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Viscous flow and jump dynamics in molecular supercooled liquids. II. Rotations

Cristiano De Michele1 and Dino Leporini1,2,*
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The rotational dynamics of a supercooled model liquid of rigidA-B dumbbells interacting via a Lennard-
Jones potential is investigated along one single isobar. The time-temperature superposition principle, one key
prediction of mode-coupling theory~MCT!, was studied for the orientational correlation functionsCl . In
agreement with previous studies we found that the scaling ofCl in a narrow region at long times is better at
high-l values. However, on a wider time interval the scaling works fairly better atlow-l values. Consistently,
we observed the remarkable temperature dependence of the rotational correlation timet1 as a power law in
T2Tc over more than three orders of magnitude and the increasing deviations from that law on increasingl
(Tc is the MCT critical temperature!. For 0.7,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 astj21, with j50.3460.04 atT
50.5, 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.

DOI: 10.1103/PhysRevE.63.036702 PACS number~s!: 02.70.Ns, 64.70.Pf, 66.20.1d , 66.10.2x
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I. INTRODUCTION

The relaxation and transport properties of molecular
uids depend on both their translational and rotational mot
Since their mutual interplay cannot be neglected, both
namical aspects must be jointly considered. If the liquids
supercooled or supercompressed, overwhelming difficul
to molecular rearrangement are expected to enhance the
of the rotational degrees of freedom and, more particula
the rotational-translational coupling, as noted by experime
@1–5#, theory@6–8#, and@9–12#, numerical studies and dis
cussed in a recent topical meeting@13#.

Molecular dynamics~MD! numerical studies provided
considerable insight into supercooled liquids in the last ye
@14#. However, the question of rotational dynamics seems
have been partially overlooked, since most studies dealt w
atomic systems where rotational dynamics is missing. N
table exceptions addressed the issue in model system
disordered dipolar lattice@9#, biatomic molecules@10,11#,
and well studied glass formers,~e.g. CKN @15#, o-terphenyl
~OTP! @16,17# and methanol@18#!. The case of supercoole
water was investigated in detail@19#. Studies of plastic crys-
tals and orientational glasses~i.e., no allowed translation! are
also known@20,21#.

In the previous paper hereafter referred to as I!, we pre-
sented numerical results on the translational motion of a
percooled molecular model liquid@22#. The present pape
seeks to complement I by extending the analysis to rotatio
degrees of freedom. As in I, one issue is the detection
characterization of jump dynamics. It is found that rotation
jumps are more frequent than translational ones in
present system. This makes it easier their study. The oc
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rence of jumps poses the question of the coupling of
molecular reorientation with the shear viscous flow. This
the second issue addressed in this paper. Jump dyna
may take place in the absence of any shear flow. None
less, shear motion may favor jumps over energy barr
@23#. The question is of relevance in that the experimen
situation is rather controversial. For macroscopic bodies
drodynamics predicts that the reorientation is stron
coupled to the viscosityh according to the Debye-Stokes
Einstein~DSE! law, t,Dr

21}h, wheret andDr are the ro-
tational correlation time and diffusion coefficient, respe
tively @24–26#. The DSE law is quite robust. In fact, th
coupling of the reorientation to the viscosity is usually fou
even at a molecular level if the viscosity is smaller of abo
1–10 P. At higher values the DSE law overestimates
correlation times of tracers in supercooled liquids accord
to time-resolved fluorescence@27,28# and electron spin reso
nance ~ESR! studies @5,29,30#. On the other hand, pho
tobleaching@2# and NMR @3# studies found only small de
viations from the DSE law even close toTg . Interestingly,
according to ESR studies in the region where tracer reor
tation decouples by the viscosity, an ESR study showed
it occurs by jump motion@31,32#.

The system under study is a model molecular liquid
rigid dumbbells interacting via the Lennard-Jones poten
@10–12#. AtomsA andB of each molecule have massm and
are spaced byd. Atoms on different molecules interact vi
the Lennard-Jones potential.

Vab~r !54eab@~sab /r !122~sab /r !6#, a,bP$A,B%
~1.1!

