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Probes of heterogeneity in rotational dynamics: Application to supercooled liquid CS
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The distribution of individual molecular contributions to the second-rank rotational correlation function is
introduced and used to construct probes of heterogeneity in rotational dynamics. The ideas are tested in a
molecular dynamics simulation of supercooled liquid,CBoth the quantity of heterogeneity and its lifetime
or exchange timer, increase as the temperature is lowered through the supercooled state, and increase
strongly as the mode-coupling temperatdigis approached. Crossover from Arrhenius to super-Arrhenius
behavior of the rotational relaxation times and 7, is observed, direct evidence of fragility in €SThe T
dependence of,, is stronger than that of the rotational times, and it may approach them from beldw at
although the simulation is then very difficult. A detailed characterization of other aspects of the dynamical
crossover is obtained, and the general implications of rotational heterogeneity for supercooled dynamics are
discussed.
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I. INTRODUCTION molecules. Moreover, heterogeneous dynamics is not static.
After some interval, “relaxation of the relaxation,” possibly
Recently developed experimental techniques allow an obdue to an exchange mechanism, changes the molecular prop-
servation of appropriately selected sub ensembles or evegrties[16,17. Thus, the dynamical slowing down in super-
individual molecules in liquidg1—4]. They indicate that su- cooled liquids is inextricably tied up with heterogeneity.
percooled liquids are dynamically heterogeneous, with dis- The most fundamentally interesting aspect of heterogene-
tinct regions of fast and slow relaxation which persist for aity is its possible control of other dynamical processes. For
characteristic lifetime or exchangi the sense that hetero- example, it has been argued that the breakdown of the
geneity relaxes by exchange of properties among neighbdstokes-Einstein law, stretched exponential behavior of time
regions time 7., [1,2]. Molecular dynamic§MD) simula-  correlation functions, and the change from Arrhenius to su-
tion studies have helped to reveal the underlying microscopiper (stronger thapArrhenius T dependence of relaxation
details[5—12). However, in spite of the promise of the MD times in fragile liquids are all caused by heterogeneity
method, a very large gap still exists between the time scalbl,2,18-20. Nevertheless, many details are not well under-
accessible to computation and that probed by experimentstood. What causes heterogeneous dynamics? How is it con-
simulation of deeply supercooled liquid states remains amected to other phenomena and characteristic temperatures of
outstanding challengg13]. Also, while the experiments the deeply supercooled state and the glass? Do translational
mainly measure rotational dynamics, the simulations havé&nd rotational dynamics provide the same information about
focused on the translational heterogeneity observable iheterogeneity? May it be related to features of the potential
simple atomic systems such as the binary Lennard-Jonenergy surface, dandscape21]?
mixture. Only a small number of studies on molecular reori- In the following, we introduce a scheme for the charac-
entation in supercooled liquids are found in the literatureterization of dynamic rotational heterogeneity via the distri-
[14,15. The goal of this paper is to connect more closelybution of individual molecular contributions to the aniso-
with experiments by simulating rotational dynamics in thetropic polarizability correlation function. In Sec. Il we define
highly polarizable molecular system gSwhile evaluating Nnew quantities which clearly highlight rotational heterogene-
and analyzing some new probes of heterogeneity. ity. Section Ill describes the details of the simulation. In Sec.
Generally, heterogeneity found in the supercooled statéV, T-dependent rotational relaxation pf=1.46 g/cni iso-
represents a deviation from the homogeneous dynamics ochoric CS is investigated, and the new indicators of hetero-
curring in normal liquids. In contrast to the conventional geneity are evaluated, tested, and discussed. Our conclu-
view where all molecules behave the same, each molecule gons, and a summary of the significant temperatures for the
assigned a distinct relaxation time. Experimentally, it hasdynamical crossover in this system, are presented in Sec. V.
been reported that molecules only several nanometers apart
can differ by orders of magnitude in relaxation time, even
though no clear structural difference can be identifigd
Well-defined average times for the whole system can still be
calculated, but they become less useful with increasing het-
erogeneity, and it is essential to find ways to probe individual Time-dependent properties of liquids are most commonly
calculated as correlation functions incorporating an average
over all the molecules. The simplest correlations involve two
*Current address: Applied Biosystems Inc., 850 Lincoln Centewvariables and, due to time-translation invariance, a single
Drive, Foster City, CA 94040. time argument. Such functions cannot distinguish between
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homogeneous and heterogeneous systems. For example, a 1.0
has been much discussed, with a rotational correlation func-
tion alone there is no way to differentiate between homoge- ;4\
neous and heterogeneous molecular mechanisms for
stretched exponentidaldependenc¢l?7]. More complicated
multipoint, multitime correlations have been proposed as in-
dicators of translational heterogene[i82,23. Averaging a
product of two variables discards much molecular informa- 0.4l
tions. On the other hand, distributions are averages which
incorporate all product averages as moments. In the follow-
ing we demonstrate that the rotational heterogeneity is re-
vealed by the distribution of the individual molecular contri-
bution to the correlation function. 0.0,
Rotational motion is often observed via the coupling of t
the molecular polarizability to an external fie[@4]. For
rigid molecules and ignoring dipole-induced dipole effects, FIG. 1. Normalized single-particle anisotropic polarizability
rotational dynamics and polarizability dynamics are equiva-correlation functionC 4(t) vs t/7, at T=180 K (solid), T=165 K
lent, and we will discuss them interchangeably in the follow-(dotted, andT=120 K (dot dashegifor P=1 atm.
ing. Even so cross correlatiorigair contributiong enter the
polarizability correlation, but only complicate an attempt tocomplete reorientational randomization. Thus, as will be
study heterogeneity. Thus we begin with the single-particleseen nextP(¢,t) is well suited for distinguishing “fast” and
anisotropic polarizability correlation functio@,(t) and its  “slow” molecules.
i"th molecular contributionp;(t), We now illustrate the method. Three temperature$ at
=1 atm studied in previous work are chosgb]. Higher
1 1 temperatures 180 K and 165 K are representative of homo-
CoO=\§ ;1 #i(t) / N ;1 ¢i(0) ), (1)  geneous behavior, and heterogeneity is clearly visible at 120
K. Figure 1 shows the polarizability correlati@y(t) for the
) (2)(1Y. A2) threeT. To best compare the data at differ@nthe time axis
$i(D=Tria™(1)- a"(0)}, @ is scaled with the rotational correlation timg, defined as

