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Test of mode coupling theory for a supercooled liquid of diatomic molecules.
|. Translational degrees of freedom
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A molecular-dynamics simulation is performed for a supercooled liquid of rigid diatomic molecules. The
time-dependent self and collective density correlators of the molecular centers of mass are determined and
compared with the predictions of the ideal mode coupling thé@T) for simple liquids. This is done in real
as well as in momentum space. One of the main results is the existence of a unique transition tenmferature
at which the dynamics crosses over from an ergodic to a quasinonergodic behavior. The valyadozes
within the error bars with that found earlier for the orientational dynamics. In the first scaling law regime of
MCT, also called theB regime, we find that the correlators in the late stage ofglegime can be fitted well
by the von Schweidler law. Although we do not observe the critical decay predicted by MCT for the early
B-relaxation regime in its pure form, our relaxation curves suggest that this decay is indeed present. In this first
scaling regime, a consistent description within ideal MCT emerges only, if the next order correction to the
asymptotic law is taken into account. This correction is almost negligiblg fo,,.,, the position of the main
peak in the static structure factg(q), but becomes important far= g, the position of its first minimum.

The second scaling law, i.e., the time-temperature superposition principle, holds reasonably well for the self
and collective density correlators and different valuegjfofhe a-relaxation times-ff) andr, follow a power

law in T—T, over two to three decades. The corresponding expopéstpracticallyq independent and is
around 2.55. This value is in agreement with the one predicted by MCT from the value of the von Schweidler
exponent but at variance with the corresponding exponerit.6 obtained for the orientational correlators
C{¥(t) andC4(t), studied in a previous papdiS1063-651%98)02708-1

PACS numbefs): 61.43.Fs, 61.20.Ja, 02.70.Ns, 64.70.Pf

I. INTRODUCTION

dynamical structure factofcoherent and incoherent part
This yields information on the dynamics of the translational

Although several interpretations of the glass transition exdegrees of freedorfiTDOF) only. Many of these investiga-

ist (see, e.g., Ref.1]), the only microscopic approach lead-

tions have been reviewed by Ge and Sjgren[4] and in

ing to a multitude of predictions is based upon the moderefs.[5].

coupling theory(MCT). This theory, which was proposed
first by Bengtzelius, Game, and Sjtander [2] and

Leutheussef3], provides an equation of motion for the nor-

malized density correlator

_ (6pg (1) dpg)

F(q,
O o v

.Y

of a simple liquid. Note thaF depends om=|q| only, due

Since most of the glass formers are molecular systems, it
is also important to study the role of the orientational degrees
of freedom(ODOF) and their coupling to the TDOF. A con-
venient way for this is, e.g., the use of dielectric spectros-
copy. Recent results from dielectric measuremgbisare
partly consistent with the predictions of MCT for simple
liquids. The interpretation of light scattering experiments is
not so obvious. Since TDOF and ODOF may both contribute
to light scattering, it is not so easy to separate the orienta-

to the isotropy of the system. In its idealized version, MCTtjonal part(see, e.g., Ref7]). Concerning computer simula-
predicts the existence of a dynamical transition at a criticatjons, only a few molecular liquids have been studied so far

temperaturd; (or a critical densityn;) from an ergodic to a

[8-15. In a recent molecular-dynamiddD) simulation

nonergodic phase, corresponding to a liquid and a glass, r¢16] the present authors have investigated a liquid of di-

spectively. The nonergodicity paramet&iEP)
f(q)=1limF(q,t) 2

t—o

serves as an order parameter for that transitign) may
change either continuouslyype-A transition or discontinu-
ously (typeB transition at T.. For the structural glass tran-
sition only the latter is relevant.

atomic, rigid molecules with Lennard-Jones interactions.
Apart from linear molecules with head-tail symmetry, this is
the simplest choice for a molecular system. Because dielec-
tric and light scattering measurements yield essentially only
information forq~0, we restricted ourselves to orientational
correlators withg=0 and to the translational and rotational
diffusion constantD and D,, respectively[16]. The main
result we have found is the existence of a power-law depen-

The test of the predictions of the ideal MCT has chal-dence on temperature of all the orientational relaxation times

lenged both experimental work and computer simulations7{¥(1=1—86), n (1=1), and ofD with a single critical tem-
Most of the experiments have determined the intermediatperatureT.=0.475, in agreement with ideal MCT. Slightly

scattering functiori-(q,t) or its time-Fourier transform, the

1063-651X/98/58)/2131(10)/$15.00 PRE 58

aboveT., the numerical results forfs), 7, andD deviate
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from a power law, due to ergodicity restoring processesproachesl; from above and extends upte«~ atT.. Thus
These processes, which are not considered by the ideal MCat T, we have lim_..F(q,t)=1°q) and the system has be-
can be accounted for by its extended verdid#]. The ob- come nonergodic, since the correlation functions do not de-
servation that the temperature dependencB ofioes not fit cay to zero any more.
into this scheme, but bifurcates frod at a temperature The so-called3 correlatorG(t) in Eg. (3) obeys the first
significantly aboveT. and then obeys an Arrhenius law, scaling law:
rather than a power law, has been a further important result.

