Thermodynamics and dynamics of a monocatomic glass former.
Constant pressure and constant volume behavior
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Wi Teport constant-wobiree and constant-pressue sirodations of the themood ynarods and dymaroic
pmoperties of the low -terrpemiue hquid and cogstalline phases of the mmodified Stillinger—"Weber
(3% roodel. We have found an approcdroaely linear teroperature meeass of the effective SaussiEn
width of the distmibuton of mheent souwctues. This effect cormes from non-Ganssianity of the
Ends=cape and is consisent with the predictons of the Gansdan excitations roodel representing the
themoodynarics of the confizurational rranitold as an enserble of excimtbons, each canying an
excitEton entropyr The SYW moodel provddes ws with both the confizumtional and excess enfopies,
with the difference ooy atmbuted o vitmiional anhamoonicity We therefor can addmss the
distinction bebgesn the exces therroodymarnic quantiies, often wsed 0 interpret expentnents, and
confizurational thermreodymareies wsed © deseribe the dynaroics in the AdareSGithe [AG) equation.
Hiongewer we ame litodted coroputmtonally o work =t eroperabhures ghowe the “crossover’” eInperatine
at which the breakdown in the Adarn—Gibhe relation has been identified in Bhomtony studies. We
fnd 2 new beak in the slope of the constant pressue A plot (in the saToe sense byt at rowch higher
erperatute than with hbomtory data) when the excess entmpy is ussd in the A7 aquation. This
tealk, which we associte with anhamoonic wWbmtional effects, i ot seen when the confizurational
entmopy is used. The siralation diffusivity data are equally well fitted bor the AT equation and by
a new equation, dedwed within the CGaussian encitabions roodel that ernphasizes enthalpy cwer
entmopy as the themnodynaric contool wanable for fransport in viscous liquids. We show that the
rodified 5W roodel has close links fo the behavior obeerred for ulk etallic flasses, both in its

diffusional and in its themoodymaro: propertes. & 20 Anericar Themnde of Plosfor

[Col: 10,1065 255 36595]

I IMTROQDUCTION

Both themoodynaric and dynarode properdies of =stoc-
il glass forrers aw wnusual and ot fully understood 1 Tt
has long been suprpsted that puesles of the dymarnics of
supemooled liquids can be unmveled fromn the properties of
theit enerry Brdscapes? Atteropts to il 3 descripton of
dymaroics besed on the liquid therroodynarics o back to fe
AdarnGitts (AG) theony’ whish erphasioes confizum-
Honal entropy as the origin of non-Artheniu s dynarodes. Ewen
though the entmopic pamdizm seemms to be curmeniy moost
suzcessul in descobing relaation ™™ other approaches have
enphasized the energetic aspects of e problern in emoe of
the actwated knetics ower enthalpic harmers mcoessing in
h.ei%t with lowering term;-a?mlm.a‘*'u SoTre wery recent
datm =eern to disfawor the exisence of divergng kength
seale assyred in “cooperative Tegion’” rodels® s pporting
instead the pictre of activation-tased dynarocs in glass-
forroing roaedalk.

Confizurational entmpy i= 2 property not ditecly acoes-
sible forn labomEtory experitnent, but is increasingdy amil-
ahle from cornputer sirodation s of Toodel systerns. B2 Ex-
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wess entropy, SEL(TY, 1 the liguid entropy over fhat of the
ﬂ;en'mﬂioymarrdcaﬂy stable copstal has been swecessfully

used®* insead of confizurational entmpy 55 (T in the AG
relation
(e 1) = 1)
Y Tl = T-Si,vlﬁ’

where e o7 i= the time of situctursl Ehxation and 7 is the
tirne characteristic of quasilatice wibmtons. The subecripE
F.Vin the entoopy and reloation firee specify the condi-
tions, constant-pressure [F or constant-woluroe (17 @t which
the entmopy =nd the relaxation firee ae reasured. Histon-
cally the defmition of the confizursficnal entropy wsed by
Aodarn and Gibbs® ez that of the full condizurmtonal entmopy
including the entropy of basin vibmtions. Howerer, since
they explicitly derranded the witmtonal entopy to caneel
tetpeen the liquid and the copetal, their confizumbional en-
opy k= in fact the entopy of inherEnt sucture intmoduced
by Stillin zer and Weber (see hter).? We will therfor refer
1o fhe confizumtional entmopy in this latter definition.

The full confizurational entropy and Stillinger's entmpy
of inherEnt smuctues ae i fact ot equivaknt. ost swdies,
both Ehoratory™ % and coropuistional P have shown
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that the excess entiopy has a dgnificant confmbution fooon
the vitmtonal roenifoll related o the excess density of wi-
hntl.mal stas in liquid, gid.(w] compared © the crestal,
¥ 1), The exvess vibrational entropy frorn hatmoenis Too-
umlslsammrerthembnumlalqemm

sty = ) (ol — eI 2)

5o long as the sowetue does not chan e, the encess density
of states is independent of ternperstue for purely harmnomic
wibmtions resulting in a ternpemiue -independent excess har-
Toomdic entropy E..s';‘.;,. and zero contmbution to the excess wi-
brational heat capmcity. The anharroomicity of aboroc and
roclecular vibrations kads to two effect: [{) mople expan-
zion at constant-pressure heating and (i) deviations of the
vitmtonal excess entmpy E.s“t' frorn the hamoonic forroda
in Eq. 2], Theﬂ:steffe-:trrﬁ]negmedenﬂtj.rofquaﬂhar
Toomdc wibrmtons wary with teropemture and the seoond e ffect
Equies exizacting the therroodynataics of wbrabions without
®lying on the hamoonic appoeireation [Eq. (27].

For moost sypsterns studied to dae, the density of quasi-
hamoomic wbrations is Jmosm o depend weakly on ternpem-
tue except for the low-fmquency festure known == the Bo-
son peak. The excess wibmtional density of sates from this
Ermon in liquid ssleniurn wes showm to produce ~30% of
hbioth the excess enfropy and heat capacitj.r.ﬂ These mault,
and the puzsling ability of both the confizumtional (drola-
tions) and excess labomiory) entmopies to fit the relaxation
dat accomding to Eq. (1) hawe lead to the surzeston that
cmuﬁgunﬁmmalamdmssmtoglﬁm'gassﬁ:nrﬂsmgn
he pmportional 1o each oter®™ There are sirmlation® and
lshoratory ™ dat in support of this proposal althouzh e
question iz sHll net filly setled

