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Neutron scattering and molecular correlations in a supercooled liquid
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Institut für Physik, Johannes Gutenberg-Universita¨t, Staudingerweg 7, D-55099 Mainz, Germany

~Received 4 February 1999!

We show that the intermediate scattering functionSn(q,t) for neutron scattering~ns! can be expanded
naturally with respect to a set of molecular correlation functions that give a complete description of the
translational and orientational two-point correlations in the liquid. The general properties of this expansion are
discussed with special focus on theq dependence, and hints for a~partial! determination of the molecular
correlation functions from neutron scattering results are given. The resulting representation of the static struc-
ture factorSn(q) is studied in detail for a model system using data from a molecular dynamics simulation of
a supercooled liquid of rigid diatomic molecules. The comparison between the exact result forSn(q) and
different approximations that result from a truncation of the series representation demonstrates its good con-
vergence for the given model system. On the other hand it shows explicitly that the coupling between trans-
lational and orientational degrees of freedom of each molecule and rotational motion of different molecules
cannot be neglected in the supercooled regime. Further we report the existence of a prepeak in the ns static
structure factor of the examined fragile glass former, demonstrating that prepeaks can occur even in the most
simple molecular liquids. Besides examining the dependence of the prepeak on the scattering length and the
temperature we use the expansion ofSn(q) into molecular correlation functions to point out the intermediate
range orientational order as its principle origin.@S1063-651X~99!05407-0#

PACS number~s!: 61.12.2q, 61.20.2p, 61.25.Em
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I. INTRODUCTION

Neutron scattering is one of the most important tools
determine the structure and dynamics of condensed ma
One of its major advantages is that the neutron as an ele
cally neutral probe is not influenced by the electron cloud
the target atoms but interacts only with the nucleus. Con
quently, neutron scattering can be directly interpreted
terms of the atomic structure and motion. However, if o
wants to examine a molecular system not only with resp
to the constituent atoms but in terms of the molecular un
some care has to be taken. Since the superposition of
tering from atomic sites is in general not equivalent to sc
tering from the molecular center of mass, neutron scatte
from molecular liquids is sensitive to orientational as well
translational correlations in the system.

This was realized many years ago@1–5#, and led to dif-
ferent formulations of neutron scattering by molecules. F
reasons of simplicity and also because the center of m
correlations were of principle interest, those approaches t
to ‘‘correct’’ for the effect of orientational degrees of free
dom. In the work of Sears@4# this was done using the so
calledweak hindering approximation, i.e., the assumption o
the statistical independence of~i! the rotational and transla
tional motion of any molecule, and~ii ! the rotational motion
of any two different molecules.

In recent years the mode coupling theory of the gl
transition ~see, e.g., Refs.@6–8#! stimulated many experi
ments on supercooled liquids. Among other techniques, n
tron scattering was used~see, e.g., Ref.@9# and, for more
recent work, Refs.@10,11#! to study the static and dynami
properties of glass forming substances, most of which ar
molecular nature, like, e.g., glycerol, salol, or orthoterphen
In the situation of the dense packed molecular liquid wh
the motion becomes more and more cooperative, the assu
tions of Sears are no longer reasonable, as shown by C
PRE 601063-651X/99/60~1!/740~11!/$15.00
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et al. @12# for incoherent neutron scattering in simulated s
percooled water. Below, in a study of a liquid of diatom
rigid molecules, we will come to the same conclusion f
coherent scattering. This raises the question of how neu
scattering data can be analyzed in terms of molecules in
case.

With increasing computer power the simulations of sup
cooled liquids tend to deal with more realistic model syste
@13# like SPC/E water@14# or orthoterphenyl@15#. Thus it
has also become feasible to examine in detail the orie
tional degrees of freedom in the strongly supercooled reg
~see, e.g., Refs.@16,17#!. In experiments, up to now it ha
only been possible to measure orientational correlators
q50, i.e., one cannot obtain information about the spa
arrangement of orientationally correlated molecules. On
other hand, this information would be valuable to understa
the interaction between translational and orientational
grees of freedom. Therefore, it seems sensible to examin
which way orientational correlations enter into the neutr
scattering function.

A feature of special interest in supercooled liquids a
glasses is the appearance of a prepeak in the static ne
scattering~ns! structure factor at aq value that correspond
to distances larger than the average nearest neighbor
tance. As a sign of intermediate range order, prepeaks h
been studied in a variety of systems~see, e.g., Refs.@19–21#
and references therein!. Mostly these have been attributed
the network structure of strong glasses or charge effect
ionic glass formers. The behavior of prepeaks in molecu
systems seems to be quite different, as pointed out rece
by Morineauet al. @22# in their study of temperature an
pressure dependence form-toluidine and m-fluoroaniline,
which will be discussed in Sec. III C.

We will present results for the ns static structure factor
a liquid of diatomic molecules, i.e., one of the most simp
systems in which effects of the molecular nature can be s
740 ©1999 The American Physical Society



em
n

so
se

ill
ia
l
ad
on
ra
e
th
ol
th

tor,
ec-

-
s
sis

on
the
t of
fol-
ring

PRE 60 741NEUTRON SCATTERING AND MOLECULAR . . .
ied. We will discuss the dependence of the prepeak on t
perature and scattering length, and make a compariso
findings for other systems. Using the representation ofSn(q)
in terms of the molecular correlation functions, we will al
give strong evidence that the existence of the peak is clo
connected to orientational degrees of freedom.