The main purpose of the present and the following paper G(t)=c,g-(t/t,) (4)
[18] is the extension of our recent resulisb] to finite q and
to perform a thorough test of the predictions of the ideal

MCT. The present paper is restricted to the TDOF only’master functiong - (o=0) are solutions of a certain scaling

whereas the following pap¢t8] considers orientational cor- i . . : ;
relators, which explicitly contain the coupling between equation. The corresponding-relaxation time scald, is

ODOF and TDOF. Although our simulation investigates adlven by
molecular system, we make a comparison with the predic- t,o|T—T,| " Y2, T=T.. (5)
tions of MCT for simpleliquids. The ideal MCT for simple 7 ’
liquids has been recently extended to a dumbbell molecule iFor g(t) one obtains the following asymptotic power laws:
a simple liquid 19] and to molecular liquids of lined0,21]
and arbitrary shaped moleculg22]. So far, the investiga- e to<t<t,
tions of these molecular MCT equations were restricted to 9(t)= —th  t <t<r. ©®)
the calculation of the NEIP19,21,23. For linear molecules Y
without head-tail symmetry, it follows from these equationsThe critical law, upper part of Ed6), holds above and be-
[21] that the TDOF and ODOF freeze at a single criticallow T, whereas the von Schweidler law, lower part of Eq.
temperaturel ., consistent with our recent results fg=0  (6), is valid only above the transition point. Beloly, g(t)
[16]. The investigation of the time-dependent moleculardecays to a constant féet,. Both exponents andb are
MCT equations, which would allow comparison with our related to the exponent paramelerwith 1/2<x<1, by
MD results, will be done in the future.

The outline of this paper is as follows. The next section I'(1-a)? I'(1+b)?
will review those predictions of the ideal MC{for simple _ AT '
liquids) that will be tested. In Sec. Il the model as well as T(1-2a) (1+2b)

some details of the computer simulation are discussed. I{}ith I the Gamma function. From Eq7) one gets that 0
Sec. IV we present our MD results and the final section. 51 ang 0<b<1. \ is determined by the static correla-
contains a discussion of these results and our main conclygys atT_ . The resuli3), which states that in the first scaling
slons. regime theq andt dependence factorizes, is one of the most
important predictions of the ideal MCTWe remind the
Il. MODE COUPLING THEORY reader that this prediction holds only on the time scale

hi . il ai h ¢ th to<<t<<7.) Due to this factorization, Eq(3) can easily be
In this section we will give a short summary of those .oformed to real space:

predictions of the ideal MCTfor simple liquidg, which will
be compared with our MD results. For details, the reader S(r,)=fS(r)+H(r)G(1), (8)
may consult the review papef4,5].

Ideal MCT predicts the existence of a dynamical transi-where ¢(r,t), f°(r), andH(r) are the Fourier transform of
tion at T, from an ergodic to a nonergodic phase, which is anF(q,t) , f(q), andh(q), respectively.
ideal glass transition. For temperatures closeTto MCT It is important to realize that the resul6) only holds
predicts the existence of two scaling laws fefq,t) with asymptotically forT— T, . The next order correction to both
time scaleg,, and 7(>t,), wherer is the a-relaxation time.  of these asymptotic laws was recently derived and calculated
In the first scaling regime, i.e., fag<t<<r, the density cor- for a system of hard spheres by Franostfal. [23]. Correc-
relator takes the form tions to the von Schweidler lay24]

with the correlation scale,=|o|Y? and the separation pa-
rametero=o0o(T—T.), where 0;>0. The o-independent

I

)

F(q,t)=f°(q)+h(q)G(t) 3) F(a,t)=f%(a)—h(a)(t/n)°+hZ(q)(t/1)* =+ (9

have already been studied for hard spheres by Fetlas

[25]. There it was demonstrated that these corrections may
be important. The expansidf) is valid fort,<t<r, where

the a-relaxation time scale is given by

with £¢(q) the NEP afT, andh(q) the critical amplitudet,

is a microscopic time that, for an atomic system, is of th
order of 10 ¥ sec. The reader should note that Tor T, the
long time limit of F(q,t) is zero. However, the theory pre-
dicts the existence of a time rangg<t< 7 in which F(q,t) H(T)e(T=Te) "7, T=T, (10)
exhibits a plateau, when plotted versus libgarithm of time.