The resolution of the problern of parbitioning the excess
entropy and heat capacity betseen vibmtional and confizu-
mtional roanifolds is ot simighiforsard. Recent expedroen-
tal data have arzued in faror of both 2 ne gigble contdbution
of witrations to the excess heat capacity™ and a sipnificant
conmibution aroounting frore 309 (Refz 2% and 24) 1o
0% —60% [Refsz. 20 and 30). Cornpuer roodels do not tend
1o help roowch in resolving this isswe due toa general disoon -
nect betpeen sirombated and experimrental msuls. The sifua-
tiom is ilustrated in Az 1 wher excess (laboratory experi-
ment] and confizumtonal  (compuer  sirmbations)
therroodymariic quantites ae compared for two subetances,
o-erphenyl and the glass- ﬁ:-rmnga.]lo;; Py Zy i o F g, fOT
which both  fome-field  roodels™ and  experirrental
ol are mmikble, For o-terphenyl (TF)L there iz a
roajor difference i both the ammitide and terope e de-
pendence of the entoopy and heat capacife, though this is not
unexpested given that a flexible 14-carbon ookl isheing
rocdeled [Lawis and Wahnstrérn (LW OTF (Ref. 357] witha
ngd thres tead partick (aking it rouch kss entropic). The
difference is not ®roowed by cornpabng the expedments
with the liroited siroodation datw avmilable for constnt
pressue 2 For Pd g MigoPy Hass fomrer, 2= modeled by
Eiob and co-workers binaty roixture” the ameerent is het-
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FI3. 1. EMeess (foe hbmtaydih,'l u‘demﬁgnﬁomllfﬂ:t eo.rrg.tu -
Tariore) Eriropy {a) ard beat capqci}- i of some g for ong Bgaids:
e foe i, alloy PO Wi P o, (P13 (Ref. 31, OTP (Raf, 57,
the conputa models, BMLT (Ref. 330, and LWEOTP (Raf 13, The cosad
lpm'.ris :ndttdcklhuuahbu:tuydin‘thacpmpmi:uudhmd I
are coppubs simwabkboce, ard the thon hnes ws s bo e U3 axeibbiooe
sl fion Raf ).

ter and a noticeable difference exists ondy for e heat capaci-
tes, howewer the need for rany cormponents in fe exped-
mental analog is a dissdvantage.

Clearly, to msolwe the question of wibrational contmbo-
Homs o the excess heat capacity, the fisld is in need of beter
mdel systerce. A roinitourn need is for a systern i which
bioth extoess and confizumtional dafa ae aveilable, something
50 far lacking in corrquter roodels (except for waer which
is faroudy anormlows and unepesntative of the gass
problern we are addressing). The recent explomtion of the
Stillinger-Weber type oodel by Mclinem e of*% offers an
opportunity 1o fill this gap since the crysal stEte is amikble
and, for chosen parametrizations, the hquid can be super-
cooled withon tlitedt Snr sireolations here tahe alvantage of

this opporhmity.
Miany mcent siromlations hawe offersd access to both
configuraticnal themood; pnarnics Teporting the

pynarnics and d
fuscess of the AG relafion ™7 [Eq. (17]. A= mentionsd
earlier, the loww-ernpersture part of expedrental mhxation
dats can be fitted by the mrve mlation whee #5707 & ussd
instead of mjnwmmmcmamsapmhngcmmdr
Hom, cne needsb:ukeepmrm:uiﬂled:ﬁemmemﬂmmlﬁnf
the two sets of data, which iz dlustrated in Fig, 2 coropanng
the laboratory diclectrc dwm®™ for OTF with the maults of
simalations"" for the LW moodel of ©TF The difference in
slopes of sitBtons and laboratory dafe ey cominate foo
the 1w of different enserobles, constant woluree, and constant
pressure Eepactvely and of different entropies, confipum-
Honal and excess. The AT mhtion in fact lineardmes the
labomtory data only at low fternpermtumes below the cooss-
ower terperate T, associated with either the roode-
copling citical erperature or the teropermtue T of the
Stickel a:ual:.rsis.j’:"Ihe enperrrental data can be inearized in
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Fiz. 2. AdupGdbhs plot of the siperimert] dislsstre obatdion i of
OTF (Fesf. 200 ared siralated sd.idﬁmulym,:f 13 of LWLOTP, &1
sipnuabibicee. Fyesrs ankropy Gt coreart prasax sl was used fo axpaipere
tul podris ard confiprational soiropy Gt corctant wolae) for =ikted
G, The debied line i 2 linme At theoogh the diba with the drkacapt ab
= U™ = The simubbon G e shifbed vadia Ty bo comss the wabel
ands ab sboaat the mpoe reladabion b, The Adurn -Gk ralabion Joes cet
hinmriz the dieldric duk in the wheols of tampaabxes digplaed
(Rt 200 ared the plot ocﬂ.yﬂmmﬂmmdﬁmﬁ;aintbgmgd
A Gk paragnatx [T550T0 1 ardralatbion e siplaced by zives
Lo 1= Coret) acd npu:.rmrt {P=Cocet] .

the A plot with different dopes below and abowe T, =3z we
alen describe hter for the rocd ffied Stllinger—Weber (oS W
roodel when the encess enfmopy is weed in the AT plot
Both the mnge of ernpersfires and the pmpery sudied
can affect the conclusdons mranding the wlidity of the A
mlation frorn the sioondation data. This is dlustoated for
SPC/E water in Fiz, 5 The dilectdc relaxation tmes col-
lected frorn Mlclecubr Dymarsdcs (WD sirealations in 2
troad mneE of terperatues” show = break o the slope of
the A plot (confizurstionsl entmpy is fken frorn Ref, 277,
The change in slope is moch less pronounced for the one-
particle mimtonal and tmnslational relawation tiTees (-
angkes and diaronds in Fig 3) than for the mmmy-particlke
Detye mlaxation tre [cicles in Fig, 3. Diffusivity was fhe
only dynaroic property considered in the original mport of
maessncfﬂ;ekGrelaﬁmfm:SPC.waamef which inde=d
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FI3.3. Difiesivity (ricgler), s=harion Hme of onspaticls obticcal dif
firsice | fnonckl, a0 Trebve sebovabion tine (eire Lo of SPOVE water (Roef.

5w LTFLTN wih confimzabiocal arbropies Rkan fiom Ref. 27, The
dotted lines cooned the podks aed the sohid lines are linsr regpasdons
theausgh Bigh and kw-berperba s portions of the dilctric shouton dum.
T..:'Z?_3 K medicater Iham-.l:i.rgburpm.b:aocfhbum wakar sk ambdank
condidore.

shonws alrocet linear A plot. Motice that the change of the
slope szen in the sitmbtion dat in Fig 3 is wnifomoly ob-
semved in laboratiory dislectmic reasueents of a nurmber of
dass fomrer=. ™ However a downoward bk in the slops, in
conirast o the wpward curred dependence szen for SPC/E
water in Fiz 3, is typically obmined for roolecular glass
fomeers and iz alen the case with the AG plot of the ToSW
model discuszed later. In case of water, this discussion
should be supplemented by the question of the relewance of
the AG plot to the approach to a therroodynarcic (near-
crifical] singularity ™

Do of ws hawe recently suprested to describe the ther-
moodynarnics mnd dymamics of ghesfomning liquids close to
Ty in temre of configurational encitations with a Caussan
distribution of excitaion energes [(Sausshn excitations
moodel) ™ Entmopy, caleulated from moicrocancmical en-
sarnble was the saring point for deweloping the theory.
Bach excitaion was assuroed to caroy the excess entmopy &g
which was subdivided into confizumtional and ibrational
Tars, sech b, These excitation entropies and the nuraber
of configurations of an ideal gas of excitafions prowide the
excess and confizurational cornponents of the entmopy. The
exess enopy is connected 1o the confizumtional entmpy toe
the ®lation

