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We show that the intermediate scattering functiyfq,t) for neutron scatteringns) 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 thhedependence, and hints for(partia) determination of the molecular
correlation functions from neutron scattering results are given. The resulting representation of the static struc-
ture factorS,(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 res8l(dprand
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 expansionSgfq) into molecular correlation functions to point out the intermediate
range orientational order as its principle origi81063-651X%99)05407-0

PACS numbegps): 61.12—-q, 61.20—p, 61.25.Em

I. INTRODUCTION et al. [12] for incoherent neutron scattering in simulated su-
percooled water. Below, in a study of a liquid of diatomic

Neutron scattering is one of the most important tools torigid molecules, we will come to the same conclusion for
determine the structure and dynamics of condensed mattezoherent scattering. This raises the question of how neutron
One of its major advantages is that the neutron as an electrscattering data can be analyzed in terms of molecules in this
cally neutral probe is not influenced by the electron cloud ofcase.
the target atoms but interacts only with the nucleus. Conse- With increasing computer power the simulations of super-
quently, neutron scattering can be directly interpreted incooled liquids tend to deal with more realistic model systems
terms of the atomic structure and motion. However, if ong[13] like SPC/E wate14] or orthoterpheny[15]. Thus it
wants to examine a molecular system not only with respechas also become feasible to examine in detail the orienta-
to the constituent atoms but in terms of the molecular unitstional degrees of freedom in the strongly supercooled regime
some care has to be taken. Since the superposition of scdsee, e.g., Refd.16,17). In experiments, up to now it has
tering from atomic sites is in general not equivalent to scatonly been possible to measure orientational correlators for
tering from the molecular center of mass, neutron scattering=0, i.e., one cannot obtain information about the spatial
from molecular liquids is sensitive to orientational as well asarrangement of orientationally correlated molecules. On the
translational correlations in the system. other hand, this information would be valuable to understand

This was realized many years affb-5|, and led to dif- the interaction between translational and orientational de-
ferent formulations of neutron scattering by molecules. Fomgrees of freedom. Therefore, it seems sensible to examine in
reasons of simplicity and also because the center of masghich way orientational correlations enter into the neutron
correlations were of principle interest, those approaches triedcattering function.
to “correct” for the effect of orientational degrees of free- A feature of special interest in supercooled liquids and
dom. In the work of Searp4] this was done using the so- glasses is the appearance of a prepeak in the static neutron
calledweak hindering approximatign.e., the assumption of scattering(n9 structure factor at @ value that corresponds
the statistical independence @f the rotational and transla- to distances larger than the average nearest neighbor dis-
tional motion of any molecule, an() the rotational motion tance. As a sign of intermediate range order, prepeaks have
of any two different molecules. been studied in a variety of systerfsee, e.g., Ref$19-21]

In recent years the mode coupling theory of the glassand references thergirMostly these have been attributed to
transition (see, e.g., Refd.6—8]) stimulated many experi- the network structure of strong glasses or charge effects in
ments on supercooled liquids. Among other techniques, neuenic glass formers. The behavior of prepeaks in molecular
tron scattering was use@ee, e.g., Ref[9] and, for more systems seems to be quite different, as pointed out recently
recent work, Refs[10,11)) to study the static and dynamic by Morineauet al. [22] in their study of temperature and
properties of glass forming substances, most of which are giressure dependence fan-toluidine and m-fluoroaniline,
molecular nature, like, e.g., glycerol, salol, or orthoterphenylwhich will be discussed in Sec. IlI C.

