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Viscous flow and jump dynamics in molecular supercooled liquids. 1l. Rotations
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The rotational dynamics of a supercooled model liquid of rigid dumbbells interacting via a Lennard-
Jones potential is investigated along one single isobar. The time-temperature superposition principle, one key
prediction of mode-coupling theorfMCT), was studied for the orientational correlation functidds In
agreement with previous studies we found that the scalin@, df a narrow region at long times is better at
highd values. However, on a wider time interval the scaling works fairly bettéoved values. Consistently,
we observed the remarkable temperature dependence of the rotational correlatiof #ma power law in
T—T, over more than three orders of magnitude and the increasing deviations from that law on indreasing
(T, is the MCT critical temperatujeFor 0.<T<2, good agreement with the diffusion model is found. For
lower temperatures the agreement becomes poorer, and the results are also only partially accounted for by the
jump-rotation model. The angular Van Hove function shows that in this region a meaningful fraction of the
sample reorientates by jumps of about 180°. The distribution of the waiting times in the angular sites cuts
exponentially at long times. At lower temperatures it decays at short times §swith £€=0.34+0.04 atT
=0.5, in analogy with the translational case. The breakdown of the Debye-Stokes-Einstein relation is observed
at lower temperatures, where the rotational correlation times diverge more weakly than the viscosity.
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[. INTRODUCTION rence of jumps poses the question of the coupling of the
molecular reorientation with the shear viscous flow. This is
The relaxation and transport properties of molecular lig-the second issue addressed in this paper. Jump dynamics
uids depend on both their translational and rotational motionmay take place in the absence of any shear flow. Nonethe-
Since their mutual interplay cannot be neglected, both dyless, shear motion may favor jumps over energy barriers
namical aspects must be jointly considered. If the liquids aré23]. The question is of relevance in that the experimental
supercooled or supercompressed, overwhelming difficultie§ituation is rather controversial. For macroscopic bodies hy-
to molecular rearrangement are expected to enhance the rdgiodynamics predicts that the reorientation is strongly
of the rotational degrees of freedom and, more particularlycoupled to the viscosity; according to the Debye-Stokes-
the rotational-translational coupling, as noted by experimentEinstein(DSE) law, 7,D; e, wherer andD, are the ro-
[1-5], theory[6—8], and[9-12], numerical studies and dis- tational correlation time and diffusion coefficient, respec-
cussed in a recent topical meetifi3]. tively [24—26. The DSE law is quite robust. In fact, the
Molecular dynamics(MD) numerical studies provided coupling of the reorientation to the viscosity is usually found
considerable insight into supercooled liquids in the last yearsven at a molecular level if the viscosity is smaller of about
[14]. However, the question of rotational dynamics seems td—10 P. At higher values the DSE law overestimates the
have been partially overlooked, since most studies dealt witkorrelation times of tracers in supercooled liquids according
atomic systems where rotational dynamics is missing. Noto time-resolved fluorescen¢27,28 and electron spin reso-
table exceptions addressed the issue in model systems pance (ESR studies[5,29,3]. On the other hand, pho-
disordered dipolar latticé9], biatomic molecule§10,11,  tobleaching[2] and NMR[3] studies found only small de-
and well studied glass formerg.g. CKN[15], o-terphenyl  viations from the DSE law even close Tg,. Interestingly,
(OTP) [16,17] and methano[18]). The case of supercooled according to ESR studies in the region where tracer reorien-
water was investigated in det4il9]. Studies of plastic crys- tation decouples by the viscosity, an ESR study showed that
tals and orientational glassés., no allowed translatiorare it occurs by jump motior§31,32.
also known[20,21]. The system under study is a model molecular liquid of
In the previous paper hereafter referred to asve pre-  rigid dumbbells interacting via the Lennard-Jones potential
sented numerical results on the translational motion of a sy10-17. AtomsA andB of each molecule have massand
percooled molecular model liquitR2]. The present paper are spaced byl. Atoms on different molecules interact via
seeks to complement | by extending the analysis to rotationdhe Lennard-Jones potential.
degrees of freedom. As in |, one issue is the detection and
characterization of jump dynamics. It is found that rotational Vaﬁ(r)=4eaﬁ[(oa3/r)12—(oaB/r)G], a,Be{A,B}
jumps are more frequent than translational ones in the (1.
present system. This makes it easier their study. The occur-
The potential was cut off and shifted af,iot=2.50aa-
Henceforth, reduced units will be used. Lengths are in units
*Corresponding author. Email address: dino.leporini@df.unipi.it Of opa, €nergies in units oé,,, and masses in units of.
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FIG. 1. Correlation functiong€,, C,, C5, andC, atT=0.5.C,
decay more at short times by increasinghe curves with =1 and
3 decay faster at long times than the curves Wi and 4, re-