) =sh LATVT]+ 0", @

The effect of fhe wibmional excitation entmpy 55" is not
lirnied to the last temrn in By, (3] sive the excited-sate
population =) & deterrnined by the total excitation entmopy
& and the excitation energy &,

MT= (14 explrg— g - 2RI, )

where @ is the inwerse teTrpermmre. The energes of excia-
Hons ane aesuroed to belony to a CGaussian disrdbuton with
the width 2T and fhe Caussizn width parareeter b, This
energy lowers the enarzy of excitaions in By, (4] to the
extent deterroned by the excied ste populaton and b,
&= - 2Tk, thus producing a self-consistent equation
for AT

The encess vitmtional entopy ongnafing in the excess
density of states of 3 liguid mlatve o its cgpsal pooeddes an
extm doving force, in additon to the larzer nurober of ba-
sins, fior the systern o mach he topof its ene gy IIE:.'ru:'Iss:ape.22
This extra entmopic driving force will lead o an incremsed
fraglity of the liquid if the populton of the excited sate
changes in the ergerstre mage of interst fear Tl In
such a cam, changes in the excess density of wibraticnal
stakes will e oteepmble directhy thoow gh newton scatedny
study of gheses of differsnt fictive e roperafires, as has been
reported for sore cases. However, thee aw stong theorst-
cal suzzestions"** that in the case of very fragile liquids the
excited state i hizhly populated shoore Tl.i? [Aue, in prnciple,
10 am eadier phase tansition below TT " in which ca= the
excess entropy due to wikmtions (which can be quite
sAgnificant® ) will change litle with ternperature. Thers
will be a vibraHonal entmpy difference foon the costal due
1o different vitmtional density of states [By. (27], but there
will be o ternpemture dependance to this exncess. The higher
heat capacity of the fragle liquid rowst then hawe sore other



soume. Cme swch source could le in the Tdependence of fe
Gaussizn width of the excimton poofile, which will e ad-
dessed later

Thi conclusion is, of course, itodted by the assuroption
that .si;.‘b is termpemtue -independent. This assuroption in fact
irnplie= the negect of wibtmation anhamoondcity which roakes
eirpnyahies of the landscape besins depend on teroperatue
and is also Esponsible for themnal e pansion. If this assurop-
tiom is wiclated ® a witrational contribation appears in fe
excess heat capeacity. We found, hoewesrer, that the assurogiion
of .S"’,:I,'b=CDI|St describes labomiory fragle liquids well and
ako found fhat cororoom moodel fluids weed W sinoolatons
clssify as intermoediatetstmng i termee of their frayilin
Thi= latter obeerration irnplies that anhamoonic effacts ofen
eported for high-terpemie saes of swh fids do not
necessEily Ensfer o low-ternpemie fagle fass fomers

For intemrediate and smong hquids, the ternper=ture
change in the configurational entropy is driwen by the chan -
ing population of the confipumtionally excied state, as was
the case in the orginal reo-stre Angell-Wong roodel. ™ In
this case the teropersture dependence of <[ in By, (3) con-
ihhutes to the hest capecify and the® is a noneem vibm-
tional eornponentin the encess heat capacity 2% A nonzem .s“,:‘,b
iz themfore sufficient to produce a wibrational excess heat
capacity for intemeedmtelstoong liquids, while this property
shonuld be ternpermture dependent for a wibratonal excess
heat capacity o exist for fragle hquid.

The distinction between the therroodynamics of fraglk
and srong fas fomrers is atmibuted in the Gaussian excita-
tHoms roodel to teo pamreeters: crifcal excitation entropy
and crtical teroperatue. In omder for the fragile tehavior to
he ralized, the excitation entropy should be hizher than the
cotical walue sy, =2 and the ernpersmre showld be lower
than T,=hf2. The hinary roixture Lennam-Jones [EBRLT)
liquids, which we have analyeed previoushy ™ and the oW
liquid analyeed her all have excitation entmopies falling be-
longr the crtical value and thus dassifiy == songintermediae
liquids. The excess heat capaciy of the oW liquid has,
therefore, & wibmtional cornponent =13 % as dissuszad laer

The dynarnic part of the excittions rodel™ has offerd
an expression for the Ehyabion e alternative to the LG
forreoda in temes of the confizuratonal hest ¢apacity insead
of the confizurstional entmpy

DTI

(i) = £ e &)
whem O and T aw model pamreters vwaried in fitdng te
experiment. This wmlabion gives the fits of mlaation fires
fromn laboratory and cornputer expenrcents coropatable to
thoes based on the A mlation . Howewer, it carmdes a poob-
lern sitnilar to the one encountered in applicaions of fe LG
egquation. The expedreental data can be fited by wsing te
excess heat capacity, of, while sirralation data can be -
ciounted for with e configumtonal part of . Here we offer
sorre insights into this problern fromn the dafm collected for
the oW rodel*®

Sorre predictons of the excimtions roodel deviate foon
popular roodels of Endscape hemnodynarics. The comcept

of potential enerry landscaps, sed by Goldstedn? was
fomatized by SHllinger and Weber™ in termee of the themmoo-
dynaraics of mhemnt smchres reducing the oemy -body
problern of descrbing liquids 1o a single “Eaction cooodi-
nate” ¢ defined as the depth of the potential enerzy Toind-
roourn [per rookoule, g=F A Wiz e nurober of roolecules) .
The probability to find a minirourn of deph ¢ = deterrodned
T the nurcker of roinitoe of gven depth D10#) and teo free
energies, the total therroodynariic free enerzy f1T) and the
free energy 7, T of the spsemexplorng the phase space
within fhe basin surmunding the roindirorn of depth &,

A IP(ATI]= - G+ wigl + AT - FATI. 15

Here ol ¢l= 1 B 010 47] iz the enurerstion function. The
subscdpt specifying ensarnble [constant woluree of constant
pressure] is oreitted in Bh. (&) for bewvitge In case of
constant-volurne conditions, T is fhe cororoon notation for
the free (Helroholtz] enerzy per particlke. At constant pres-
sure FII should be understood as the Gibhks enerryand $ =
the potential enthalpy roindromn™® We will drop the en-
seTrhle specification in the land w:ape vadables helow Eeery-
ing it 1o fe equilittiurn properties, ez, of JfT), where this
distinction i crideal.