The paper is organized as follows. In Sec. II we w
briefly summarize the approach of Sears to the intermed
scattering functionSn(q,t) for molecular systems. We wil
show that dropping the weak hindering approximation le
naturally to a description in terms of molecular correlati
functions. Some aspects of the representation for arbit
molecules are discussed, and hints for an application to
periments are given. Section III presents the results from
molecular dynamics simulation of a system of diatomic m
ecules. It is divided into three subsections concerning
(
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molecular correlation functions, the ns static structure fac
and a detailed discussion of the prepeak, respectively. S
tion IV gives some conclusions.

II. NEUTRON SCATTERING FUNCTION

We consider a set ofN rigid molecules of identical geom
etry each consisting ofs atoms. The assumption of rigidity i
one that is commonly used as well in the theoretical analy
as in computer simulation of the liquid state. It is justified
the grounds that at the temperature of the liquid only
lowest vibrational states are populated. The starting poin
an analysis of neutron scattering from molecules is the
lowing site-site representation of the intermediate scatte
function ~see, e.g., Refs.@4,23#!:
ical for
ic since

most

by

ass

of
Sn~q,t !5
1

Ns (
j , j 851

N

(
n,n851

s

„acoh
j n acoh

j 8n81~ainc
j n !2d j j 8dnn8…^e

iqW •(RW j n(t)2RW j 8n8)&, ~1!

whereacoh
j n (ainc

j n ) is the coherent~incoherent! scattering length, andRW j n(t) the position of atomn in moleculej at timet. The
bracketŝ •••& denote canonical averaging over initial conditions. Unlike the geometry which is supposed to be ident
all molecules, the scattering lengths are allowed to differ from molecule to molecule. This assumption is quite realist
the chemical structure is independent of the isotopic composition whereas the scattering lengths are.

Appealing as this site-site description is, it is not very favorable from a molecular view. The rigid molecules are
suitably described by the center of mass coordinatesRW j (t) and the Euler anglesV j (t)5„f j (t),u j (t),x j (t)… giving the orien-
tation of the body fixed system relative to the laboratory frame.

To make a connection between these two different views, Sears@4# introduced center of mass and relative coordinates
RW j n5RW j1rW j n and used the Rayleigh expansion of the plane waves

eiqW •rW j n(t)5(
ln

@4p~2l 11!#1/2i l j l~qrn!Yl
n~qn ,wn!D 0n

l
„V j~ t !…, ~2!

where (r n ,qn ,wn) are the polar coordinates of atomn with respect to the body fixed frame with origin at the center of m
of moleculej. Without loss of generality thez axis of the laboratory frame has been chosen to point in direction ofqW . The
special functions appearing in Eq.~2! are the spherical Bessel functionsj l , the spherical harmonicsYl

m , and the Wigner
functionsDmn

l @24,25#. In the summation of Eq.~2! l runs over 0,1,2, . . . , andn is restricted by2 l<n< l .
Following this strategy andnot doing any factorization of translational and rotational motion or of rotational motion

different molecules, one is naturally led to consider correlation functions of the following kind:

Sln,l 8n8
m

~q,t !5 i l 82 l@~2l 11!~2l 811!#1/2
1

N (
j j 8

^e2 iq„Rj
z(t)2R

j 8
z
…Dmn

l
„V j~ t !…Dmn8

l 8* ~V j 8!&, ~3!
id

led

cu-
l

er
r-
to
which equal (1/N)^r lmn* (q,t)r l 8mn8(q,0)&, the correlation
function of the tensorial one particle density moder lmn(q,t)
@26#. As usual, it is possible to separate them into selfj
5 j 8) and distinct terms (j Þ j 8) giving

Sln,l 8n8
m

~q,t !5Sln,l 8n8
(s)m

~q,t !1Sln,l 8n8
(d)m

~q,t !. ~4!

This set of correlation functions is the generalization
arbitrary molecules of the correlators introduced in mo
 e

coupling theory for a single molecule in an atomic liqu
@27# and for liquids of linear molecules@26#, and has been
used recently to study molecular correlations in supercoo
water @28# and diatomic molecules@16#. Similar correlation
functions have also been used earlier in the study of mole
lar liquids @23,25#, and go back to the work on statistica
mechanics of nonspherical molecules by Steele@29#.

At first sight one might be frightened by the large numb
of indices, and not willing to consider an infinite set of co
relation functions. Therefore, we want to stress that due
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the tensorial nature of quantities~3! the symmetry of the
molecule may reduce the number of correlators. Second,
can expect that reasonable results can be achieved if
considers only the finite number of correlators withl ,l 8
< l co for small l co. For a system of diatomic molecules, w
will see in Sec. III thatl co54 turns out to be sufficient to
describeSn(q) in the q range of interest. Depending on th
size and form of the molecules, it might also be necessar
consider larger values forl co. This becomes clear if one
looks at the angular dependence of the Wigner functio
since extending the range ofl corresponds mainly to improv
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ing the angular resolution. In this argument we have cons
ered the factorsDmn

l (V) in Eq. ~3! as ‘‘weights’’ which
select molecules within a certain range of orientations for
canonical averaging. While, for instance,D 00

0 (V)[1 gives

equal weight to all orientations,D 00
1 (V)}Y1

0(u,f) puts em-
phasis on molecules withu'0 or u'p. This may elucidate
a bit more the meaning of theq-dependent orientational cor
relators.