The height of this plateau is equal to the NE®qg)>0.  with

Thus the fact that f(q)>0 does not imply that

lim,_,..F(q,t)>0. Rather, the time range over which the pla- _ i+ 1 (11)
teau is observed increases rapidly when the temperature ap- Y"2a" 2p°
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The translational diffusion constait is predicted to scale
like 7~ 1. Therefore it is

D(Me(T-Ty)? T=T.. (12
Corrections to the critical law lead {@3]
F(,t)=f%(q)+h(q)(t/tg) “2+h@(q)(t/tg) 22+,
(13

In Ref.[23] it was shown thah®)(q) —h(?)(q) is propor-
tional toh(q), which allows thus a further interesting test of
MCT. Unfortunately we will not be able to present in the

following the outcome of such a check of the theory, since

the accuracy of our data f¢_r(2)(q) is insufficient.
In the second scaling regime, i.e., toof the order ofr, a

master functiorF4(t) exists such that
F(q,t,T)=Fqt/7(T)). (14)

In glass science the resul14) is called time-temperature

superposition principle. The expansion of the right-hand side

of Eq. (14) with respect ta/r yields Eq.(9). Equation(14)
represents the second scaling law.

Finally we mention that all these MCT results hold for the

self-part of the density correlator as well.

IIl. MODEL AND DETAILS OF THE SIMULATION

The model we investigate is a one-component system
rigid diatomic molecules. Each molecule is composed of tw
different Lennard-Jones particles, in the following denote
by A andB, which are separated by a distarste 0.5 and
each of which has the same massThe interaction between
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FIG. 1. Wave-vector dependence of the static structure factor
S(q) (center of magsfor T=0.477, 0.63, 1.1, and 2@t the main
peak from top to bottom

is divided into two parts again, which are real space and
g-space representation.

A. Static properties

First of all we remark that thermodynamic quantities such
as, e.g., the average density and the enthalpy, do not exhibit
any signature of a singular behavior for the full temperature
range 0.47%T=<5.0 that we have investigated. From this we
conclude that the observed slowing down is probably not
related to an approach of the system to a critical point of a
second-order phase transition. Furthermore, the regularity of
the temperature dependence of the mentioned quantities also
ives evidence that the system does not show any sign of the
resence of a transition to an ordered phéasgstalline or
iquid crystalline and this fact is also corroborated by inves-
igating snapshots of the configuration of the molecules.
The structural properties are one of the most interesting

static features of a supercooled liquid. Figure 1 shows the

two molecules is given by the sum of the interaction betweenyie sirycture factoB(q) of the center of mass positions for

the four particles, which is given by the Lennard-Jones po

tential V,p(r)=4€,5{(04p/1)*—(0,5/1)°%, where a,p
e{A,B}. The Lennard-Jones parameters are givenoly
=0aAB™ 10, ogp— 095, EAAT EAB™ 10, and (=15 0.8. In
the following we will use reduced units and usg, as the
unit of length,e o as the unit of energysettingkg=1), and
(crzAAm/486AA) Y2 as the unit of time. If the atoms are argon-
like, this time unit corresponds to approximately 0.3 ps.

different temperatures as a function @f Its q dependence
has the typical behavior expected for a liqUb], with a
main peak at],.,=6.5 and a first minimum a,,;,=8.15 for
the lowest temperature. With increasing temperature the
peak positions shift to smallervalues, due to an increase of
the average distance between the molecular centers, and the
peaks become broader.

A comparison of5(q) for T=0.477 with the partial struc-

In order to make the simulation more realistic, we did it atyre factorss 5(0), wherea, refers to atomA and atomB

constant external pressupg,,=1.0. The length of the equili-

is given in Fig. 2. Whereas the main peak $4g) and

bration runs always exceeded the typical relaxation time Ofsaﬁ(q) is essentially at the same position, the remairing

the system at the temperature considered, which allows us

@ependence is quite different for the various correlators. For

conclude that in the subsequent production runs we werg,q prepeak 0S,A(q) and Ssg(q) at g~3.1, which could

investigating theequilibrium dynamics of the system. The
temperatures we investigated are=5.0, 3.0, 2.0, 1.4, 1.1,

indicate a “medium” range order, we have not found a con-
clusive interpretation. Note that the main reason we have

0.85, 0.70, 0.632, 0.588, 0.549, 0.520, 0.500, 0-4891 anﬂresentedS(q) is to compare it§] dependence with the static
0.477. The total number of molecules was 500 and, in ordegqrejation functions of the orientational correlators pre-

to improve the statistics of the results, we averaged at eacty,

nted in paper Il. We already anticipate that dpidepen-

temperature over at least eight independent runs. For MOigsnce can be rather different for the various correlators.

details on the simulation s¢&6].