where the anisotropic molecular polarizability is defined agollows: The rotational correlation function haig. 1) an
a®=a— 1(Tra)1, @ is the polarizability of the'th mol- initial fast decay that is not relevant to the slow relaxation of

ecule, 1 is the unit 3x3 matrix andN is the number of interest here, so it is discarded. Th&(t) in the range of

molecules. All the molecules make identical contributions to0:8 C4(1)=0.1 is redefined a€,(1)/0.8 and fitted to a

each of the two sums in Eq) (for a pure liquid, and thatis ~ St€tched exponential, and
why heterogeneity cannot be studied waty . "
In the case of rigid linear moleculesC,(t) TC:J dtC,(t); (4)
=(Aa)?C,(t), where C,(t) is the second-rank rotational 0
correlation function and\ « is the polarizability anisotropy. ) . o
Our system, C§ can be modeled as a rigid linear molecule. 71 1S Obtalned_S|m||_ar|y (-C_E T9). _
Thus in the following we seb.a equal o unity. In general |58 3Teil e lr condtions where, by
N - - H ’
C'(t)_1/NE‘:1<_P'(ui(t)‘ui(o)»’ \_/)vh_ereP,(x) Is the Leg.— definition, the correlation function shows none. In Fig. 2,
endre polynomial of ordet, and u; is the molecular axis p(4.t) is plotted at the three temperatures for times such
vector. , o , __thatC,(t) is 0.8, 0.6, 0.3, and 0.2. The rangeis 2/3= ¢
The central quantity presented in this paper is the distri— _ 1/3 For rigid molecule®(¢,t=0)= 8(4—2/3), but in

bution of molecular contributions to the rotational or polar- 5, model of flexible Csit has a finite width. We calculate

0.6

N

0.2

izability correlation, the polarizability with the “point atomic polarizability ap-
N proximation” and the anisotropy changes with the internal