In the situation of the dense packed molecular liquid where We will present results for the ns static structure factor of
the motion becomes more and more cooperative, the assum@-liquid of diatomic molecules, i.e., one of the most simple
tions of Sears are no longer reasonable, as shown by Chaystems in which effects of the molecular nature can be stud-
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ied. We will discuss the dependence of the prepeak on tenmolecular correlation functions, the ns static structure factor,
perature and scattering length, and make a comparison tnd a detailed discussion of the prepeak, respectively. Sec-
findings for other systems. Using the representatio8,6q) tion IV gives some conclusions.
in terms of the molecular correlation functions, we will also
give strong evidence that the existence of the peak is closely
connected to o_rientational degrees of freedom. . Il. NEUTRON SCATTERING EUNCTION

The paper is organized as follows. In Sec. Il we will
briefly summarize the approach of Sears to the intermediate We consider a set dfl rigid molecules of identical geom-
scattering functiorS,(g,t) for molecular systems. We will etry each consisting afatoms. The assumption of rigidity is
show that dropping the weak hindering approximation lead®ne that is commonly used as well in the theoretical analysis
naturally to a description in terms of molecular correlationas in computer simulation of the liquid state. It is justified on
functions. Some aspects of the representation for arbitrarthe grounds that at the temperature of the liquid only the
molecules are discussed, and hints for an application to exewest vibrational states are populated. The starting point of
periments are given. Section Il presents the results from than analysis of neutron scattering from molecules is the fol-
molecular dynamics simulation of a system of diatomic mol-lowing site-site representation of the intermediate scattering
ecules. It is divided into three subsections concerning théunction (see, e.g., Ref44,23)):

Si(a. )_Ns 2 E @.palon +(ah)28;;:9, B CARGEORLTDN o

hi'=1 v =1

wherea!” n (&l C) is the coherentincoherenk scattering length, anﬁj ,(t) the position of atonmv in moleculej at timet. The
brackets - - > denote canonical averaging over initial conditions. Unlike the geometry which is supposed to be identical for
all molecules, the scattering lengths are allowed to differ from molecule to molecule. This assumption is quite realistic since
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 most
suitably described by the center of mass coordinﬁl;eé‘s) and the Euler angleQ(t) = (¢;(t), 6;(1),x;(t)) giving the orien-
tation of the body fixed system relative to the laboratory frame.

To make a connection between these two different views, $4histroduced center of mass and relative coordinates by

R =R +r],, and used the Rayleigh expansion of the plane waves

e“i'ﬂ'»m:IE [4m(21+1)]Y3'},(qr,) Y](9, ,0,) D ba(Q(1), )

where ¢,,7,,¢,) are the polar coordinates of atosmmwith respect to the body fixed frame with origin at the center of mass
of moleculej. Without loss of generality the axis of the laboratory frame has been chosen to point in directicﬁ1 ohe
special functions appearing in ER) are the spherical Bessel functions the spherical harmonic¥", and the Wigner
functionsD'mn [24,25. In the summation of Eg2) | runs over 0,1,2 .., andn is restricted by—I<n=<l.

Following this strategy andot doing any factorization of translational and rotational motion or of rotational motion of
different molecules, one is naturally led to consider correlation functions of the following kind:

Shn (@t =i"" [+ 12 +1>]1’2N 3 (e EO KDL () Dy (920), k)
i’

which equal (IN){p{%,,(a,t)pi'mw (9,0)), the correlation coupling theory for a single molecule in an atomic liquid
function of the tensorial one particle density mgsig,(q,t)  [27] and for liquids of linear moleculef26], and has been
[26]. As usual, it is possible to separate them into s¢lf ( used recently to study molecular correlations in supercooled
=j’) and distinct termsj#j’) giving water[28] and diatomic moleculeklL6]. Similar correlation
functions have also been used earlier in the study of molecu-
lar liquids [23,25, and go back to the work on statistical
S (AD=S0 (a0 + ST (a,0). (4) mecf?anics[of n?nspheri?:al molecules by St¢am.
At first sight one might be frightened by the large number
This set of correlation functions is the generalization toof indices, and not willing to consider an infinite set of cor-
arbitrary molecules of the correlators introduced in moderelation functions. Therefore, we want to stress that due to
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the tensorial nature of quantiti€8) the symmetry of the ing the angular resolution. In this argument we have consid-
molecule may reduce the number of correlators. Second, ongred the factorsD}, (Q) in Eq. (3) as “weights” which
can expect that reasonable results can be achieved if ongect molecules within a certain range of orientations for the

) . ,
considers only the finite number of correlators with canonical averaging. While, for instan(@go(ﬂ)zl gives