The potential was cut off and shifted atr cuto f f52.5sAA .
Henceforth, reduced units will be used. Lengths are in u
of sAA , energies in units ofeAA , and masses in units ofm.
©2001 The American Physical Society02-1
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CRISTIANO De MICHELE AND DINO LEPORINI PHYSICAL REVIEW E63 036702
The time unit is (msAA
2 /eAA)1/2, corresponding to about 2 p

for the argon atom. The pressureP, temperatureT, and shear
viscosity h are in units of eAA /sAA

3 , eAA /kB , and
AmeAA/sAA

2 , respectively.
The model parameters in reduced units aresAA5sAB

51.0, sBB50.95, eAA5eAB51.0, eBB50.95, d50.5, and
mA5mB5m51.0. The sample hasN5Nat/251000 mol-
ecules which are accommodated in a cubic box with perio
boundary conditions. The reader is referred to I for oth
details. The temperatures we investigated areT56, 5, 3, 2,
1.4, 1.1, 0.85, 0.70, 0.632, 0.588, 0.549, 0.52, and 0.5.

The paper is organized as follows. In Secs. II and III t
results are discussed and the conclusions are summar
respectively.

II. RESULTS AND DISCUSSION

After the outline of the correlation losses of the syste
the related correlation times and transport coefficients will
presented. The presence of rotational jumps will be sho
and their waiting time distribution will be discussed. Final
the decoupling of the relaxation from the viscous flow w
be presented.

A. Correlation functions

The rotational correlation functions are defined as

Cl~ t !5
1

N (
i 51

N

^Pl„ui~ t !•ui~0!…&. ~2.1!

ui(t) is the unit vector parallel to the axis of the moleculei at
time t, and Pl(x) the Legendre polynomial of orderl. It is
worth noting thatC1 andC2 are accessible to several expe
mental techniques, e.g., dielectric spectroscopy, NMR, E
light scattering, and neutron scattering.

At high temperature and short times, damped oscillati
are seen inCl @10#. They are typical features of free rotato
in gaslike systems@20,33#. At lower temperatures, after a
initial drop an intermediate regime appears where corr
tions are lost more slowly. This proves the increased ang
trapping. The height of that pseudoplateau decreases wl

FIG. 1. Correlation functionsC1 , C2 , C3, andC4 at T50.5. Cl

decay more at short times by increasingl. The curves withl 51 and
3 decay faster at long times than the curves withl 52 and 4, re-
spectively, due to the partial head-tail symmetry of the molecu
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~see Fig. 1!. This is understood by noting that the oscillato
character ofPl„ui(t)•ui(0)…, with respect to the angle be
tweenui(t) andui(0), increases withl. Then, by increasing
l quickly, small-amplitude angular changes contribute to
decay ofCl . The long-time decay is fairly well described b
the stretched exponential;exp@2(t/t)b#. Upon cooling, the
stretching becomes pronounced. AtT50.5 we found t
562.9 andb50.70 for l 51, t596.1 andb50.60 for l
52, t532.4 andb50.60 for l 53, and t527.9 andb
50.47 for l 54. We note that the stretching parameter d
creases with increasingl. At such a low temperature, cag
effects are important~see I!. The subsequent constraint
hampering the reorientation of the trapped molecule,
more suitably detected by high-l Cl correlators. In fact, ifl is
low, the correlator averages the rotational process at la
angular steps.

Figure 1 shows that a crossing between the pairsC1 and
C2 andC3 andC4 occurs. This is due to the fact that, as w
be shown below molecules undergo frequent 180° flips
lower temperatures. Due to the nearly head-tail symme
the flips reverse the sign ofPl if l is odd, and then shorten
the decay ofCl , whereas no change takes place ifl is even.