The fomralisto of inheent situctures is partdeulady con-
vendent when 77 ¢, T is independent of ¢, Ctherwize, Ey.
(@] iz forrally a definiton of the besin free energy, It was
fonund thatat high ternpermtues aoceesble to sdroladons the
hamoonis part of 77(¢, T is a weak linsar function of ¢ 1%
The main focus of the fommalisrn is, however on the enu-
memtion function. It is a decreasing function with lowenng
¢ allowing the liquid to explom hizher enerzy stakes with
incEaEing teropemtue [enropy drie). It was surzesed that
Drarnida’ Sanssian rm-iel,ﬁ criginalty derved for gheses
with quenched u:]jsn:m:le:;_44 can be exended o quasiequili-
brated supemocled liquids with the result that el is an
inverted pambobk with a terperire-ndependent curvEhie

oid) = op- G IL )

Bwen thowgh corobinaiodal arpurcents sugpzest that the
pambolic approcdriaton should fail at o ﬁem;-matlms,ﬁﬁ
the high-ternperature portion of wid) iz supported by sito-
lations of Lennard-Tones (L) raxtures 7 & room simingent
test of the Saussian model corces fom consdedny the tern-
pemtie dependence of the averare basin depth @I which,
in the SGaussian model is prediced to scale linearly with
1T, producing a 14T sealing for the confipumtionsl heat
capacity. o=t arailable siiolations wport dewdations foon
thiz sealing, ¥~ It is cumently not fiully esthlished wheter
the oogin of these deviations should be traced hack solely to
anharToonicity effects’ or 1o the atual failute of the Canss-
ian spproxirEtion althowgh teo meent sroodations explodng
the low-ternperare part of the land=cape point to the later
] ton #7! In the excitations modsl, the terpemtire
dependence of the avermze tadn enerzy is qualimtiwely dif-
feremt fior fragle and mtemnedizte liquids. In the fooroer case,
the tesin energy is exsentmlly flat terranating thmough a dis-
continuity at the phase ansiton below T, For intermredite
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liquids, F{T starts © dip a=s 1/T fmrm a kghterperature
platean (as was found for the ERILT ]iquidsD) and then in-
flezts into an exponential terrpemiie dependance Tecently
chserved in sirmlations of model network dass formes. ™
Mote that the excitaions roodel is the only analytical oodsl
we ake wware of which moorpomes both types of teropema-
tue scaling in cne formmelisn

The Saussian excdtations rmodel leads 10 2 non-SGaussian
P(#) and thus a2 nonpambolic w(# When the non-
Caussian distibution PIE] iz fitked to 2 Saussian funetion,
the result iz an approxircaely linear scaling of the squared
width with teropersture of ST T, This result roskes P(#)
in F. @) a Boltercemn distribution, which sseros © be moore
®levant for a (quasikquilitraed supemooled liquid than the
non-Boltzroenn distritution of the Gaussian andscape moore
m®levant for syserns with quenched disomder. In addition, the
excitaions model gives hyperbolic termpemtue scaling for
the heat capacity of 1o 1T, This scaling is often ob-
served in the laboratony for <5 (T], bt here we amin face fhe
e problern &= earier conceming the conmecton betseen
excess and confizurational heat capacity

An appmeirnately linear scaling of the width of F(#)
with ternperatie in the excitations roodel is the result of the
azurced rean-field nfinite-ranye atr=cion betsesn the ex-
citations, which i= equiralent © z=surning a SGeaussan wani-
fold of real space excittion energies with the variance 20T
A finite e of memedons beteeen the excimtons will
pmoduce 3 more cornplex ernpersfirte dependence. For in-
stance, a woent exactly sobmble landscape roodel of the fuid
of dipelar haml spheres™ zawe a fairly corqplex ternperatire
scalingof te disribution watance oW« 1+ 87 & isan
interaction pararceter). Motice in this rezanl that a fluid with
dipolar interactions = an amhetypal systern in which the
roean-field approcciraton = ot applicable. The mason is
tpofold: [{) the average of the potentizl is sem and fluctua-
Hom is the firt nonoenishing  condribution to the
ﬂ'mrmiyna:fi;:;ﬂ [of. 1o LT fomes descrited reasomably by
the roean-field van der Waalk noodel) and (i) the mteraction
potential ¥ srongly anisotmopiz. How the roodel should be
exended 1o a finite mne of comelations behaeen the excita-
Homs i=s ot clear now, bt the distmbuton widt is expecied
10 fransfiomn to & terope e independen t walwe for isotm pic
shott-mnge LT forees, o coropliance with the Gaussin

roodel [ By, (7], Any non-Sanussian landscape will gEnemte 2
ternperaiure depend ent width when diswibution of inherent
ener e is fithed bp 2 Sanssian.

In this paper, we wse the m=ule of swodatons of the
W potential o aldress somre of the challenpes listed ear-
lier. We presant the results for the landscape themoody naroics
for teo walues of the tetmhedrlity pamroeter & of the mSW
potential [see later] and will coropare the wesuls of the analy-
sis 1o somce other roodeks of glas fomners on one hand and to
labomtory dat for retallic fass fommers on the other, Soroe
themoodymarnic parameters ®Elewant to ouwr dissusion are
listed in Table I Al enerries thoowghout belong am in elwin
and entropies and heat capacities are in units of . Also, we
wse lowwer-case lethers for themood ynaric potentials and en-
erges per liguid paricle, ez, 5 (7] mfer © the confizu-
rEfional entropy per partck.

Il LAMDSCAPE THERM GO Y MHAMICS

The properies of the energy landscape fiora miven inter-
action potentizl can be studied by either a direct caleulation
of the enurmeration functon (@) or by looldng at the en-
sarohle averares® In the fist route, o(f) is caleulaed by
patching toether the distdbution functions st different fern-
permtues onee the total and basin fiee enermies entedng By,
(5] are Jmown. ¥ The width of each individual distrita-
ﬁmaﬁ]ﬁﬁlf".ﬁ“‘iﬂlﬂl& nuroker of parficles & and oo
sirrmlation data allows a SGaussan fit,

Flgoc e I o &)

Hera I'f o) £ an erpirical Gaussian width and the station-
ary point g p(T) is fhe sclution of the equation

Bil+ A 4. THe )= puiglad. =]
When (g, Tl=7(T & independent of ¢ (hamoonic ap-
prowircetion) and the enurceration functon is gwven bo the
inverted parabala [By. (7] one et the hyperbalic teropera-
ture scaling

=
ﬁmlﬂ = - ?> (1)
characteristic of the Ganssian landscape.

The confizurafional entropy is determnined by the enu-
memtion functon t=ken at the averaze basin depth



o lT) = (e T (11
The confizumtonal entropy i then a part of the therooody-
narie fre enerzy FT7),

FI) = Fo plF) = T o)+ T E oTLT]. (1]

Omoe both de oI and S5 [E"]are]u'mvn,ﬂ'u.eenurfﬂanm
function @) can be caloulted using Fy. (1112

. SIMULATIOM DETAILS

Whe =2 a roodel of netwod: liquids which was ongnally
intmduced by Stllingerand Wehar™ [5W for sllican. In fhe
EW roodel, a three-body temn is alded to the pairwise poten-
tial w [7) o intmoduce penalty for deviating fror teirzhedral-
ity

Dz Fena ) = UalFre) + Ry e faa ba (1%
whee
AlBi* -1 —ah,
i) = { EroUmm T o

with A=T7040035277, B=0500245584, and «=15. The
thiee body poental has fomn

alP1a P, Bhaa) = gl 3 — @) - ]

w5 o0s gyt 10309

(13

with w=12. The potenfials are given in reduced wnis o
=020551 nonoand =30 kealftool (see also Table I).