Having introduced the suitable correlation functions E
~1!–~3! can be easily combined to give
Sn~q,t !5(
l l 8

(
nn8

@bln,l 8n8
inc

~q!Sln,l 8n8
(s)0

~q,t !1bln,l 8n8
coh

~q!Sln,l 8n8
(d)0

~q,t !#, ~5!

with the coefficients

bln,l 8n8
inc

~q!5
1

s (
nn8

4p j l~qrn! j l 8~qrn8!Yl
n* ~qn ,wn!Yl 8

n8~qn8 ,wn8!@acoh
n acoh

n8 1~ainc
n !2dnn8#, ~6!

bln,l 8n8
coh

~q!5
1

s (
nn8

4p j l~qrn! j l 8~qrn8!Yl
n* ~qn ,wn!Yl 8

n8~qn8 ,wn8!acoh
n acoh

n8 . ~7!
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Here x̄51/N( j x
j denotes the average over molecules. F

the special case of a single linear molecule in an isotro
liquid, a similar result was given by Franoschet al. @27#.

The representation@Eq. ~5!# has a number of interestin
properties. Immediately obvious is that it can be Four
transformed to give a corresponding relation for the spe
or susceptibilities with the same coefficients. Further we
tice that only correlators withm50 enter into Sn(q,t),
which is a consequence of the isotropy of the fluid. From
general expression one can also draw some conclus
about theq dependence of the ns intermediate scatter
function. Equation~5! clearly reflects that neutron scatterin
from molecular liquids is the superposition of two contrib
tions: ~i! the correlations within a molecule which are e
pressed in the incoherent terms involving the self-part of
molecular correlation functions, and~ii ! the correlation be-
tween molecules which enter the distinct terms. Theq depen-
dence of both contributions again has two sources. The
efficientsbln,l 8n8

inc (q) andbln,l 8n8
coh (q), which could be termed

the incoherentandcoherent molecular form factors, respec-
tively, are completely determined by the molecular geome
and the scattering lengths. Thus they can be calculated
actly if the molecular units are known. Theirq dependence is
given by the spherical Bessel functionsj l(qrn), and thus
connected primarily to the distancesr n of the atoms from the
center of mass of the molecule. We will discuss theq depen-
dence of the molecular form factors in more detail in Sec.
The more important quantities that enter into theq depen-
dence ofSn(q,t) are of course the molecular correlatio
functions which give a statistical description of the intera
tions and the dynamic of the system. We will discuss theq
dependence for the above-mentioned model system in
III A.
r
ic

r
ra
-

e
ns
g

e

o-

y
x-

.

-

ec.

The coefficients bln,l 8n8
coh (q) and bln,l 8n8

inc (q) represent
weighting functions that determine at whichq values a given
molecular correlation functionSln,l 8n8

0 (q,t) appreciably con-
tributes toSn(q,t). In turn, knowledge of the molecular form
factors could be used to attribute the structure of the ns
termediate scattering function to some molecular correla
functions. To undertake such an effort one would have to
a series of experiments in which the molecular form fact
bln,l 8n8

coh (q) andbln,l 8n8
inc (q) are varied systematically. A com

mon technique to do so would be the use of isotopes
different scattering length, i.e., to combine results obtain
with mixtures of different isotopic composition. From th
discussion of Eq.~5! given above, we can conclude the fo
lowing limitations: ~i! only molecular correlation functions
Sln,l 8n8

0 (q,t) with m50 are accessible, and~ii ! information
about the correlatorSln,l 8n8

0 (q,t) can only be extracted from
Sn(q,t) in a q range where the form factorbln,l 8n8(q) is
different from zero and not too small compared to the ot
form factors. Upon changing the scattering lengths one
separate the site-site correlation functions contributing
Sn(q,t). Since these are connected by a linear relation w
the functionsSln,l 8n8(q) @as a special case of Eqs.~5!–~7!#
we also have that~iii ! the number of molecular correlatio
functions that can be determined~for a givenq) is restricted
by the number of site-site correlators.

Since the molecular form factors depend also on
atomic configuration within the molecule another idea wou
be to compare results for molecules with similar geome
To examine the structure of a liquid of diatomic molecul
one could for example try to combine results f
F2 , Cl2 , Br2, and I2, taking into account the shift in the
average nearest neighbor distance due to the differenc
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atomic size by rescaling theq values accordingly. In such
way one could change systematically the intramolecular
tanced. Although this would offer a way to bypass the lim
tations given by~iii !, changing the geometry will also affec
the molecular correlation functions themselves.

In spite of this limitation we think that experimental e
forts in the direction of determining molecular correlatio
functions from neutron scattering are worth consideri
Here one has to keep in mind that up to now informat
about the orientational degrees of freedom is restricted to
few q50 correlation functions that can be measured by
electric response or NMR. Especially to understand the
teraction between rotational and translational degrees of f
dom, theq-dependent molecular correlation functions ha
to be considered.

III. RESULTS

We will now turn to an examination of a special syste
On the one hand, this will give us the opportunity to illu
trate the molecular correlation functions and the represe
tion of the scattering function introduced in Sec. II. On t
other hand, the system shows interesting features which
apparent in the ns static structure factorSn(q), and give on
their own a motivation for a detailed inspection.

We will study a simulated supercooled liquid of 500 d
atomic rigid molecules each consisting of two atoms wh
will be labeledA and B. The atoms have equal masses b
the head-tail symmetry is slightly broken by the interactio
which are given by a superposition of Lennard-Jones po
tials between the atomic sites. The molecular bond len
was fixed atd50.5 in units of the Lennard-Jones radius
the A atoms which we will use throughout this paper. P
ticularly, q is given in units of 2p times the inverse of tha
radius. For further details about the molecular dynam
simulation and the potential we refer the reader to Ref.@16#.