We investigate in detail one key prediction of mod
coupling theory~MCT!, namely that in the long-time region
the so-calleda region, the time-temperature superpositi
principle ~TTSP! works better and better upon approachi
the critical temperatureTc from above@10#. The TTSP states
that changing the temperature simply shifts a correlator
the log-time axis, but does not change its shape. Figur
shows the results forl 51 and 4. The cases withl 52 and 3
are intermediate. Scaling was performed by moving
points whereC151/e andC450.1 to coincidence. It must be
stressed that the alternativeC451/e does not collapse the
curves. To make the effectiveness of scaling more quan
tive, we evaluated the difference between the scaled corr
tion functions atT50.5 andT5x DC0.5,x(t/t)5C(t/t;T
50.5)2C(t/t;T5x). The results are shown in Fig. 2 forx
50.520 and 0.7. These demonstrate effectively that—eve
at long times the scaling ofC4 is more effective@10#—on a
wider time scale, covering the regions whereC4 is apprecia-
bly large, the scaling ofC1 is fairly better. This findings
support the conclusion that MCT provides a poor descript
of the rotational dynamics on finer microscopic scales. T
will be further motivated below by the analysis of the rot
tional correlation times, and is quite consistent with the fin
ing that the so called MCTb correlator fitsCl correlators on
shorter and shorter time windows on increasingl @11#.

For a linear molecule the angular velocity isv5u3u̇. A
set of correlation functions is defined as

C l~ t !5
1

N (
i 51

N

^Pl„cosa i~ t !…&, l>1. ~2.2!

a i(t) is the angle betweenv i(t) andv i(0). In particular, for
l 51 one has the usual correlation function of the angu
velocity. In Fig. 3,C1 is drawn for all temperatures invest
gated.C1 decays quickly, and increasingT slows down the
decay~note the difference from the orientation case!. In par-
ticular, in the free-rotator limitC1 is a constant. At lower

.
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VISCOUS FLOW AND JUMP . . . . II. . . . PHYSICAL REVIEW E 63 036702
temperaturesC1 shows a negative part at short times, whi
evidences a change of sign ofv. This must be ascribed to
collisions on the rigid cage trapping the molecule. An ana
gous effect was also noted for the linear velocity correlat
function in I. ComparingC1 andC2 ~see Ref.@10#!, shows
no significant differences between them at high temperat
At lower temperatures the latter slows down whenC2
'0.25, and a long-living tail shows up. This is interpreted
noting that, at lower temperatures, after the ballistic regi
the angular velocity is approximately trapped in a circle.
long as the trapping is effective,C1(t)50, whereasC2(t)
50.25 @20#. When the molecular rearrangement allows
orientation relaxation, the angular velocity tends to be d
tributed over a sphere, andC2 vanishes approximately a
C2.

B. Diffusion coefficient and relaxation times

The rotational diffusion coefficient of a linear molecu
may be defined by a suitable Green-Kubo formula, in clo
analogy to the translational counterpart, as@33#

FIG. 2. Scaling analysis of the correlation functionsC1 andC4

at T50.5, 0.520, 0.549, 0.588, 0.632, and 0.7~bold lines, left axis!.
The curves were logarithmically shifted to make the points wh
C151/e and C450.1 coincident. Plots ofDC0.5,x(t/t) are also
shown~right axis! for x50.520~dotted curves! andx50.7 ~dashed
curves!. See the text for details.
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^v~0!v~ t !&dt. ~2.3!

From a computational point of view, the evaluation of t
above integral is delicate, and it is more convenient to eva
ateDr via the Einstein relation@10#

Dr5 lim
t→`

Rr

4t
. ~2.4!

Rr is the mean squared angular displacement,

Rr~ t !5
1

N (
i 51

N

^uf i~ t1t0!2f i~ t0!u2&, ~2.5!

wheref i(t) is

f i~ t !2f i~0!5Df i~ t !5E
0

t

v i~ t8!dt8. ~2.6!

Rr(t) is qualitatively similar to the mean squared trans
tional displacement~see I!. At short time the motion is bal-
listic. At intermediate times and lower temperatures a plat
shows up. This signals the increasing trapping of the mole
lar orientation due to severe constraints on the structure
laxation. At longer times the reorientation is diffusive@Eq.
~2.4!#. By comparing Rr(t) with the translational mean
square displacement, it is seen that the angular trappin
weaker than the one affecting the center-of-mass mot
since the subdiffusive intermediate regime is less p
nounced and extends less on the time scale.

The rotational correlation times are defined as@33#

t l5E
0

`

Cl~ t !dt. ~2.7!

