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We perform molecular dynamics simulations of a one-component glass-forming liquid and use the inherent
structure formalism to test the predictions of the Ada@ibbs (AG) theory and to explore the possible
connection between these predictions and spatially heterogeneous dynamics. We calculate the temperature
dependence of the average potential energy of the equilibrium liquid and show that it obeys the Resenfeld
Tarazonal®® law for low temperaturd, while the average inherent structure energy is found to be inversely
proportional to temperature at loW consistent with a Gaussian distribution of potential energy minima. We
investigate the shape of the basins around the local minima in configuration space via the average basin
vibrational frequency and show that the basins become slightly broader upon cooling. We evaluate the
configurational entrop¥.on, @ measure of the multiplicity of potential energy minima sampled by the system,
and test the validity of the AG relation betwe&g¢ and the bulk dynamics. We quantify the dynamically
heterogeneous motion by analyzing the motion of particles that are mobile on short and intermediate time
scales relative to the characteristic bulk relaxation time. These mobile particles move in one-dimensional
“strings”, and these strings form clusters with a well-defined average cluster size. The AG approach predicts
that theminimumsize of cooperatively rearranging regions (CRR) of molecules is inversely proportional to
Sont, @and recently (Phys. Rev. LeR003 90, 085506) it has been shown that the mobile-particle clusters are
consistent with the CRR envisaged by Adam and Gibbs. We test the possibility that the mobile-particle strings,
rather than clusters, may describe the CRR of the Ad&ibbs approach. We find that the strings also
follow a nearly inverse relation witfon. We further show that the logarithm of the time when the strings

and clusters are maximum, which occurs in the faelaxation regime of the intermediate scattering function,
follows a linear relationship with TS.ny, in agreement with the AG prediction for the relationship between

the configurational entropy and the characteristic time for the liquid to undergo a transition to a new
configuration. Since strings are the basic elements of the clusters, we propose that strings are a more appropriate
measure of theninimumsize of a CRR that leads to configurational transitions. That the cluster size also has
an inverse relationship wit&.ons may be a consequence of the fact that the clusters are composed of strings.

I. Introduction minima of varying depths, surrounded by potential energy

Much of the current understanding of the properties of glass- barriers. At sufficie.nt_ly low temperatgres, the system resides
forming liquids can be traced to the seminal theoretical and Near these local minima and the motion of the system can be
computational works of Frank Stillinger and his collaborafors. described by vibrations around the minima, with infrequent
Stillinger was one of the pioneers of the topographic viewpoint transitions from one minimum to anotht.
of liquid thermodynamics and dynamics, first developed by  The qualitative description of the potential energy landscape
Goldstein? In this approach, the dynamics of\abody system was formalized by Stillinger and WeBeusing the concept of
can be described as the motion of a point on a multidimensional the inherent structures (IS), defined as the configuration of the
potential energy hypersurface, referred to as the potential energysystem at a local minimum of the potential energy hypersurface.
landscape (PEL). For B-body system, the PEL refers to the  Stillinger defined a basin of attraction as the set of points that
system’s potential enerdy plotted as a function ofl8 particle map to the same local minimum upon minimization of the
coordinates. This surface consists of a large number of local potential energy. On the basis of this operational definition,
Stillinger and Weber proposed a mathematical formatism
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system in equilibrium. Direct evaluation &f,.s enabled testing describes the evaluation of configurational entropy in detail.
of the phenomenological AdanGibbs (AG) theory that The validity of the AG theory and the connection of CRR with
postulates a connection between thermodynamics and transporthe dynamical clusters and strings of highly mobile particles
properties through a relation betwe®g,s and viscosity;. This are explored in sections 6 and 7. The conclusion is given in
AG relation has been successful in rationalizing the slowing section 8.

down of the transport properties of many glass-forming liquids

approachingTy. According to the theory, relaxation in super- II. Inherent Structure Thermodynamic Formalism

cooled liquids takes place through the activated motion of  The central idea of the IS formalism is the notion that, at
cooperatively rearranging regions (CRR), defined as the smallestg ticiently low T, the dynamics of a liquid can be separated
region that can undergo a fransition to @ new configuration inq yviprations within a single basin and infrequent transitions
without a requisite simultaneous configurational change on and patween basins. This partitioning is motivated by the fact that
outside its boun_dar%fi The theory also _postulates thatthe CRRs i 1 approachingT,, the time scales of intrabasin vibrational
grow upon cooling, and thus, relaxation slows down because amqtion and interbasin diffusion differ by several orders of
concerted motion of larger and larger groups of particles is agnitude. Direct numerical evidence for the separation of the
required. This idea has been further considered by a number Ofdynamics of a liquid into vibrations around and transitions
authorsi* between IS was provided by Schrader et*ahere such
The notion that liquids approaching the glass transition should separation becomes possible in the vicinity of the mode-coupling
relax in dynamically correlated regions that have enhanced or temperaturdycr. Stillinger recognized the consequence of this
diminished mobility relative to the average has received much partitioning is that the canonical partition function can be
attention over the past decatfe3! This type of dynamics is  conveniently rewritten as a sum over all of the local potential
commonly referred to as spatially heterogeneous dynaffiés.  energy minima and an integral around the surrounding basins
Numerous computer simulatioi¥s*6 and experimental worké of attractiont
have clearly identified transient correlated regions of enhanced The canonical partition function of a systemMfinteracting
mobility. These regions form well-defined clusters, that can particles is given b3P
typically be decomposed further into groups of particles or
molecules that follow each other in a stringlike fashtéf34° h3N N N N N
Quantification of the size of these dynamically active regions QuViT) = S [ expl=part pMl dr dp™ (1)
clearly demonstrates that their size increases as a glass transition '
is approached. A recent theory of dynamic facilitation predicts where Z(rNp) is the Hamiltonian of the system that is
that spatially heterogeneous dynamics is a necessary Conseéxpressed a:S
guence of local dynamical facilitation and cooperative motfon.