spectively, due to the partial head-tail symmetry of the molecules

The time unit is o3 o/ €an) *2 corresponding to about 2 ps
for the argon atom. The pressuPetemperaturd, and shear
viscosity 7 are in units of exp/oaa, €nnlkg, and
JMepnl o4 5, respectively.

The model parameters in reduced units arga= oag
=1.0, 0gg=0.95, epn=€p=1.0, gg=0.95, d=0.5, and
ma=mg=m=1.0. The sample hadl=N,/2=1000 mol-
ecules which are accommodated in a cubic box with period
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(see Fig. 1 This is understood by noting that the oscillatory
character ofP,(u;(t) - u;(0)), with respect to the angle be-
tweenu;(t) andu;(0), increases with. Then, by increasing

I quickly, small-amplitude angular changes contribute to the
decay ofC, . The long-time decay is fairly well described by
the stretched exponentiatexy —(/7)#]. Upon cooling, the
stretching becomes pronounced. At=0.5 we found
=62.9 andB=0.70 forl=1, 7=96.1 andB=0.60 for |

=2, 7=32.4 andB=0.60 for =3, and r=27.9 andpg
=0.47 forl=4. We note that the stretching parameter de-
creases with increasinig At such a low temperature, cage
effects are importantsee ). The subsequent constraints,
hampering the reorientation of the trapped molecule, are
more suitably detected by highz, correlators. In fact, if is

low, the correlator averages the rotational process at larger
angular steps.

Figure 1 shows that a crossing between the pairand
‘C, andC3; andC, occurs. This is due to the fact that, as will
be shown below molecules undergo frequent 180° flips at
lower temperatures. Due to the nearly head-tail symmetry,
the flips reverse the sign &, if | is odd, and then shorten
the decay ofC;, whereas no change takes placéig even.

We investigate in detail one key prediction of mode-
coupling theory(MCT), namely that in the long-time region,
the so-calleda region, the time-temperature superposition
_principle (TTSP works better and better upon approaching
I%he critical temperatur&, from above 10]. The TTSP states

boundary conditions. The reader is referred to | for othekpat changing the temperature simply shifts a correlator on

details. The temperatures we investigated B#e6, 5, 3, 2,
14,1.1, 0.85, 0.70, 0.632, 0.588, 0.549, 0.52, and 0.5.

the log-time axis, but does not change its shape. Figure 2
shows the results fdr=1 and 4. The cases wilh=2 and 3

The paper is organized as follows. In Secs. Il and Ill thegpe intermediate. Scaling was performed by moving the

results are discussed and the conclusions are summariz
respectively.

II. RESULTS AND DISCUSSION

After the outline of the correlation losses of the system,
the related correlation times and transport coefficients will be

presented. The presence of rotational jumps will be show
and their waiting time distribution will be discussed. Finally,
the decoupling of the relaxation from the viscous flow will
be presented.

A. Correlation functions

The rotational correlation functions are defined as

1 N
(=5 2, (PUi(D)-ui(0))). (2.1
u;(t) is the unit vector parallel to the axis of the molecué
time t, and P,(x) the Legendre polynomial of ordér It is
worth noting thatC,; andC, are accessible to several experi-

mental techniques, e.g., dielectric spectroscopy, NMR, ESR,

light scattering, and neutron scattering.