Figure 4 presents theT dependence oft l , l 51 – 4, andDr .
It is seen that a wide region exists where the above quant
exhibit approximately the same Arrhenius behavior~about
0.7,T,2!. At lower temperatures the apparent activati
energy of the rotational correlation times increase. In parti
lar, as noted above,t1 becomes shorter thant2, and a similar
crossover is anticipated betweent3 and t4 at temperatures
just below 0.5. Conversely, the rotational diffusion coef
cient Dr exhibits the same activated behavior over a reg

e

FIG. 3. Correlation functions of the angular velocityC1, plotted
for all the temperatures studied.
2-3
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CRISTIANO De MICHELE AND DINO LEPORINI PHYSICAL REVIEW E63 036702
which was also shown to extend below the critical tempe
ture Tc predicted by MCT@10#. The decoupling ofDr with
respect tot l may be anticipated by noting that the former
related to the area belowC1(t) @Eq. ~2.4!#, and the latter to
the area belowCl(t) @Eq. ~2.7!#. At lower temperatures
C1(t) vanishes more quickly, thus probing the fast dynam
of the supercooled liquid, whereas the decay ofCl(t) slows
down more and more~see Sec. II A!. It has to be noted tha
even in highly constrained liquids small angular motion
which are unable to relax the orientation, lead to a fin
value ofDr in view of Eqs.~2.4! and~2.5! @10#. Such libra-
tional motions were detected in a MD study of OTP@16#.

Figure 4 also shows the MCT analysis of theT depen-
dence of the correlation time and the rotational diffusi
@6,7#. According to MCT, botht l andDr should scale as

t l ,Dr
21}~T2Tc!

2g. ~2.8!

The underlying expectation on scaling~2.8! is that it should
work with the sameTc value for any transport coefficien
and relaxation time. Conversely, the physical meaning ofTc

FIG. 4. Arrhenius plot~top! and MCT scaling analysis~bottom!
of the rotational correlation timest l , l 51 – 4, and the rotationa
diffusion coefficientDr . Tc50.458. The dashed lines are guides f
the eyes. The translational diffusion constantD is also drawn for
comparison~open diamonds!. The continuous line is the best fit b
using Eq.~2.8!, with gD51.9360.02.
03670
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could be weakened. In I it was shown that Eq.~2.8! fits the
divergence of the translational diffusion coefficientD over
four orders of magnitude withTc50.45860.002 andgD
51.9360.02~the data are partially shown in Fig. 4!, and that
at lower temperatures the primary relaxation timeta}D21.
Figure 4 shows that scaling~2.8! is also quite effective fort1
with g51.4760.01 ~also see Fig. 5!. However, meaningful
deviations are apparent forl>2 andDr . The deviations in-
crease asl increases. These findings are nicely consist
with the TTSP analysis presented above, and support
conclusion that mode-coupling theories weaken when d
ing with small angular displacements.

To characterize the reorientation process, we studied
quantityl ( l 11)Drt l and the ratiol ( l 11)t l /2t1. If the mol-
ecule rotates by small angular jumps, or if equivalently t
waiting time in a single angular site is slightly shorter th
the correlation timet l , the motion is said to be diffusive
and both quantities are equal to 1 for anyl value @25,33#.
The results are shown in Fig. 6. Three regions may
broadly defined. ForT.2 the properties are gaslike, and th
rotational correlation times become fairly long. For 0.7,T
,2, l ( l 11)Drt l and l ( l 11)t l /2t1 do not change apprecia
bly, and are in the range 1–2. ForT,0.7 the above quanti-
ties diverge abruptly. The rapid increase in the deeply sup
cooled regime demonstrates the failure of the diffus
model, which in fact is expected to work only in liquids wit
moderate viscosity or if the reorientating molecule is qu
large. If the assumption of small angular jumps is releas
and proper account is taken of finite jumps with a sing
average waiting time in each angular site, the so-ca
jump-rotation model is derived@32#. The main conclusion is
that t l is roughly independent ofl. In fact, for l 52 it is
found that the quantityl ( l 11)t l /2t1'3.5 at T50.5 ~see
Fig. 6!, and the jump-rotation model predicts a value
about 3. However, at higherl values the comparison be

FIG. 5. MCT scaling analysis oft1. The superimposed curve i
Eq. ~2.8!, with g51.4760.01 andTc50.458.
2-4
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VISCOUS FLOW AND JUMP . . . . II. . . . PHYSICAL REVIEW E 63 036702
comes much less favorable. Forl 53 l ( l 11)t l /2t1'1.9 at
T50.5, the prediction is about 6. Forl 54 l ( l 11)t l /2t1
'2.75, the prediction is about 10. The failure of the us
simple rotational models is not unexpected. Their basic
sumptions are rather questionable in supercooled liqu
e.g., the inherent homogeneity of the liquid and the prese
of a single time scale both lead to a simple exponential de
of the rotational correlation functions.