P(dt)= S(h—b (1)) 3 coordinate$26]. Here, for simplicity, we treat the molecules
(¢ <|21 (&= il ))> @ as having the equilibrium geometry and an orientation along

the vector between the tw®atoms, restoring the delta func-
The first moment is, except for a normalization factor,tion. In this fashion we might miss some short time dynam-
C,(1), but P(4,t) contains far more information. In fact, a ics, but nothing on the time scale of interest.
very useful way to study th& dependence of heterogeneity A molecule that experiences small angular displacement
is to maintain aconstant G, that is, at each temperature, from its initial orientation will have¢~2/3. Thus fort
P(¢,t) is evaluated at the timgC,T) which yields a cho- =17., when a substantial fraction of molecules have been
sen value ofC ;. Furthermore, fortuitousiy?(¢,t) is adelta  randomized,¢p~ 2/3 indicates a slow molecule Of course
function for molecules which have not relaxed at all and alseeven with complete relaxation a molecule may revisit its
shows a distinct, well-separated peak for molecules withoriginal orientation, but given a significant population of
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FIG. 2. DistributionsP(¢,t) at T=180 K (solid), T=165 K (dotted, and T=120 K (dot dashef for P=1 atm. From(a)—(d),
C,(1)=0.8, 0.6, 0.3, and 0.2, respectively.

slow molecules they will predominate &t~2/3. Fort<r, Since the heterogeneity revealed in recent experiments is
all molecules havep~2/3 and it is not significant. At very not static—slow molecules do not remain slow forever—we
long times, measurement becomes difficult and both slovalso seek information about the lifetime. Following ideas
and fast molecules become relaxed Xab,t) is most infor-  from multidimensional NMR[3], we perform a “measure-
mative att~ 7(T). ment” of P(¢,t), let the system evolve for waiting tinte,,

The 120 K distributions are clearly different from the two and calculateP(¢,t) again to determine if slow molecules
indistinguishable curves at 165 K and 180 K. All are still slow, or have been thermalized. The relevant condi-
P(¢,t(C,T)), for fixed C, collapse onto a single master tional probability density is denoted &.(¢4,¢»,t,t,) and
curve at highT. Observation ofC 4(t,T) (Fig. 1) might pro-  is defined as follows: given a molecule with=¢, in a
vide indirect evidence of heterogeneity at low temperatureneasurement over the time intervalt)Q,P. d¢, is equal to
through the more fully developed stretched exponential patthe probability that¢ of the molecule falls in the range
tern at 120 K. On the other hand, the distribution of the(¢,,$,+d¢,) measured over a second time interval
molecular contributions at 120 K plainly shows the existencgt,,,t,,+t), following the relaxation of the system for time
of a larger proportion of slow molecules wih~2/3 and t, . Note that the waiting interval begins at zero, not
fast molecules withp~ —1/3, confirming the rotational het- With the quantityP., dynamic heterogeneity can be dif-
erogeneity without ambiguity. Quantitative measures of hetferentiated from static heterogeneity. Consider first the two
erogeneity can be constructed in terms of deviations ofimiting cases. In the static limit of infinitely long-lived het-
P(¢,t(C,T)) from the highT master curve, which defines erogeneity there is no waiting time dependence and slow
homogeneous dynamics. Here we propose a simple indicatanolecules are always slow, so
of the root-mean-squarm@mplitudeof heterogeneity,

Pc(qslrd)ZIt!tW)%é(d)Z_¢1)!¢11¢2_)2/3!t>7-c- (6)

213 1/2
Ahet(T)=U dp(P(¢,7c, T)—P(¢, 7, Tni))*}
13 The delta correlation does not hold when substantial relax-
(5) ation has occurred because of the stochastic nature of the
dynamics. At the other extreme, in the homogeneous Rpit
whereTy,; is the reference high temperature a@p, 7., T) has neithert,, dependence nor, since all molecules are
represent$ (¢, 7.) obtained afT. equivalent,¢, dependence,
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FIG. 3. (8 Two-dimensional plot of S(¢q,¢5,t,) for T
=120 K, P=1 atm, t,=524 ps=r., (b) time profile of I",,o(t,)
vsty /7.