Eifbints whereC,=1/e andC,=0.1 to coincidence. It must be
stressed that the alternativ®,=1/e does not collapse the
curves. To make the effectiveness of scaling more quantita-
tive, we evaluated the difference between the scaled correla-
tion functions atT=0.5 andT=x ACqs,(t/7)=C(t/7;T
0.5)—C(t/7;T=Xx). The results are shown in Fig. 2 far

n 0.520 and 0.7. These demonstrate effectively that—even if
at long times the scaling df, is more effectivg 10l—on a
wider time scale, covering the regions whélgis apprecia-

bly large, the scaling ofZ, is fairly better. This findings
support the conclusion that MCT provides a poor description
of the rotational dynamics on finer microscopic scales. This
will be further motivated below by the analysis of the rota-
tional correlation times, and is quite consistent with the find-
ing that the so called MCB correlator fitsC, correlators on
shorter and shorter time windows on increasing1].

For a linear molecule the angular velocityds=ux u. A
set of correlation functions is defined as

=

=

1 N
‘If|(t)=—§1(P|(c05ai(t))>, =1 (2.2

At high temperature and short times, damped oscillationsy;(t) is the angle betwees;(t) andw;(0). In particular, for

are seen irC, [10]. They are typical features of free rotators
in gaslike system$20,33. At lower temperatures, after an

I=1 one has the usual correlation function of the angular
velocity. In Fig. 3,¥ is drawn for all temperatures investi-

initial drop an intermediate regime appears where correlagated. W, decays quickly, and increasifigslows down the

tions are lost more slowly. This proves the increased angul

atecay(note the difference from the orientation cade par-

trapping. The height of that pseudoplateau decreaseslwithticular, in the free-rotator limitd; is a constant. At lower
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t/t,
1.0 Drzéj (w(0)w(t))dt. (2.3
1 E 0.04 0
J T=0.7 :
08-] C 0.02 From a computational point of view, the evaluation of the
o ~~~_ F above integral is delicate, and it is more convenient to evalu-
] R ateD, via the Einstein relatiof10]
N A / [
0.6 # C B>
- ’ - 002 & = lim —
O i g - D, tlzr; 2t (2.9
7 - 0,04
04 T=0.5\\\ : 9
] L 0.06 R, is the mean squared angular displacement,
i 1 N N
0.2 E -0.08 1 2
] , F R(=5 2 ¢ttt -d(t0)?), 29
i ' - -0.10
O'O LI | IIIII:II LI ) IIIIIII I'l IIIIIII LI ) IllIIII Where¢|(t) iS
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t/t, ¢i(t)—¢i(0)=A¢i(t)=fowi(t’)dt’- (2.6

FIG. 2. Scaling analysis of the correlation functid®dg andC,
atT=0.5, 0.520, 0.549, 0.588, 0.632, and (0dld lines, left axis.
The curves were logarithmically shifted to make the points wher
C,=1/e and C,=0.1 coincident. Plots ofACgs,(t/7) are also
shown(right axig for x=0.520(dotted curvesandx=0.7 (dashed

curves. See the text for details.

€

R,(t) is qualitatively similar to the mean squared transla-
tional displacementsee ). At short time the motion is bal-
listic. At intermediate times and lower temperatures a plateau
shows up. This signals the increasing trapping of the molecu-
lar orientation due to severe constraints on the structure re-

temperature® ; shows a negative part at short times, whichlaxation. At longer times the reorientation is diffusilq.

evidences a change of sign of This must be ascribed to (2.4)]. By comparing R,(t) with the translational mean

collisions on the rigid cage trapping the molecule. An analosquare displacement, it is seen that the angular trapping is

gous effect was also noted for the linear velocity correlationyeaker than the one affecting the center-of-mass motion,

function in I. Comparing¥; and¥'; (see Ref[10]), shows since the subdiffusive intermediate regime is less pro-

no significant differences between them at high temperaturg g nced and extends less on the time scale.

At lower temperatures the latter slows down whah The rotational correlation times are defineda3]

~0.25, and a long-living tail shows up. This is interpreted by

noting that, at lower temperatures, after the ballistic regime = wa(t)dt.

the angular velocity is approximately trapped in a circle. As 0

long as the trapping is effectivell,(t) =0, whereasV ,(t)

=0.25[20]. When the molecular rearrangement allows anFigure 4 presents th€ dependence of;, |=1-4, andD, .

orientation relaxation, the angular velocity tends to be disdt is seen that a wide region exists where the above quantities

tributed over a sphere, andf, vanishes approximately as exhibit approximately the same Arrhenius behaviabout