C. Jump rotation

The inadequate description provided by the diffusion a
the jump model calls for a further characterization of t
rotational motion. To this aim we consider the self-part
the angular Van Hove function:

Gs
u~u,t !5

2

N sinu (
i 51

N

d„u2u i~ t !…. ~2.9!

FIG. 6. Temperature dependence of the quantityl ( l 11)Drt l for
l 51, 2, 3, and 4~top! and the ratiol ( l 11)t l /2t1 for l 52, 3, and
4 ~bottom!. If the reorientation is diffusive, both quantities must
equal to 1. If the reorientation is jumplike,t l't1.
03670
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u i(t) is the angle between the molecular axis of thei th mol-
ecule at the initial time and timet. 1/2Gs

u(u,t)sinudu is the
probability that the axis of a molecule is at an angle betwe
u andu1du at time t with respect to the initial orientation
At long timesGs

u(u,t)>1, since all the orientations are equ
probable.

In Fig. 7 the functionGs
u is plotted for different tempera

tures and several times. At higher temperatures, as the
goes by, the molecule explores more and more angular s
in a continuous way. Instead, at lower temperaturesGs

u ex-
hibits a peak atu'180° and intermediate times, signalin

FIG. 7. The angular Van Hove functions at low temperatur
Top: T50.588; bold line:t580. Middle: T50.520; bold line:t
5200. Bottom:T50.5; bold line:t5280. Dashed line:t51. The
other continuous lines are plotted at intermediate times with eq
spacing.
2-5
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CRISTIANO De MICHELE AND DINO LEPORINI PHYSICAL REVIEW E63 036702
that the reorientation has a meaningful probability to oc
by jumps.

The indications provided by the Van Hove function co
cerning the presence of rotational jumps are confirmed
directly inspecting the single-particle trajectories~Fig. 8!.
Similar findings were also reported in other studies on dum
bells and CKN glass formers@10,15#. With respect to the
translational counterparts, it must be pointed out that they
quite a bit faster~see I! and more frequent~about one order
of magnitude!. The higher number of rotational jumps is als
anticipated by noting that, differently from the translation
Van Hove function, the rotational function does exhibit e
plicit signatures of jump motion~see I!.

To characterize the jumps, we studied the distribut
c rot(t) of the waiting time, namely, the residence time
one angular site of the unit vectorui parallel to the axis of
the i th molecule. A jump of thei th molecule is detected att0

FIG. 8. Selected single-particle orientations evidencing the fl
occurring at low temperatures.

FIG. 9. The rotational waiting-time distributionc rot(t) at low
temperatures.
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if the angle betweenui(t0) and ui(t01Dt* ) is larger than
100°, with Dt* 524. To prevent multiple countings of th
same jump, the molecule which jumped at timet is forgotten
for a lapse of timeDt* . To minimize possible contributions
due to fast rattling motion, each angular displacement is
eraged with the previous and subsequent ones spaced
cally by 6–8 time units, depending on the temperature. T
jump search procedure was validated by inspecting sev
single-molecule trajectories. The above definition of ro
tional jump fits their general features well, i.e. they are rat
fast and exhibit no meaningful distribution of either the a
plitude or the time needed to complete a jump~see Fig. 8!. It
is worth noting that in I it was found that the time needed
complete the translational jumps exhibits a distribution. T
absence of a similar distribution for the rotational jum
points to the larger freedom of the latter.

