･∑(ll,I(〟,I-FI,))十OA･K (2･5a)
l=E I I

Further,△Fcanbealsowntren{lSfollows.
(

△F-∑ in:I(p:'-FI,'))･∑in,(〟,+-P,))･∑ (H,/(P,/-N:))+Cd･K
F=I I I
C
=-(∑n,")RTlnS+∑fn,(p,I-p,)i+∑(′L,/(/I,IIP:))+aA+K (2.5b)
J=】 J ∫

Here

K=-(Poly)V''-(P'-P)V'
Therefore,slmllarly,

(210)

AG=-(∑,i,'')lrrJ.IS.,.,+∑ (a,～(FI,～-P,))+∑EnI'(P,/-N,)I+aA, (26a)l=J I I
C

AG=-(∑n,'')lUlnS+∑(a,(〟:-//,))+∑(n,I(〟一l-p,～))+CEA , (26b)I=) I (

whereSISthesupersa【ul.ationdegreeandS.〟,lSthelnltialsupel-saturallOndegl.ee

bcrore 一一ucledLLOrlWlle目し1)epdl･cr.ipl)assISLhcI.qulddudsulldphase,//:dr.dFL,n
canbewl･l【tenas:

JJ,=JJ.o+RTIna,, (2ll)

〟.'=p,O+RTlna,～, (212)

〟,''-FI,o+RTLna,Sa'. (2.13)

WhenH1ePal-enlphaseISthegasphase●

FL.=〟,I+RTLnJ弓, (214)

p,*=〟.I+lU lnP:, (215)

p:I-〟,'+RTlnF‡jl'', (216)

whereJJ,Oand〟,'arethestandal･dchem.calpo【ent'aLs,a,andi:aretheac(.V.ly

andparll'llpressureoFcomponentILnthesupersaruratedsystenlbeForenucleatlOn,

a,+andP; aretheactLV'tyandpartialpl･eSSureOrCOmPOnenLILntheparentPhase

dunngnucleaL10na一一daIS〟JandPISatarethe saturatedva-uesbelngequLllbrlunlWlth
thenatnucleusunderthepressu一一ePo WhentheparentphaseIS【hellquldandsolld

phase,S,,.,andScanbeexpressedas



(

S.,,.-∩ (CI,)t･/∩ (a,-,)I,I
J=l ′=l

S-∩ (a:)I,I/∩ (a,1,･')L･''
J=】 I=l

WhentheparentphaselSthegasphase.

S....-良(軒t''/h (p,-,)､･''J=l f=l

S-fI(p,S),t･:'/fI(p,Sal).rJ''
J=】 J=1

Here,x,Itsthenl0larfraclLCnOfconlPOnenHlnnucleusandlSconstantbecauseor
theassL)nlPll0nOFhon10geneOuSnuC)eusphase.

Forone-conlPOnentnuCleLlSSystem,thefoHowlngequatlOnSCarlbewrltlen.

A=47Z)･2N, (2.19)

〝,''=47D･3N/(3vl), (220)

whereN ISthetotalnunlbel-oFnuc】eLlnthesyslem Thel'efo-e,LflgnOl~lngthethlrd

andFourthterms(∑ in,'(p,'-p,))･∑ln,/(〟.′-p,))),Eq(26a)ag･･eeswithEq
I I

(II).Thus,Eq(Il)canbeobtalnedlFlhechangeofpal'enLphaseandlnlerFaclal

termLSIgnored

Whennuc)eusISakllldofcompound

AF--nnlrrlnS･∑(a,(p,+-N,))･∑ (a,I(i,,I-P,')l十0･71+K, (2･5C)

AG=-n'LIUlnS+∑in,(I,,.-I/,)I+∑ in,I(〟′′-N..)i+cDl, (26C)