The orginal 3W roodel with k=21 demnbes sllicon, but
was roodified moently by Molinem £ oL *® by decreasin z fhe
tetrahedrlity parare®r k (in contrast to its incmase at-
teropted earlier by hiiddleton and Wales™) to obin Toonao-
aiornic glass fomners. They showed that the sysern cnestal-
lizes into diaroomd cubic (L) lattice for b == 20.23 and into
body-centered-cubic laties for » <173, For intermoedizte
vahies of k the fluid faik to copstallize on the time scale of
corrpuer situbkton, producing glass formers.

Since each fiuid, chamcterized by a given walue of b, has
anequilibbiurn copsalline phase this pooperty can be wsed to
obitzin both the ewcess and confipurational themnodymarics
for the e sysern Two fuids have been wsed in sSnomla-
tions: the ongnal SW moodel (h=21] and mSW moodsl (h
=19]. The mauls wer Db'lamedfmmh"lﬂ"a:ui MFT Wi
s::rm.lanmsuﬂngﬂlecmsuamtrremoi and its roodifica-
fion for fhe AFT ensercble ¥ Periodic boundary conditions
for the cubic cell of 512 pathicles wer applied and the Hme
shep was ghout 1 535 £= The ternperature has been chan ged in

(144 | b
- I T :?ﬁ,.a‘ A=2l
o) It
= nasl
L, E o — ]
e a4k ] * —
= e e ]
= s
:llli
1
P e
AT
o 4= -~ =2
e i
- - s - NPT &
= " =19
_a—
I s *
-t NVT
] . i . i - i J
.Lfll."' 1 (K} ] LTk

FIz. d. faerge basn anegy G and the affecive Gussan width () [Ey.
(5] ws =raduad by the LT anecry g (Table T, refar
toh:?Leb&aﬂpﬂtstﬁmﬂl:E.Tﬁx@arﬂeie retar bo HET
ard ¥PT simubibices, cespedively The depth of the dapwnd cobic baan
-fml:_'ThthI i ed £ hwmﬂa?‘,i‘.@mx]ﬁsﬂumd&g
te;rP-:l:atl.taand -ﬁu,rmﬂﬁsﬂ.ud-.-_lpﬂn of the dd=al ghees mandpeam st which
the confpratiocal miropy SET) beomes mro.

a steplike way with 50 K (0,002 <) per jurcp. The mun lenzth
at each mven ternpemiie vates betgpeen 076 s at high
ternpeErEiiEs o up to F s at the lowest ternperatie equiva-
lent to cooling rates of 63 and 16 Efns, mepectirely.

I¥. RESULTS
A ibrstional themmodynamics

The excitation profiles 33‘;;@"] and the distmibution
widths Tp o7 for two SW potentals characterized oy b
=19 and k=21 are shown in Fiz, 4. The averaze tasin depth
Fo T fromn sivcuktions was fitted 10 the function
Fe AT = 0+ AT 4 BT + BRLT + BT,

(15
with T*=TY«. The expansion coefficients in By. (16) are
lizted in Table . The tesin depth, shown in Az 4 relate to
the equilibdurn coystalline (D32) state, changes litle on this
energy scake. The most itemsting obeenmtion is an appmed-
roately linear incmase of the effectve width with terpers-
ture. This eult & inconsistent with fhe Ganssian landscape
roodel [By. (77] & part of fhe width increase at constant

TABLEIL Flitrg woefficiares in By (16) fo the avermes snmgy of inkerant stnxcba s obtuined fom 6P ad

K1 MDD kb .
P e il
* Fregitle A A i e bep
=17 NPT =2ls 07910 = 0 rA01Es =2 G610
»ir =150dd 0d 1555 =1.5555 0E =5 5w 10rE
h=21 NPT —50d1d 540 —xdd 5 025185 =5 E2 10
RV —2Eae #5055 —asAdE 0 N6 i
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FI5. 5. Ban fiae snergy for the mid find cdeuktad o the b oo
appeesination [By. (1] £om #PT spulatices @ = 19, pr®= 051 ard
wRoying a Ta=Tye: 0026 feielas), Dﬂﬁtﬁq.nmﬂ 005 i
sicnd ), 0055 (laf wRegdes), wnd 006 (Aursd . The solid Boe i 2 boea

rempessicn thecamgh the poinbe: Fp =g b L @ with = 2365 ard
bp=—350. The ¥1T Gz, oot shown bers, ars very cles to the P77 dam
with the Bnear regyession cosffivimbs o =—22.11 ard & =-5002.

pEssuw corces fromn therreal expansion [of. triangles with
circles in Fiz, 41 but there iz =l an increase of the effective
width bz a fartor of neardy 2 ewen in consant-wolure sito-
latioms. Also shosm in Fig 4 is the energy of the deepest
arcorphons Tednirmrn e (7)), cormsponding 4o the ideal-
ass tansiton, measued =t the Kausrmnn terpemie Ty
at which the confimurtions] entrope &%(T) becores zem
[Table I). This reindrearn les abowt §20 K abowe the crystal-
line roiniremrn, which can be corpamd to SHllingers est-
Trate of 460 B for labortory OTEY The encess values am
consistent with the mquirerent that even ideal ghesec are
rietastable with respect to the coresponding copstals.

In omder to gain insight into the odgin of the terperature
increase of [p ofT) seen i Fiz. 4 cne needs 10 sepame he
bash frEe energy 0, T in By, @) fromn the enurerstion
function. Cme expects that harmoonic apprositeton holds =t
Loog terope ratumes when the basm free enermy can be obtained
by diazonalizing the Hessian nefrmx at the local roandtorn of
depth ¢ along the siroulation trajectony

M3
ArASTI= 00 Zomphd T p (17)

+

We found, == in previous sirnlations,®#5 far f 0d, T
obtzined froraBy. (17) is an approsdnoetely linsar function of
# (Ag 3

ﬁf‘:’,ﬁ{é,?j+ NIV = e gt Bp gl ), (18

whete the linear e gession cosfficients are listed in the cap-
tHon to Fig, 3. The basins thus becore increasingly sharp on
cooling both &t constant pressure and consant wolurne con-
ditions. The htter obsermtion i an agreerent with the pre-
vicns constant-woluree siteodations of SPC/E water ® tut in
confrast to the opposite m-:l found in constant-wolure
siremlaticns of EWLT Auids

The vibratonal density of states (VIDOS) &t constant
pEssuE, wsed to calewlae the harrronic part of the tasin fiee
enerry, is presented on Fig o. It was obimined by diagomal-
iging the Hessian of potential enerzy in inhement souwchies
wsing LAFAC s mutine DEYEVY™ The WLOS of the liquid
thase [Az &@@] & contnuous, with two well-defined

mSW (4= 19

— 2 _anm
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i , 7T T =007
— I iy 1-"'.-'_ i, -
= _:."r xh_\ o K\
e A e k
=g i N
el N\
Jllr..-" W
/ h
i ) L
@ 0 200 ETRT O

i 200 Silh Gl

) cm

FIz. 6. Dearedy of states for 8% poodel (h= 190 inthe Ligaid sabe at
emrtptm:a(a:lar-dDthshl@ for A=1705; =g whasp iz
tMUMg(’T‘abh]:I