Despite the progress in quantifying the nature of spatially 1 N
heterogeneous dynamics (SHD), a direct connection to the CRR TN PN =— Ipi? + Uy (2)
that is central to the AG theory has been elusive, in part because 2m&
the size of the CRR is not precisely defined from microscopic
quantities. The AG approach does provide a prediction for the HererN andpN are shorthand representations for the positions
relationship between the sizef a CRR and the configurational  {r;} and momentd p;} of the N particles, andUn(rV) is the
entropy, which provides a means to explore a possible relation- total potential energy of the system. For the above Hamiltonian,
ship between the characteristic features of SHD and CRR.the integration over the momenta can be carried out explicitly,

Recent work on a water model suggested that identifyiag andQn(V,T) can be reduced to
the average size of a cluster of mobile particles may satisfy the
predicted AG relatiod? AN
Given that clusters are comprised of smaller groups of Qu(V.T) = NI Zy(V.T) ®)

particles that move together in “strings”, it is also natural to

ask whether the strings may be a possible, if not a better, whereA = (27h2/m)*2is the de Broglie thermal wavelength,

candidate to represent the CRR envisaged by Adam and Gibbs3 = 1/kgT, and

Hence, the primary focus of this work is to explore the

connection between the dynamical clusters and strings that have _ N N

been found in earlier works and the CRR of the AG theory. Z(V.T) = f exp[=AUN(r)] dr )

Our approach is as follows: We first evaluate the configurational . ) . . . -

entropy and dynamical heterogeneity of a one-component liquid IS the conflgur_atlonal integral. _In the IS formalls_m, the partition-

described by the Dzugutov potential, a model for simple metallic ing of thg.conflgur{:\tlon space into nonoverlapping pasms allows

liquids. The calculations o0&, are used to test the validity of the partition function expressed above to be rewritten as

the AG relation betweelk.ont and the diffusion coefficient.

We then investigate the extent to which mobile-particle strings QuVT) =

or clusters may represent the CRR by comparing several —3N = _ _ N

different measures of the characteristic string and cluster size A Z exp(-pes) beasinEXp[ AUy —egldr™ (5)

to the “minimum cooperatively rearranging region” of the AG

theory. whereRyasinis the set of points comprising a specific basin and
The paper is organized as follows. In section 2, we present gs is the potential energy of the inherent structure corresponding

the mathematical formalism that describes the thermodynamicsto the basin. This last equation shows that the contributions to

of the IS, which can also be found in refs 1, 7, 9, 48, and the partition functiorQn(V, T) can be separated into two parts:

49. We then briefly describe our model in section 3. In sec- the IS energy of all the distinct basins and the thermal excitation

tion 4, we discuss the IS properties of our system. Section 5 within the basins. If we introduc®(es) des as the density of

basins
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states with IS energy betwee andes + des, then the above ~ TABLE 1: Parameter Values for the Potential in Eq 115!
equation can be written as m A c a B d b

16 5.82 11 1.87 1.28 0.27 1.94

QuV.T) = [ desQ(es) expl-pes — fuasilfes)] (6)

where Our molecular dynamics simulations are performed for a

system of 2197 particles in a temperature rang& ef 0.44—

ar™ 1.0. For all of the state points studied, the simulations are
—PhoasidB &) = In fR(e{S) exp[=p(Uy —egl——| (1) performed at isothermal conditions and at a constant depsity

A = 0.85. Periodic boundary conditions are used in all three of
the spatial directions. For eadhvalue studied, the liquid is
cooled and equilibrated in a stepwise manner starting ffom
= 1.6. All of the units are quoted in Lennard-Jones reduced
units: length in units ofy, temperaturd in units of ¢/kg, and

Here,foasid8,81s) is interpreted as the basin free energy with IS
energyes. Equation 6 is further simplified if we define the
configurational entropys.on{€s) as

Suoni@9) = kg In Q(e0) (8) time in units ofg(M/€)Y2. The massn and the distance are
set to unity.
Then, eq 6 becomes To evaluate the entropy, we need to connect the range of

densities and temperatures studied with the ideal gas. Hence,
QuVv,T) = fdeIs exp[=B(Es * frasidB: €5) = TSon€5))] two additional sets of simulations are conducted. First, the
) system is simulated for temperatures ranging ffbsr 2.0 to
S T = 5.0 at constant density @f= 0.85. Then, a second set of
In the thermodynamic limit, the free enerdyof the system  simulations afT = 5.0 is carried out in the density range of
can be obtained from this equation by employing a maximum g 85-0.001.

integrand evaluation, which yields The number of particles used in the present simulation is
—a _ a (RE smaller than thé\ = 17 576 used in ref 43. The calculation of
A= 85~ TSonf®s) T foasidf &s) (10) the configurational entropy involves the diagonalization of a
Here, 8s is the average IS energy for a givAhvalue that large Hessian matrix, to be described below. To accomplish
maxir’nizes the integrand and thereby minimiZes this task in a reasonable amount of time, we have reduced the