Figure 9 showsc rot(t) at different temperatures. AtT
50.632 it is virtually exponential. At lower temperatures d
viations become apparent, which are analyzed forT50.5 in
Fig. 10. In I it was noted that the translational waiting-tim
distribution may be fitted nicely by the truncated power la

s

FIG. 10. Analysis of the rotational waiting-time distributionc rot

at T50.5. Top: comparison of the best fits with the exponen
(t510263), the stretched exponential~stretchingb50.7860.02
and t56364), and the truncated power law@Eq. ~13!# (j50.34
60.04 andt512563). The inset is a magnification of the shor
time region. Note that the fit with the power law is virtually supe
imposed toc rot . Bottom: residuals of the fits in terms of the trun
cated power law and the stretched exponential.
2-6
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VISCOUS FLOW AND JUMP . . . . II. . . . PHYSICAL REVIEW E 63 036702
c~ t !5@G~j!tj#21tj21e2t/t, 0,j<1 ~2.10!

The best fit provided by Eq.~2.10! is compared to the fits by
using the stretched exponential„exp@2(t/t)b#… and the usual
exponential functions in Fig. 10. The better agreement of
~2.10! at short times may be appreciated by looking at
residuals.

The power-law decay of both the translational and ro
tional waiting-time distributions is an indication that the m
lecular motion at short times exhibits an intermittent beh
ior. The issue in the framework of glasses was addresse
several authors@34–38#. In particular, the development of
power-law divergence of the waiting-time distribution
short timeswas predicted by models of trapping in ener
landscapes under fairly general assumptions@39#.

The exponentj of Eq. ~2.10! has a simple interpretation
If a dot on the time axis marks a jump, the fractal dimens
of the set of dots isj. For j,1, it follows thatc(t)}tj21 at
short times@34,40#, in agreement with our results. Ifj51,
the distribution of dots is uniform, andc(t) recovers an
exponential form. This is expected beyond a time scalet,
and the exponential decay ofc rot(t) at long times signals the
crossover to the usual Poisson regime. It must be noted
the translational waiting-time distribution at the lowest te
perature (T50.5) shows a weak tendency to vanish fas
than Eq.~2.10! at long times. A similar feature is not ob
served inc rot(t).

D. Breakdown of the Debye-Stokes-Einstein law

For large Brownian particles the reorientation in a liqu
occurs via a series of small angular steps, i.e., it is diffus
Hydrodynamics predicts that the diffusion manifests a stro
coupling to the viscosityh which is accounted for by the
Debye-Stokes-Einstein law. For biaxial ellipsoids, it tak
the form @25#

Di5
kT

m ih
, i 5x,y,z. ~2.11!

Dx,y,z are the principal values of the diffusion tensor, andk is
the Boltzmann constant. The coefficientsm i depend on the
geometry and the boundary conditions~BC’s!. For a sphere
with stick BC’s mx,y,z56v, v being the volume of the
sphere. For an uniaxial ellipsoid one considersD i5Dz and
D'5Dx5Dy . The case of stick BC’s can be worked an
lytically @24,25#. For slip BC’s numerical results forD' are
known @26# ~note that in this case the fluid does not ex
torques parallel to the symmetry axis!. Equation ~2.11! is
sometimes rewritten in an alternative form in terms of pro
rotational correlation times, e.g., for uniaxial molecules
equalityt l51/l ( l 11)D' holds. The new form is more suit
able for a comparison with the experiments, since exp
ments do not usually provide direct access to the rotatio
diffusion coefficients. However, this form assumes that
rotational diffusion model holds.

Irrespective of the heavy hydrodynamic assumptions,
DSE law works nicely even at a molecular level if the v
cosity is not high (h,1 P!. Deviations are observed a
higher viscosities for tracers in supercooled liquids by tim
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resolved fluorescence@27,28# and electron spin resonanc
studies@5,29,30#. On the other hand, photobleaching@2# and
NMR @3# studies found only small deviations from the DS
law even close toTg . In all the cases known, the DSE law
found to overestimate the rotational correlation times, sin
on cooling their increase is less than the one exhibited by
viscosity. In this decoupling region ESR evidenced that
tracer under investigation rotates by jump motion@31#.