C,. 0.7<T<2). At lower temperatures the apparent activation

energy of the rotational correlation times increase. In particu-

lar, as noted above; becomes shorter tham, and a similar
The rotational diffusion coefficient of a linear molecule crossover is anticipated betweeg and 7, at temperatures

may be defined by a suitable Green-Kubo formula, in closgust below 0.5. Conversely, the rotational diffusion coeffi-

analogy to the translational counterpart,[33] cientD, exhibits the same activated behavior over a region

(2.7)

B. Diffusion coefficient and relaxation times
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FIG. 4. Arrhenius plo{top) and MCT scaling analysigottom)
of the rotational correlation times;, |=1-4, and the rotational
diffusion coefficienD, . T.,=0.458. The dashed lines are guides for
the eyes. The translational diffusion consténis also drawn for
comparisonopen diamonds The continuous line is the best fit by
using Eq.(2.8), with y5=1.93+0.02.

which was also shown to extend below the critical tempera
ture T, predicted by MCT[10]. The decoupling oD, with
respect tor; may be anticipated by noting that the former is
related to the area beloW,(t) [Eq. (2.4)], and the latter to
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FIG. 5. MCT scaling analysis of;. The superimposed curve is
Eq. (2.8), with y=1.47+0.01 andT.=0.458.

could be weakened. In | it was shown that E2.8) fits the
divergence of the translational diffusion coefficidbtover
four orders of magnitude witi;=0.458+0.002 andyp
=1.93+0.02(the data are partially shown in Fig),4and that

at lower temperatures the primary relaxation timg<D 1.
Figure 4 shows that scalin@.8) is also quite effective for,

with y=1.47+0.01 (also see Fig. b However, meaningful
deviations are apparent fo=2 andD,. The deviations in-
crease ag increases. These findings are nicely consistent
with the TTSP analysis presented above, and support the
conclusion that mode-coupling theories weaken when deal-
ing with small angular displacements.

To characterize the reorientation process, we studied the
quantityl (I +1)D, r, and the ratid (I + 1) 7, /2 4. If the mol-
ecule rotates by small angular jumps, or if equivalently the
waiting time in a single angular site is slightly shorter than
the correlation timer;, the motion is said to be diffusive,
and both quantities are equal to 1 for anyalue [25,33.

The results are shown in Fig. 6. Three regions may be

the area belowC(t) [Eq. (2.7)]. At lower temperatures p,aqly defined. FoT >2 the properties are gaslike, and the
W4 (t) vanishes more quickly, thus probing the fast dynamicsyational correlation times become fairly long. For €7

of the supercooled liquid, whereas the decayCgft) slows
down more and morésee Sec. Il A It has to be noted that
even in highly constrained liquids small angular motions

value ofD, in view of Egs.(2.4) and (2.5 [10]. Such libra-
tional motions were detected in a MD study of OTF®].
Figure 4 also shows the MCT analysis of thedepen-
dence of the correlation time and the rotational diffusion
[6,7]. According to MCT, bothr; andD, should scale as

71,D; toe(T—T¢) 7. (2.8)
The underlying expectation on scali2.8) is that it should

work with the sameT. value for any transport coefficient
and relaxation time. Conversely, the physical meaning of

<2,1(I+1)D,7 andl(l +1)7/27, do not change apprecia-
bly, and are in the range 1-2. FO6K 0.7 the above quanti-

X X . ~>ities diverge abruptly. The rapid increase in the deeply super-
which are unable to relax the orientation, lead to a finite g Py b Py sup

cooled regime demonstrates the failure of the diffusion
model, which in fact is expected to work only in liquids with
moderate viscosity or if the reorientating molecule is quite
large. If the assumption of small angular jumps is released,
and proper account is taken of finite jumps with a single
average waiting time in each angular site, the so-called
jump-rotation model is derivefB2]. The main conclusion is
that 7, is roughly independent of. In fact, for =2 it is
found that the quantity(I+1)7/27,~3.5 atT=0.5 (see
Fig. 6), and the jump-rotation model predicts a value of
about 3. However, at highdr values the comparison be-
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FIG. 6. Temperature dependence of the quatity- 1)D, 7, for 0.0
I=1, 2, 3, and 4top) and the ratid (I +1)7, /27, for =2, 3, and ~ o0
4 (bottom. If the reorientation is diffusive, both quantities must be ©

equal to 1. If the reorientation is jumplike,~ 7.
FIG. 7. The angular Van Hove functions at low temperatures.