IV. RESULTS

B. Dynamical properties: Real space

To start, we discuss the self-motion of a molecule. One of

For a clearer presentation of our results, this section ishe important transport coefficients is the translational diffu-
divided into two subsections, where the first is devoted to theion constanD, which is obtained from the mean squared
static and the second to the dynamical properties. The lattetisplacement by
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FIG. 2. S(q) (bold solid line and the partial structure factors ~ FIG. 4.1 dependence of #r°G(r,t) for t=0.4, 1.7, 5.88, 24.3,
Sap Versusq for T=0.477;S4 (solid line), Sgp (dotted ling, and 101, 416, 1723, 5000, 2610°, 10°, and 3.5¢10° (from top to

Sag (dashed ling bottom and forT=0.477.
1 N The r dependence o6G4(r,t) is shown in Fig. 4 for times
D=lim—— ([Xn(t)—X,(0)]?) (15) that are equidistant on a logarithmic time axis and for the
tBtNA= " ’ lowest temperature. With time, th&peak att=0 broadens

and fort—« andr—ox, i.e., in the hydrodynamic limit, it

. approaches a Gaussian distribution:
where N is the number of molecules. The temperature de- PP

pendence ob is presented in Fig. 3 on a double-logarithmic 1 2

scale. The diffusion constant follows a power law, as pre- G r t)— —ex;{ - _) for t,r—o. (17
dicted by ideal MCT[cf. Eq.(12)], over a surprisingly large (47D1)%? 4Dt

range of four decades ID. As critical temperature we obtain

T.=0.475 and for the corresponding exponeny=2.20. In the time span 58t< 10%, where the mean squared dis-
With use of Egs(7) and (11), this yields a von Schweidler placement for the lowest temperature exhibits a plateau
exponentb,=0.69, a critical exponenay,=0.34, and an the inset of Fig. 3 the shapeof Gy(r,t) depends only
exponent parametexrp=0.67. At the two lowest tempera- weakly on time.

tures the deviations of the numerical values Ebifrom the Another interesting conclusion can be drawn from the
power law, which has been mentioned in the Introductiondependence 0B for the largest time. As can be seen from
can clearly be seen. The inset of Fig. 3 depicts the timd-ig. 4, at no time is there any indication for the presence of
dependence of the mean squared displacement for all tend- secondary peak at~1, the nearest-neighbor distance.

peratures, from whicld (T) was deduced. From the absence of such a peak it is usually concluded, see,
More detailed information on the self-motion is contained€.g., Ref[27], that no hopping processes are present. How-
in the self-part of the van Hove correlator: ever, since the temperature dependence of the diffusion con-

stant shows deviations from the power law predicted by the
LN ideal MCT (see Fig. 3, i.e., the theory in which no hopping
_| = IR processes are included, we conclude that in our system hop-
Gs(r1) <NnZl OLr = [xal ) =xa(0)[1 . (16 ping processesre present. Whether these processes are
jumps of the molecules or only due by 180° flips of the

, molecules that are observed at lower temperat{ités$ is,
10 however, not clear. Thus we conclude that hopping processes
10° do not necessarily lead to a secondary peatin
4 Ther dependence doB; is not Gaussian for a large time
10 regime. The deviation from a Gaussian can be quantified by
a 107 the non-Gaussian parameterg(t),n=2,3, . .. [28]. Figure
107 5 shows
-4
b o 3rw) 8
10 a2(t) 5(r(t))2
10°°

In the case of a Gaussian process(t) vanishes. Fort

—0 andt—o, a,(t) goes to zero. But in between there
FIG. 3. Temperature dependence of the translational diffusiofeXists a time regime for all temperatures whergis sub-

constantD; numerical datasquares, including error barpower  Stantially different from zero. The increasing part ab

law (dotted ling. The solid line serves as a guide for the eye. Inset:5eems to have a common envelope, as already found earlier

time dependence of the mean squared displacement for all temperial3,27]. This time dependence af, is very reminiscent of

tures investigated. the one of the critical law, see E(L3), i.e., on the time scale
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FIG. 5. Non-Gaussian parametes(t) versus time for all tem-
peratures investigated. Inset: the maximum positigy versusT
=T, with T.=0.475.

to<t<7 we havea,(t)=a,(t/ty). Thus it can be expected
that the existence of the envelope and the critical decay have
a common origin.