whet.en'LISthemolenunlberofthecompound ThesupersaluratlOndegreesforthe

=quldandsolldparentphaseandFoHllegasParentPhasecanbewI-lttenaSthe

foLlowlngequal)OnS,reSPeCtlVely:
C C

S=n(a.～)q･/n(a,5aI)q' (221)
J=l I=】
C i

S=n(p,･)q'/n(p,SELI)q･ (2･22)
l=1 (=r

whereq/q2.q3..---qLareIntegersandshowthes10lChLOnleLncI-alLOOfthecompound

ForInstance,thecompoundlSeXpl.eSSedasAqlBq2WhenltlSCOl叩OSedofAandB

Component

Bytheway,AbrahampolnledthatdlSl.ega-dLngthefinalternllnEq(2.6)LSln

eTrOTl7]GLbbsfl.eeenergybeforenucleallOnlSeXPl.eSSedas
Ill

G川′=∑/7′A
J=1

Thus,GlbbsFreeenel.gydurlngandaftelnucLeatlOnLSdescrlbedas
C J川 l〃

G=∑〝,/'p:I(p'')十∑n,'p,～+∑rJ,/p,I+aA-(PI'IP+)Vn
J=l J=l f=t

(223)



( ′∫一 /Il
=∑′'I'L//,'J+∑,I,'//;+∑,I,I//,I+a;A (224)J=】 J=】 J=】

Equat10n(224)TlleanSlhaHheEastterm(PIJ-p')V〝conespondsLOtheHlC'ea.qeOr

GlbbsrICeel1CIgyOrnuCleldueLOthelnCJeLISCOrPLCSSuleWhlChISdlSとlPPeiuCdby

theLldnSrOImalIOnuSlngEq･(28)･

2.2NucleaLionCurveToraPureSolidNueleusinBillaryLiquidSolution.

hlthissectlOn,letuSCalculatenunleHCallytheGLbbsrleeeJlergyChangeduHng
nucleatlOnOfsolldnuclelcomposedofArrolllImoleoHlqudbln'll.yA-BsolutlOn

However,anassun.plzor10F∑(,･,I(//,IIP,I)1-0TorEq･(26b)wasused AsForthe
∫

GlbbsFl-eeerleJgyChangerolOnenucleus,theFoHowlngequa【10nlSOblalTled

△G/N=△川..i/G-47Z7･201-(′l二月γ/N)lnS

十(n̂J汀 /N)ln(a,I./â )+(A-I,A)(RT/N)In(a忘/aI,),(225)

whererollowlngequaLIOnSaTeused

S-aA'/ayE二, (226)

A=47D･2N. (227)

lncaseofldealsoIut10n,eachactlVltyequalstothemolefracLIOn Thus-

aA=･l'̂=n^, (2･28)

aβ-xβ=nB=1-/LA, (2･39)

â =xA=nL/(ト 17pス)=(nA-現)/(I-,I;i), (230)

aB=XB=/lH/(I-llス)･ (23I)

Here,xAandxβ al.etheinlllaJmoleFract)onsandxニand x;arethemoJefractlons

lntheparentphase,rcspcct)vely,OFA'lndBcomponents Therefore,Eq(225)can
beslmPllrledto

4川C/G=4m･26 -(′榊 T/N)LnS川,
十(''̂ -n;)(RT/N)lnt(トn;/nA)/(l-nニ)i+()-n̂)(RT/N)】n(I/(I-′7:i))

(225a)

SLnCeaLalequalsthesaturatedmoleど.･ZlCt'On(.riEL'),S",.canbeexpressedas･

S",. = (nA/xL'I') (232)

ThetotalmolenumberofnucleLCanbeexpressedwllhl'adluS(r)andnl0lalvo一ume

(V̂ ),asfollows

′l,ll=47D･3N/(3vA) (233)

Thel~erOre,Eq(225a)lSaFunctlOnOFr,･Ftheva)LLeSOfv̂ ,′L′､,nI"a､';;,CT,T and

N al･eglVen,and A,..,CIGcanbecalcu)atedforAIBLdealsolutIOn･

lnmanycasesnucLeaL10nLSlakLngPLaceLndllutesolutionlnthlSCase,Henry's

law.svaLld,andacIIVLlyCOerF■cLentOrAconlPOnent(′1)haveaconstantvalueand
thatofBconlPOnenllSnearlyeqLLalloll Then

aA-'Â'A, (234)

aA究′i;.rこ, (235)
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u 〟 =JrI3, (236)

('I'3空電 (237)