IoExire coresponding to low-fiequency longitudinal and the
high-frequency Tamsvers:e wibmticons, The VDO E shife o
hizher f1equencies on cooling, in agresrrent with Fig, 5. The
crystalline VD08 shown in Fz 6(b) wes calowlaed for the
ideal diarnond cubic copstal with A'=1728 particles. In con-
trast o the WIS of the liquid phase it has a discrete spes-
urn semsifive 10 the systern size. Because of this coroplica-
Hon, the wibmfional therroodymarnics of the copstal was
caleulated =t differnt copstal sizes and infinite-se EolE
were obtained by a linesr extrapolton of e 1004 depen-
denca o A —o,

The eirenfequencies of fhe Hessdan roatmix oy depend
weakly on ternperature . This effect iscanzed by anhamonic -
ity of tasin wibrations which ®nds © soften wibrational fe-
quencis with increasing terrpemne. Therfore in omder o
properly caloulae the hamnonic fiee energ.rﬁ‘m we used
the extrapolation of eI © T=0. In this cass By (17] with
ternpersture -independent frequencies gives the expected
alue for the harroonic part of fhe basin intetnal enermy

& T= (A avag= ST(L -1 /M), 19

Giwen that the basin free enerzy (¢ T is a linear fune: -
tion of the basin enerzy ¢ (Fig. 51 the width of the Saussian
distritation I (), obtained b fittn £ to the probability PLE)
function to Eq. () is equal to the width o obiined oy qua-
dratic expansion of the enurremton functon arcund the ar-
elage basin enerzy Fo o) [second derivative of 714, 71 in
¢ iz mem]. Thiz conclusion is litrdted toe the neglect of the
second derivative of the anharmoomic patt of the beasin free
energy £ (¢, T, which we could not exiract fioom our sino-
lations. Since the Ganssian landscape precludes teTrpemire
dependence of the width, the approcdriaely linear increase
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FIz. 1. Tobsl ariropy = Qpper parel) and poteren] moagy = Qows parell
w ?'."I"l'ra-:l:.lmpy:is slp]i: ko the bar peoode e anbar mooocde woECEs.
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of the width of P& with terrpemtum seen in Fiz 4 can e
awiged o an incesse of the effective width of a non-
CGanssian enurrerstion finetion fited o 2 Ganssian ™

The tasins of the roSW fluid are anhamwoonic, as is s=en
froro the coroparisen of the potential enermy w71 to the an-
eIz e JT0+ (3207 (Fiz 7, lower panel]. The anharromnis
poten tial energy part,

wpwll) = e(T)= 3T - Fp i), 200
of the internal enerzy per particle «[T7) can be wsed to caleu-

late the anharroomic part of the basn free enerry according 1o
the therroodymarnic &3 wabion

a2 = [ i ) e

E. Configurational thermodyna mics

e the hamoomic and anhamoonic contdbutbons o fhe
tasin free energy am availabl fmrn Eis. (171 and (21), fe
confizurational enfropy can e calculated by subimacting the
vibrational (haroondie and anherroomdc) entropy of hesins
frorn the total entoopy

5 T =500 = 5 (70 = ST, 22)
In Bh. [22] the harroomic entmpy is caleulated from T=0
exirapolated basin fEquencies &=

EL )

HnT= (7 E [1- In(se"], (2
=1

and the anhamoonic entmpy & obtained fom Ey. (210

Therroodymarcdc i.mamﬁmﬁ‘x"mﬂ wee ernplowed to
calculate the total entopy in By. (22). The excess fee enerzy
et that of the ideal gas below sorme EiErence fernpe miire
T, was obtained by integrating the memal enerzy fioon

A

icd
Bf (T, 6)= Af (T 0]+ Lreﬁﬂ,ﬁ'l-:fﬁ'; (4]

where Ty was chosen abowe the coteal eroperatume. The
wralue AF (T, o) was then obtained by isotherrel expansion to
the ideal mas wsing the equation

AAP(T, 6= j”‘"” (W”” 1). 23)

Finally the free energy of the ideal zas was added to obtain
the total free enerzy of the mSW fhid.

The excess entmopy was caleubted frornthe ternperatume -
dependent enthalpies of the liguid and the crpstal according
1o the relation

)= bt LT

n :r' ar
I?ﬁil

where 55}’5:2.10 (=197 iz the fusicn entmopee The entfal-

pies of the liquid phase, Hy, (T and the DO arystal, o),
were fited from the siroulsfion dat@ to the following fume -
Homs:

LT = BT+ 5T+ T+ 6T,

Hp(TI=-2 ¢+ 3T+ d:ﬁﬂag!'a,

where the polymomisl coeffivients are: o,=12 31957,
0y=—107 9952, o=095332¢1, and dh=20.54142. The
confizurmtional entropy, altematively 1o By, (22, can be cal-
culated fromn the confizurational heat capacity

T o "
o=t | L 25)

(27

F

where Ty i sore terpermire for which = (Tl is Joosm
fmorn fhe themoodynaric intezration to the ideal gas. The two
themnodynarods routes mve dentical maults

The spliting of the ioial liquid entropy ino wibrational
and confizuretional parts is shown in the wpper panel of Fig,
7. In addifion, the confizurational enfopy is coropared in
Fig & to the eucess entmpy over the themnodynarnically
stable IZ crystal in the ternpemie mnge between the moelt-
ing ernperafure and the lowest ternpemiume =acoessible fo
simlations. Ale shown am the harmoonic and anhamwoonic
parts of the excess wibmtonal entoopy. The wbrabdonal en-
tmopy reakes about half of the cwemll excess entopy, I 2
renersl accord with experirmental evidenc: obiained for labo-
ratory glas formers 2 The sitation is sorrewhat siroilr
with the ewcess heat capacity close o the melting point
where the anharononic wibtmtional part is respongble forap-
promirtoetely half of the excess heat capacity (hamoondic ex-
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FI7. &, () Beass aniropy o fthe @ Auid over ds IO eyl (243 ard ik
confmratioral (5 ) ard vibaboral L4 copponants. The vibatiocal =
wass aniropy ds sph dnbo bac oo (5, ) and aoharcods AT parks, Cone
ﬁgnﬁnmlatmpyammt\uhma:kd:ﬂwnbyﬂuduhdmdh 1A}
The splitting, of the axenss hat cpardy of inko configaabioral () ard
arkar o i vibatioral (of contdutiors. The dushied Lines in () acd
rafar o fiks of the confpxatioal the reedvramis bo the axedabions (LE)
rocedal CRef ) The AE et {Eo.:k.so}m: -{].E“?S K. & K.l.l:l}.
WV sipodlatices wears dona ab deredby po*= 0051 ared the darety dranges
fromn 0580 & T, bo 0525 in 6P T smukboces.

cess heat capacity is identically sem). However, the fraction
of the anhamoonic heat capecity dmps down 1o about 15%
with lowering terppe ratume [Fiz 2001].

e hare wsed the data for the confizurmtional therrood w-
naries forn sirmbEtons to it thern to the Sanssian excita-
tions 113) roodel ** The oodel doss not antcdpae anharmoo-
nicity playing a major mle in the excess themoodymarics
beloow the meling ternperatue . Cur focus is therefor litnied
to configurational themnod ynarndcs onby. A< is shown in Fig.
8, the 15 roodels can be fitted 1o the teropermire dependenss
of the confizurational enfropy and © the high-temperstumre
porfion of the heat capacity. The roodel however fails 1o
wproduce the sharp dee of the heat capacity at the lowest
ternpemies accessible o sinubtons.