Shear motion facilitates molecular jumps over energy b
riers @23#. On the other hand, ‘‘guest’’ molecules may jum
in frozen hosts in the absence of viscous flow. Since a me
ingful fraction of the molecule in the system reorientates
finite angular steps with intermittent behavior, not quite e
pected in a liquid, it is of interest to investigate to wh
extent the reorientation is coupled to the viscous shear fl

FIG. 11. Plots of the quantityh/XkT with X5Dr
21 ,l ( l 11)t l

over the overall temperature range~top! and in the supercooled
regime ~bottom!. The superimposed dashed lines are the DSE
pectations for stick and slip boundary conditions for a prolate el
soid with semiaxes 3/2 and 1/2. Note that atT51.4, h/XkT de-
pends little onX, signaling diffusive behavior.
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The results are shown in Fig. 11 by plotting the quant
h/XkT with X5Dr

21 ,l ( l 11)t l , wherel 51 – 4. According
to the DSE law it should be constant. The viscosity data w
taken from I. At high temperatures the quantity approac
the value expected for stick BC’s. ForT.5 a tendency of
h/XkT for X5Dr ,t1 to increase is noted. However, at su
temperatures the system manifests gaslike features. On
ing, h/XkT increases. For intermediate temperatures the
uid properties are well developed, the system is diffus
@ l ( l 11)t lDr'1; see Fig. 6#, andh/XkT has a value close
to the DSE expectation with slip BC’s. Notably,Drh/kT,
i.e., the key quantity to assess Eq.~2.11! remains close to
this value in the wide interval 2,T,6. At lower tempera-
tures,h/XkT diverges. Stronger deviations are exhibited
Dr and t1, and weaker ones byt2 . t3 and t4 track the
behavior oft1 and t4, respectively, the pairt1,3 being af-
fected by the jump motion much more than the pairt2,4 ~see
above!. h increases of a factor of about 400 betweenT
51.4 and 0.5. The corresponding changes ofDrh/kT,
h/t1kT and h/t2kT are 41, 11, and 3.6, respectively. Th
discussion supports the conclusion that the correlators
affected by rotational jumps, e.g.C1,3(t), yielding correla-
tion times slightly more decoupled by the viscosity.

If one compares the changes ofh/t2kT to the ones drawn
by ESR and fluorescence experiments in the regionT/Tc
'1.1– 1.5, a broad agreement is found@27,5#. These experi-
ments found even larger values ofh/t2kT on approaching
Tg . Conversely, photobleaching studies detected change
less than an order of magnitude by changingh over about 12
orders of magnitude, these changes are much smaller
the present ones@2#.

Inspection of Fig. 11 suggests a way to reconcile, at le
partially, ESR@5#, photobleaching@2# and NMR @3# studies
on the glass formero-terphenyl~OTP!. Both photobleaching
and NMR measuret2 in a direct way. In the glass transitio
region the ESR line shape depends in principle on sev
t l ’s, and a model is needed to relate them to each other
lead tot2 @31#. The model is adjusted by fitting the theore
ical prediction with the highly structured ESR line shap
Figure 11 shows that the decoupling, as expressed
h/t lkT, increases withl. Since the weight oft l to set the
ESR line shape is roughly comparable, one may anticip
that t2

ESR may be underestimated at some degreearound the
glass transition. On the other hand, it must be pointed
that rotational decoupling is observed up to 1.4Tg in OTP,
where ESR yieldst2 in a model-independent way@5#. Fur-
thermore, the decoupling is also evidenced by fluoresce
experiments, which providet2 in a model-independent wa
@27#.

III. CONCLUSIONS

The present paper investigated the rotational dynamic
a supercooled molecular system. The study addressed se
general features, and focused on a characterization of
jump dynamics and the degree of coupling with the visc
ity.

The ensemble consists of rigidA-B dumbbells interacting
via a Lennard-Jones potential. All the properties were st
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ied along the isobarP51.5. The time orientation correlatio
functionsCl(t) exhibit gaslike features at high temperature
In the supercooled regime, after a first initial decay, a qua
plateau signals the trapping of the molecule due to the
creased difficulty of the surroundings to rearrange the
selves. The plateau height decreases by increasing thel rank
due to the larger sensitivity to small-angle librations. T
long-time decay ofCl(t) is fairly well described by a
stretched exponential. The stretching decreases at low-l val-
ues. In fact,Cl(t) correlators with low-l values are sensitive
to large angular displacements, and are then affected b
effective time-averaged rotational process.

The influence on the decay ofCl ~and then ont l) of the
partial head-tail symmetry of the dumbbells was noted. T
leads to crossings betweenC1 andC2 andC3 andC4.