In the following we will concentrate on the static prope
ties of the system. This is done for a number of reasons~i!
To test the convergence of the series representation~5! as
function of thel cutoff, it is sensible to consider the wor
case. Usually this should be given by the static case as
following argument explains. If one assumes that the rel
ation of the orientational degrees of freedom~ODOF! takes
place primarily through small angular variations, and th
large angular jumps can be neglected the correlators
larger l, i.e., better angular resolution, will decay faster th
those with smalll. Therefore, one concludes that fort.0
terms with largerl are less important than in the static cas
~ii ! We are primarily interested in theq dependence. Thus i
will be necessary to choose a fixed timet and t50 being a
natural choice. Readers interested in the dynamics of
studied system, and especially experimentors who are in
ested in the time scales involved, are referred to the publ
tions of Ref. @16# where these aspects were discussed
translational degrees of freedom~TDOF’s! as well as
ODOF’s.

A. Molecular correlation functions

We will now present molecular correlation functions f
the system of diatomic rigid molecules. As already me
tioned in Sec. II the number of independent correlators
s-

.
n
e

i-
-
e-

.

a-

re

h
t
s
n-
th

-

s

he
-

t
th

.

e
r-

a-
r

-
n

be reduced for molecules possessing an intrinsic symme
In our case we deal with linear molecules that are invari
under any rotation around the axis connecting atomsA and
B. This axis will be chosen as thez axis of the body fixed
frame of reference in the following.

Symmetry considerations similar to those carried out
Ref. @28# show that the distinct part of the static correlatio
functions fulfills

Sln,l 8n8
(d)m

~q!5H Sll 8
(d)m

~q! n5n850

0 otherwise.
~8!

Since the self-part of the static correlation is given simp
by Sln,l 8n8

(s)m (q)5d l l 8dnn8 all the important structure is con
tained in the correlation functions withn5n850. As
pointed out in Sec. II, for neutron scattering only correlato
with m50 are relevant. Thus in the following we will only
consider the quantitiesSll 8(q)[Sl0,l 80

0 (q). We can further
restrict ourselves tol< l 8 since the correlation function
Sll 8(q) are real and symmetric with respect tol andl 8, as can
be easily seen from their definition@Eq. ~3!#.

The correlation functions up tol ,l 8< l co52 were already
presented in Ref.@16#. We want to take the opportunity to
point out a minor error in this publication: In order to obta
the correct data which are in accordance with the cho
conventions~ours and theirs! the off-diagonal terms given in
Fig. 3 of the second of Refs.@16# have to be multiplied by
21. The correct graphs for them50 terms are given in Fig.
1~b!.

In addition we have determined all correlators up tol ,l 8
< l co54. Figures 1~c!–1~e! show them50 terms which are
relevant for neutron scattering. In the discussion given be
we will only refer to this data although the properties of t
mÞ0 terms~not shown here! are quite similar.

All the molecular correlation functions have been eva
ated atT50.477 ~in units of the Lennard-Jones energyeAA
of the A particles!, which is the lowest temperature consi
ered in the simulation. This is a temperature located in
supercooled regime very close to the critical temperat
Tc50.475 of the mode coupling theory@16#.

We will now give a discussion of the molecular correl
tors Sll 8(q) by comparing theirq dependences. Thereby w
want to point out the similarities and differences between
q-dependent orientational correlators (l and/or l 8 different
from zero! and the better known center of mass correlatio
( l 5 l 850). We also mention some features for which a ge
eral relation between theq dependence and the values ol
and l 8 seems to exist. Thereby we will substantially enlar
the discussion given in Ref.@16# which focused mainly on
the m-dependence and the effects of the approximate he
tail symmetry of the molecule.

The most prominent peak is displayed by the center
mass correlatorS00(q). Located at aq value ofqmax'6.6 it
represents the first order of the nearest neighbor peak. Su
peak can also be found at almost exactly the same pos
for all correlation functionsS0l 8(q) with l 50. Also for the
other correlators this nearest neighbor peak exists, but
usually shifted to a slightly different value thanqmax. This
shift can easily be understood. Whereas forS00(q) an aver-
age over all possible orientations of the molecule is p
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FIG. 1. Molecular static structure factorsSll 8(q) for a system of diatomic rigid molecules at the lowest temperatureT50.477 of the
simulation.
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formed, the factorD 00
l (V j )D00

l 8 (V j 8) in Eq. ~3! for l and/or
l 8 unequal to zero ‘‘restricts’’ the average to a certain ran
of orientations. Since in the supercooled liquid the molecu
are very closely packed, the characteristic distance betw
molecules depends on the choice of orientationsV j andV j 8
simply because of steric hindrance. Thus for different co
elators a shift in the position of the peaks is expected
e
s
en

-
A

strong support for this picture is also that the peak is mu
less shifted forS0l 8(q) as forSll 8(q) with l andl 8 unequal to
zero because an average over all possiblerelative orienta-
tions is already done ifone of the anglesV j or V j 8 is not
restricted.

Besides the shift in the peak position, we observe that
peak amplitude also depends strongly on the correlator.
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reason for this, already pointed out in Ref.@16#, is the ap-
proximate head-tail symmetry of the molecule which resu
in a smaller amplitude for correlators withl 1 l 8 odd. Further
we can state that the amplitude of the main peak tend
decrease with increasingl and l 8.