C. Dynamics

The diffusirity data frorn sitolstions (o= 190 am shown
tor points in Fig, 9. These mauls ae fitted to the A mlation
[Eq. (17] =nd to the dymarcic equation of the Caussian exei-
tations oodel [Ey. (57]. The confipuratiomal heat capacity
fromo our sinmbtons & used i the fit in contre=t to the
pEvicus applicaton DfE?ﬁ [3) (Ref. 34) whemr experirental
dielectric relaxation data™ were fitted to By, 5] using the
excess heat capacity forn the laboratory expentent How -
ever for the rSW roodel, «Ff () and &} 07) ame of set by
alroost & constant shift of anhamoonic heat capacity, and the
use of either of the twao to it diffusivity mves cornparable
maults, The dashed line alroost mdistinguishable fom the
solid line in g 3 indicates the &5 mhton. The Vol
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FI. 9. Fi of the diffieiay of the w8 Gh= 180 Auod £omn sk iocs
(hatebiad sqrces) tothe 803 twory [dusbad Bine, By, (1) ]aced bo e et
ticees preod Al [solid Boe, B, (3] The debad-dottad Liner = bo the WFT

2qmbon wit the VFT tarp aabae T, aqrlte 306 K (Table I The dwsbed
ard sohid lines are rdisbrgmuisabls on the sal of the plot.

Fulcher-Tarorrann (WEFT) equation (dash-dotted ine o Fiz
9 gives a lesz mtisfactory fit. In temos of fiting the mhx-
ation data, the A5 relation is superior o both the Sawssan
excitations model and the W FT equation since it mowobyes one
fithng parameter less.

W DISCUSS 0N

In discussing these results we rowst first Eoogize the
=07t of frustrations that s lilely to accoropeny any effort to
resolve the key problerns of the fdaw tmansidon by studying
noncopsallizing spsterns wsing WD moethods, Despite the
four omders of appitude in diffusivity that we hawe sudied
(Mg 9) we have tamly reached the cnset of the “'low tern-
erture dorain” [foor the Stckel terrpermture Ty down to
T‘?] in which the Adarn—Gibhs equation has been fested ax-
penrenlly wsing the excess entropy. It = in this dorosin
that expenrrents show linear mlatons betwesn by D and
(T prediced by fe &3 equation. Thus when, in Fig
10, we plot our og O walwes against the alemative quan fifes
[Tsf 1t and (Zp), and obeerve that e first is linear and
the second is not, we am not able 4o ®late the break in the
I:T.sf]'l plot 1o the brealdonsm of the A% comelation &t T in
the analysis of Fichert and Anzell®® nor to e ofier cooss-
overs [Stokes-Hinstemn eguation breakdown, eto.] obsarved
in the experimental plots at T, 82 The break in cur log D
warsus (T T plot ooours st a quite differnt (roch higher)
terrperatues, wher D iz ondy 100° oo =%, and thus roust
have a different ongin. Whether or not there & a further
break in the plot of log D versus (Tef ! [or of log D wersus
(Tef o for that moatter] ecouming at T, cannot be told fom
the present work, nor foro any previows study.

Thiz difference betwean the wiseosiy domains explorsd
in ML sircolations of gass fomoers and the low ternpemre
dotrain near T, where 0 many laboratory studies are carriad
ok, is ot giwen adequate atenton in roost of the disowssions
of * gassy dymamics" sinmlation msuls. Motsithstanding the
swccass of well Jmow phenorrenolorical roodels in descnb-
ing the fass tenstion == is obeanred in sirntion ™ the fact
that cne is woddng abowe the rouch discussed crossover in
the WD case and below it o the experirentsl mnge of A
equabion testing canmot be escaped . The bect that can be done
iz to cornpare the slopes of the teo plots with thoss found in
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FX5. 10, () AG plot for DE.‘.‘J
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the same spstemn. The dehed loes raprerer: H.uwhu:oct'mapondrg
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the most mlemnt expedmrents, tut litle can be gamed
therebnz withont a eter theory for the A equation. Heme we
will further discuss the break in our Fig 10 plot for diffu-
sivites and the nom-Arhendus character of the diffusivites
and will then seek to Eeoncile what seeros 1o be a conflict in
dymaric: and themoodymamic signatures of fmglite in the
present systero This will prodde ws with the opporhumity to
rreke 2 (mre)l coroparscn of themoodymarni: behavier for
different potental roodels of situbted fass fomoers.

The most corrplee studies of ghssfomner diffusivity
available are for the cases of TR 530, ™ and some of fie
tulk metallic dassesTF [BMS) in which data cover the
mnye of diffusivity fiomn watedike values down to those
chamcenstc of liquids at their gass manstion emperaires
[10F¥ cred =1). Omly in the case of OTF iz the watation of
the excess entTopy in the maTre teTopemhie @=neE, el o
that of the copstal, poopedy dnown. Bxueess entmopies Elatve
to @ mintue of crpstals am known for sore of the tulk
metallic das formrers.

The division of the excess entmopy End heat capacity] of
the supemooled liquid o witrational and confizumtonal
COTCpPCmEnts was L rzested in Goldstein’s crignal analysis,
where it was found that in the case of OTF aloost SO% of
the excess entiopy was vibmtonal in chamacter Goldstein’s
finding has recently been confurred by reasuements of
Wang and Richert™ However OTF is frazile in chameter
and the behavior of the WHO3S, in Lewis—Wahnstmion roodel
iz unlike that of the present spetern 0 coTopati=on of our
findings with those for OTF mey not be appmpdate. The
Tk metallic gasses, by conigast, are mome sitodlar o the
PRssnt syster in theit VIS behavior (forn newtmn seat-
feTing studies of their quenched and anmealed staes™ tut
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FI5. 11. Driffasiviey of mecdel aed hbeorsbory glass formers v T, where
T irthe bavp st ab whdch diffisrdviy ix 2qml be 100% om 51 fhe o of
the Ambardes ragion) . Modal fnids: hrge oo of the EWLT Ligrid
(Raf, 151 aed o F (=190 Aid. Labarst oy Hgoide: 0o (paogie) (Raf
&3 and Mi Mﬂlhamm%ﬂq@mmwm
{sgrred (Ref. 61). fhrsrefer bo the difriviy of " Co exdeubbed fom the
EbokesEiret sin aqrbion (Faf. 651

rerrernber the obsenmtions were all roade at fivtive tenper -
tu:ﬁnea:!") and poove to be mhtively smong in their
kinetics " LCIJ{E the present systern, their diffusivities exhibit
a stmong Aohenius plot curmtie in the terrpemlie @z
accessible to cornputer siroulation (thus appearing fragilk in
this rangze] in ruch the same way as do classical network
glaszes, BaF, and 50, at high terpermtues. This the be-
havior of our S systern roight be beter coropened with
that of the EMG systerns studisd by Chathoth o2 4% and
Teviewed by Faupel o of %

