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Orientational Relaxation in a Random Dipolar Lattice: Role of Spatial Density Fluctuations
in Supercooled Liquids

S. Ravichandran and Biman Bagchi*
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(Received 25 August 1995)

We have carried out a computer “experiment” of orientational relaxation in a spatially random and
orientationally disordered dipolar lattice (RDL), generated by quenching only the translational motion
of a dense liquid. In the high polarity limit, the orientational relaxation of the RDL is dramatically
different from that of the parent liquid, the former exhibits a very slow, nonexponential long time decay
of the orientational correlation functions and markedly non-Debye dielectric relaxation. These results
clearly demonstrate the importance of spatial density fluctuations in orientational relaxation.

PACS numbers: 66.10.–x, 05.40.+j, 61.20.Lc
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Molecular relaxation processes, in general, and
entational dynamics, in particular, exhibit marked no
exponential decay in supercooled liquids near the g
transition temperature. This nonexponential decay is
general that one often refers to it as “universal” to
supercooled liquids [1–4]. This nonexponential dec
is sometimes explained by assuming that the liquid
heterogeneous in the time scale of the relaxation be
probed; it is nearly exponential in a given environme
but the rates vary significantly among the environme
In an alternate picture, the liquid is imagined to
homogeneous while each molecule relaxes in an int
sically nonexponential manner because of length dep
dent intermolecular correlations present in a dense liq
The latter model lies at the heart of many sophistica
theories such as the mode coupling and other theo
of glass transition [5–7]. Depending on the nature
the system studied, such as a simple molecular liquid
a networked liquid, one of the two extreme viewpoin
may provide a more appropriate description. In fact, b
Angell [4] and Ngai [8] have suggested that the deg
of nonexponential decay may be correlated with the
gree of fragility of the liquid. However, these concep
and pictures are yet to be incorporated in a quantita
description of orientational relaxation.

Recently, several novel experiments [9,10] have b
performed that measured selectively the orientational
namics of asubensembleof relaxing vectors—the result
were strikingly different from those that measure only
average relaxationof all the vectors. These experimen
performed not only on the simple liquids but also on
polymeric ones, reveal that thisfew particlemicroscopic
correlation time is 50–200 times larger than theaverage
relaxation time. This naturally has led to the conclus
that the nonexponential decay observed in these liq
is at least partly due to spatially heterogeneous distr
tion of correlation times. Thus, while the system is s
ergodic over a long time scale, probes at different
sitions seem to experience different microenvironme
Near the glass transition, these different microstates
44 0031-9007y96y76(4)y644(4)$06.00
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have widely different correlation times, which may lead
a marked nonexponential decay. The above experime
results [9,10] also indicate that therelaxation of these mi-
crodomains themselves may be slaved to the rate of
sity relaxation—the latter being determined largely by th
translational diffusion of the molecules [9]. Thus, the
may exist a noveldynamiccoupling between the transla
tional and rotational dynamics in the supercooled liqu
When the spatial density relaxation becomes slow, the
entational dynamics may become even slower because
translational motions may no longer assist in the de
of the local orientational correlations. This effect may
particularly important in those microdomains that are
higher density. The above two factors may combine
give the observed large (2 orders of magnitude) incre
in the relaxation time.

The above results raise the following questions. W
is the precise role of translational motion in orientation
relaxation? How strongly are they coupled? More imp
tantly, what is the maximum realizable extent of none
ponential decay when the translational modes are tot
absent? An earlier theoretical calculation [11] predic
that the dielectric relaxation (DR) of a dipolar liquid ca
be strongly non-Debye in the absence of the translatio
modes. However, a later experimental study [12] of D
in dipolar solids raised doubts regarding the influence
the translational modes. Thus, this has remained a c
troversial subject. Note that the answers to the quest
raised above are also important in understanding the
fects of dynamic disorder on the net translational diffus
coefficient of a supercooled liquid [13] and the effects
environmental fluctuations on chemical reactions [14].

In this Letter we present results of a computer “expe
ment” to study the influence of the translational mod
on orientational relaxation in a strongly correlated s
tem. We have carried out detailed molecular dynam
(MD) simulations of orientational relaxation, first for
dense, strongly polar, dipolar liquid, and then for the c
responding random dipolar lattice (RDL). The latter h
been formed by quenching only the translational mot
© 1996 The American Physical Society
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of the dipolar molecules, while keeping the rotational m
tions untouched. The RDL is the disordered analog of
simple dipolar cubic lattice model studied by Zwanz
[15] many years ago.

The results of the simulations are indeed surprisi
The orientational time correlation functions of the RD
are found to be markedly different from that of th
corresponding liquid. The first rank correlation functio
fC,­1stdg shows a very slow, highly nonexponential lon
time decay in RDL that is completely absent in the pare
liquid. The Cole-Cole plot of the liquid is Debye-like, a
expected, but that of the RDL is markedly non-Debye.

