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Role of orientation in the structure and dynamics of a supercooled molecular liquid
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We performed molecular-dynamics simulation on the pair correlation function, mean-square displacement,
and self-part intermediate scattering function for supercooled liquid nitrogen dimers. Our simulation data
showed that for the latter the orientational degree of freedom, if identified as a form of structural impediment,
has the consequence of making more robust the structural arrest at decreasing temperature. This conclusion is
consistent with the magnitude of theparameter determined in conjunction with the idealized mode-coupling
theory for the description of the dynamics gfrelaxation.[S1063-651X97)08702-3

PACS numbe(s): 61.20.Ja, 61.20.Lc, 64.70.Pf, 61.25.Em

Considerable effort has been devoted in recent years tdumbbell[4] which consists of two sites joined by a bond of
the study of supercooled liquids. This upsurge interest can blength equal to 0.328 o being the core diameter for each
traced to the tremendous progress in experimental technique#ie. The interaction potential between pairs of atoms on dif-
and, concurrently, to the rapid development of the modeferent molecules is assumed to be the Lennard-Jonds
coupling theory(MCT) [1]. The present work is a study of Potential withc=3.31 A ande/kg=37.2 K. (From here on
the dynamics of supercooled molecular liquids by molecularwe use reduced units, elkg, ymo?/2e, ande/o® for dis-
dynamics(MD) simulation in an attempt to contribute to a tance, temperature, time, and pressure, respectivieljthe
better understanding of the connection between the dynamigresent simulation we have employed the extended system
properties of supercooled states in a realistic system and tifeethod for the NPH ensemb|é] (constant number of par-
predictions of the MCT. The liquid nitrogen dimers were ticles, pressure, and enthajpyhere the volume of the sys-
specifically chosen for this purpose since this system repréem is treated as a dynamic variable which is coupled to an
sents the simplest molecular liquid that possesses both ttexternal mass so as to constrain the pressure to balance at the
translation and orientation which are basic features of manghosen value. An advantage of this method is that the vol-
fragile glass formers. We investigate, in particular, the roleume of the system can be allowed to fluctuate around its
of molecular orientation in the liquid dimers by analyzing the equilibrium value and, hence, reduce any possible artifact of
static and dynamic data on the pair correlation functionnucleation induced by the periodic boundary condition. The
mean-square displacement, and self-intermediate scatteriggluations of motion were integrated by Gear’s algorithm for
function. It is demonstrated here that, at a decreasing tenthe translational variable as well as for the orientational vari-
perature, (i) the relative importance of the orientation to able which would include the angular momenta and the
translation can be differentiated at a temperaffigevhich  transformation quaternions between the space and body
we identify as the Wendt-Abraham-type transition pdiat ~ frames[5].
and (i) the orientational degree of freedom has the effect of The system of fluid dimers was quenched stepwisely at
enhancing the structural arrest. Our simulation data may’=3.7. Between two consecutive stages the temperature dif-
bring to light some of the questions of relevance to the MCT ferenceAT was tested for the range 0.02AT<0.1. It turns
For instance, the question of the applicability of the MCT out that the results were insensitive to any of this range of
has attracted much attention in the literature. Currently thiAT. A typical time interval for each stage was &0me)
question of the usefulness of the MCT to real glass formersinits equivalent to 410" steps in our simulation. For this
comes from measured dynamic ddth3]. These experi- case, the temperature of the system was forced to a new
ments confirmed the existence of a dynamical transition sinvalue over the first Ibsteps and then relaxed for anothef 10
gularity T, above the calorimetric glass transition point. steps. The data of static structures were collected over the
They deduced this by fitting af, an appropriate mode- last 2x 10" steps of this stage. This information was used to
coupling parametek (see below which yields, within the locate the region of transformation.

MCT, the temporal evolution of the density-density correla- Figures 1a) and Ib) display the pair correlation func-
tion function. Such an empirical approachxds, however, tions g(r) for molecular centersy,(r) and atomic sites
questionable given that the experimental conditions and med,(r). For theg.,(r) we observe a two-stage changes at the
sured physical systems are generally far more complicatetirst maximum positiorr ., of gp(r), i.e., we notice in the
and often obscure the underlying physics. We have in thi¢¢mperature range 1.ZM>0.8 that gn(rm,) increases
work utilized the MD static fluid structures for the molecular gradually in height, signaling the slow-down translational
centers to calculata. We find that the magnitude of is  motion of the molecules, and faF<0.8, gp(r nae remains
consistent with the MD dynamic data showing the slow-Virtually unchanged but the left-hand sidegy(r ,,) devel-
down relaxation. ops into a well-defined shoulder. For tgg(r), on the other

In our MD simulation, we consider 500 nitrogen mol- hand, we find at the first maximum positiofy,, of g,(r) the
ecules in a cubic cell. Each molecule is modeled by a rigidy,(r,,.) exhibits the typical enhanceltshape arrangement,
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FIG. 2. The ratio of the first peaks= ga(r mad/Im(rmay. 9iving
a measure of the relative importance of the orientational degree of
freedom to translation, vs quenched temperaiuré well defined
kink at T;=0.8 can be seen. The insets show that the crossover can
also be identified for the,(r /.0 aNdgm(r may- Note thatgm(r may
starts to level off around<T,.