The expression for the free energy eq 10 can be interpretedSYStém size (& = 2197. Unfortunately, these smaller systems
as follows. The first two terms on the right-hand side of eq 10 have a tendency to crystallize in simulations when supercooled

account for the average energy of the PEL minima visited and for moderate time%354To exclude crystallizing configurations

the degeneracy of the average IS enegyrespectively. The from our analysis and to improve statistics, we simulate many

vibrational and the kinetic contributions are captured in the last INdepéndent samples at eatfand then remove those simula-
term. Equation 10 thus provides a formal expression for the tions that show a tendency toward crystal nucleation before

separation of configurational and vibrational contributions. Only P€ginning our analysis. The configurations that are crystallizing
an appropriate model fdgasi{,8s) is heeded to fully evaluate are identified py carefully mspectlng.the thermodynamlc as well
Siont; We shall see that the basin free energy is dominated by @S the dynamic properties of each independent simulation. We

harmonic contributions, as seen in other model glass-forming use the behavior_ of the large sy_sterIN_ ¢ 17576) as a
liquids 5649 with small corrections from anharmonicities that benchmark and discard those configurations that have signifi-

we can include in an ad hoc fashion. cantly different behavior. As a result, apart from its size, the
properties of the system studied are within statistical error of

Il. Model and Simulation that of the large system. Over all, our analysis is carried out by
averaging over 23 independent simulations for the lowest

The model system we study is a one-component liquid using ya|ye, while as many as 100 independent simulations are used
the Dzugutov interaction potential. The explicit form of the ¢4, higher temperatures.

Dzugutov pair potential

V=V, +V, IV. Inherent Structure Energy and Pair Distribution
Function
V,=Ar""—B) ex;{ — a) r<a As a first step toward characterizing the thermodynamics of
r the PEL, we sample the local potential energy minima nearest

the system equilibrium trajectory on the PEL. This is ac-

V,;=0, r=a _ . . ) -
complished by carrying out a conjugate gradient minimiza-

d tion®>:56 of the potential energy starting from equilibrium liquid
V,=B eX[{r b)’ r<b configurations, which are obtained from the molecular dynamics
simulations. This process is often referred to as “quenching”.
V,=0, r>b (11) The associated quench rate is infinite, sificés set to zero

before energy minimization. For a given temperature of the
where the parameters are compiled in Table 1. This pair potentialstarting equilibrium configurations, at least 115 equilibrium
is characterized by the presence of two repulsive regions andconfigurations are mapped onto the respective inherent structure
one attractive region. The potential is designed to favor local configurations.
icosahedral orderirtg>2and is considered a generic model of A basic property characterizing the minima on the landscape
simple metallic liquids, which have icosahedral coordination is the average potential energy. The temperature dependence
of the first neighbor shell. Further information about the model of gs has been studied by several autho¥38:49.5760 Figure
is found in refs 43 and 51. 1 shows the plot ofs as a function ofT. As in the previous
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Figure 1. Average, inherent structure energy per partigigN as a
function of T. Inset: &s/N (circle) as a function of the inverse
temperature foll < 0.75. The solid straight line is a guide for the eye.

5

Figure 2. Inherent structure pair correlation functigr) for T= 0.44
(solid line) andT = 1.0 (dashed line). Inset: pair correlation function
g(r) for the equilibrium liquid forT = 0.44 (solid line) andl = 1.0
(dashed line).

studies@s is nearly constant at high. The IS average energy
decreases upon cooling below the “onset of cagfgidicating

that the system populates deeper and deeper basins upoM/Nere

supercooling. Below this onset temperatugig,is often found
to follow a /T law for fragile liquids1®48:49.57.58which also
appears true for this system (inset of Figure 1). Thi§ 1/
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entropyS(T) can be expressed as the sum of the configurational
entropy Sonf(T) that results from the multiplicity of local
potential energy minima sampled by the liquid and the
vibrational entropyS,in(T) of typical basins sampled at Thus
Seond M = M) — Sp(T) 12)

To obtainSon(T), we need to evaluate both the ovei|(Il),
as well as thes,ip(T). We will first focus on the evaluation of
M.

A. Total Entropy. To evaluateS(T), we must connect our
system with a reference system for which the exact valug of
is known. In this case, we will use thermodynamic integration
to connect our system with an ideal gas state.

Generally speaking, thermodynamic properties can be split
into a contribution from the ideal gas, and a contribution from
interactions, typically referred to as the “excess” over the ideal
gas value. For example, the total entrdpgan be written a$
= 99 + X whereS? andS* are the ideal and excess terms of
the entropy, respectively. Note that this should not be confused
with the difference between the liquid and crystal entropies,
sometimes also referred to 8

To determine the total entropy at a reference state poiat
(Tr,VRr), WhereTr and Vg are the reference temperature and
volume, respectively, we perform thermodynamic integration
at temperaturdr = 5.0 starting from a volum¥ — o (ideal
gas limit) to the reference volumé (corresponding to density
0.85). Following ref 64, we need to evaluate

_ i+ YR | Py
SR =SSR+ + [ —dv (13)
g4 = —3AY/JT is expressed &%
s V),5
2 =N|In[—=]|+2 14
ke [n(NA3) 2] 4

dependence has been mathematically shown to be a consequence

of a Gaussian distribution of the probability den$¥gs,3).57:6263

To gain insight into the spatial distribution of particles in a
given potential energy minimum, we measure the pair correla-
tion functiong(r). The results for two different temperatur@s,
= 0.44 andT = 1.0, are shown in Figure 2. As first recognized
by Stillinger and Webet the underlying structure obscured by
the influence of vibrations in the equilibrium liquid becomes

more apparent in the inherent structure. This is also the case

for our system, where the splitting of the second peak in the

pair correlation that arises from icosahedral ordering becomes

sharper as compared to the equilibrium liquid.