comes much less favorable. Hor3 I(I+1)7/27;~1.9 at  Top: T=0.588; bold line:t=80. Middle: T=0.520; bold line:t

T=0.5, the prediction is about 6. Fée=4 I(I+1)7,/27, =200. Bottom:T=0.5; bold line:t=280. Dashed linet=1. The

~2.75, the prediction is about 10. The failure of the usualother continuous lines are plotted at intermediate times with equal

simple rotational models is not unexpected. Their basic asspacing.

sumptions are rather questionable in supercooled liquids,

e.g., the inherent homogeneity of the liquid and the presencgi(t) is the angle between the molecular axis of itremol-

of a single time scale both lead to a simple exponential deca S ) P . .
of the rotational correlation functions. gcule a.t'the initial tlmg and time 1/26§(6’,t)sm 6dé is the
probability that the axis of a molecule is at an angle between
C. Jump rotation 0 and #+d@ at timet with respect to the initial orientation.

) o _ - At long timesG?{(6,t)=1, since all the orientations are equi-
The inadequate description provided by the diffusion andprobable.

the jump model calls for a further characterization of the

. : e : In Fig. 7 the functionG! is pl for different tempera-
rotational motion. To this aim we consider the self-part of g. 7 the functionGs is plotted for different tempera

o tures and several times. At higher temperatures, as the time
the angular Van Hove function: .
N goes by, the molecule explores more and more angular sites
i tinuous way. Instead, at lower temperatlﬁésex-
GOt = 56— 6(1)). 2,9 hacon : e 558X
s(0. N siné ;1 ( (1) 2.9 hibits a peak ath~180° and intermediate times, signaling
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FIG. 8. Selected single-particle orientations evidencing the flips

occurring at low temperatures.

that the reorientation has a meaningful probability to occur

by jumps.

The indications provided by the Van Hove function con- TR RN ;
cerning the presence of rotational jumps are confirmed by VU Y

directly inspecting the single-particle trajectoriésig. 8).
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Similar findings were also reported in other studies on dumb- 100 200 300 400

bells and CKN glass formergl0,15. With respect to the

t

translational counterparts, it must be pointed out that they are

quite a bit fastefsee ) and more frequenfabout one order

FIG. 10. Analysis of the rotational waiting-time distributign,,

of magnitudée. The higher number of rotational jumps is also at T=0.5. Top: comparison of the best fits with the exponential
anticipated by noting that, differently from the translational (7=102+3), the stretched exponentigdtretching8=0.78+0.02
Van Hove function, the rotational function does exhibit ex-and 7=63=4), and the truncated power laMqg. (13)] (§=0.34

plicit signatures of jump motiolisee ).

+0.04 and7=125+3). The inset is a magnification of the short-

To characterize the jumps, we studied the distributiorime region. Note that the fit with the power law is virtually super-
Yoi(t) of the waiting time, namely, the residence time in imposed toy,.; . Bottom: residuals of the fits in terms of the trun-

one angular site of the unit vector parallel to the axis of

theith molecule. A jump of théth molecule is detected &3

T =0.632

log,o Y rot
o

100 1000
t

FIG. 9. The rotational waiting-time distributios,.(t) at low
temperatures.

cated power law and the stretched exponential.

if the angle betweem;(ty) andu;(to+At*) is larger than
100°, with At* =24. To prevent multiple countings of the
same jump, the molecule which jumped at titrie forgotten

for a lapse of timeAt*. To minimize possible contributions
due to fast rattling motion, each angular displacement is av-
eraged with the previous and subsequent ones spaced typi-
cally by 6-8 time units, depending on the temperature. The
jump search procedure was validated by inspecting several
single-molecule trajectories. The above definition of rota-
tional jump fits their general features well, i.e. they are rather
fast and exhibit no meaningful distribution of either the am-
plitude or the time needed to complete a jufape Fig. 8. It

is worth noting that in I it was found that the time needed to
complete the translational jumps exhibits a distribution. The
absence of a similar distribution for the rotational jumps
points to the larger freedom of the latter.