EqLはI10n(2.25a)illsosatlSrleSlhlSdllurecondlr10n

ThclilSLtwotelmSOrEqs(225)and(225a)conleFronltheGlbbsheeenergy

ch11ngeO｢LhepとIrenlPhasedLIrlngnuCleall0EITlle Sunl0rLhcIとISLtwoIclnlSIS

posILIVe,andbeconleSSlgnlrlCanLallelatlVelyhlghvaluesorJIThLIS,theselasltwo
LellllSW川IeadLOtheappeararlCeO｢之ImlnlnlunlPOlnHnthenucleaL10EICLLrVeal

relatlVelylargevaluesor/I
InFtg.2,anucleat)oncLLrVeCalculatcdbyEq(225'1),byusLngtheparameteJ.SOr

I,A-XA-10-4,,LtII-10ー5i,ndN-10■4･nd･lu【eA-Bb･narysolutIOn The'lM.al
supelSalLUal10ndegl･ee(S,")eqLLals lO A m lnlnlum lSObseJVedwhereaニ(=.rJ't)

doesnotleachtheva)ueoraX"(=一1-/T'').ThenllnJlllLLm SlateShouldbeslable,thus,

thesystenlWOuldstayalthemlnLmumfora)ongel.tlme.

【nFlg3theevolul10nOfthenuc)ealLOnCurveisshownwlLhlnCZ-eaSlnganl0LLntOr

nuclel(N) 1tlsc】eal-thatwllhdecreasLngN,theradtusaHhenllmrm)nlPOlnl

LnCreaSeS Therefol.e,thestLrllngOFthesystem w川 p10n10tetheco111S10nand

coalescenceandsubsequentlycaLISeSthedecleaSeOF〃,gl▲OWl11gOFnuclel,mOVmgOr
thesystemlothemorestablenllnlmunlPOSltLOn.Fol.thellmltlngCaseWlthN=いhe

nucleusatthemlnLmumShowstherlnalstatewLthaニ=a㌃′ lnconl】.aSl,WhenN
LnCreaSeSSOmuchthatthemaxLmumandthemlnlmumnleetandnucLeationculVe

extendsloposlnVedll.eCtLOn,OnceformednuclelWLHbedecomposed

3.MathematicaJProvethattheKelvinEquationCorrespondstoExtrem一JmOf
theNudeationCurye.

3.1DerivativeorEqs.(2.5)and(2.6).
Here,Lnthlssection,wederLVeKelvlnequa【lonthroughdel-1VatLVeOfEqs(25)and
(26)

ThefoHowlngequalLOnSCanbewrluell'

vE''-(計 ,-
V''= ∑V,nx,H, vn=∑V,nn,''可 ′'∑n,''=47U-3N/3 (3))
L=l l=] I=l

FromEqs(219)and(3I)

6V･･-∑ l′･"87:I-V･･∑ ∂t:･･ A -三6V･･-子を V:･aL:･ (3･2,I=】 I=l 〟

Therefore,atexlremum,FromEq.(25),undertheconstantvolumecondll]011,the

foIIowlngequationCanbeobtalned.

6(AF)-fi(p:'(p〝,-〟･',I(2g/,I-PJ仰 ,vtJ'〉alEJ'･,!E(P,/-〟潮I=1
C Ill

-V/L8,,㌧ ∑〝,n6ip,,･(PH)卜 V*G,ヰ十∑.鍾 ,㌔ 2,,,l射十Aac,-0I=l l=l l=[

(33)

ThlSequatlOnShouldbewlluenfortheextremum)nanyalbllrarystagelllnuclear)on

p10ccSS,thatlS,FOT'[heexlremumonevelynuC)eatLOnCurvesWlrhdlrferentN valLLe,

oranyarbltra-ySyStemとInd,thus,Fori"-bllraryvalueor∂1InundaLL/ Thererurc,the
foHowlngequatLOnSareconcluded

8



(//,''(p'')-//,～)+(26/′-P''+P)V,''=0, (34)

//,I-//I*=0, (35)

亡 /lI Ill
IV'76P't+∑,,l''6(//,n(P/I)トV'6P*十∑1'施 ,'+∑′)I/CA/+ASc'=0 (36)l=l J=l l=】

◆
F,Ion.Eqs(34),(35)とIndLaplacccquat10n(20-/r-PII十 P )

〟:I(pH)-〟.I=〟,' (37)

EquallOn(3･7)showstheequlHbl~lunlCOndi【LOnConsequently,theexh-emunlln
nuc】eanoncurveconespondslolheequlllbrlumStateOrLhesystem.Tnaddlt10n,

Eq(36)corl.eSPOndstoGlbbs-Duhemrelatlonlnthepresenttotalsystem
Accordlng10DelayandP=goglnel9],theequatl01lCanbesepelaledlnLothree

l'eJahonscorrespondlngtOlluCleus,parem,andlnterraC)alphases,respecLIVely,under
equlllbzlunlCOndlllOn

C
IV′′8'''十∑n,''St〟,"(P''))=0, (38)

J=】

-V*8,㌧ 芸.絢 L'-0, (3.9)
I=]

′り
∑n.1射 十Aゐ =0 (310)
l=)
FronlEqs.(27)and(34).