Apart from the main maximum the center of mass cor
lation functionS00(q) also shows structure at higher valu
of q. Clearly perceptible is a double peak atq'10.5 and
13.2. Whereas the peak atq'13.2 can be identified as th
second order of the nearest neighbor peak the origin of
peak atq'10.5 is not quite clear. It could also be the seco
order of a peak located aroundq'5.25 which is merged with
the main peak.

A rich structure at higher values ofq is also found in all
other molecular correlation functions. If one takes into a
count possible shifts in the peak position the peaks locate
q'12–14,q'16–19, andq'23–25 can be attributed to th
higher orders of the nearest neighbor peak. While their p
cipal origin thus seems to be clear, the interesting struc
that appears in their shape, which in some cases clearly
dicates a double peak, cannot be understood from the pre
investigation. A further aspect which immediately strikes t
eye is that, while the oscillations at higherq are strongly
damped for smalll and l 8, the higher order peaks are com
parable to or even larger than the first maximum for
correlators withl ,l 8P$2,3,4%.

So far we have considered only the structure of the m
lecular correlation functions forq values larger than the
value of the first maximum corresponding to distanc
smaller than the average nearest neighbor distance. The
ter of mass correlatorS00(q) for q<6.6 resembles the struc
ture also found for simple liquids, which is in strong contra
to the behavior of the molecular correlation functions
l ,l 8Þ0. The correlatorS11(q) exhibits a pronounced maxi
mum atq'2.8, aq value corresponding to about twice th
average nearest neighbor distance.

A further point worth mentioning is that all diagonal co
relatorsSll (q) with l>2 show a maximum atq50 as was
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already found forS22(q) in Ref. @16#. This might indicate a
tendency for alocal nematic order.

To conclude this section we want to point out that a co
parison of our findings with an analysis of the system in r
space would be very valuable for a better understanding
the molecular correlation functions. It would be especia
interesting to connect the shifts in peak positions, the rela
between the peak amplitudes of different correlators, and
peak shapes to a microscopic characterization of the sys
in real space.

B. Neutron scattering function

As mentioned above, the results of Sec. II are best te
for the static case. The molecular correlation functions n
essary for an evaluation of the series representation Eq~5!
were presented in Sec. III A forl ,l 8< l co54. The result of
these calculations will be compared to the exact data
neutron scattering as determined according to Eq.~1!.

Since we are dealing with the special case of linear m
ecules and static correlations, Eqs.~5!–~7! can be further
simplified. As justified in Sec. III A the indicesn andn8 can
be set to 0 for the coherent terms if thez axis of the body-
fixed frame of reference is chosen in direction of the sy
metry axis connecting both atoms of the molecule. The po
coordinates of the atomsA and B are given by
(r A ,qA ,wA)5(d/2,0,0) and (r B ,qB ,wB)5(d/2,p,0), re-
spectively. This information can be inserted into Eq.~7! for
the coherent molecular form factors. Taking into account
trivial expressionSln,l 8n8

(s)0 (q)5d l l 8dnn8 for the static self-
correlations, and using sum rules for the spherical harmo
and spherical Bessel functions@24#, all summations over the
incoherent terms can be carried out leaving only o
q-dependent functionbinc(q), usually termed the molecula
structure factor. We can combine these reformulations to
tain the following result for the ns static structure factor
diatomic rigid molecules:
Sn~q!>Sn
( l co)~q!5 (

l ,l 8< l co

bll 8
coh

~q!Sll 8
(d)

~q!1binc~q!, ~9!

bll 8
coh

~q!5@~2l 11!~2l 811!#1/2j l S qd

2 D j l 8S qd

2 D1

2
„acoh

A 1~21! lacoh
B

…„acoh
A 1~21! l 8acoh

B
…, ~10!

binc~q!5
1

2
„~acoh

A !21~acoh
B !21~ainc

A !21~ainc
B !2

…1acoh
A acoh

B j 0~qd!. ~11!
r

We want to mention that choosingl co50 yields the usual
Sears expression@4#. This fact demonstrates again that t
representation through molecular correlation functions i
natural extension of the approach by Sears.

The molecular structure factorbinc(q), shown in Fig. 2 for
the system of diatomic molecules with a special choice
scattering lengths, has a very simpleq dependence. Startin
from a maximum atq50, it quickly decays and shows os
a

f

cillations around the asymptotic value forq→` which is
given by theq-independent first term of Eq.~11!. In the case
of general molecules theq dependence is given by a linea
superposition of functionsj 0(qrnn8) involving all intramo-

lecular distancesr nn85urW j n2rW j n8u.
Both the molecular correlation functionsSll 8(q) and the

coherent form factorsbll 8
coh(q) are symmetric with respect tol
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and l 8. Thus the summation in Eq.~9! can be restricted to
l 8> l . If the scattering lengths ofA and B atoms are equal
the coherent molecular form factorsbll 8

coh(q) vanish unlessl
and l 8 are both even, i.e., only molecular correlation fun
tions with l andl 8 even contribute toSn(q). This is a specific
property of the diatomic linear molecule closely related
head-tail symmetry. In the case of exact head-tail symme
the correlatorsSll 8

(d)(q) are zero forl or l 8 odd. If only the
scattering lengths are equal, such correlations may exist
they do not enterSn(q) since the neutron probe cannot di
tinguish betweenA andB atoms.