FIG. 4. As in Fig. 3 forT=180 K, P=1 atm.

which will vanish fort,> 7.,. Here we again choode= 7,
for maximum visibility of the heterogeneity.
P( 1, d2,t,t,)=P(hy,1). (7) Figures 33 and 4a) are two-dimensional plots of
S(¢pq,¢,,t,=7c) for 120 K and 180 K, respectively:. is
As with deviations ofP from its high-T limit, deviations of  also a natural choice @f,. Any nonzero feature, a peak or a
P. from Eq (7) indicate the presence of heterogeneity, andnegative “well,” indicates that molecules remember their ro-
thet,, dependence will yield its lifetimes.,. Thus we define tational relaxation time on the time scale gf; because of
the difference long-lived heterogeneity some part of the distribution does
not reach its asymptotic value. Clearly, since no distinct
S(d1,¢2,tw) =P b1,¢2,7c,tw)—P(d2,7.)  (8)  peaks are visible in Fig.(d), the 180 K system is homoge-
neous in the time scale af,. Data at 165 K that are not
as a quantity which vanishes in the absence of heterogeneityhown here exhibit the same behavior. On the other hand, at
and we define a lifetime indicatdfye(t), 120 K we find a strong peak in the region of the slow mol-
ecules;slow molecules remain slow even after waiting for a
Thedty,T)= J'm do jm db,S2( by, ity T) 12 time 7.. Thus, high temperatures are revealed as homogenous
heftw “us M) P LW ’ cases and the low temperature, 120 K, appears with dynamic
9 heterogeneity in the rotational dynamics.

TABLE |. Low-temperature MD runs; the only three trajectories reaching over 100 ns before crystalliza-
tion at 80 K and 75 KttraJ is the interval for data analysnsaq is the equilibration time before data analysis,
and At is the size of “intermolecular” time steprI and B, are parameters for fit o€, to stretched
exponential exp-(t/7°)*]. 7, is a corresponding correlation time obtained by integration as explained in

Sec. Il.

Temp. (K) tiaj (N9 teq(ny At (fy) Tg (o8] Bo 72 (P9 Tf (P9 B1 71 (P9
8 240 40 10 4172 0.48 9035 6699 0.64 9313
8P 80 20 10 1994 0.78 2301 3461 0.92 3599
75 180 20 10 5243 0.82 5840 8307 0.92 8546

aRun I.

Run II.
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6 In sum, our new probes of heterogeneity &p,t) and
S(¢1,¢5,t,) and the corresponding integrated quantitative
5 A measures\o; and'pe(ty,). They will be evaluated for su-
‘ percooled CSin Sec IV.

Ill. COMPUTATIONAL DETAILS

'/0910 Drot

The system we investigate is 1.46 gftimochoric CS,
N=108, from the normal liquid state down to 75 K. &t
=1 atm, 1.46 g/crhis the density at the melting tempera-
ture of 165 K, solT <165 K is supercooled. The potential is
Tildesley-Madden 27] model “C” of atom-atom intermo-

o s s s . . lecular Lennard-Jones interactions, plus harmonic bends and
0.2 0.4 0.6 0.8 1.0 1.2 1.4 stretches including a coupling of the two C-S stretches.
100/T (K) Trajectories are obtained using batfV T and NVE en-

sembles. FOorNVT we use our previous implementation,
FIG. 5. Arrhenius plots oD, obtained fronC,(t) (triangle3  Hoover-Evans constraint dynamics on the center of mass ki-
and Cy(t)(circles with Debye formula,D o =[I(I+1)7]"*, for  netic energy28,25. For the lowest temperatures, 80 K and
p=1.46 g/cni and 500 K=T=75 K. Time unit forr; and, isin 75 K the fasteN-V-E method with velocity scaling every
picosecond. Data from run I and run I, 8.0 K, are shown togetherq 00 time steps is applied. Down to 85 K, it was verified that
The arrow at 100 K indicates a possible crossover to superyyE andNVT give essentially equivalent results. The inter-
Arrhenius behavior. nal degrees of freedom are handled with the multiple time
step algorithm, where the time step for the fast intramolecu-
The decay of the heterogeneity, normalized to unity at ardar degrees of freedom is 10 times smaller than that for the
arbitrary short time after the initial fast drop, is shown in intermolecular interactions. The intermolecular time step is 1
Figs. 3b) and 4b). We identify the correlation time of fsfor T>120 K, 5 fs for 120 K=T=85 K, and 10 fs for 80
Ihedty) with 7. After discarding the initial decays,, is K and 75 K. At 90 K, we confirmed that 10 fs and 5 fs give

calculated with the same results. Other details can be found in previous work
[25].
For T=85 K well averaged results for all the quantities of
IMeltw) =A+Bexp(—ty/7ey). (10 interest are easily obtained with no special procedures. How-

ever, at 80 K and 75 K simulation becomes problematic due

to the abrupt increase in relaxation time and consequent dif-
Generally, if the trajectory is sufficiently long to give a well ficulty in averaging, the possibility of crystallization, and
averagedC 4(t), Eq (10) is well obeyed. In factz., is not  nonergodicity. The computational requirements are then
strictly the lifetime of the local environment. Since rotational more rigorous, specifically, long trajectories for good aver-
relaxation is not coherent motion, in gene®+ ¢, even  aging over the configurations available to a single MD run,
with static heterogeneity. However, as long as we focus oong equilibration periods to compensate for slow “aging,”
the time scale ofr., 7., is a good representation for the and many runs with uncorrelated initial configurations for
lifetime and the exchange time. ergodicity. Here, we use two long runs at 80 K, denoted | and