<l for smalll.,. For a system of diatomic molecules, we ) i _ 1 o
will see in Sec. atl.,,=4 turns out to be sufficient to 00 10, -
Il in Sec. Il thatl ,=4 t tto b fficient to €dqual weight to all orientationd ;0({2) < Y1(6,¢) puts em

describeS,(q) in the g range of interest. Depending on the phasis on molecules with~0 or §~ . This may elucidate
size and form of the molecules, it might also be necessary té bit more the meaning of thggdependent orientational cor-
consider larger values fdr,,. This becomes clear if one relators.

looks at the angular dependence of the Wigner functions, Having introduced the suitable correlation functions Egs.
since extending the range bforresponds mainly to improv- (1)—(3) can be easily combined to give

sn(q,n:% 2 [ (@S (@D + B o (DS (AD)], (5)
nn
with the coefficients
. 1 . . ! v v v 2
b:rr]fl’n’(q): g 2 47TJ|(q|'y)J|/(qry1)Y|n*(19,,,(P,,)Y|n, (ﬁv’ y‘Pv')[acohacoh"_(ainc)25VV’]' (6)
coh 1 . . nx n’ v v
b|n’|/n'(q): g 2 47TJ|(qu)J|/(quV)Y| (ﬁv’(PV)YV (ﬁv’ !@V')acol'a'coh' (7)

Here x=1/NZ;xI denotes the average over molecules. For The coefficients b, (a) and b,..(q) represent
the special case of a single linear molecule in an isotropigveighting functions that determine at whigtvalues a given
liquid, a similar result was given by Franosehal.[27]. ~ molecular correlation functio8 |, ,(q,t) appreciably con-
The representatiofEq. (5)] has a number of interesting yihytes oS, (q,t). In turn, knowledge of the molecular form
properties. Imm¢d|ately obvious s that It can be Fouriela tors could be used to attribute the structure of the ns in-
transforme.d't.o. give a corresponding re]aﬂon for the specir rmediate scattering function to some molecular correlation
or susceptibilities with the same coefficients. Further we NO% nctions. To undertake such an effort one would have to do

tice th.at only correlators W'“T“ZO enter into S,1(q,t), a series of experiments in which the molecular form factors
which is a consequence of the isotropy of the fluid. From the o inc

general expression one can also draw some conclusiomsn,i’n'(9) andby, ;. (q) are varied systematically. A com-
about theq dependence of the ns intermediate scatteringnon technique to do so would be the use of isotopes of

function. Equatior(5) clearly reflects that neutron scattering different scattering length, i.e., to combine results obtained
from molecular liquids is the superposition of two contriby- With mixtures of different isotopic composition. From the

tions: (i) the correlations within a molecule which are ex- discussion of Eq(5) given above, we can conclude the fol-
pressed in the incoherent terms involving the self-part of théoa""”g limitations: (i) only molecular correlation functions
molecular correlation functions, an@) the correlation be- Sy 1/,/(d,t) with m=0 are accessible, an@) information
tween molecules which enter the distinct terms. Gliepen- about the correlatoiﬁon’,,n,(q,t) can only be extracted from
dence of both contributions again has two sources. The ¢ (q,t) in a g range where the form factds,  /(q) is
efficientsb,,.,(q) andbf®}, ..(q), which could be termed different from zero and not too small compared to the other
the incoherentand coherent molecular form factarsespec- form factors. Upon changing the scattering lengths one can
tively, are completely determined by the molecular geometryseparate the site-site correlation functions contributing to
and the scattering lengths. Thus they can be calculated e%y(g,t). Since these are connected by a linear relation with
actly if the molecular units are known. Thejdependence is the functionsS,, |/,/(q) [as a special case of Eq&)—(7)]
given by the spherical Bessel functiopgqr,), and thus we also have thatiii) the number of molecular correlation
connected primarily to the distancesof the atoms from the functions that can be determinér a givenq) is restricted
center of mass of the molecule. We will discuss gidepen- by the number of site-site correlators.