Computer simulations have been carried out for dipo
soft spheres and the Stockmayer liquid models, wh
interaction potential can be written in a general form
follows:

Ul,msrij , mi , mjd ­ 4e

∑µ
s

rij

∂12

2 l

µ
s

rij

∂6∏

1
m2

r3

∑
mi ? mj 2

3
r3

3 smi ? rijd smj ? rijd
∏

, (1)

where mi corresponds to the dipole moment of partic
i, rij ­ rj 2 ri , e is the energy parameter,r is the
magnitude of distance between the particles, ands is
the molecular diameter.l is the parameter that control
the role of dispersive interactions. The above express
gives the soft-sphere dipolar potential whenl ­ 0; when
l ­ 1 it gives back the form for the usual Stockmay
potential.

Our MD calculations were performed using the lea
frog algorithm [16] for 256 particles, and we verified ou
simulation code by reproducing the results of Kusa
[17]. For both potentials, two values of the reduced dipo
moment smp ­ m2yes3 ­ 2.0 and0.5d have been con-
sidered to simulate systems of widely different polaritie
The reduced densitysrp ­ rs3d and the reduced tem
peraturesT p ­ kBTyed have been kept fixed at 0.8 an
1.35. These are essentially the same systems simul
by Kusalik [17]. The long-range dipolar interactions a
handled with the Ewald summation technique using “t
foil” boundaries [18]. Following Kusalik, the reduce
time stepDtps­ Dty

p
ms2ye d ­ 0.0025 (wherem is the

mass of a particle) has been used in all the simulatio
For each liquid simulation run, equilibrations have be
performed over2 3 105 time steps, and averages ha
been collected over2.5 3 105 time steps. The RDL was
generated by the following method. We started with
equilibrated liquid configuration and instantly froze th
translational motions of all the molecules. This tran
lationally quenched state was then equilibrated for a
other4 3 105 time steps by allowing the dipolar rotation
Both the torque-torque and the angular velocity-veloc
autocorrelation functions of the equilibrated RDL we
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approximately the same as those of the parent liquid. T
suggests that the generated RDL was in a spatially h
mogeneous and orientationally disordered state. For
RDL, at least three different runs have been carried o
to check the ergodic nature of the results; the differe
runs for the RDL gave almost the same results. In t
liquid state, the simulated values of kinetic and potent
energies, radial distribution functions, dielectric constan
etc., are all in close agreement with the results of Kus
lik [17]. The value of the dielectric constant of the ran
dom lattice was found to be slightly smaller than that o
the liquid. For example, the dielectric constantse0d for
mp ­ 2.0 was8862 for the liquid and8663 for the cor-
responding random lattice.

We have also checked for the formation of any orie
tationally ordered phase in our systems by computing t
average orientational order parameterskP1l andkP2l [19].
While kP1l has been calculated directly from the averag
total moment,kP2l was calculated from the largest eigen
value of the ordering matrixQ with elements given by
[19]

Qab ­
1
N

NX
i­1

1
2

s3ma
imb

i 2 dabd , (2)

where ma
i is the a component of the unit vectorsm̂id.

We find that for both the liquid and all the RDLs, the
values skP1l and kP2ld are close to zero, indicating the
absence of the formation of any macroscopic orientation
order in the systems studied. We have also checked
the system size dependence by simulating a system
108 dipolar soft spheres. The single particle orientation
correlation functions showed almost no size dependen
The magnitudes of the collective functions (such as t
value of the static dielectric constant) did show, a
expected, some size dependence, which was, howe
negligible for the normalized time correlation functions.

The single particle, ranks,d dependent, orientational
correlation function,C,std, is defined by

C,std ­
4p

2, 1 1

,X
m­2,

kY p
,msssVs0ddddY,msssVstddddl , (3)

whereY,msVd’s are the usual spherical harmonics. W
have also computed the collective, total moment-mome
time correlation function,CMstd, defined by

CMstd ­ kMs0d ? MstdlykfMs0dg2l , (4)

where Mstd ­
PN

i­1 mistd. While CMstd for the liquid
could be fitted by an exponential, the same for the RD
could be fitted only by a stretched exponential,CMstd .
expf2stytdbg, with b . 0.9. FromCMstd the frequency
dependent dielectric function has been computed using
known procedure [17]. Again, the liquid phase values
this quantity were in perfect agreement with the results
Kusalik [17].
645
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FIG. 1. The single particle orientational correlation functio
C,std, for , ­ 1, is plotted against reduced time on a semilog
rithmic plot for liquid and the random lattice, formp ­ 2.0,
rp ­ 0.8, and T p ­ 1.35. The dotted lines represent th
liquid state, and the solid lines are for random lattice. T
inset shows a graph of the same function against time for
smaller dipole momentsmp ­ 0.5d system studied, as discusse
in the text.