The timet,,(T), wherea,(t) attains its maximunfand
at which a,(t) does not fall onto the envelope anympre
obeys a power lawT—T.) ~ Y« (see the inset of Fig.)5with
v.~2.1, which coincides withyp, derived fromD(T), in
agreement with the results of Sciortiep al. [13]. This sug-
gests thaty,(t) for t~t,,,,is determined by the relaxation
as it follows from ideal MCT. Exactly the same conclusions  F|G. 7. (a) Time dependence of the self-paft for q= Omax

also hold foras(t). =6.5 for all temperatures investigateth) F(Qnmaxt) Versus re-
The collective dynamics can be studied by use of the disscaled time. The eight curvésolid line9 on the left refer to the
tinct part of the van Hove correlator eight lowest investigated temperatures and the one farthest to the

right (dashed-dotted curyeorresponds to the highest temperature
1 - N T=5.0. The von Schweidler law including correctidres. Eq. (9)]
Gy(r,t)= mn;m or— |Xn(t)_xm(o)|] , (19 is represented by the dotted line, and a KWW fit is shown dashed.

which is shown in Fig. 6 for various times and again for theaddition, the translational invariance of the interactions also
lowest temperature. ltisandt dependence is quite similar to suggests a theoretical description by use-afependent cor-
that found for a binary liquidi27] and again in the time span relators. For instance the memory part of the MCT equation

5.0<t=<10° its shape depends only weakly on time. for the density correlatoF(q,t) is “diagonal” in q space
but involves a convolution in real space.
C. Dynamical properties: q space Let us start with the self-parfe¢(q,t) of the collective

) L . density correlatoF(q,t) [cf. Eqg. (1)], which is presented in
Although the visualization of local structural properties Fig. 7 for q=0,,,=6.5, the position of the main peak in
. max sy

favors the use of a real space representation of the correlg(q) (cf. Fig. 1). We remind the reader thatis measured in
tors, most experimental results are obtainedjispace. In s of 7as. The small bump irF(q,t) att;=12 is due to

a sound wave and is the time for the sound wave to

25 04 traverse the box size of our sample. This effect was also
N observed by Lewigt al.[10] and has recently been shown to
20 ¢ g ] be much more pronounced in strong glass form2€s.
For the highest temperatur€=5.0, the decay oF 4(q,t)
e 157 is essentially exponential. With decreasing temperature the
l:% t=35x10° |/ \ AN ~ relaxation crosses over into a two-step process, as predicted
©10r \ - /” = = ] by MCT. The change from the fast exponential relaxation to
v }f/ t a much slower one in which a pronounced plateau is found
0.5 " Y N ] can be interpreted as a crossover of the system from an er-
R godic to a quasinonergodic behavior, since on the time scale
0.0 b=—=—== - . . at which the plateau is observed the system is not ergodic.
0.0 1.0 2.0 3.0 40 For the lowest temperatur&=0.477, a “quasiplateau” can

r be seen. Its height is a measure of the critical NEER)).

FIG. 6.1 dependence dB4, normalized by the average density The reader should note that for all temperatufglomay.t)
p, for the same times as in Fig. 5 and fb=0.477. decays to zero for large times, indicating that the length of
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FIG. 8. « relaxation timesry versusT—T.: open diamonds FIG. 9. Wave-vector dependence {q) (solid line), critical

from F(Qmax.t), filled diamonds fronF (g t), open squares from  amplitudeh®(q) (dotted ling, and the correctiom(®S(q) (dashed
Fs(dmax.), filled squares fronFg(Qmin,t). The dashed lines are a |ine).
guide for the eye and both solid lines represent fits with a power

law. h%(a)=7~°h%(q) andh®5(q) = 7~ 2*h{?*(q). Theq varia-

the runs is large enough to equilibrate the system. In order t§oNn Of these quantities is quite similar to that for hard
test MCT, we have determined the-relaxation times Sphere§25]. Particularly we also find a zero 6f*)%(q) at a
7&(T) from the conditionFy(q,70Y) = 1/e. Its temperature finite g value go=~3.5 with h®%q)<0 (>0) for g
dependence is shown in Fig. (8quares for q=0,,,,=6.5 <o (4>0p). Taking into account thaj for the hard sphere
and q=0,,,=8.15. UsingT, = 0.475, as determined from system is given in units of the diametdf'>=1, we can
D(T), both relaxation times follow a power law over about deduceq°~12 from Ref.[25]. That this is about three
three decades. The correspondingalues are practically the times larger than our value is partly due to a larger effective
same y¥=2.56, but differ significantly fromyp=2.20.  diameterd.;~1.5 of our molecules, compared ¢5'S=1.

Such a discrepancy betweem, and y(® has been observed We now turn to the collective dynamics as obtained from
already beford27] and indicates that the MCT prediction the density correlatorF(q,t), which is presented for
that the two exponents should be equal is not valid for thesg= (,ax @ahd q=0,in In Figs. 1da) and 1@b), respectively.
systems.y(®=2.56 yields the von Schweidler expondmt The time dependence looks similar to thafqfq,t), but the
=0.55 and the exponent parameter0.76. We also note

that a power-law fit withT, as a free parameter yields a 1.0
value forT, that coincides withT,=0.475 to within 2%.