V. Evaluation of Entropy

To reduce the error in the numerical integratiorPgf in eq
13, we use the fact th&.y = Bx(T)ks T(N/V)2 asV — «, where
Bo(T) is the first nontrivial virial coefficienf’ Therefore, we
first subtract the virial ternBy(T)T(N/V)2 from Pey and then
integrate the difference over the system volume. The contribu-
tion arising from the first virial correction is then integrated
analytically and added to the remaining calculation. The
resulting expression is

P 1
L= [

P~ BT Jav-B.ml a9

In this section, we present the methods and the results The values of the excess presstg = P — Piy are plotted in

for the entropyS, as well as the configuration&,nsand vibra-
tional S;i, contributions. The configurational entropy can be
evaluated using two different methods, referred to as the
histogram or PEL method and the thermodynamic integration
(TI) method? The histogram method is based on constructing
the probability distributiorP(es,T) of the IS potential energy
es, Which can be directly related &, with one unknown
constant.

In this study, we will employ the TI method, which uses the
fact that, upon deep supercooling, the motion of particles in

configurational space is separable into vibrations within a basin
and infrequent transitions between basins. As a result, the total

Figure 3 as a function d¥. From the behavior oPey at large

V values, we find thaB,(T) = 1.953. Combining these elements,
we find that that the total entropy at the reference state point
S(R)/ks = 18442.

B. Entropy S(T) at Different Temperatures. For a system
with fixed N andV values, & = T dS, whereE is the total
energy of the system. We can use this relationship to evaluate
the entropy at anyl along the isochoric path we study by
integrating

STV = STV + [ E

R T (16)
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Figure 3. Excess pressurBex as a function of volume at = 5.0.

The open circles are the MD result. The dashed line is the fitting to
the pressure using the first virial correction to the ideal gas law. The
solid line is a polynomial fif®
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Figure 4. Potential energy per particlg/N (circles) of the equilibrium
liquid plotted as a function of. The temperature range < 0.75 is
fitted (solid line) using the functional fortd = a + bT®. The dashed
line is a fitting to the data for the range> 0.75 using the functional
formU = a + b'T¥ + ¢'T. See refs 72 and 73 for the fit parameters.
The dotted line, obtained from the fit &f = a + bT®* for the entire
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Figure 5. Harmonicity test. The difference between the average
potential energy per particl&/N of the equilibrium liquid and the
inherent structur@s/N is plotted as a function of (open square). The
dashed line is the harmonic approximatidfiN — &s/N = 3/5(1 — 1/N)-

keT.

region, motivated by the functional form suggested in ref 49,
we fit the simulation data using the form
Um=a+bT»+cT (20)

As shown in Figure 4, this expression provides a good
description of our numerical results fér= 0.7573 To determine
9(T) for T < 0.75, we first carry out an isochoric thermodynamic
integration in the range ofg = T = 0.75, usingCy obtained
from the derivative of eq 20. This procedure links the entropy
of the systen§(Tg) at the reference temperatufg = 5.0 to
that at 0.75. Then, we ug@, obtained from the derivative of
eq 19 to calculat&yT) at anyT < 0.75. Figure 8 shows the
plot of the total entropyT) as a function off obtained in this
way.

C. Vibrational Entropy S,i, and Basin ShapeWe next turn
our attention to the vibrational component®fwhich we will

Trange, is shown to emphasize the extent of deviation of the potential need to determin&.n. Previous studi@s’4° have shown that

energy from the Rosenfeldlarazonar® law for largeT values, that
is, T > 1. Inset: The data fol < 0.75 is separately plotted oF#

axis to demonstrate that the Rosenfelchrazona la# holds for low
T.

The above equation may be rewritten in terms of the heat
capacityCy as

darT

STVA =T Vo + [fCM T @D
where
CUm = 3Nk + (3], (18)

To evaluatedU/oT numerically, it is useful to have an analytic
form for U that describes our exact numerical results from
simulation. On the basis of the free energy functional calculation
for hard spheres, Rosenfeld and TaraZ8rshowed that the

temperature dependence of the potential energy of liquids can

be described by(T) ~ T35, In a number of simulation&?49.69.70
this theoretical prediction has been found to hold for sufficiently
low T values. The potential energy for our system is also well
represented by the form

UM =a+bT" (19)

for T < 0.75; see the inset of Figure 74.However, the
Rosenfeld-Tarazona law does not hold fdr> 1.0. For this

the vibration around the basin minima can be described
predominately by a harmonic expansion around the minimum,
with minor corrections due to higher order anharmonic terms.
Thus, S;ip can be expressed as the sum of harm&ig, and

the anharmoni&,ny terms.

To determine if it is necessary to include anharmonic
corrections t&;p, we first calculate the vibrational enertlyp
= UIN — 3/kgT; if the system is purely harmonitlyi, = 3/,ksT.
Figure 5 shows thatl,i, > 3ksT, and thus there are higher
order anharmonic terms that we must account for, as also found
in the SPC/E model of watérthe BKS model of silic& and
the Lewis-Wahnstian model of OTP?