dence of the molecular form factors in more detail in Sec. Ill.  Since the molecular form factors depend also on the
The more important quantities that enter into thelepen-  atomic configuration within the molecule another idea would
dence ofS,(q,t) are of course the molecular correlation be to compare results for molecules with similar geometry.
functions which give a statistical description of the interac-To examine the structure of a liquid of diatomic molecules
tions and the dynamic of the system. We will discuss their one could for example try to combine results for
dependence for the above-mentioned model system in SeE,, Cl,, Br,, and b, taking into account the shift in the
I A. average nearest neighbor distance due to the difference in
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atomic size by rescaling thg values accordingly. In such a be reduced for molecules possessing an intrinsic symmetry.
way one could change systematically the intramolecular disih our case we deal with linear molecules that are invariant
tanced. Although this would offer a way to bypass the limi- under any rotation around the axis connecting aténand
tations given by(iii ), changing the geometry will also affect B. This axis will be chosen as theaxis of the body fixed
the molecular correlation functions themselves. frame of reference in the following.

In spite of this limitation we think that experimental ef-  Symmetry considerations similar to those carried out in
forts in the direction of determining molecular correlation Ref. [28] show that the distinct part of the static correlation
functions from neutron scattering are worth consideringfunctions fulfills
Here one has to keep in mind that up to now information (@m
about the orientational degrees of freedom is restricted to the (dm ]S (@ n=n'=0
few q=0 correlation functions that can be measured by di- ntrn (A)= 0 otherwise ®
electric response or NMR. Especially to understand the in- '
teraction between rotational and translational degrees of free- ) S )
dom, theg-dependent molecular correlation functions have Since the self-part of the static correlation is given simply
to be considered. by S(j?ﬂ‘n,(q)z 86,y all the important structure is con-

tained in the correlation functions witm=n'=0. As
. RESULTS pointed out in Sec. Il, for neutron scattering only correlators
) o . with m=0 are relevant. Thus in the following we will only
o Wr:e will n%w tgrng_o an_”exammau%n of a spec_|al sys,ltlem'consider the quantitiesu,(q)anm,O(q). We can further
trarlltet t?\eorr]:oleacrl:Ia’lrtclosrrvtl,/;at%\r:efuur?cttioisogﬁgrmgl?e[t:)?elsgflt [estrict ourselves td=<I" sw_me.the correlation functions
1(q) are real and symmetric with respect tandl’, as can

B e e ek B £33l seen fom her cefniEs, (31
' y 9 The correlation functions up tgl’'<I_,=2 were already

apparent in the ns static structure fa , and give on : :
thperi)r own a motivation for a detailed icrtzfj?ction ’ prgsented n Rei{lG]. We want to take the opportunity 0
¥ point out a minor error in this publication: In order to obtain

ato\avqiecVxlgijtrl:]%)lle?:usliergutleaat(?r? s(:]r?;;%%%l%? :ﬁglgtga"nio\?vhoi“c-hthe correct data which are in accordance with the chosen
will be labeledA and B. The atoms have equal masses butconventlons(ours and theirsthe off-diagonal terms given in

the head-tail symmetry is slightly broken by the interactions'i'%’ ?I_r? é Lhoiéifo?g %;Tg:‘%ﬁg]zhoa \:gr:gsb:r E';n uil\tgrl:?g It:)ly
which are given by a superposition of Lennard-Jones pote '(b). grap 9 9
tials between the atomic sites. The molecular bond length™"

was fixed atd=0.5 in units of the Lennard-Jones radius of

the A atoms which we will use throughout this paper. F)ar'relevant for neutron scattering. In the discussion given below

ticularly, g is given in units of 2r times the inverse of that X . :
radius. For further details about the molecular dynamic.syve will only refer o this data although the properties of the

simulation and the potential we refer the reader to RE]. m=0 terms(not shown herare quite similar.