g.(n

able overlapping between th&-shape neighboring mol-
ecules leading in this case to at+*-shape configuration.
This picture of theg,,,(r) at T<0.8 stresses the role of mo-
lecular rotations and implies physically that the orientational
degree of freedom has manifestly dominated over the en-
tropy contribution in the distribution of molecules. To further
exploit, we depict in Fig. 2 the rati@= ga(r 20/ max)
versusT which describes qualitatively the relative weight of
FIG. 1. The pair correlation functiote) g.(r) for molecular  the orientational to the translational motion. It is found that
centers andb) ga(r) for atomic sites aff=0.35 (top, short-]ong there eXiStS a-o that diﬁerentiates the two appal’ently differ'
dashed curve 0.48 (long-dashed curye0.60(dashed curye 0.71  ent regimes of motion discussed above. That is, when linear
(dotted curvg 0.93 (full curve), 1.11 (short-long dashed curye  extrapolating the low and high temperature regimes we ob-
1.26 (long-dashed curye1.44(dashed curve 1.61(dotted curve, tain a transition temperatuiig,~0.8 at the interception. It is
and 1.77(full curve, bottom. The insets show the changesgtf)  approximately the same temperature at which gh€r a0
around the first maxima. andg,(r a0 Signal the crossovefig. 2), as does the mean-
square displacement of the molecular centers delineated in
as commonly seen in a dense liquid of linear moleciilids Fig. 3, which shows the gradual development of slow dy-
and, beginning also af~0.8, changes progressively from namics. Taking into account of all these features, we identify
the shoulderlike wobbling characteristics to a more solidlikethis Ty as the Wendt-Abraham-type liquid-glass transition
structure at a lowel (<0.8). To explain theg,(r) feature temperaturé¢2], for the latter has been recognized to play the
we recall that our diatomic molecules possess both the trangele of the calorimetric glass-transition temperature.
lational and the orientational degree of freedom. When the To proceed further, we analyze the real-time self-
temperature is high or at a lower density, the thermal agitaintermediate scattering functior5(r,t) = ( 8(F(t) —(0)
tion of molecules would result in the translational motion —r)) of our fluid dimers in the temperature range €T
(like many systems with spherical symmetjiesuperim- <1.1. It is, however, more convenient to present the results
posed by the orientational motion due to asymmetries ofn the space Fourier transform&d(q,t), as depicted in Fig.
molecules. In this temperature regime the molecular motiod. There are two main points that merit emphasis. The first
already displays some kind of an average preferred orientgoint is that the supercooled liquid of diatomic molecules
tion which is seen as @-shape intermolecular arrangement. shows a more discernible slow-down relaxation feature and
Indeed such a behavior is seen more clearly in Fifg) for ~ probably has undergone the fgétrelaxation process. This
the temperature dependencegg(r) where, there, we notice conclusion can be inferre@) from the extensive simulation
the atom-atom correlations thermally oriented to occupy prework by Lewis and Wahnstro (see Fig. 5 in[7] and their
ferred sites. This combined motion of translation and ofanalysis on the mode couplifig) and(b) by our MD simu-
T-shape orientation between molecules persists with decreaktion on the monatomic LJ liquid whos€®(q,t) decays
ing temperature until alT <0.8, where the nearly constant rapidly even at a lowell [8]. The second point is that, for
magnitude and the simultaneous growth of the left-handl'=<0.98, our detailed examination of the tagged particle dis-
shoulder ofg,(fma Signify, respectively, the frozen in of tribution function [9], PS(r,t)=4xr?F(r,t), reveals the
the translational center-of-mass motion and the more probirace of retarded and sluggish motion of molecules within the
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FIG. 3. The mean-square displacem@igD) vs time plotted in
log-log scale for the molecular centers of liquid dimersTatl.51
(top), 1.14, 0.98, 0.90, and 0.7Bottom).

B-relaxation regime. In particular, we observe Tox T, that

F(eet)

FIG. 4. The MD simulation data for the self-intermediate scat-
tering functionF3(gmax.t) Vs the logarithm of time for molecular
centers. The,.,—=6.41, 6.44, 6.45, 6.47, 6.50, and 6.52 correspond
to the first maxima ofS(q) at T=1.06 (lower curve, 0.98, 0.91,
0.84, 0.80, and 0.71top curve, respectively. AtT=0.71 the sta-