Apart from this system-specific property, Eq.~10! and the
examples of form factors presented in Fig. 3 clarify so
properties of theq dependence ofbll 8

coh(q) which are quite
universal, i.e., also valid in the time-dependent case and
general molecules. In both subfigures one can observe
the weightbll 8

coh(q) of a given correlation functionSll 8(q)
depends very strongly on the value ofq. For instance the
center of mass correlationsS00(q) are very important forq
'0 but only of minor relevance forq.10. From the math-
ematical properties of the spherical Bessel functions, a
determining theq dependence ofbll 8

coh(q) in the general case
given by Eq. ~7!, one can conclude a systematic relati
between the values ofl and l 8 and the range ofq values in
which the correlatorSll 8(q) will have a large weight. This
relation is demonstrated in Fig. 3. Figure 3~a! shows the
diagonal form factorsbll

coh(q) up to l 54. All of them are
positive over the entireq range.b00

coh(q) has a maximum for
q50 which decays to zero with increasingq, and is followed
by further oscillations with a strongly reduced amplitud
The other diagonal correlators also show a pronounced m
mum that is followed by smaller oscillations, but the locati
of this main maximum is shifted to higher values ofq. This
shift grows monotonously with increasingl. Further we see
that the maximum’s amplitude decreases and its width
comes larger upon increasingl. We have chosenacoh

A 51.4
different fromacoh

B 50.25 in order to have nonvanishing form
factors for l or l 8 odd. Still we can observe that the depe
dence ofbll 8

coh(q) on the scattering lengths leads to smal

FIG. 2. Molecular structure factorbinc(q) for a system of di-
atomic rigid molecules withacoh

A 51.4, acoh
B 50.25, andainc

n 50 for
n5A andB.
-

y,

ut

e

or
at

o

.
xi-

e-

-
r

amplitudes for oddl. Figure 3~b! also shows the systemati
behavior for the off-diagonal form factorsb0l 8

coh(q) with l
50. Upon growingl 82 l the amplitude of the first maximum
quickly reduces, and the contribution at the second ma
mum becomes more important. Thus, while the off-diago
terms cannot be neglected, the relevant range is also sh
to higher values ofq for growing l 8. The same is true for the
nondiagonal terms withl .0.

Consequently the systematic behavior of the weig
bll 8

coh(q) can be formulated as a rule of thumb:The larger the
values of l and l82 l , the higher the value of q at which th
form factor bll 8

coh(q) will become relevant.We merely note
that for the form factors as well as for the molecular cor
lation functions themselves negative values are possible
the off-diagonal terms.

Having discussed all the relevant terms for the evaluat
of the right hand side of Eq.~9!, we can now turn to the ns
static structure factor itself, and test the convergence of
series representation, i.e., the quality of the different appro
mationsSn

( l co)(q), l co50,1, . . . ,4.Figure 4~a! shows the ex-

FIG. 3. Molecular form factorsbll 8
coh(q) for a system of diatomic

rigid molecules withacoh
A 51.4, acoh

B 50.25, andainc
n 50 for n5A

andB. Subfigure~a! shows the progressing shift of the first max
mum to higherq for the diagonal form factorsbll

coh(q); subfigure~b!
shows the shift and decrease of the first maximum for the fo
factorsb0l 8

coh(q) with l 50.



-
b

nc
in

a

-
ak
uc

m

e

in

ht

ts

e-
e

by

ce
e
gly

ot

en-

e-
a-

he
, we
enta-
r-
all
l.

ns
ng
he

c-

n
ong

ic
uc-
ns.
rely
the
the
ding
ded

ec-

the
ill

nt

rie

PRE 60 747NEUTRON SCATTERING AND MOLECULAR . . .
act result forSn(q) as evaluated according to Eq.~1!. The
scattering length have been chosen asacoh

A 51.4, acoh
B 50.25,

andainc
n 50, wheren5A,B. At q'3 the static structure fac

tor exhibits a small but well pronounced prepeak followed
a strong maximum atq'6.6, and further maxima atq'13,
18, and 25. Thus theq dependence ofSn(q) shows the gen-
eral structure also found for the molecular correlation fu
tions. Taking a closer look to the various maxima, and tak
into account the properties we found for the weightsbll 8

coh(q)
we can further illuminate their origin. In case of the prepe
this is rather obvious since~i! at q'3 only correlators with
small l and l 8 have to be taken into account~see the discus
sion above!, and~ii ! only S11(q) possesses a significant pe
at q'3. Therefore, its origin must be connected to the str
ture found in the correlation functionS11(q). A quantitative
analysis of this statement will be given in Sec. III C. Fro
Fig. 3 we can also see that at the positionq'6.6 of the main
peak, correlators withl or l 8 larger than 2 do not play a larg
role. Thus the center of mass correlation functionS00(q) and
the molecular correlation functionS02(q),S22(q) as well as
S01(q) can be identified as the origin of the main peak

FIG. 4. Static structure factor of neutron scattering and its se
representation according to Eq.~9! for different values of thel
cutoff. The scattering lengths are chosen asacoh

A 51.4, acoh
B 50.25,

and ainc
n 50 for n5A and B. ~a! Exact and Sears results (l co50).

~b! Absolute error of the approximation for different values ofl
5 l co.
y

-
g

k

-

Sn(q). The latter correlators are responsible for the slig
shift of the peak position to higherq in comparison with the
center of mass correlations. For peaks atq'13 and 18, a
number of correlators will be relevant. Using the weigh
bll 8

coh(q), one can still conclude thatS22(q) will be one of the
main sources for the peak atq'13, and thatS24(q) as well
as S44(q) will be of great relevance for the structure atq
'18. From the molecular correlation functions we have d
terminedS44(q) is the one which contributes most to th
peak atq'25, though correlation functions withl ,l 8.4
could also be of great importance.