1. Harmonic contribution to S,p. We first focus our
attention on the harmonic contribution to the vibrational entropy
resulting from the motion of the system within the basins. This
can be calculated using the relation

Sarm 33

. =le—ln

where{w;} values are the square roots of the eigenvalues of
the Hessian matrix. The\8x 3N mass-weighted Hessian matrix
elementsH;; are defined by

hw
E_ (21)

ij /—mm

(22)

U
or,dr, !
(e



Dzugutov Liquid

g
o
N
——
<Inwm>

251.— —. ‘\
25 — {
I ] \

L M| | I -
0.01 2492705 06 07 08 N\
T

®
Figure 6. Density of statedl(w) at different temperatures. This quantity
is the histogram of w}. For clarity only selected temperature are
shown. These are, along the direction of the arrow shdws, 0.44,
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wherem andmy are the masses of partidlendj, respectively.
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Figure 7. Anharmonic potentiala,nand entropy&nnas a function of
T. The filled circles represent the values Of., obtained from the
simulation data through the relation given by eq 26. These data are
fitted using eq 27 and extrapolated below the lowestimulated, that
is, belowT = 0.44 (solid line). The dashed line represeBis that is
evaluated using eq 25. This equation is further used to eX@gnldelow

0.8

These values are unity for our system. The Hessian matrix arisesT = 0.44 using a fitSiam/Nks = @narm + bharm IN(T/T*), where anarm

naturally by considering an expansion &f near a local
minimum gs, that is,

N 32
Ny
ur™ =g+ i,]z:l(ri = r‘”)rarjlr“N(rj —rg) +
higher order terms (23)

wherer! is the 3N-dimensional IS configuration at the local
minimumo.. At the local minimum, the first derivative vanishes
andU(rE) = gs. Hence, the square roots of the eigenvalues, or
normal modeg w;}, provide a description of the curvature of
the basin near the basin minimum. It is this curvature that we
refer to as “basin shape”. Note that all of thhe> 0 since they

are evaluated at a local minimum; there are three zero eigen-
values that account for the three independent translational

directions of the entire system.

and bnam are free fitting parameters found to be 2.86 and 2.896,
respectively, and™® = 0.75. The temperature dependenceSgfy is
calculated as the difference between the total and the vibrational
entropies.

the potential energyJann and then use the relation

1 MandT)
ST = LT T

where we have assumed tt&t{T=0) = 0, as well as5T=0)
=0, in accordance with the third law of thermodynamics for a
liquid.

Recalling that eq 23 describes the expansiotUadbout a
local minimum, the anharmonic contribution corresponds to the
higher order terms in the expansion. Thud;,, can be
approximated as

Uanl‘(T) =U() - éIS(T) - UharrT(T)

dT (25)

(26)

To quantify the basin shape, we evaluate the density of states

N(w), which is the histogram dfw;} (Figure 6). The spectrum
of {wi} changes weakly withT. Only the position of the
maximum slightly shifts to smaller values efwith decreasing
T. To more closely inspect this change, we calculate the

U(T) andegs(T) are found from the simulation, whil®ham{(T)
= 3/5(N — 1)kgT.

To perform the numerical integration of eq 25, the value of
UanT) found from the simulation is further fitted to a

ensemble average of the sum of the logarithms of the frequenciespolynomial inT to the orderT5 using the expressiéh

of normal modes

1 N3
Ih w= Qf Inw, (24)
N—3&

5
U = T* 27
ankT) k; Ce 27)

This form for Uan, requires thatU,nn and its derivative with

. ) . . respect tal (the anharmonic contribution to specific heat) vanish
This quantity captures the average quadratic shape of a basing; T = 9 as we would expect.

The T dependence dih wlis shown in the inset of Figure 6.
Thelh wOvalue decreases weakly with decreasihgdicating

that basins become increasingly broad with increasing depth of

the minima. Similar behavior has been found in the Lewis
Wahnstion model of supercooled-terphenyl (OTPY? The

In Figure 7, we show the plot dd,nnand Synnobtained from
these calculations. Additionallyinnis plotted together witts
andS,amin Figure 8 to emphasize the extent of its contribution
in the calculation oS&qnt.

D. Configurational Entropy. Now that we have evaluated

magnitude of the changes on cooling are small compared t04th §T) andS,,(T), we can evaluat€on = ST) — Sib. The

water?® not unlike the binary LJ systefd.In contrast, in the
SPC/E model of watéf the average basin frequency increases

plot of Sonsis shown in Figure 8 together with the plots &f
Siarm and S;nn Extrapolation ofSon to lower T values using

upon cooling, and hence the basins in that system becomeynq fitting forms presented indicates tt8q— 0 atT ~ 0.33.

increasingly “sharp” with decreasing basin energy.

Using the calculated values af; at eachT, we plot Samr
(T)/ks calculated using eq 21 in Figure 8.

2. Anharmonic Contribution to S,jp. To evaluate the
anharmonic contribution t8,,, we will exploit the fact that it
is relatively easy to estimate the anharmonic contribution to

In the PEL approach to liquid dynamics, when the number of
accessible basins becomes intensive in the number of particles,
the system can no longer explore phase space and is said to
have reached a vitrified state of thermodynamic ori§ifihis

state corresponds t&ons = 0. The temperature wher&qns
vanishes is frequently referred to as the Kauzmann temperature
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Figure 8. Total S the harmonicS,am, the anharmoni&,nn, and the
configurationalSons entropies as a function gt SandS;are extended
below T = 0.44, the lowestT simulated, using eq 17 and 25,
respectively. On the other harf8hamis extended below = 0.44 using
a fit Siam{Nks = @narm + bharm (T/T*), where anarm and bparm are free
fitting parameters found to be 2.86 and 2.896, respectively,Tar
0.75. The temperature dependenc&gf;is calculated as the difference
between the total and the vibrational entropies.