In Fig. 1 the relaxation of the single particle correlatio
function, C1std, for both the liquid and random lattice
systems is shown for a system of dipolar soft sphere
the high polaritysmp ­ 2.0d. Note the nearly identica
decay at the short timebut the widely different time
scales of relaxation at the long time.In the RDL, the
slow decay is subdiffusive, withC1std . std2a , with a ø
0.75. Thus, C1std and CMstd behave rather differently
in the RDL. In the inset of the same figure we sho

FIG. 2. The Cole-Cole plot for the liquid and the rando
lattice atmp ­ 2.0. Here the imaginary partfe00svdg has been
plotted against the real partfe0svdg. e0 is the static dielectric
constant.
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the decay of the same correlation function at thelower
polarity, mp ­ 0.5. Here the decay is nearly identica
for both the liquid and the random lattice over the who
dynamic range for this weakly polar system. A simila
behavior has been observed for the Stockmayer liquid a
the corresponding random lattice.

In Fig. 2, we show the Cole-Cole plot for the DR o
the liquid and the random lattice for the highly pola
system. Note that markedly non-Debye behavior of t
random lattice, in contrast to the nearly Debye behav
of the liquid. Note also the increased role of inertia
high frequency for the random lattice. We shall discu
its origin later. In Fig. 3, we show the decay of th
second rank orientational correlation functionC2std. Here
again the decay in the RDL is markedly slower tha
that in the liquid. As already mentioned, no signatu
of macroscopic orientational ordering has been observ
either in the liquid or in the random lattice system. An
essentially the same results have been obtained for
Stockmayer liquid.

How does one understand the dramatic slowing do
of relaxation in the random dipolar lattice? It is we
known that the translational modes are most effective
accelerating the decay of intermolecular correlations
the intermediate to large wave vectors, that is, at sh
distances [11,20]. The nearly identical decay observed
the liquid and the random lattice at low polarity indicate
that here the translational modes are not important, a
this is because the local orientational order is small
low polarity. The anomaly observed at higher polari
must then be attributed to the much higher degree oflocal

FIG. 3. The second rank single particle orientational corr
lation function,C2std, is plotted against the reduced time on
semilogarithmic plot. The dotted lines represent the liquid sta
and the solid lines are for the random lattice. The inset sho
the dependence of the same function against reduced time f
smaller dipole momentsmp ­ 0.5d.
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correlations present in the latter. When the translatio
modes are totally absent, these local correlations cause
orientational relaxation to proceed at a much slower ra
This is similar to the situation common in atomic liquid
where this slowing down of density relaxation at molecu
length scales is known as de Gennes’ narrowing [20].

The important role of the translational modes fou
in this simulation appears to be at variance with the e
perimental findings of Grochulski, Pszczolkowski, an
Kempka [12]. However, there are several rather involv
issues that need to be considered before a fruitful comp
son between the two can be carried out. First, our sim
lations suggest that the dielectric relaxation rema
Debye-like for systems at low polarity. This featu
seems to remain unchanged even in the crystalline so
as revealed by recent Brownian dynamics simulations
a dipolar lattice (BDL) [21]. For both the RDL consid
ered here and the BDL, this Debye-like behavior pers
until the value of the static dielectric constantse0d reaches
about 12–15. Noticeable non-Debye behavior emer
only when e0 . 20. Moreover, when a molecular dy
namics simulation of the dipolar simple cubic lattice w
carried out, much less non-Debye behavior was obser
even arounde0 ­ 20 (which is the largeste0 that could
be studied because of an impending phase transition
this system) [22]. Thus, the polarity of the experime
tal systems (which were plastic crystals) perhaps was
sufficiently high to give a marked non-Debye behavio
The second point is that the generalized hydrodynam
model also assumed an overdamped dynamics [11].
the spherical molecules considered here, this can lead
significant overestimation of the dielectric friction, hen
of the non-Debye behavior. Thus, there may not exist a
serious discrepancy among theory, experiments, and si
lations after all. Clearly, more studies are required to u
derstand the issues involved.

What is the reason for the increased dispersion at
high frequency limit observed in the random lattice? Th
is because the same translational modes that reduce
low frequency friction lead to an increased value of t
friction at the high frequency end. Thus, the magnitude
friction decreases at the short times when the translatio
modes are removed, as in the random lattice case.

We believe that the results shown here are su
ciently general to be valid for any angle dependent
teraction potential, although they need to be verifi
explicitly. This study also provides an indirect su
port of the heterogenous picture. In the microdoma
where the translational diffusion is slow, the orient
tional relaxation of a dipolar molecule can be ev
slower. In order to address the heterogenous pict
quantitatively, one needs to consider the probability d
tribution of the microdomains and consider the diffe
ing dynamics in each of them. In fact, the metho
of treating such environmental fluctuations are already
ing developed [12].
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