TABLE II. Stretched exponential parameters, the ratjér,, and the exchange time,,. 7 and g, (I
=1 or 2) are parameters for the stretched exponentia[eétpf)ﬁ']. 71, T, and 7., are obtained as
explained in Sec. Il

Temp. (K) Tg (ps) B2 Tf (ps) B 717, Tex

300 3.17 0.88 9.69 0.96 2.92

250 4.64 0.86 13.87 0.97 2.80

200 6.90 0.89 20.45 0.96 2.85

180 9.49 0.89 26.2 1.0 2.61

165 12.1 0.88 34.2 0.98 2.67 3.03
150 16.5 0.89 45.0 0.99 2.63 4.21
140 20.5 0.89 55.2 0.98 2.61 5.47
120 38 0.88 99 0.97 2.46 11.73
100 114 0.85 277 0.96 2.27 42.61
90 296 0.84 651 0.94 2.07 117.30
85 693 0.79 1406 0.90 1.87
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FIG. 6. T-dependent rotational heterogenejiy; 1.46 g/cri. DistributionsP(¢,t= 7.) are shown in@) (200 K— 85 K) and(b) (the low
temperatures 80 K and 75)K(c) is root-mean-square heterogenely,, with reference temperature 165 K.

II, and one at 75 K, summarized in Table |. The runs at 80 K
and 75 K can be regarded as segments of the ideal long
trajectory. We believe that the two runs at 80 K reveal two
distinct types of dynamical behavior characteristic of deeply
supercooled states.

Preparation of the initial configuration has been explained
elsewherg 25]. The simulation begins at 1000 K and then
the temperature is dropped to 500 K for more equilibration. =
Finally at the temperature of interest the system is equili-
brated for approximately 1 before data gathering. At
lower temperatures, equilibration is hard to achieve becausig,
of aging, and a quantitative criterion for a safe starting point 2
for data gathering should be employed based upon, e.g., nor
equilibrium artifacts in pressure, potential energy, or wave
vector dependent structural quantities. However, for this
work, simply monitoring the potential energy and visualizing
the configuration with a graphic viewé¥MD) should be
sufficient[29]. Above 85 K there is no difficulty.

For good averaging the trajectory length is chosen to be
about 1007, . At least two trajectories with the same length
are used to check for confidence of the run length Tor

c

ex’ log

10

=

| . | . |

0.75 1.00 1.25 1.50
100/T

FIG. 7. T-dependence of the exchange timg (circles and 7,
) o J (open squarés Time unit is picosecondy=1.46 g/c. Lines are
=85 K. Again, for 80 K and 75 K, this is not possible be- |east square fits to the linear Arrhenius regime. Activation energy

cause of crystallization. The runs used at these temperatur€s, for 7., over 165 k=T=120 K is 680 K, andE, for 7, over

(Table ) are simply the longest ones we could obtain.
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FIG. 8. Estimation ofT, with the power-law mode coupling formula fd (A%/ps) using three different temperature ranges,
=1.46 g/cnd; for (@)—(c), 193 K=T=85 K, 165 K=T=85 K, and 165 K=T=90 K, respectively. Points are MD results, lines are fits.