, : : All the molecular correlation functions have been evalu-
In the following we will concentrate on the static proper- ~ . X
. S . ated atT=0.477(in units of the Lennard-Jones energy,
ties of the system. This is done for a number of reas@ns:

i of the A particles, which is the lowest temperature consid-
To test the convergence of the series representdfipas ered in the simulation. This is a temperature located in the
function of thel cutoff, it is sensible to consider the worst . ' P "
) . : supercooled regime very close to the critical temperature
case. Usually this should be given by the static case as t

following argument explains. If one assumes that the relax- CCV%LZHSI ?l];we ir\?gie d(i:sogfs“:igr:hcﬁ‘ot%g]holecular correla-
ation of the orientational degrees of freed¢@DOF) takes 9

place primarily through small angular variations, and thattorSS‘"(Q) by comparing theikj dependences. Thereby we

large angular jumps can be neglected the correlators witWam to point out the similarities and differences between the
. ; >
largerl, i.e., better angular resolution, will decay faster thanJ dependent orientational correlators gndjorl” different

those with smalll. Therefore, one concludes that for 0 from zerg and the better known center of mass correlations

N H H _
terms with largell are less important than in the static case.(I =1"=0). We also mention some features for which a gen

(i) We are primarily interested in thgdependence. Thus it eral r,elat|on betwe_en the dependenge and the _valueslof
will be necessary to choose a fixed timandt=0 being a andl’ seems to exist. Thereby we will substantially enlarge

natural choice. Readers interested in the dynamics of th € dlzcussmén given gtﬁellfi] V\;h'c? tfr?cused m.amlil ohn q
studied system, and especially experimentors who are inte nem-aependence and the etiects of the approximate head-

ested in the time scales involved, are referred to the publica—all symmetry of th_e molecule._ .
The most prominent peak is displayed by the center of

tions of Ref.[16] where these aspects were discussed for .
translational degrees of freedofTDOF's) as well as mass correlatoBo(q). Located at &) value 0fQmq,~6.6 it

, represents the first order of the nearest neighbor peak. Such a
ODOF's. "
peak can also be found at almost exactly the same position
for all correlation functionsS,,(q) with |=0. Also for the
other correlators this nearest neighbor peak exists, but it is

We will now present molecular correlation functions for usually shifted to a slightly different value thay,,,. This
the system of diatomic rigid molecules. As already men-shift can easily be understood. Whereas $gg(q) an aver-
tioned in Sec. Il the number of independent correlators camge over all possible orientations of the molecule is per-

In addition we have determined all correlators ug }id
<l ,=4. Figures {c)—1(e) show them=0 terms which are

A. Molecular correlation functions
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FIG. 1. Molecular static structure factog(q) for a system of diatomic rigid molecules at the lowest temperafur®.477 of the
simulation.

formed, the faCtOﬂ)loo(Qj)D{)’o(Qj/) in Eq. (3) for | and/or strong _support for this picture is als_o that thfa peak is much
I’ unequal to zero “restricts” the average to a certain rangd®SS shifted folSy(q) as forS;.(q) with I andl” unequal to

of orientations. Since in the supercooled liquid the molecule€€"© because an average over all possiblative orienta-

are very closely packed, the characteristic distance betwedipns is already done ibne of the anglest}; or ;. is not
molecules depends on the choice of orientatiinsand;,  restricted. o -

simply because of steric hindrance. Thus for different corr- Besides the shift in the peak position, we observe that the
elators a shift in the position of the peaks is expected. Abeak amplitude also depends strongly on the correlator. One
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reason for this, already pointed out in REE6], is the ap- already found foiS,,(q) in Ref.[16]. This might indicate a
proximate head-tail symmetry of the molecule which resultsendency for docal nematic order.

in a smaller amplitude for correlators witk-1' odd. Further To conclude this section we want to point out that a com-
we can state that the amplitude of the main peak tends tparison of our findings with an analysis of the system in real
decrease with increasirigand!’. space would be very valuable for a better understanding of

Apart from the main maximum the center of mass correthe molecular correlation functions. It would be especially
lation functionS,0(q) also shows structure at higher values interesting to connect the shifts in peak positions, the relation
of g. Clearly perceptible is a double peak @+=10.5 and  petween the peak amplitudes of different correlators, and the

13.2. Whereas the peak qt=13.2 can be identified as the neak shapes to a microscopic characterization of the system
second order of the nearest neighbor peak the origin of thg, 1o space.