Figure 9 showsiy,,(t) at different temperatures. At
=0.632 it is virtually exponential. At lower temperatures de-
viations become apparent, which are analyzedTfer0.5 in
Fig. 10. In | it was noted that the translational waiting-time
distribution may be fitted nicely by the truncated power law
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Y(O=[T(&) 7] e e V7 0<e<1 (210 100

The best fit provided by Eq2.10 is compared to the fits by
using the stretched exponenti@xgd — (/7)#]) and the usual
exponential functions in Fig. 10. The better agreement of Eq.
(2.10 at short times may be appreciated by looking at the~ 10
residuals. >

The power-law decay of both the translational and rota-s
tional waiting-time distributions is an indication that the mo- =~
lecular motion at short times exhibits an intermittent behav- &
ior. The issue in the framework of glasses was addressed b
several author§34-38. In particular, the development of a
power-law divergence of the waiting-time distribution at
short timeswas predicted by models of trapping in energy
landscapes under fairly general assumpti3. 0.1 —

The exponent of Eq. (2.10 has a simple interpretation. LN BLELELELEN BLELELELEN BLELELELE BLELELELE BLELEL B B
If a dot on the time axis marks a jump, the fractal dimension 1 2 3 4 5 6
of the set of dots ig. For é<1, it follows thaty(t) =t ! at T
short times[34,40, in agreement with our results. §=1,
the distribution of dots is uniform, ang(t) recovers an 1004 o
exponential form. This is expected beyond a time seale 1
and the exponential decay ¢f.(t) at long times signals the 54 :"e
crossover to the usual Poisson regime. It must be noted the ’
the translational waiting-time distribution at the lowest tem- __ S
perature T=0.5) shows a weak tendency to vanish faster pe |
than Eq.(2.10 at long times. A similar feature is not ob- = ] @
served iny, o (t). =104 AN

N’

—~ s 'S,
= 1% o & NN

J—

D. Breakdown of the Debye-Stokes-Einstein law

For large Brownian particles the reorientation in a liquid 34 :
occurs via a series of small angular steps, i.e., it is diffusive. v2 HE e 2=~ iy e
Hydrodynamics predicts that the diffusion manifests a strong ] SLIP Mg
coupling to the viscosityy which is accounted for by the 1]
Debye-Stokes-Einstein law. For biaxial ellipsoids, it takes LN L DL L LR B

kT |
Di=y 1TXYZ (211 FIG. 11. Plots of the quantity/XkT with X=D-,1(1+1)7,
over the overall temperature rang®p) and in the supercooled

D,.,.. are the principal values of the diffusion tensor, & regimg (bottom. _The supgrimposed dashec_i_lines are the DSE ex-
the Boltzmann constant. The coefficients depend on the pe_ctatlpns for §t|ck and slip boundary conditions for a prolate ellip-
geometry and the boundary conditiofBC’s). For a sphere soid Wlt.h semiaxes 3/? anql 1/2. Note thgtTat 1.4, »/XKT de-
with stick BC'S uy,,=6v, v being the volume of the pends little onX, signaling diffusive behavior.
sphere. For an uniaxial ellipsoid one considBys-=D, and
D,=D,=D,. The case of stick BC's can be worked ana-resolved fluorescencf27,28 and electron spin resonance
lytically [24,25. For slip BC’s numerical results fdd, are  studies[5,29,30. On the other hand, photobleachifj and
known [26] (note that in this case the fluid does not exertNMR [3] studies found only small deviations from the DSE
torques parallel to the symmetry axisEquation(2.11) is  law even close td@ . In all the cases known, the DSE law is
sometimes rewritten in an alternative form in terms of properffound to overestimate the rotational correlation times, since
rotational correlation times, e.g., for uniaxial molecules theon cooling their increase is less than the one exhibited by the
equality ;=1/1(1+1)D, holds. The new form is more suit- viscosity. In this decoupling region ESR evidenced that the
able for a comparison with the experiments, since experitracer under investigation rotates by jump motjGa].
ments do not usually provide direct access to the rotational Shear motion facilitates molecular jumps over energy bar-
diffusion coefficients. However, this form assumes that theiiers[23]. On the other hand, “guest” molecules may jump
rotational diffusion model holds. in frozen hosts in the absence of viscous flow. Since a mean-