一(P:'-I/,+)=】n(P;/P,SEJ')=RT)nS.-vL''((26/r)-(P.一〆 )), (3.1I)

wherePoLSthefinalpl-eSSureOVerthenatnucleusandS,ISthesupersaluratlCIn

degreeforIComponentEquat10n(3日)agreeswllhKelvlnequa[10nrOl-1component

lnnlul【卜COmPOnenlsysteml9]･Mu)Llplylngl【by･r,"andsulllmat10nleadsto:

C l] ll
RTlntn (P,')'E/FI(P,SlL')l･)-RTlnS-V･･((2g/,-)- (P.-P')) (3 12)
l=1 l=l

Unde一.aconstanHempelatureandpressul-econdILloll,the♂(AG)canbeexpressedby

thesanletermSInEq.(3.3).Thus,puuingPo=P'inEqs(3.IL),(3.J2),ne
followlngLSObtalned

Ln(jr/P:a')=RTlnS,=V,''(26/r), (313)

ll c /I
RTl｡tFL(P,a)A,/n(P,T,I,)･t･i-RTlnS-V･,(26/,) (3)4)
I=l l=)

Whenthepa-enLphaselSthellquldandsolldsolut10nPhaseunderconstant
renlPelatul-eandpressulecondltl0n,

tn(a,*/a,J̀̀′)=lU lnS,=V,/'12(cr/'･),

R'ln(n(a,･)･r,/n(,,,5･,･l).､･7-RTlnS-V･L(壁 )
c lJ c n

E=l L=] r
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Fo･cotllPOuT.d-nucleus,fn(竹 ′･/∩ (I:､̀")q･Iat.d(n(a,I)'l･/rl(a/L')̀J･)Should
J=l J=】 ト=l l=l

beusedasS Al一LheequaLIOnSFrom(3ll)10(316)CouldbelegardedasKelvITl

eqLIaLtOn(CドAppendIX)The)erore,KelvlnequaLl0nCOuldbede‖vedcolleCLlyrrom
themodlrtedclassICalhomogeneousnucleaL10nLheoly

3.2ConsiderationonEq.(I.1)andKelvinequation.

ThecntlCとllmaxlmumStatelllnUCleil【tOnCulVeLStheequtllbllLlnlSttlleandoFIen

dcscHbedbytheLloHowlngequat10nlnVOIvlngthec日日cdltとIdluS(r(,)derlVedlh10ugh

tak)ngthedeLIValLVeOFtheA′…C/G lnEq(lI)wlthL-eSpeCHol'aSZero

旦ユ LnS".=1ヱ (317)
V̂ /'cr

llSeemstha†Eq(3L7)corresponds10Kelvlnequ之ItLOn However,thederLVとItLOnOF

Eq(3)7)wasperformedbasedonan assumpllOnOrCOnSlanlSL",COmlngfromthe

assumpuonoFunchangedpLlrentPhase･Thus,theS",LnEq (3･]7)lStakentobe

PA/P̂'ELI,wherePA )Sthesupe[･satLll･atedpressureofA inpalentPhasebefore
nucleatlOn,WhLCh)～entLreLydLrFerenHromKelvlneqtla【IOn Thus,theconfusl0nln

Eq(lI)WLILoccul'･As DerayandPllgOgLnel9]expI'eSSedfollhesmaHnuc)eus,the

assumpl10nOrunchangedparentphasemLghtbeTeaSOnable. However,stTIClly

speakLng,theassumptlOn ZSnotadequateand,thus,Eq (317)basedonthe

assumpt10ndoesnotcorrespondtoKelvlnequation･
Onthecontrary,KelvlneqLLatl0nCanbederlVedlnFul一ycorl-ec=11annerfl.Omthe

presentstudyandamlnLmumlnnuC)eat】OnCurveWasCOnrlrmedLnA-Bbhla-'ydilute

solut10nSySLenl AnucleLLSCOuldstayaHhemlnlmumforaconslderabletlme,WhLCh

contrastsmalkedlywlthanucleusatamaxlmumthatshouldlnStantlydecomposeor

grow LtlndlCalesthatKelvlnequatlOnShouldcorrespondtonemlnlmLLmStateLn
nucleatlOnCulVeT･alherthanthemaXLmL)munSlablestate.