peak atg~10.5 is not quite clear. It could also be the second
order of a peak located aroune=5.25 which is merged with
the main peak. . B. Neutron scattering function
A rich structure at higher values ofis also found in all )
other molecular correlation functions. If one takes into ac- AS mentioned above, the results of Sec. Il are best tested
count possible shifts in the peak position the peaks located Jgr the static case. The molecular correlation functions nec-
g~12-14,q~16-19, andj~23—25 can be attributed to the €ssary for an evaluation of the series representation&q.
higher orders of the nearest neighbor peak. While their prinwere presented in Sec. Ill A fdrl’<I¢,=4. The result of
cipal origin thus seems to be clear, the interesting structuréese calculations will be compared to the exact data for
that appears in their shape, which in some cases clearly ifleutron scattering as determined according to (Eq.
dicates a double peak, cannot be understood from the present Since we are dealing with the special case of linear mol-
investigation. A further aspect which immediately strikes theecules and static correlations, EdS)—(7) can be further
eye is that, while the oscillations at highqrare Strong|y Slmpllfled As ]UStlﬁed in Sec. Ill A the indicesandn’ can
damped for small and|’, the h|gher order peaks are com- be set to 0 for the coherent terms if thexis of the bOdy-
parable to or even larger than the first maximum for thefixed frame of reference is chosen in direction of the sym-
correlators withl |’ {2,3,4}. metry axis connecting both atoms of the molecule. The polar
So far we have considered only the structure of the mocoordinates of the atomsA and B are given by
lecular correlation functions for values larger than the (ra.9a.¢a)=(d/2,0,0) and (g,ds,¢s)=(d/2,m,0), re-
value of the first maximum corresponding to distancesspectively. This information can be inserted into Eq. for
smaller than the average nearest neighbor distance. The cdhe coherent molecular form factors. Taking into account the
ter of mass correlato®yo(q) for g=<6.6 resembles the struc- trivial eXpreSSionS(,f)]f),n,(qF5”rénnr for the static self-
ture also found for simple liquids, which is in strong contrastcorrelations, and using sum rules for the spherical harmonics
to the behavior of the molecular correlation functions forand spherical Bessel functiofi34], all summations over the
[,I"#0. The correlatoiS; (q) exhibits a pronounced maxi- incoherent terms can be carried out leaving only one
mum atq~2.8, aq value corresponding to about twice the g-dependent functiom™(q), usually termed the molecular
average nearest neighbor distance. structure factor. We can combine these reformulations to ob-
A further point worth mentioning is that all diagonal cor- tain the following result for the ns static structure factor of
relatorsS; (g) with =2 show a maximum afj=0 as was diatomic rigid molecules:

Sia=5"(@= X b @S +b"a), €]
L'<l¢
d d\1 —— N — —
bﬁ‘i“(q>=[(2l+1><2|'+1>]1’21.(q7)j|f(q7 5 @eont (= 1)'age) (@eont (—1)" gy, (10
. 1
b™(0) = 5 ((ago >+ (g >+ (aind) *+ (2ine) )+ AcorRCon oA D) - (11)

We want to mention that choosing,=0 yields the usual cillations around the asymptotic value fgr—o which is
Sears expressiof]. This fact demonstrates again that the given by theg-independent first term of Eq11). In the case
representation through molecular correlation functions is g general molecules the dependence is given by a linear

natural extension of the approach by Sears. . L . . . i
The molecular structure factbt™(q), shown in Fig. 2 for superposition of functiongo(qr,,) involving all intramo

the system of diatomic molecules with a special choice ofécular distances,,, =|rj, = rj,|.

scattering lengths, has a very simpjelependence. Starting ~ Both the molecular correlation functior®(q) and the
from a maximum ag=0, it quickly decays and shows os- coherent form factorbﬁo,h(q) are symmetric with respect to
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FIG. 2. Molecular structure factdn‘”c(q) for a system of di-
atomic rigid molecules witka%,=1.4, a5 ,=0.25, anda/,.=0 for
v=A andB.