IV. DYNAMICAL SLOWING DOWN AND TEMPERATURE reorientational process. The reason is {Batis more easily
DEPENDENT ROTATIONAL HETEROGENEITY relaxed by small angular steps tharGg. With decreasing
Angell has argued that GSs very fragile and has esti- the. dynamics Ch ange(sldg inrg) towardg larger steps, pro-
viding an additional(relative to 7;) slowing down for7,.

mated a glass transition temperatirg=92 K, P=1 atm L .
[21]. AIthc?ugh we are considgring a&zonstant density ourSuch a small effect would be negligible with many decades

165 K system ha®=1 atm and relaxation times have in- of rglaxation, but cgnnot pe ignored .within thg limited dy-
creased by perhaps three decades from room temperatunt_?-f‘m'c range of a S|mulat|0n_. Activation energies from the
Only pronounced super-ArrhenidE dependence can yield Ilngar par'F of Flg. 5 agree with those found from the trans-
T,=92 K. Figure 5 displays Arrhenius plots ki + 1) for lational dlffu3|on copstant,D, E,~500 K at 1.46 g/crh
|=1,2, with 7, determined fromC,=C, and C, as indi- [25]. In this work,_ fits of D,o;, from 7, and 7,, over
cated. In the Debye limit of small step rotational diffusion 900 K=T=100 K giveE,=497 K andE,=525 K, respec-
the quantity plotted equals the inverse of the rotational diftively. Since super-Arrhenius may have started fpiat 100
fusion coefficient 1D,,,. Such plots provide the conven- K it is plausible to remove this point, yielding,= 506 K.
tional characterization of-dependent rotational relaxation. The agreement of the differef, is excellent given the un-
Stretched exponential parameters for the time correlatiogertainties of the simulation.
functions at each temperature, used in the calculatiom, of The onset of super-Arrhenius i is somewhat ambigu-
andr,, are shown in Tables | and Il. Super-Arrhenius behav-ous, and one might question whether the apparent deviation
ior is evident below 90 K. If this pattern persistsTg, and  from Arrhenius behavior found at 100 K wity arises from
if the rotational times remain connected to the viscosity as real change in the dynamics. This illustrates an essential
indicated by experiment in other systems, we can confirm, byoint, that the usual analysis of relaxation timesTvgro-
simulation, that C§is a fragile liquid. vides limited, highly averaged information. A much better
The super-Arrhenius character of is somewhat stronger picture is provided by our new methods. In Fig. 6, the
than that ofr;, even though they are governed by the samdemperature-dependent distributi®{¢,7.,T) reveals that
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FIG. 9. Intermolecular part of the total potential enerdy,vst for low-temperature trajectoriesa) 90 K, (b) 80 K run I, (c) 80 K run

II, (d) 75 K.

heterogeneity is definitely present at 100 K, and even at 12w temperatures the identity of slow molecules persists over
K a slight change from the high-temperature limit can bethe time scale ofr..

A broad crossover between distinct highand low-T dy-

with the indicatorA, ;. Here, we use 165 K as the reference namical mechanisms occurs as temperature is decreased in
temperature, and clearly at 100 K the heterogeneity is risindgragile liquids. The crossover may be described with tano

observed. This can be seen even more clearly in Fig. 6

sharply. Thus the change from the hifHhomogeneous dy-
namical mechanism starts at some intermediBtesurely

more characteristic temperaturf30]. At T, one can see the
onset of collective behavior, and at the “mode coupling tem-

above 100 K, where the deviation from Arrhenius behaviorperature” T.<T, [31,32, D(T) extrapolates to zero from
of an ensemble averaged quantity such as the relaxation tinebove. Sastret al. identified T, as a temperature at which

is obscure.

the T-dependent

averagednherent structure energy

Now, we turn to the dynamic aspect or lifetime of rota- (U;s(T))—the energy of the local minima visited by the

tional heterogeneity. An Arrhenius plot of thedependent
exchange timer,,, calculated froml',o(t,), iS shown in

system—begins to decrease from its hifiplateau. AtT,
they observed the onset of the nonexponential decay of the

Fig. 7. Linear behavior crosses over to mild super-Arrheniusntermediate scattering functiof33]. Kivelson and co-
below about 100 K, as in the case of the rotational relaxationvorkers have introduced a crossover temperature associated

time (Fig. 5). Interestingly, the activation energy ef, ex-

with the presence of “frustration limited domaing20]. In-

ceedsthat of 7. in the highT linear regime. Fitting the data deed, if we regard, as a temperature at which distinctive
in Fig. 7 from 165 K to 120 K yields a slope about 680 K. supercooled dynamics starts, criteria oy based upon dif-
These observations allow an explanation of how heterogenderent phenomenology just reveal different aspects of the

ity becomes important a is decreased. At high, the life-

crossover. The indicators of rotational heterogeneity intro-

time of heterogeneity is less thag, and thus heterogeneity duced here are good candidates to idenfifyand we con-
is not observed on the time scale of interest. Because of thelude that for C$, 1.46 g/cmi, T, lies above 100 K. We