Tk. However, we should be careful to point out that the

Kauzmann temperature originally refers to the temperature
where the liquid and crystal entropies become equal. The relation

between these definitions has been discussed elsevhéfe.
Our estimate foff yields Ty ~ 1.9 To, whereTo = 0.178 is

the so-called ideal glass-transition temperature obtained from

the Voget-Fulcher-Tammann fit. Apparently, our estimate for

Gebremichael et al.

observed for the BKS model of sili€awhen logD is plotted
against 1T Sonr, implying that the relatio® O exp[—A/TSond,
whereA is a constant, may not be appropriate for silica. There,
a better fit over a range of densities was obtained for the
following relationship

D/T O exp(—ATS,n) (29)
Similarly, we find a better fit to a line when we plot |do(T)
against 1T S.onf (Figure 9b). Note, however, the slight upward
bend of the data at low that remains. This behavior may
indicate an enhanced value of the diffusion coefficient over that
which would be predicted by the original Adar®ibbs expres-
sion (see section VII.C) and the StokeSinstein relatiof-3281

and is not unexpected when substantial dynamical heterogeneity
is present in the systefd,as is the case here.

VII. Dynamical Heterogeneity and Cooperatively
Rearranging Regions

Central to the development of the AG approach is that motion
of the system occurs through the independent relaxation of
CRRs. The theory relates the minimum size of a cooperatively
rearranging regiomr* to the configurational entrop.ons by

1
S:onf

However, as mentioned earlier, a precise microscopic defini-

yalll

(30)

Tk is larger than the typical values documented in ref 79, where tion of the CRR is lacking. Here we are particularly interested

the measured values dk/Tp are shown in the range 0.88

in assessing a possible connection between the CRR envisaged

Tk/To = 1.39. This disagreement could be a consequence of by the AG theory and the dynamic strings and clusters of mobile

the fact that the extrapolation of tt8.n; andD data are from
higherT values (relative tdycr) than were used in other model
liquids. We are restricted to these highlervalues because of

particles that are the signatures of spatially heterogeneous
dynamics.
A. Mobile Particle Clusters and Strings. One way to

the tendency of the Dzugatov liquid to crystallize, as described quantify the nature of spatially heterogeneous motion is to

in section lll. Data at loweT values would reduce the amount
of extrapolation in our fits and we expect would improve the
agreement betweef, and Tx. Nevertheless, the comparison
of the estimatedlk value to the mode-coupling temperature
Tumer & 0.4%378 estimated for the model yields the rafigcr/

Tk ~ 1.21. This ratio is within the range of observation for the
SPC/E model of water for which a range of 1:2D3% is
estimated. The ratidyct/Tk is one measure of the fragility of
a liquid in whichTuct/Tk — 1 is expected for perfectly fragile
liquids 89 indicating that the Dzugutov liquid is fragile within
the range of state points studied.

VI. Relation between Scons and Bulk Dynamics
One of the main goals of this work is to explore the

identify clusters of mobile particles. These clusters are typically
defined as sets of highly mobile particles that are within the
first neighboring distance of each otHéf°These clusters can
also be separated into subsets of particles that replace each other
along one-dimensional stringlike paths. These subsets are
referred to as strings. Typically, the mobile particles that make
up strings and clusters are identified by selecting the particles
with the ~5% largest scalar displacement in a time interval
t.1516:39Bth clusters and strings have been reported in a number
of different systems and were found to be relevant to the process
of cage rearrangement, bulk relaxation, and exploration of the
potential energy landscapé:3

We first focus on the mobile particle clusters. We identify
two mobile particles as belonging to the same cluster if they

connection between the dynamic and thermodynamic propertiesare separated by a distance no greater than that of 1.5, the

of the Dzugutov supercooled liquid through the Ada@ibbs
(AG) relation. The AG theo? has been tested for glass-
forming liquids in the following form

B ~A
D= Do exr{m] (28)

position of the first minimum ofg(r). By choosing many
intervalst to define the mobility of particles, we can track the
time evolution of these clusters. At any time, we can define a
size of these clusters. There are two typical measures of the
size: (i) the average size of a randomly chosen cluster, which
we denoteSy(t), and (ii) the average size of a cluster to which

a randomly chosen molecule belongs, which we deSa(®.

This relation provides a connection between the dynamic and The number-averaged cluster sizeSs= [n[) wheren is the
thermodynamic properties of the system. A wide range of number of particles in the cluster. Ti8 value is dominated

systems have been found to obey this form of the Ad&ibbs

by smaller clusters and is a number average. The weight-

relation (see, e.g., refs 5, 7, and 49). To test the validity of this averaged cluster siZ&, = M2mgives more weight to larger

relation for our system we also plot |dg against ITSont in
Figure 9a. As illustrated in the figure, a linear relationship fits

the data, but a careful inspection reveals that there is a slight,

clusters, since a randomly chosen particle is more likely in a
large cluster.
A significant feature of the clusters is that, at any particular

but systematic, curvature. A significant curvature has been T, the mean size of the clusters is time dependent, with a peak
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Figure 10. (a) Number averaged cluster sidgand (b) the number averaged string sizeplotted as a function of time. Note the strings are

averaged over all of the strings includihg= 1.

at intermediate time corresponding to the |Ateslaxation time
of the MCT as shown in Figure 10a. For simplicity, we show
only S, since the behavior &, is qualitatively nearly identical
(the numerical values are larger f§). The maximum values
of both S, and S, which we denoteS; and S, increase with
decreasingr, consistent with the phenomenological argument
of the AG theory that require®* to increase ad decreases.

the inverse configurational entropy. In particular, we use the
average values of the clusters and strings at the time when they
are maximum to test the AG relation given in eq 30.