Irrespective of the heavy hydrodynamic assumptions, théngful fraction of the molecule in the system reorientates by
DSE law works nicely even at a molecular level if the vis- finite angular steps with intermittent behavior, not quite ex-
cosity is not high ¢p<1 P). Deviations are observed at pected in a liquid, it is of interest to investigate to what
higher viscosities for tracers in supercooled liquids by time-extent the reorientation is coupled to the viscous shear flow.
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The results are shown in Fig. 11 by plotting the quantityied along the isobalP=1.5. The time orientation correlation
l XKT with X= Dr’l J(+1)7, wherel=1-4. According functionsC,(t) exhibit gaslike features at high temperatures.
to the DSE law it should be constant. The viscosity data werén the supercooled regime, after a first initial decay, a quasi-
taken from |. At high temperatures the quantity approacheglateau signals the trapping of the molecule due to the in-
the value expected for stick BC's. F@r>5 a tendency of creased difficulty of the surroundings to rearrange them-
»IXKT for X=D,,7, to increase is noted. However, at such selves. The plateau height decreases by increasinigrémk
temperatures the system manifests gaslike features. On coslue to the larger sensitivity to small-angle librations. The
ing, 7/XkT increases. For intermediate temperatures the liglong-time decay ofC,(t) is fairly well described by a
uid properties are well developed, the system is diffusivestretched exponential. The stretching decreases at hal-
[I(1+1)r,D,~1; see Fig. § and »/XKT has a value close ues. In factC(t) correlators with lowt- values are sensitive
to the DSE expectation with slip BC’s. Notabl, »/kT, to large angular displacements, and are then affected by an
i.e., the key quantity to assess H@.11) remains close to effective time-averaged rotational process.
this value in the wide interval 2 T<6. At lower tempera- The influence on the decay @f (and then onr) of the
tures, 7/ XKT diverges. Stronger deviations are exhibited bypartial head-tail symmetry of the dumbbells was noted. This
D, and r,, and weaker ones by,. 73 and 7, track the leads to crossings betwe€h andC, andC; andC,.
behavior ofr; and 7,4, respectively, the pair; 5 being af- The time-temperature superpositiGiTSP shows up on
fected by the jump motion much more than the paij (see approaching the critical temperatufe from above. On in-
above. 7 increases of a factor of about 400 betwekn creasind, TTSP scaling ofC; becomes rather effective in a
=1.4 and 0.5. The corresponding changes yfy/kT,  narrow region at long timegl0]. However, on wider time
n/ KT and 5/ 7,kT are 41, 11, and 3.6, respectively. The scales the scaling improves bigcreasing |
discussion supports the conclusion that the correlators are Remarkably, the temperature dependencerpfs well
affected by rotational jumps, e.€; {t), yielding correla- described by a power law if —T. over more than three
tion times slightly more decoupled by the viscosity. orders of magnitude, with an exponept1.47+0.01. This

If one compares the changesgfr,k T to the ones drawn parallels the analogous results for the translation diffusion
by ESR and fluorescence experiments in the regiof,  coefficient and the primary relaxation time, in 1. On the
~1.1-1.5, a broad agreement is foud,5]. These experi- other hand, deviations of, due to that power law increase
ments found even larger values gf -,k T on approaching With I. This is quite consistent with the TTSP study. Such
T,. Conversely, photobleaching studies detected changes 8ndings are ascribed to the difficulties which mode-coupling
less than an order of magnitude by changingver about 12  theories meet at short length scales and small angular dis-
orders of magnitude, these changes are much smaller thaacement$41,42.
the present ong&]. For 0.<T<2 the quantities!(I+1)D,7, and I(l

Inspection of Fig. 11 suggests a way to reconcile, at least 1)7,/27; do not change appreciably, and are in good
partially, ESR[5], photobleaching2] and NMR[3] studies agreement with the diffusion model, which predicts that both
on the glass formeo-terphenyl(OTP). Both photobleaching of them are equal to 1 independently of the temperature. For
and NMR measure, in a direct way. In the glass transition T<0.7 the above quantities increase abruptly. The increase
region the ESR line shape depends in principle on severdf the quantityl (I +1) 7, /27, is reasonably accounted for by
7’s, and a model is needed to relate them to each other ariie jump-rotation model fof=2 [32]. For higherl values
lead tor, [31]. The model is adjusted by fitting the theoret- the agreement becomes quite poor. Asand 7, were mea-
ical prediction with the highly structured ESR line shape.sured in most experimenf2-5,28,43, this finding may ac-
Figure 11 shows that the decoupling, as expressed bgount for the attention that the jump model has attracted
7l 7 kT, increases witH. Since the weight ofr, to set the during the last yearf31,44,45.