The relaxation timerff)(T) can now be used to rescale 08
time in order to test the validity of the time-temperature su-
perposition principldEq. (14)], which is done in Fig. (). = 06}
We find that the relaxation curves fall indeed onto one mas- U’é
ter curve for the lowest temperatures. The late stage relax- i 04

ation can be fitted well by a Kohlrausch-Williams-Watts law
(KWW), i.e., F¢(q,t)=Aex —(t/79)#], dashed curve. For 02
higher temperature&f., e.g., the curve fol =5.0) no such |
scaling exists. We also note that such a scaling ma&$os-
sible for certain types obrientational correlation functions
[16], which shows that this prediction of MCT is not a trivial
one.

Having demonstrated the validity of the second scaling
law [Eq. (14)], we can test whether the von Schweidler law,
including the next order correctidieq. (9)], fits the master
curve well in the lateB-relaxation regime. As can be seen
from Fig. Ab), this type of fit works very welldotted ling.

In practice, this has been done f6r(q,t) at the lowest
temperature by keepinlg fixed to 0.55(deduced fromy(®).
The wave-vector dependence §{q), h%(q), andh(®3(q) \ DN
is shown in Fig. 9. Here a comment is in order. The fit of the i OO OB
data with the von Schweidler law including the next order ! : ; - ;
correction yieldsr~ °h3(q) and 7~ 2°h(®)3(q) [cf. Eq. (9)].
Since theg-independenta-relaxation time scaler(T) can
only be determined up to B-independent factor, the same is  FIG. 10. Time dependence B q,t) for all temperatures inves-
true for h3(q) and h(®5(q). In Fig. 9 we therefore show tigated.(a) q=0ma=6.5, (b) = 0min=8.15.

(b)
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SN ) 1 FIG. 12. F(q,t) versust for T=0.477: numerical datébold
H A\ \Q\ \ \\\\\ \ dotg, B correlator withA=0.76 (short dashed line B correlator
08 | \\\\\ N\ \T/;O.? ! T/?5~0 1 with A= 0.76 including the next order corrections in the von
P T=0477 N A\ ¥ ‘ Schweidler regimédotted ling, von Schweidler law witih=0.55
i \5§§§\\\\\\\\\\\\& \1 ] (=1 =0.755) (long dashed line von Schweidler law withb=0.55
SO 1 including the next order correctiorisolid line).

with b= 0.55, which corresponds t0=0.76, the same value
. we used to fit the von Schweidler lawfq(q,t), fits the data
0.0 | e o over about 2.5 decades in tinfeong dashed line Taking
10° 10° 10™ 10° 107 107 10° 10 into account the next order correctipcf. Eq. (9)] leads to a
t/ significant improvement of the fit far=4x 10* (solid line).
i We have also fitted the numerical data with {Beorrelator
e 0y i ot i and wihoutshort deshed neortecion.
This was done by solving the equation fpr(t/t,) (see Ref.
temperatures and the one farthest to the righshed-dotted curye [5]) and making use of Eq$3) and (4). Here we encounter
corresponds to the highest temperafiire5.0. The dashed line is a . P
fit with 2 KWW law. the. same problem as we did for. the_flt with the von Sch-
weidler law, because thg relaxation timet, can only be
) ) ) determined up to &-independent factor. In order to proceed,
height of the “quasiplateau” is much lower and the stretch-ye have chosen fdr, the position of the inflection point of
ing of the relaxation is more pronounced for the casej of F(maxt), indicated in Fig. 12 by a filled circle. The opti-
=Qmin- The a-relaxation timer,(T) has been determined mum values\=0.76 and,, =69 stemming from that fit were
from the conditionF(q,74)=0.1, since using ,thefl defi-  ysed for the analogous fits to all the other correlators of the
nition of 7 would lead to an underestimation of the  present paper and of Ref18], except for the orientational
relaxation time forg=qpm,, since the plateau is so loVe  correlators witH = 1 [18]. From the figure we recognize that
note that choosing™* instead of 0.1, for the case where in the lates-relaxation regime these fits are identical to the
both definitions can be used, or even using a KWW fit tognes of the von Schweidler law, as it should be. In the early
deduce 74(T), leads to essentially the same temperatureg.relaxation regime, however, the correlator fits the data
dependencgThe temperature dependencergfis shown in muych better than the von Schweidler law, since part of the
Fig. 8. Taking againT, = 0.475 as givengy(T) obeys a approach to the plateau is fitted well also. In this egsly
power law, withy =257~y andy, =2.47. Itis re-  relaxation regime, MCT predicts the critical Ig\&q. (13)].
markable that the range for the power law fpe=q,,, is Due to this result the relaxation onto the plateauTonear
almost one decade less than fp« .., Which shows that T, should be stretched. This stretching can clearly be seen,
different correlators reach the asymptotic regime at differene.g., in Fig. 11 forq=qyy,, by noticing how gentle the
temperatures. curves approach the quasiplateau. A further indication of the
Figure 11 shows that also for these correlation functionritical law is the existence of an inflection point on a loga-
the second scaling law holds and that it holds bettegfgy,  rithmic time scale at a time of ordég . This inflection point
than forq,,,. The reader should also notice that these twocan easily be observed in Fig 11 as well. However, a fit with
correlation functions behave quite similar to the correspondthe critical lawt ™ or even with the leading and next leading
ing ones of a hard-sphere systéaof. Fig. 17 in Ref.[23]).  order [Eq. (13)] is possible but extends at most over one
The late stage relaxation can again be fitted well by a KWwWdecade in time.
law (dashed ling Since the curves for the different tempera-  For g=qu, it is not possible to obtain a good fit with the
tures fall onto a master curve, it is sufficient to focus on thevon Schweidler law alone, ib is kept fixed at 0.55. Ib is
curve for the lowest temperature in order to test whether theised as a free parameter, a satisfactory fit is obtained but at
first scaling law holds. The results of our analysis are showrhe cost of ag-dependent von Schweidler expondmnt, in
in Figs. 12 forq=qmax @andg=0gmin. Let us discusg§|=qnax contradiction to the spirit of MCT. Since the critical NEP
first. As can be seen from Fig. 12, the von Schweidler lawpbtained from this fit are rather structureless and do not