The time-temperature superposition~TTSP! shows up on
approaching the critical temperatureTc from above. On in-
creasingl, TTSP scaling ofCl becomes rather effective in
narrow region at long times@10#. However, on wider time
scales the scaling improves bydecreasing l.

Remarkably, the temperature dependence oft1 is well
described by a power law inT2Tc over more than three
orders of magnitude, with an exponentg51.4760.01. This
parallels the analogous results for the translation diffus
coefficient and the primary relaxation timeta in I. On the
other hand, deviations oft l due to that power law increas
with l. This is quite consistent with the TTSP study. Su
findings are ascribed to the difficulties which mode-coupli
theories meet at short length scales and small angular
placements@41,42#.

For 0.7,T,2 the quantities l ( l 11)Drt l and l ( l
11)t l /2t1 do not change appreciably, and are in go
agreement with the diffusion model, which predicts that bo
of them are equal to 1 independently of the temperature.
T,0.7 the above quantities increase abruptly. The incre
of the quantityl ( l 11)t l /2t1 is reasonably accounted for b
the jump-rotation model forl 52 @32#. For higherl values
the agreement becomes quite poor. Ast1 andt2 were mea-
sured in most experiments@2–5,28,43#, this finding may ac-
count for the attention that the jump model has attrac
during the last years@31,44,45#.

The analysis of the angular Van Hove function shows t
in this region a meaningful fraction of the sample reorie
tates by jumps of about 180°. The flips are rather quick, a
exhibit no meaningful distribution of both the amplitude a
the time needed to complete a jump. Conversely, it w
noted in I that translational jumps require different times
occur. The absence of a similar effect for the reorientatio
indicates a larger angular freedom. This is also apparen
the larger number of rotational jumps which are detec
with respect to translational ones. It is worth noting that t
ease of jumping does not lead to trivial relaxation properti
as signaled by the stretched decay ofC1,2,3,4.

We characterized the distributionc rot of the waiting
times in angular sites. This vanishes exponentially at lo
times, whereas at lower temperatures it decays at short ti
as tj21 with j50.3460.04 at T50.5. Interestingly, the
translational waiting-time distribution exhibits the same b
havior ~see I!. The exponent for the translational case isj
2-8
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50.49. We ascribe the power law to the intermittent featu
of the motion in glassy systems@34–37#. In particular, a
power-law divergence of the waiting-time distribution
short timesis predicted by models of trapping in energ
landscapes under fairly general assumptions@39#.

The intermittent jump reorientation is somewhat differe
from motion in a liquid. There, a decoupling from the vi
cous flow and the subsequent breakdown of the Deb
Stokes-Einstein law is anticipated. Our study confirms t
breakdown, and shows that the quantityh/XkT, with X
5Dr

21 ,l ( l 11)t l , andl 51 – 4 diverges belowT51. In par-
ticular, the correlators affected by rotational jumps, e
C1,3(t), yield correlation times that are slightly more deco
pled by the viscosity. A rather similar decoupling was fou
in I for the productDh, D being the translational diffusion
coefficient.

The decoupling of the molecular reorientation by the v
cosity could be also anticipated by the observed ease
which rotational jumps are performed. The reduced tende
to freeze the rotational degrees of freedom was pointed
by MD @9# and theoretical@6# studies. The former investi
gated residual rotational relaxation in a random lattice w
quenched translations, and the latter predicted a hierarch
for the glassy freezing; i.e., the rotational dynamics c
never freezebefore the translational dynamics. The deco
R

m
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v.

i,

,
.

um
o
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pling of the rotational motion of guest molecules from t
viscous flow was seen experimentally by time-resolved fl
rescence@27,28# and electron spin resonance@5,29,30#, while
photobleaching and NMR studies reported small deviati
from the DSE law even close toTg @2,3#. It is worth noting
that the decoupling of the translational diffusion from t
viscosity, and related phenomena like the so-called rotat
translation paradox, have been ascribed to a spatial distr
tion of mobility and relaxation properties, so called dynam
cal heterogeneities@2,4,46–50#. Their role will be addressed
in a forthcoming study.

Note Added:The related problem of reorientation rela
ation of a linear probe molecule in a simple liquid in th
framework of mode-coupling theory of a glass transition w
discussed in Ref.@51#.
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