Apart from the exact result forSn(q), Fig. 4~a! also shows
the result of the weak hindering approximation as used
Sears@4#. Except for the limiting values forq→0 and q
→`, the results of this approximation are rather poor, sin
almost all of the structure inSn(q) is missed and even th
main peak is not reproduced properly. This finding stron
supports results of Chenet al. @12#, who observed that a
factorization of translational and rotational correlations is n
suitable for the description of a supercooled liquid.

Figure 4~b! shows the convergence of the series repres
tation by presenting the dependence of the errorSn(q)
2Sn

( l co)(q) on l co. The large error of the Sears result corr
sponding tol co50 is already reduced to statistical fluctu
tions in a range ofq up to q'9 by choosingl co52. For
l co54 the static structure factorSn(q) is almost perfectly
reproduced for the entire range ofq values at least up toq
'20. Since theq range chosen here compares well to t
values accessible in a real neutron scattering experiment
can conclude that the convergence of the series repres
tion ~5! is fast enough to make it attractive for practical pu
poses. The cutoff of the infinite sum at a relatively sm
value ofl co is well justified, at least for our choice of mode
The actual value ofl co that is sufficient will depend on the
size and form of the molecule as well as their interactio
@18#. In accordance with the given rule of thumb increasi
the value ofl co merely corresponds to an enlargement of t
range in whichSn(q) is reproduced.

C. Prepeak

We will now turn to a special feature of the static stru
ture factor. As mentioned in Sec. III B,Sn(q) shows a pre-
peak atq'3. Given that prepeaks or first sharp diffractio
peaks have been studied mostly in connection with str
glasses like, e.g., SiO2 @20# or ionic glass formers@19#, this
observation is quite surprising. In the system of diatom
rigid molecules studied here we neither find a network str
ture nor do we have long range electrostatic interactio
Since the proposed explanations for the prepeak usually
heavily on the network structure and/or the effects of
ionic charges, they cannot be applied to the prepeak in
present system. What, then, could be the mechanism lea
to intermediate range order in a system without an exten
network or long range interactions?

In the preceding sections we have pointed out the conn
tion between theq dependence ofSn(q) and the contribution
of various molecular correlation functions. To understand
mechanism responsible for the formation of a prepeak, it w
surely be helpful to analyze in detail which of the releva
molecular correlations contribute atqpp'3. The contribu-

s
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748 PRE 60CHRISTOPH THEIS AND ROLF SCHILLING
tions of the intramolecular structure factorbinc(q) and the
center of mass correlationsS00

(d)(q) are of large amplitude
but they contain no structure at all atqpp. Since they have
opposite signs they almost cancel each other. Together
give the Sears result which does not exhibit any prepeak@cf.
Fig. 4~a!#. The other relevant contributions atqpp are shown
in Fig. 5. Thus the importance of the correlatorS11(q) for
the formation of the prepeak is corroborated by this qua
tative analysis. Besides the negative contribution ofS01(q),
no other term shows any structure atqpp. It may be noted
that the negative contributions ofS11(q) and S02(q) at q
'5 induce a better separation between the prepeak and
main peak. In accord with our ‘‘rule of thumb,’’ the term
involving l ,l 8.2 are even less important thanS22(q).

The predominant role ofS11(q), and the fact that no
structure is observed in the center of mass correlat
strongly suggest that orientational effects are responsible
the prepeak in the studied system. Apart from the evide
given here it seems not too far fetched to consider spa
ordering due to sterical hindrance as a mechanism for
peaks in molecular systems, as close packing@30# and size
effect @31# have also been shown to be of great relevance
other systems. The importance of orientational degree
freedom for the structure ofSn(q) for liquid halogens and
the prepeak in the molecular liquid CCl4 has also been pu
forward by Misawa@32,33#. Whereas in his work orienta
tional correlations between neighboring molecules had to
introduced as anassumption, we have been able to givedi-
rect evidence for their relevance.

Taking into account the interpretation of the molecu
correlation functions~see above!, it is also possible to ge
additional information on the kind of intermediate range
der.D 00

1 }Y1
0 has the shape of a dumbbell which is, due

the choice of the body fixed frame, aligned to the symme
axis connecting the atoms of the molecule. Thus the corr
tions of S11(q) at qpp can be attributed to a preference for
parallel orientation ofnextnearest neighbors. Apart from th
geometric effects leading to a parallel alignment of m
ecules, energetic affects are also important for this ‘‘antif
romagnetic’’ order,

FIG. 5. Contributions of the different molecular correlatio
functions to the prepeak foracoh

A 51.4, acoh
B 50.25, andainc

n 50 for
n5A andB.
ey
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A B A

••• u u u •••,

B A B ~12!

since the vicinity ofA and B molecules is favored by the
choice of Lennard-Jones energieseAB,eAA5eBB .

Prepeaks have often been reported to show special be
iors. In many glassy systems an increase of the prepeak
plitude with increasing temperature is found@20,21#, which
is quite contrary to the behavior of the other peaks inSn(q).
The amplitude and position was also shown to be affected
the pressure@20# and the composition of the liquid@19#.
Therefore, it will be interesting to characterize further t
behavior of the prepeak in our system.