different activation energies, howevetg, will overtake r at

might draw the same conclusion from the clear presence of

a point below which heterogeneity persists on the time scalstretched exponential behaviffable 2 at 100 K.
of a relaxation and becomes a dominant feature of dynam- If the crossover begins &t,, the low-T mechanism ap-

ics. As seen in the 2D plots &(¢,,¢,,t,) (Figs. 3, 4, at
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FIG. 10. Translational dynamics at low temperatur@s:-(d), non-Gaussian paramete(t) at 100 K, 90 K, 80 K run I, and 75 K,
respectively. Time unit is picosecond and vertical line indicates(e), van Hove distributiorP(r,t) at the same temperaturasin A.

landscape, the regimeB>T,, To>T>T. andT,>T can 85 K, crystallization begins to be a problem below 85 K. In
be categorized as the high-temperature normal liquid, landFig. 9, we display the time dependence of the intermolecular
scape influenced, and landscape dominated, respectivepotential energy; a sharp drop indicating crystallization is
[33]. In this study, with the lowest temperatures, 80 K and 75seen in in Fig. &). At 80 K and 75 K, all trajectories ended
K, we attempt to observe phenomenological features relevantith crystallization, and as a result the length of each run is
to the dynamical change aroufi@. In Fig. 8, we estimate not sufficient to give well averaged rotational quantities. In
T, with three different temperature ranges by fittidgT) to  future work, we will investigate the possibility of approach-
the power-law mode coupling formula. Fitting from 193 K to ing the minimum in the time to crystallization V& as ob-

85 K [Fig. 8@)] givesT,=75.4+2.0, from 165 K to 85 K  served in CQ [37]. Another point worth further study is the
[Fig. 8b)] T.=71.6-2.8, and 165 K to 90 KFig. 8c)]  presence of long-lived correlated fluctuations in the potential
T.=75.4£3.5. The three slightly different estimates illus- energy. In Fig. &) for 80 K, run I, there is a correlated
trate the uncertainties in determinifig . fluctuation of over 50 ns.

At 80 K and 75 K, close td ., the amplitude of rotational Most simulations of supercooled liquids employ atomic
heterogeneity, measured by, is (Fig. 6) increasing models, so most discussions Bf concern the translational
strongly. This supports the idea that the [@wnechanism is dynamics. With C§ we may address the question of how
intertwined with heterogeneity. Figure 7 indicates that, in thethe supercooled translational dynamics in molecular liquids
noisy low-T data, ., may be catching up te. (requiring a compares to that of atomic systems. The relation between
breakdown of the higf- Arrhenius behavior, which would translation and rotation is an important aspect of the dynami-
put the intersection at much lowédr), another feature ex- cal slowing down[1,16]. Translational motion is often
pected in heterogeneity-driven dynamics. Several other phedewed through the distributio®(r,t) of atomic displace-
nomena are apparent that are absent at fiighihe first is  ments at time, whereP(r,t) =4mr2Gg(r,t) andGg(r,t) is
that, while the supercooled state of OS very stable above the self-part of the van Hove correlation function. It has been
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argued that a transition to a hopping mechanism, believed tc
occur belowT,, is signaled by the appearance of a second

peak inP(r,t) [33]. We suggest that a coupling of translation
and rotation should be sought wik(r,7.), in states where

rotational heterogeneity is clearly present. Also, translational

heterogeneity has been investigated with thdependent
non-Gaussian paramete38,10,

(11)

where(), represents an average wWi{r,t).

In Figs. 1Qa)—(d) the non-Gaussian parameter is shown
at 100 K, 90 K, 80 K(run I), and 75 K; a vertical line
denoteg = 7.. With atomic liquids, Koket al. found that the
time for the maximum of(t) increases a$ decreasegl0],

o u]

goHd
o

[m]

m]

T, /T,

m}

[m}
o - 80K (run Il)
= / 80K (run i)

200

3(I)0
T(K)

100 400 500

and they explained this in terms of increasing heterogeneity; FIG. 11. T-dependent ratiar, /7,, p=1.46 g/cmi. Two 80 K

we find (Fig. 10 the same trend. The sharp pdé&lg. 10c)]

runs are indicated with arrows. Dotted line is the prediction of the

for 80 K (run 1), shows that the heterogeneous translationaPebye model.

dynamics is indeed associated with heterogeneous rotational

dynamics. This finding is relevant to the breakdown of ther,;/r,=3. The faster decay of,, for the same molecular
Stokes-Einstein law observed experimentally at temperaturasotion, is a simple consequence B having more zeros.

close toTy, a topic for future work.