Strictly speaking, eq 30 requires th#t— 0 as 1&on— 0.
This requirement means that a linear fit between a meaXuyre,
of the CRR and B, must pass through the origin. With this
in mind, we testedX = S, S, L., and L}, defined in the

Hence, the cluster size is one possible candidate to describeprevious section. Of these four candidates, we find that §hly

CRR, as we will discuss.

We next identify strings that aggregate to form larger, highly
ramified clusters. Strings of mobile particles are identified
by taking snapshots of configurations that are separated by
time intervalt and then by finding highly mobile particles that
replace each other within a radids= 0.6 within the time
intervalt.1543450nce the strings are found, we can define the
mean size of the strings using either a number avetage a
weight averagd.,, in analogy to the mobile particle clusters.
Figure 10b shows thak, has nearly the same qualitative

a

and Ly, obey a linear relationship with S/n¢ that passes
through the origin (Figure 11). A similar result f& was
found in ref 42.; however, they found th& — 1 passes
through the origin, and rationalized this by arguing that clusters
of size one should not be considered CRR, and thus should be
subtracted.

To better comprehend the variation in the intercept, we appeal
to physical considerations that motivate a relaxation of the
constraint tha* should be zero only when &¢is zero. The

behavior asS,. Since strings are the components that make up AG relation was originally proposed for liquids near the glass
the clusters and also match the qualitative expectations of thetransition; the limit of 1&o,r — 0 refers to the infinite
CRR of the AG approach, these are also viable candidatestemperature limit. At high, cooperativity is not important for

for the CRR. It is important to note that strings are not simply
small clusters. Strings are identified by verifying both neigh-

borship and the direction of the displacements of particles,

while neighborship is the only criterion for clusters. Such
directional correlations may owe its origin to the local structure,
where dynamic facilitation is channeled through the local
excitations®®

B. Potential Candidates for Describing CRR.To explore

particle motion, and so it is reasonable to expect thahould
approach one at a finite value ©fand thus before $on— 0.

As a result, the extrapolated value Zfat the origin will be

less than zero. Therefore, we relax the requirement that our fits
should pass through the origin and test whether we obtain linear
fits for X — 1 against 1%..n;, where we have subtracted one to
eliminate those clusters or strings for which there is no
cooperativity. We expect a fit of — 1 vs 1&¢to pass through

the possible candidates for the CRR of the AG theory, and @ positive, nonzero value of $4nrat X — 1 = 0. We find a
possibly identify the best measure of the CRR, we examine the linear relationship for all of the candidat¥s= S, S, L;, and
linearity of the relationship between the number-averaged andL}, as seen in Figures 12 and 13. Hence, all of these quantities
weight-averaged mean values of the clusters and strings andare candidates for a measurezdf
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Figure 13. Plot of (a)S;, and (b)L}, against 1% S, is the weight-averaged mean cluster sieat the timet,. whenS, is maximum.L}, is the
weight-averaged mean string lendth at the timet;™ whenL,, is maximum. Open circles are data obtained from the sma#(2197) system,

and filled squares are data obtained from a INg= 17576) system studied in ref 43.

At first glance, the plethora of possible measureszfors Figures 12 and 13 also include the weight-averaged and
confusing. Which measure is most appropriate? To answer thisnumber-averaged mean cluster sizes and string sizes reported
question, we return to the formulation of the AG theory, where in ref 43 for a system containing 17 576 particles. Although
Z* in eq 30 refers to theninimumsize that can give rise to a  we are unable to calculat®,s in the large system, all of the
cooperative rearrangement. This naturally leads us to focus onother calculated bulk thermodynamic and dynamic quantities
the definition ofz* that is smallest and obeys eq 30. Therefore, are indistinguishable within statistical error in the two systems,
we suggest that the string size is the more appropriate measurend thus we assume identical values3gkr. The figures show
of the CRR. Why then should the cluster size follow eq 30, as that the weight-averaged cluster sizes (which are larger than
found here and in ref 42? This is likely a result of the fact the number-averaged cluster sizes) are diminished in the small
that the clusters consist of a collection of strings, which system at lowT, but the string sizes are essentially unchanged.
themselves obey the AG relation. But it is the strings, and not This is expected since the largest clusters in the system exceed
the clusters, that are the minimal units. Additionally, quantitative the smaller box size at low, but the largest strings do not
tests of the quality of the linear fit indicate that the linear fits exceed the box siz€.Thus, there are finite size effects in our
to the string size are marginally better than those for the cluster measure ofg,, and so it is not reliable to compare it with the
size. AG expression. All of the other quantities should be unaffected.
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It would be valuable to revisit the water system where the 102F . . . .
cluster size was found to describe the CRRy test if strings ;
provide a better candidate for CRR in that system, as well as
extending this analysis to other systems. As a final remark, we
point out that a test of the AG relation that employs “micro-
strings”, groups of particles that move coherently (that is,
simultaneously) within strings (ref 43), may constitute an
alternative candidate for the CRR, but that lies outside the scope
of this work.