1



2138 STEFAN KAMMERER, WALTER KOB, AND ROLF SCHILLING PRE 58

1.0 - 0

< 08 /,-'&

©

X 30}

& 06 ""J R o

ic F(a) \H 2

8" 04 I ( v I-F 20 L

o A U iy

2 & ooa, R (=

Z Ao \ d e &

= 02 gjf Xg;’fj&eW‘*W% - 1ot . 4 5
0.0 : : : : - LN

00 50 100 150 200 250 0.0 o

0.0 5.0 10.0 15.0 20.0 25.0
q

q

FIG. 13. Wave-vector dependence Bf(q) (filled squares

Fi(q) (open circles andR®(q) (open diamonds FIG. 14. Comparison o$(q) (solid line) for T=0.477 and the

a-relaxation timer, (filled squarey for T=0.477, wherer, has
qualitatively agree with the NEP obtained from solving thebeen multiplied by 10°. Inset: The same quantities on a logarith-
molecular MCT equationf22], we decided to keep=0.55  mic scale.

(obtained fromy(®) fixed and to take the next order correc-

tion into account. With this approach we obtained goodhow in amolecularsupercooled liquid the translational de-
agreement between all NEP from our MD simulation andgrees of freedonfTDOF) slow down when the temperature
those from the MCT equation®2]. But even if the first of the system is decreased in order to allow a comparison
correction to the von Schweidler lajef. Eq. (9)] is taken  with (i) the corresponding slowing down in atomic systems
into account, the fit with Eq(9) works well for only about that have been studied by other investigators &ndthe
one decade in time. On the other hand, the critical correlatoslowing down of the orientational degrees of freedom
(with  A=0.76 including the correction(on the von (ODOB of the same system and which will be presented in
Schweidler sidefits the data over two decades. Neverthe-the following papef18]. On the other hand, we wanted to
less, this range is significantly smaller than the one found fotest whether also for this molecular system the dynamics of
g=dmax» Which shows that corrections to the scaling lawsthe TDOF can be described by the ideal version of MCT for
might be more important foq,;, than for gmax- simple liquids.

The quantitiest®(q), h(q), andh®(q), depicted in Fig. The system we have investigated consists of rigid di-
13, were determined in a similar way as for the self-part, i.e.2tomic molecules without head-tail symmetry. The Lennard-
by keeping the value ob fixed to 0.55. Comparing these JOnes interactions we used for the molecular system are not
quantities withS(q) (Fig. 1) we find thatf¢(q) is in phase SO different from those of the binary liqu[@7] with 80% A
and bothh(q) andf®(q) in antiphase witrS(q). We note and 20%B atoms. The main difference between both sys-

that the peak ag~3 in f°(q) does not exist foB(q). How- tems is of course that for the present model the 59%nd

0 - . -
ever, whether this peak is real or just a statistical ﬂuctuationSCMJ B atoms are pairwise connected in order to form di

cannot presently be decided for sure. Since the orientationgltomlc mo_lecules. Therefore, the comparison of the dy'?am"
. 0 . cal behavior of both systems allows us to discuss the influ-
static correlatorSj;(q) has a pronounced maximum at

. - ence of the ODOF on the TDOF.
q~3 (see Fczef.[18]), one mlght be tef.“p‘ed to.relate this Our test was mainly concerned with the existence of a
prepeak off¢(q) to the translation-rotation coupling.

oA o ) single critical temperatur€, and(ii) the validity of the pre-
The variation off °(q) andh(q) with g resembles the one