P*(r,t) displays a prolonged tail which is a signature for thetistical error for F5(qmax.t) due to hopping mechanism becomes
rate of hopping events to become significant. In the extrem@etectable at longer times, which we denote by the dashed line.
case when these collective hopping events happen the system

would undergo a global change which will then lead to afactorized into a product of the temporal and spatial parts. It

catastrophic transitiofdashed curve in Fig.)4

can be showri1] that nearT. the temporal behavior is a

Both the static and dynamic quantities presented abovecaled master function determined solely by a material-
clearly exhibit the discernible role of orientation in liquid dependent parametargiven by

dimers. To delve further into the latter, we turn next to a
discussion of its relevance to the MCT. For this purpose, a
brief document of essential equations are in order. In the
idealized MCT, one focuses on the nonlinear coupling of the
density fluctuationdp(q,t) through the normalized correla-

1

N=5 > I f(k) I[P F 1t (k) (K 1y

a. kr K"

tor R(q,t)=(8p(q,t)dp(—4q,0))/S(q), where S(q) is the

static liquid structure factor. Taking the Laplace transform ofyyhere| ¢

R(qg,t) which is defined byR(q,z)=i/ydt exp(zt)R(q.t),
R(q,2) is

& . 2+M(q,2) n
O e Pipme )+ 2Ma.2)”

X[1=F(K) e ()

q (or 1 °) is the right-handor left-hand eigenvector
of the stablllty matrixC g = [1 — f(K)]%0F,/ 9 (K).

We have applied th&(q) obtained by Fourier transform-
ing the above,(r) at differentT to determine th& . for the
liquid dimers. Solving Eg.(2) iteratively, we obtain
T.=0.977 and at thiF; we calculate the parametgrusing
Eq. (3). We find that\=0.69 whose magnitude {8 smaller

where M(q,z) is the generalized frictional term and than any of the theoretically calculateds (hard sphere:
B=1/(kgT) is the inverse temperature. In the long-time do-0.772[2]; LJ: 0.718[8] and liquid metal:~0.711[2,11))

main, we ignore the transient part df(qg,t) and approxi-

for the simple one-component systems dhgsignificantly

mateM(qg,t)~A(q,t). A(g,t) has been derived previously smaller than most of the experimentally fittac (~0.8).

and is given explicitly in10,2].

The magnitude of the. value implies that, for the liquid

GivenS(q) the MCT predicts an ergodic-nonergodic tran- dimers, the orientational degree of freedom has the effect of

sition. This would involve solving the nonlinear equation

f(a)  BmIQq) B

for the Debye-Waller factorf(q), which is f(q)=0 for
T>T, (ergodic statgsand f(q) =R(q,t—)#0 for T<T,

enhancing further the structural arrest process. We draw this
implication from systematic studies of various model sys-
tems. It appears that with increasing “complexity” of physi-
cal systems: there is a tendency for decreaainghe word
“complexity” for a physical system is here a general term; it
can be the different type of interparticle interactions among
the monatomic systems or, for a binary mixture, the disparity

(nonergodic stateslt should be noted that, consistent with in sizes, the composition of components, etc. For example, a
the mode-coupling approximation, the contribution from lo- purely repulsive one-component hard-sphere potential has a
cal anisotropy is averaged out for the metastable liquich=0.772 which change§) markedly to ax=0.718 for the

states.

one-component Lthaving an additional weak attractive jail

Now, according to MCT, near the dynamic transition and to ax~0.711 for a pure liquid metalhaving a much
point T, and within the mesoscopic time scale in thesofter repulsive part embellished by a relatively stronger

B-relaxation regimeR(q,t) deviates fromf(q) and can be

damped oscillatory attractive tai&nd (ii) noticeably[12] to



55 BRIEF REPORTS 2029

a A=0.712 for the larger hard-sphere particles in a binaryrole in the structural arrest. This cage effect mechanism
mixture. The “complexity” in the present diatomic mol- which is stressed in MCT and has its origin in the structural
ecules is of somewhat different nature arising also from the‘complexity” of the physical system is just what is needed
orientational degree of freedom. Such “complexity” is cer- for observing thed-relaxation process. It is probable that for
tainly far more effective spatially in hindering the molecular more sophisticated laboratory systems such a mechanism is a
rearrangement than the mere interparticle interactions or Sizmajor cause in th@-relaxation process. The aforementioned
disparity of particles. Considering the fact that a smaler \yorks of Kaneko and Bosda2], Lewis and Wahnstr [7],

would make more robust the.occurrence. of heelaxation  5nq Signorini, Barrat, and Kleif.3] give much support to
procesq2,11], it is thus not without physical ground to be- {4 argument addressed here.

lieve that the molecular liquid has more structural impedi-
ment than the simple monatomic liquid. Our simulated dy- We gratefully acknowledge the financial supp@SC84-
namic data forFS(g,t) and the tagged particle distribution 2112-M008-003 by the National Science Council of Tai-
are consistent with the above features, although, their signavan, ROC and the support of computing facilities by the
ture of the slow relaxation is still somewhat weak. National Center for High-Performance Computing. S.K.L.
To summarize, we have found from our study of the su-would like to thank Professor W. van Megen for hospitality
percooled liquid nitrogen dimers that the orientational degreat the Royal Melbourne Institute of Technology, Melbourne,
of freedom during supercooling process plays a discernibléustralia.
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