C. Characteristic Time of the AG Theory and Relation-
ship to Configurational Entropy. In Adam and Gibbs' original
paperid they proposed that the characteristic time required for 10°; ’ 7 ’ 3 ’ 8
the liquid to undergo a transition to a new configuration is TS
proportional to the characteristic relaxation time of a coopera- Figure 14. Plot of In t" {max {max

. . . ; - o and Int7 against 1T S tg);
tively rearranging region. On this basis, they argued that when the weight-averaged mean cluster Sizés maximum, and

o strings
O clusters

(Curves shifted for clarity)

is the time
max
Str

is the time when the weight-averaged mean string lerigthis

A ] (55) maximum.

7’—transition|:| eXF{TS: f
on . . . .
several decades to explain the nature of slowing dynamics in

Since we have shown the strings (and clusters of strings) of glass-forming liquids. Part of the motivation of this work was
highly mobile particles to be likely candidates for the CRRs, it t0 explore the findings for mobile-molecule clusters in ref 42

is reasonable to propose that this characteristic time is givenfor a different class of material; in so doing, we also investigated
by the characteristic time of a string or cluster (which are several predictions of the inherent structure formalism for the

essentia”y the Same)_ We thus propose the fo”owing DZUgUtOV |IC]UId An additional motivation for this work was
to explore to what extent strings, which include directional
max A correlations not used to define mobile-particle clusters, may
tyr U eXF{TSCOm] (56) provide a better measure of the CRR of the AG theory.

We find that the temperature dependence of the average

This expression is tested in Figure 14, where we see that aPotential eneray of the equilibrium liquid obeys the Rosenfeld
good linear fit is obtained when If®* is plotted vs TS TarazonaT®® law for low temperatures. Furthermore, the

over the admittedly limited number of decades available to us. {emPerature dependence of the average inherent structure energy

The data forty," is included in the figure for comparison @s is found to follow a 1T law in the deeply supercooled
clu . . L . .

Unfortunately, the crystallization tendencies of the Dzugutov regime, whileas is essentially constant at high The shape of

potential prevent us from obtaining equilibrium data at lower

the basins around the local minima in configuration space, as
values. It would be useful to test this expression in other liquids detected by the average basin vibrational frequency, is observed
where additional decades in characteristic time scales are more

to become slightly broader upon cooling similar to observations
cesy oinable.We ot i  lot o elur-or O (16 Lo ekt ness of supmceosg e, |
Vs T, for t"* corresponding to the time when the weight- water in which the basins become increasingly sharp upon
or number-averaged string or cluster size is maximum, is not gl P up

constant for allT values, demonstrating that the constarin cooling.

; . . We evaluated the configurational entrofy: of the Dzugu-
the numerator of the exponential of the AG expressions in eq S . : - .
28 (or eq 29) and 31 is different in the two expressions. This is tov liquid, and we investigated the validity of the AdaiGibbs

consistent with the derivation of the two expressions, which theory in that system. We find that the Adai@ibbs relation

require several assumptions pertinent to the particular quantity g fivr\]/:esllub duig( d]qygzn\:\ll;z ir%gr\k/]g(ljdisnf%tﬂ; Igzstgel:rt]c;v wglilso
under consideration. ' Yy .

explored the connection between the dynamical clusters or
strings that are the signatures of spatially heterogeneous
dynamics, and the CRRs of the Adai@ibbs theory. Similar
One of the overarching goals of studying the correlated to the observation for the SPC/E model of water, we find a
dynamics in supercooled liquids is to incorporate information linear relationship between the size of mobile-particle clusters
about dynamic hetergeneities into theoretical approaches to theand 18,,, which in turn provides a possible connection between
glass transition. To make progress in this direction, we need to clusters and the CRR. We further tested the possible relationship
identify connections between bulk relaxation phenomena and hetween the size of mobile-particle strings @ghs and found
the strings and clusters of mobile particles. The approach a marginally better linear relationship than that found for the
presented by Adam and Gibbs proposes relations for the entropycluster size. This marginal difference between the strings and
with the bulk dynamics and the size of clusters. Combining these the clusters in better describing the CRR is likely a consequence
relations gives a possible direct theoretical connection betweenof the fact that clusters are themselves composed of strings.

VIII. Conclusion

heterogeneity and relaxation. Nonetheless, the fact that strings show a slightly better linear
By relating the average siz§, of mobile clusters to the  relationship, combined with the fact that these are the more
diffusion constantD and the configurational entrop$on, elementary units of cooperativity, suggests that strings are better

Giovambattista et al. argued thgf can be interpreted as the candidates for the CRR within the language proposed by the
size of the CRR of the AG theory. Noting that the description AG theory. We performed tests of the characteristic time of
of the CRR in the AG theory emerges from a heuristic argument, the string and cluster size as the characteristic relaxation time
this connection sheds light into the possible origins of the AG of the AG theory, which further support this proposition.
theory, which has proved to be extremely useful over the last Simulations that are able to probe low@&rvalues will be
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valuable, as the range over which we have been able to test (25) Marcus, A. H.; Schofield, J.; Rice, S. Rhys. Re. E 1999 60,

this relation is relatively limited because of the crystallization
tendencies of the Dzugutov liquid at low&rvalues.
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