Figure 1Qe) presentd(r,7;) at each temperature consid-
ered in Fig. 10a)—(d). Just asP(¢,t) provides more infor-
mation about rotational heterogeneity th@p(t), P(r,t) is
more informative tham(t). The shoulder seen in Fig. (),

75 K, forr~3.75 A is preliminary evidence for hops occur-
ring on the rotational time scale ds— T, (and presumably
below). This fits with the idea that an activated local rear-

On the other hand, for a mechanism of large reorientational
jumps the density of zeros is irrelevant, and 7,=1. Fig-

ure 11 shows that the ratio has a higtplateau close to 3,
but begins to drop sharply below 150 K; run 1 at 80 K is
actually~1. Again, the large change occurs in the vicinity
of T.. Our results suggest that reorientation in supercooled
liquids requires local rearrangements leading to large angular
jumps. With a computer simulation we can examine the in-

rangement, which would correspond to a hop, is necessamjividual molecular motions in much more detail. For Fig.

for a molecule to reorient. The ratie, /7, has long been
used to characterize, indirectly, the nature of molecular reori
entation. In the small-step Debye limit of rotational diffusion

12(a) a molecule is randomly selected and the jump angles
Af=6(t)— 0(t—At) are displayed for points separated by
At=100 pse 7./60) at 75 K. With the total jump angle

180

FIG. 12. Large angular jumps

in a single molecular trajectory at
75K, p=1.46 g/lcm; (a), Angular
changegdegreesin time interval
At=100 ps, A 6= 6(t)— 6(t

a
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120 |
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A 6= 6(t)— 6(ty) plotted in Fig. 12b), it is seen that the tion of a heterogeneous patternfi ¢, 7.) might be a better
occurrence of infrequent large angular jumps is another propway to identify the upper limit of the dynamical crossover,
erty of deeply supercooled states. Investigations on the rol&,, than the onset of super-Arrheniusin D,,, or 7. For

of large angle jumps in deeply supercooled states are undethe second important crossover temperature we estifate

way. ~75 K.
As expected, several phenomena associated with the low-
V. CONCLUSIONS AND PERSPECTIVES T mechanism manifest themselves &s is approached.

i . These include rotational heterogeneity, the focus of this

We have introduced a new probe of rotational heterogey ok put also:(1) a shoulder inP(r,7.), indicating that
neity, the distributiorP(¢,t), which is far more informative = yangjational rearrangements may cause the large rotational
and sensitive than a conventional correlation function. Othefumps-(Z) the sharp fall of the ratio, /7, towards a value of
authors have introduced higher-order correlations to StUd)ﬁnity ’characteristic of a large jump mechanis(8) sharp
Fransla}nonal heteroggne@Z,Zﬂ. Knowing the.dIStI’IbutI.OI’I drop (Table 1) in the stretched exponential parameger(4)
is equivalent to know_lng all tht_a moments, W_hlc_h are hlgher-the same behavior of the non-Gaussian parameter, indicative
order correlations. WitfP(#,t) in hand other indicators, in- ¢ yransiational heterogeneity, that has been found in atomic
cluding a measure of the lifetime,,, were constructed. systems;(5) frequent crystallizationi6) long-lived corre-

We tested our ideas with a simulation of supercooledaieq fluctuations of the potential energy. Thus we have dem-
CS, p=1.46 g/cr_ﬁ. The simulation is of interest in itself, ongirated the relation of several aspects of molecular reori-
since almost all simulations of supercooled dynamics and/ogntation to the translationdl,, but much more simulation
heterogeneity have employed atomic models. A crossovefnq theoretical work is needed to correlate all the diverse
from Arrhen!us to super-Arrhenius behavior of the rotatlonalphenomena participating in the dynamical crossover. Finally,
correlation times was found, the necessary pattern forafragb-ursuing this strategy from the landscape point of view

ile glass former. o , should provide further insights and will be the focus of our
Although no dynamical simulation can even come closé ,re work.

covering the whole range from room temperaturd {o we

were able to charactenze rotat.|onal heterqgenelty down to ACKNOWLEDGMENT
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