In Fig. 11, we conpare the diffusivities fioon Fig, 9 with
those of wariows coroponents of the tlk gles former
Pd i 0wy Fo fromn Refe 63 and 6F after scaling by the
ternperature at which each spstern exhibie D= 10 oo =2
[mear whem the deviation froro frrhenius behavior fist be-
corres obwious), On the lareer tenperatue soale the Fi dif-
fusivity, like the ™Co diffusivity of Ref, 65 and the viscosity
of Fef. &3, &l mfum o Arthenius behawior with a larrer
slope, and the behawior appesrs nonfragle approsiroetely
like gl].rceml Thus, the son g curmmre which lead hiclin-
em et @b’ memﬂuﬂ&&mrﬂﬁmvmyﬁa@gdﬂﬁmﬁ
necessrily contnwe. This would mtonalize what cthersize
iz a pmbernraised by the excitation profile of Fig, +—which
is ot of the fomn expected for a veny fragle liquid acxomding
1o the 15 moodel This point i= illustrated in Fig, 12 where the
excitation profiles of the BIWLT and roSW liquids ae scaled
onto the same plot by the wse of fheir Kauerrann teropera-
fures [T,=34.35 I (Ref. IEJﬁJIBI\.lEJa:uiT*ﬁ 434 K for
oS W, Tahle I Unlike the ror fragle cxses % which de-
velop zn S-shaped poofile and exhibit phase tmnsibions (ot
unlike that of silicon itself], fese profiles always have posi-
Hwve slopes. Consistent with the difference in their diffusiity
behawior se=n in Ay, 11, the profile for mSYW is shatper than
that of the less fragile BMWIT. Fgures 11 and 12 together
pronride the bestevidence to dae of the surprisin gy nonfay-
ile behawior of e rowch studied BWLT systern

Aopae of induweing fragle character in an atoro: sypsteTn
with a sphencally symorretdic potental i=, axeordin o S=astoy
et 4l ® 10 incTease the density of EMLT. This was shown 1o
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sdy of Swtry o o, on EMLT & po”=1.215 (Raf. 65 sealsd aang the
Faazraon {5"’“:3!1-35@&. 150 The layalat kw T i thds eses
1= oot thee proand state ket e glassy sate froeen in at thds coolingrats. The
s!:nzpa P:QELL £ tha 6l moddmph,s a pnace fragiles Hgnd than e
EMLT miods], a5 & also semn o the difisiviy duk in Fg 11.

increase the slope of the AT plot, Fz 100&) in the samoe way
that i =en when the experirnental data for OTF are added 1o
the plot. We deronsime this in Ag. 15 To show consis-
tency, we include in Fig 13, the data for bulk metllic
razzes, wsing the excess entmopy dat of the BMWMG repored
b Eumo et of. ™ Although fhese data refer 4o the melting of
termAry eutects cornpoeition, we consider that the fusion en-
thalpy uwsed in the entopy assessmrent o be walid (Le, to
contin negdizible nonddesl rofxing enthalpy) because it has
been shown that the copstals that fuse at the ewvectc am
already binamy cornpounds. The sbpe of the plot for the
Bl diffusivities for Mi and Co, which are decoupled from
the viscositg i less than for mnd W wsing excess entropey, bt
the slope fior the riscosity -based daw of Fig. 11 i essentally
the sare. The var@tionsin slope in Ay, 135 however are ot
well accounted for. Here we recall that, in Ref. 34, such plots
could e reduced 1© an all corcroon slope wsing By, (31 of
this papst.
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The analysis of the temmodynaric and Elaxation data
of labomtony glass formers has allbwed us o classify those
liquid= accoming to therroodymarnds pararneders of fheir con-
firmational excimtions ™ The excitations rrodel deserbes
the themnodymarnics of a supemooked liquid as an ideal s
of excitafions each camying exwcitaion eneryy < and entopy
. The energies of excitations belong o 2 Sawssan roanitold
with the sverare excimtion enerzy s—22(T0h [T is the
population of the excited state) and the varance 2T, This
TepresentEion is in fact equivalent 4o an ensemble of excita-
tHoms with rean-field atmactdons. When the Bbomtorny dar
for fragile liquids are fitted 4o the 13 roodel, the excitation
[armieters show wniverslity when the energes ae scaled
with the Kauzrrann teroperature . In these reduced units, the
excifation entropy &g becornes the only relewant parameer
determnning fra glity == shown in Fig 14 whemr the data are
plotted agminst the steepness fagility index ™" Aocomling 1o
the excitations roodel, one expects for fagle liquids

)|

Thiz universality does ot hold for hquids of mtemmedzte
fraglity [intemediate liquids) Moteworthy is a rouch
srealler width pamrreter h for interrrediate liquids cornpared
to fragile liquids (Fiz 14).

The cument sirmlations of the mEW hquid enemly
support the basic assumptbions incorpomted in the develop-
rent of the excittons model of bowtenpemtim  glass
fomners ' althourh, as for the cornparison o Ebomione
data, the WD sirmlations probe the terpemtue mnge owch
higher than the one anticipated in the theony deweloproent
(Tp=T=T,). Mevertheless somre conelusions can be draen.
The 15 roodel neglects the teropersfure dependence of the
excitfation entropy and thus the anhamoomicity effects. Anhar-
roomic wibmtons am significant in the potental enerze land-
seape of the oS W roodel athigh ternpemiues, bt theit con-
tmbution to the excess heat capacity dops toabout =15 %



in the kbogest porion of the ternpemiire mnre stdied heme.
Themiore, the mssuropdon of the teroperature -independent
enfropy of ekrrentary excitadons might be a good firt-order
approciTration in applications of the roodel to datm at low
teroperatues close o T,

The roost dppificant ingredient of te excitations roodel
EqUOng testing on wmilable data is the anticipated terope -
ture dependence of the effective CGansdan width of the dis-
tihbution of badn enerries. The ternperature «dependent width
i introduced mio the model 1o account for an effectiely
non-Censdan landseape proted by the spstern when explor-
ing deeper tasins with lowedng ternpermture. An exact on-
Janssian landscape model recently developed by one of us
has tanzht us that this terrperafie dependence can be quie
corplex such that a linear scaliny, protably apphes only oa
lirpited range of terrperafues. Eren though in the mnge of
teropemiies studisd b owr sirclations, the effectne width
srales lineady with empersture for both constant-wolure
and consant-pressure enserbles (Ay 4] Unforhnately, te
present sicolatioms do not allons access to he lower porbion
of the landscape and devmtons fmorn CaussEnity ocheored
in sorce Tecent sirmbtions™ are not pronounced in the
enurrermtion function ol¢l.
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