- mbl dictions of the ideal MCT in the two scaling law regimes.
found, e.g., for hard spherg25], for a binary liquid[27,30,  The existence of such a single critical temperature indicates a
and that for water moleculd81]. Interestingly theg depen-

A 1 strong coupling between TDOF and ODOF. Although the
dence ofh(®(q), which is in phase with that di(qg), quali- mathematical structure of the MCT equations for molecular
tatively agrees with that found by Fuchet al. for hard liquids [19-27 differs from the one of simple liquids, we
sphere$25]. However, in contrast to the hard-sphere systemgexpect that the two scaling laws hold for molecular liquids,
T'](Z)(q) does not Change Sign for thpregime we have stud- too. This belief is based upon the fact that the first Scaling
ied, but vanishes at= ., at which it has a minimum. This law is always valid in a so-called ty@@-transition(i.e., the
fact explains why thgasymptotig von Schweidler law fits NEP changesliscontinuouslyat the transitiop the type of
the data rather well foq=q,.,, whereh(®(q)~0, but not transition that is reIevant for struc_:tural gla§$6$ Further-
for g=qmin- To conclude, we show in Fig. 14 that also the more, we expect the existence o$|agletran§|t|on tempera-
variation of thea-relaxation timer, with q is in phase with ture for linear and arbitrary molecules without additional

R : symmetry, as is the case for simple liquids.
;(/gt)erx\{rznsc]h 's in close analogy with, e.g., the hard sphere TakingT. andy as free parameters, tlerelaxation times

7 and 74 for q=0max and =g, can be fitted with a
power law. The resultindr;’s differ from T.=0.475 [de-
duced fromD(T)] by less than 2%. The same value Bf
There were two reasons for doing the investigations prewas found for the orientational correlation functions in Ref.
sented in this paper. On the one hand, we wanted to studyL6] and we therefore conclude that our data are compatible

V. DISCUSSION AND CONCLUSIONS
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with the existence of a single transition temperature. Thestrated that the next correction to the von Schweidler law
sharp transition al., as predicted bydeal MCT, is, how-  becomes important. We stress that a consistent description of
ever, smeared out, due to ergodicity restoring processes thatir data in the framework of MCT is only possible by taking
can be accounted for by the extended M(IT]. These pro- this correction into account. If this is not done, a
cesses are often associated with a hopping of the atoms gtdependeneffectivevon Schweidler exponent and a rather
molecules, as it has been demonstrated for a binary simpl&yctureless variation of the orientational NERvhich will

liquid [32]. One possible piece of evidence for such hoppingye discussed in the following pagd8]) results. The critical
processes is the occurrence of a second pedBs(n,t) at |5y manifests itself by a stretched relaxation onto the plateau
r~1 for large times[32]. However, no such peak is ob- with heightf<(q) andf®(q), respectively. But for our system

served in our results, even beyond theange.shown In Fig. a convincingquantitativeproof for the existence of the 2
4. The absence of hopping processes with respect to tr]gw is not possible
TDOF was also found in the MD simulation of CK[N8]. : . .

Therefore, only orientational jumps remain, which indeed In summary, we conclude that, with respect to ideal MCT,

have been shown to be presgb6]. Comparing the different me TD?F og_our m(_)leclula}_r syste7m Elehave tc;}uite sir;jtilr?rly to
values of y, one finds that those determined frdm(q,t) ose of a binary simple liquif27]. Hence, the qualitative

andF(q,t) fluctuate around 2.55. The same is more or |esgeatures of the dynamics of TDOF are not altered by its

. . coupling to ODOF. Although a single transition temperature
true for the purely orientational correlatdfés)(t) andC,(t) for 'IQDgF and ODOF cangbe spegified part of theporienta-
[17] for I>1, but not forl=1, where{¥=1.66 andy, :

- tional dynamics as measured, e.g., ®(t), does not fit
= 1.52 was found. Therefore, we can conclude that, apart fC‘l'hto the framework of ideal MCT16]. Whether this is only

the casd =1, y has essentially the same value for all corr- 0 4 the 180°-reorientational jumps6] is presently not
elators. We also note that in an MD simulation of SUPer-.jaar

cooled water no such exceptional behaviol efl was ob-
served[13].

For all the correlators related to the TDOF, the second
scaling law is reasonably well fulfilled. This is in contrast to
our findings forC{(t) and Cy(t) [16]. Only for relatively We thank W. Gtze for many useful comments on the
large values of do theCfs)(t) show the second scaling law. manuscript and the DFG, through SFB 262, for financial

Regarding the first scaling law, we can say that it workssupport. Part of this work was done at the computer facilities
well for F¢(q,t) andF(q,t). For g=q,,, we have demon- of the Regionales Rechenzentrum Kaiserslautern.
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