ESR line shape is roughly comparable, one may anticipate The analysis of the angular Van Hove function shows that
that TESRmay be underestimated at some degramindthe in this region a meaningful fraction of the sample reorien-
glass transition. On the other hand, it must be pointed ou@tes by jumps of about 180°. The flips are rather quick, and
that rotational decoupling is observed up toT,4n OTP, exhlb_|t no meaningful distribution of both the amplitude and
where ESR vyields, in a model-independent wdg]. Fur-  the time needed to complete a jump. Conversely, it was
thermore, the decoupling is also evidenced by fluorescenc@dted in | that translational jumps require different times to

experimentS, Wh|Ch providez in a mode'_independent Way occur. The absence Of a Similar effect for the reorientations
[27]. indicates a larger angular freedom. This is also apparent by

the larger number of rotational jumps which are detected
Il CONCLUSIONS with respect to translational ones. .It.is worth noting that Fhe
ease of jumping does not lead to trivial relaxation properties,
The present paper investigated the rotational dynamics ads signaled by the stretched decayQ3af; 3 4.
a supercooled molecular system. The study addressed severalWe characterized the distributiogt,,; of the waiting
general features, and focused on a characterization of thémes in angular sites. This vanishes exponentially at long
jump dynamics and the degree of coupling with the viscostimes, whereas at lower temperatures it decays at short times
ity. as t¢1 with £€=0.34+0.04 at T=0.5. Interestingly, the
The ensemble consists of rightt B dumbbells interacting translational waiting-time distribution exhibits the same be-
via a Lennard-Jones potential. All the properties were studhavior (see ). The exponent for the translational casefis
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=0.49. We ascribe the power law to the intermittent featurepling of the rotational motion of guest molecules from the
of the motion in glassy systen84-37. In particular, a viscous flow was seen experimentally by time-resolved fluo-
power-law divergence of the waiting-time distribution at rescencg27,28 and electron spin resonanig29,3d, while
short timesis predicted by models of trapping in energy photobleaching and NMR studies reported small deviations
landscapes under fairly general assumptic. . from the DSE law even close B, [2,3]. It is worth noting

The intermittent jump reorientation is somewhat differentthat the decoupling of the translational diffusion from the
from motion in a liquid. There, a decoupling from the vis- y;scosity, and related phenomena like the so-called rotation-
cous flow and the subsequent breakdown of the Deby&gangiation paradox, have been ascribed to a spatial distribu-
Stokes-Einstein law is anticipated. Our study confirms thigjon of mobility and relaxation properties, so called dynami-
breakldown, and shows that the quantyXkT, with X cq heterogeneitief2,4,46—50. Their role will be addressed
=D, ",I(I+1)7, andl=1-4 diverges beloW=1.Inpar- iy 3 forthcoming study.
ticular, the correlators affected by rotational jumps, e.g., Note Added:The related problem of reorientation relax-
Cy4(t), yield correlation times that are slightly more decou- ation of a linear probe molecule in a simple liquid in the
pled by the viscosity. A rather similar decoupling was foundframework of mode-coupling theory of a glass transition was
in | for the productD 7, D being the translational diffusion discussed in Ref51].
coefficient.

The decoupling of the molecular reorientation by the vis-
cosity could be also anticipated by the observed ease with
which rotational jumps are performed. The reduced tendency
to freeze the rotational degrees of freedom was pointed out The authors warmly thank Walter Kob for having sug-
by MD [9] and theoretica[6] studies. The former investi- gested the investigation of the present model system, and for
gated residual rotational relaxation in a random lattice witha careful reading of the manuscript. Umberto Balucani, Clau-
quenched translationsand the latter predicted a hierarchy dio Donati, Rolf Schilling, and Francesco Sciortino are
for the glassy freezing; i.e., the rotational dynamics carthanked for many helpful discussions, and Jack Douglas for
never freezebeforethe translational dynamics. The decou- a preprint of Ref[37].
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