RecenllytherelSargumentagalnSHhecLassZca)homogeneousnuc)eahontheory

expressedbyEq(1.1)TheargunlentisforanucleuswltharoundaclitICa)sIZeallda

smallerslzethanlt,andIncludestheroHowLngPOlntS.theCOmPOSltlOnOfanucleusls

nothomogeneous,thus,thepressureoFthenucleusISdlfferenlFrom theva)ue

col1-eSPOrldlngtOthehomogeneousbulkcompos)lLOn,andsul'facetensLOnShould

changewlthradlUS. ThesepolntSOfargumentwouldbereasonableandama)npart

orllwouldl.efez.tothevaguenessoFdlfferencebetweenlnlelraCLalzoneandlnnerPart

oranucleuswhennenucIeLlSISSmal)AInthepreserllmodlrLedtheory,thelntel-raclal

term lsIncludedlnEqs.(2.5)and(2.6),althoughllstandsontheassumptlonsof

en【irelyhomogeneousnucleusandzerovolumeofthelnterfaceaccol.dlngtOthe

GlbbsmodelHowevel.,thelnterFaclaltermwasLgnOl'edLnEq(225)fo).anumencal

calcuLa(ion lnthepresentstage,numerlCalestLmatlOnOFthelnterfacLaLternllS

dlrrICuLt.Weexpectfurtherprogressoftheprocedul-ebasedonnl0LeculardynamLCS
fol'lhecorrectestlmatLOnOflnterraCLallnnuenCe. HoweveJ',themalnCOnCernOrOul.

presentstudyfocusesonamlnlmumlnnuCLeationcurvewherenucleusslzelSralry

largeand,thus,ltWINbefTeeFloTllthepoLnlSOFtheal'gumentForasmaHnucleus As

FortheLnfluenceofthechangeoFsurfacelenslOnWlthCUI-Va【ure,itwouldbe

dlscussedlnthenextlePOrt

4.Conclusion.

】0



ThenegleclOrtheFleeenergyChange=1P(ll'enLPh'lSelnClassICillhonl0geneOuS

nuclea【10nPIOCeSShascausedoverslghLOranlmPOIILanLPhenomenon,whlChlSne

prcsellCeOrとlnllnlmumlnnuCleatlOnCurve,lnthepresentstudy,themodlFledtheory

orclasslCalhomogeneousnucLea【tonofnlult卜COnlPOnenlnuClel01compoundnucJel

rronlthenlultLICOmPOnentSOlulIOnandgasphとISeWasdeveloped,LaktngthechzlngeOI

parentphaseIntoCOnSldeJ.a【10n,andpJOVedamEnlnlumlnthenLICleElltOnCurvelnA-

Bb=1arySOILltlOrl hladdltIOl1,thenl0dlFledLheoryp10VedlhELIKelvlneqLlaL10tl,
whlChdescJlbesthesr'ltcOrOVeL-SalLLratedvとlPOrPleSSLLreoverSlllaHsphcrlCとLldl0PleL ,

coulddescnbethestatesaLbothorthemaxlmLIm'lndnllllInlunlPOInLSlllnuCLeaLLOn
Cul~Ve.

ThefollowLngCOnClus10nSarenlade.

(l)HelmholtzFreeenel一gyChangeandG]bbsFreeenergychangedurlngClassICal

holl10geneOuSnLICIeat10nPl'OCeSSformu]tl-conlPOnenrSOLulIOnalldgassystemsWlth

mu)tLICOlllpOnenlnuCleIOl▲compoundnuclelWeI'edeve一oped

(2)ThecalculatednucLeatlOnCurveflOmthemodlrledtheoryForA-BdllutesoLutlOn

sys【enlhasamlnlmumPOlnt,lnaddltLOnlOamaXlmumpOlnt Thenllnlnlunlstale
shouldbelnmoreStablecondit10nCOnlParedtotheunslとIblenlaXImum StateThe

decreaseoFthenulllberoFnucLeL,N,Lnthenucleatl0nProcessth1-0ughcoJLISIOnand
coalescencecausestlansfornlatl0nOFthesys〔enHntOFurtherstablenllnLmunlState.