Figure 6 shows the temperature dependence of the
peak in the rangeT50.48–0.70. To eliminate the back
ground given by the lowq wing of the main peak, we have
substractedSn(q) at T50.85. At this temperature the pre
peak is not discernible any longer. With increasing tempe
ture the prepeak decreases in amplitude, and the width at
maximum grows. In the given temperature range no shif
the position of the peak can be observed whereas the m
peak is shifted downwards byDq50.2. Although seemingly
uncommon for a prepeak, such temperature dependence
been reported before. It has been found for carbon tetrac
ride @34# and also in a recent study ofm-toluol and
m-fluoranilin by Morineauet al. @22#. Like our system these
are molecular liquids. Thus one is tempted to infer that t
behavior might be typical for such systems.

We are not able to determine the pressure dependenc
the prepeak or to study effects of composition, i.e., the in
ence of atomic size and interactions since this has not b
done in the simulation@16#. Still, we want to point out one
aspect which is closely related to compositional studies
which, to our knowledge has never been considered bef
A substitution of atoms of a certain species in the liquid w
not only alter the interactions and the size of the atoms
will also affect the scattering lengths. Figure 7 shows that
observability of the intermediate range order as a prep
can indeed be influenced. As can also be inferred from
~9! in the caseacoh

A 5acoh
B , i.e., x5acoh

A /acoh
B 51, the cor-

FIG. 6. Temperature dependence of the prepeak foracoh
A 51.4,

acoh
B 50.25, andainc

n 50 for n5A andB.
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PRE 60 749NEUTRON SCATTERING AND MOLECULAR . . .
relator S11(q) gives no contribution toSn(q) and the pre-
peak vanishes. Keeping the overall normalization cons
and increasing the asymmetry in the scattering lengths,
prepeak grows to its maximum value. Since at the smaq
value of the prepeak position the molecular correlation fu
tion with l 51 will be the most important one@apart from
S00(q)#, a prepeak in molecular systems will be most eas
observed for molecules withno head-tail symmetry. Thus i
is, for instance, not surprising that in liquid halogens no p
peak is observed, although their liquid structure might be
too different from our system@32#.

IV. CONCLUSION

Tackling the problem of neutron scattering in supercoo
molecular liquids, we have shown that well known conce
can be generalized naturally to give a concise descrip
including all molecular degrees of freedom. Thus it was p

FIG. 7. Dependence of the prepeak amplitude on the choic
the scattering length.x5acoh

B /acoh
A denotes the ratio of the cohere

scattering lengths. The incoherent scattering lengths are set to
andacoh

n , andn5A andB are chosen in such a way that the largeq
limit of Sn(q) is constant.
s

nt
he
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y
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t
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s
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sible to reduce the large discrepancy that was found betw
the exact result forSn(q) and a description in terms of th
center of mass only. The resulting description ofSn(q,t) in
terms of molecular correlation functionsSln,l 8n8

m (q,t) was
shown to shed light on theq dependence, offering clear re
lations between theq range and the angular resolution d
scribed by the ‘‘quantum numbers’’l and n. Giving a rela-
tion between the intermediate scattering function and
molecular correlations, the representation could be use
extract~partial! information on the correlations of TDOF’s a
well as ODOF’s and their interference from neutron scatt
ing experiments. From the general expression we were
to give hints at an effort in this direction. A quantitative te
of the formalism for a liquid of diatomic molecules in th
‘‘worst case’’ of static correlations led to a good agreeme
with exact results forSn(q) if molecular correlation func-
tions up tol co54 are taken into account. This analysis al
confirmed that a factorization like the weak hindering a
proximation which leads to a description in terms of t
center of mass only is not suitable in the supercooled regi

In the simulation of a liquid of diatomic Lennard-Jone
molecules, we observe a prepeak in the ns static struc
factorSn(q) which could be attributed to intermediate ran
orientational order. The temperature dependence of this
peak is in accord with the results found for the molecu
liquids CCl4 , m-toluidine andm-fluoroaniline, but at vari-
ance with the behavior found for most covalent glass for
ers. The influence of scattering lengths on the observab
of intermediate range~orientational! order was examined of
fering the conclusion that a manifestation as a prepeak m
not occur in case of head-tail symmetry of the molecules
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M.-F. Lauthié, Europhys. Lett.43, 195 ~1998!.
@23# J.P. Hansen and I.R. McDonald,Theory of Simple Liquids

~Academic, London, 1976!.
@24# Functions, edited by M. Abramowitz and I.A. Stegun,~Dover,

New York, 1972!.
@25# C.G. Gray and K.E. Gubbins,Theory of Molecular Fluids

~Clarendon Press, Oxford, 1984!, Vol. 1.
@26# R. Schilling and T. Scheidsteger, Phys. Rev. E56, 2932
~1997!.

@27# T. Franosch, M. Fuchs, W. Go¨tze, M.R. Mayr, and A.P. Singh
Phys. Rev. E56, 5659~1997!.

@28# L. Fabbian, A. Latz, R. Schilling, F. Sciortino, P. Tartagli
and C. Theis, e-print cond-mat/9812363.

@29# W.A. Steele, J. Chem. Phys.39, 3197~1963!.
@30# S.C. Moss and D.L. Price, inPhysics of Disordered Materials,

edited by D. Adler, H. Fritzsche, and S.R. Ovshinsky~Plenum,
New York, 1985!, p. 77.

@31# H. Iyetomi and P. Vashishta, Phys. Rev. B47, 3063~1993!.
@32# M. Misawa, J. Chem. Phys.91, 2575~1989!.
@33# M. Misawa, J. Chem. Phys.93, 6774~1990!.
@34# M. Misawa, J. Chem. Phys.91, 5648~1989!.