However,whenthesystelllreachesLOtheconslderabledllutestateLnWhichthe

colllSLOnandcoalescencewouJdrarely happened,thesystem wouldstayaHhe

mlmmumSlateforalongtlme

(3)ThedenvatIVeOFtheabovef).ee-energychangesatextlenlum WllhI.especHo

nucleal.[-adLuSProvedtheequlllbllum slateattheeXLrenlunlarldtheI-elanons

corT'eSPOndlngloKelvLnequatlOn･

(4)KelvLnequationcorrespondslothemLnlmum andrnaxlnlum State,Show)ngthe

ImportanceOrthernlnlrrlum StatebecauseorthemorestableconditionoFthe
l¶l111mulmState.

(5)TheGlbbsfreeenelgyChangebyclasslcalhon10geneOuSnuCleallOlltheory

lgnOrlngthechangeofparentphaseessent)aHylncLudesanassumpllOnOrCOnStanl

supersatLLrat10ndegree,thus,theuseoFthetheoryhasbeenleStrlCtedonlylnthe

lnltialstagesofnucleatlOn. Therefore,thewellknownequatLOnObt'llnedalthe
maximum assumLngtheconstantsupersaturatlOndeg)-eedoesnotcorrespondto

KelvlnequalLOnlnlheorelLCaHyslrlCtmannerandcannotdescrlbethemlnlmumSlate･

Appendix.

Defayetal.[9]explalnedgeneraltzedKeLvlnequat10nrrOnlLaplaceequatLOnfor

the n1ul【卜COl叩Onen【sys【elm On the assumpt10nS thatthe Hquld phase lS

lncompresslbleandthaH hevapol-phasebehavesasanIdea)g.lS

LapLaceequat10nexpressestherelatLOnbetweenthepressul-elnSPhencaldropand

ItsVaporPreSSLlreaSfollows

P''一P'=201/r (A1)

Thesupel･SCllPlnand+expl･essthevaJueslnthedropphaseandtheparentphase

respect)vely Fl0meqLLalJtyOFthechenllCalpotentlalsinbothphasesLnequlllbrlum

〟,''=//,' (A2)

FIOnlEqs.(A.I)and(A2),weoblalTl

6PI･一m･=6(壁),

ll

(A3)



tp,''=射 (A4)

UnderaconstanHCnlPeraLureandconsLallLCOmPOSlLlonl9]
JJ

(ap,''/∂p′-)T.,"=I,∫
Thus.

lA''=l一,''6P''

Fullhel.,

p,'L=/I,I+Jm nP,'
FromEqs(A･6),(A7):

m''=FAN/V,''=(RT/V,")6)nP:. (A8)

UslllgEq(A･3),weoblaln

6(壁)-(RT/V,,･)SLnP:-8,･. (A.9)J■
TheinlegrallOnrTOmZel-0CurValure,whLChcon.esporldsloHalSurraCCOrdropphase

()/r=O,p: L̀',p.),totheo【herstate(l/r,P:,P'),gLVeS･

芋 -貰 L孝 一(p'-po)･ (A,0,
Therefore

RTLn貴 -vL"{7 -(poヰ )ト (A･.I)

Eqanon(AH)lSregardedasthegenerallZedKe一vinequat10nformuLll-component

systenl･ThesecondtermintherighthandsidelnEq･(A･1I)LSnegllglblecompared

lotherlrsltern-and,LnllleCaseunderconstantpressureCOndltLOn,PoequalsP'
Then,Eq.(A.1りcanbelranSfornledas●

RTLn且 =V,-,.2g
PISEJL r

Equation(Al2)isa一soregardedasKelvinequatlOn.

(A12)
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ltA=XA=10-4,N=)0】4,x A ,=LOT5,S ",. = 10(r', = 3･48nm)Fig2･ashowsthenuc
leat.oncurve,whlleFlg2･bshowsthemolefl.actionOF
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