andl’. Thus the summation in Eq9) can be restricted to
I"=1. If the scattering lengths oA and B atoms are equal,
the coherent molecular form factohﬁ‘fh(q) vanish unless
and|’ are both even, i.e., only molecular correlation func-
tions withl andl’ even contribute t&,(q). This is a specific
property of the diatomic linear molecule closely related to
head-tail symmetry. In the case of exact head-tail symmetry,
the correlatorﬁ(,d,)(q) are zero forl or |’ odd. If only the
scattering lengths are equal, such correlations may exist but
they do not enteB,(q) since the neutron probe cannot dis- ~05 ' ' ! !
tinguish betweer\ and B atoms. 0 5 10 15 20 25
Apart from this system-specific property, EG0) and the

examples of form factors presented in Fig. 3 clarify some gg. 3. Molecular form factorbﬁ", (q) for a system of diatomic
properties of theq dependence ob’(q) which are quite  rigid molecules witha’,=1.4, a&,=0.25, anda’,=0 for v=A
universal, i.e., also valid in the time-dependent case and foand B. Subfigure(a) shows the progressing shift of the first maxi-
general molecules. In both subfigures one can observe thatum to highei for the diagonal form factors®(q); subfigure(b)

the Weightblclo,h(q) of a given correlation functiors,(q) shows ttﬁ shift and decrease of the first maximum for the form
depends very strongly on the value qf For instance the factorsby:(a) with 1=0

center of mass correlatiorg(q) are very important foq

~0 but only of minor relevance fogq>10. From the math- amplitudes for odd. Figure 3b) also shows the systematic
ematical properties of the spherical Bessel functions, alsbehavior for the off-diagonal form factorisgf,h(q) with |
determining theg dependence dﬁ”, (q) in the general case =0. Upon growing’—1 the amplitude of the first maximum
given by Eq.(7), one can conclude a systematic relationquickly reduces, and the contribution at the second maxi-
between the values d¢fandl’ and the range of values in  mum becomes more important. Thus, while the off-diagonal
which the correlatorS;.(q) will have a large weight. This terms cannot be neglected, the relevant range is also shifted
relation is demonstrated in Fig. 3. FiguréaBshows the to higher values o for growingl’. The same is true for the
diagonal form factord®(q) up to |=4. All of them are nondiagonal terms with>0.

positive over the entirg range.bS2(q) has a maximum for Consequently the systematic behavior of the weights
q="0 which decays to zero with increasiggand is followed ~ b{2(q) can be formulated as a rule of thunithe larger the

by further oscillations with a strongly reduced amplitude.values of | and 1—1, the higher the value of q at which the
The other diagonal correlators also show a pronounced maxform factor qclo,h(q) will become relevantWe merely note
mum that is followed by smaller oscillations, but the locationthat for the form factors as well as for the molecular corre-
of this main maximum is shifted to higher valuesmfThis  |ation functions themselves negative values are possible for
shift grows monotonously with increasingFurther we see the off-diagonal terms.

that the maximum’s amplitude decreases and its width be- Having discussed all the relevant terms for the evaluation
comes larger upon increasingWe have ChOSGIacoh 1.4 of the right hand side of Eq9), we can now turn to the ns
different fromag,;=0.25 in order to have nonvanishing form static structure factor itself, and test the convergence of the
factors forl or I’ odd. Still we can observe that the depen-series representatlon i.e., the quality of the different approxi-

dence ofbﬁ?h(q) on the scattering lengths leads to smallermatmnss lcd (@), 1:=0,1, ... ,4Figure 4a shows the ex-

b (q)
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' ' ' ' S,(q). The latter correlators are responsible for the slight
8o r (@ shift of the peak position to higheyin comparison with the
exact center of mass correlations. For peaksgatl3 and 18, a
25 . number of correlators will be relevant. Using the weights
| bﬁo,t_‘(q), one can still conclude th&,(q) will be one of the
20 ] 1 main sources for the peak qt=13, and thatS,,(q) as well
@ ,’ ‘I as Sy4(q) will be of great relevance for the structure Gt
o " \‘ - ~18. From the molecular correlation functions we have de-
Iy termined Sy44(q) is the one which contributes most to the
10k Searsll ‘\ AR ~N___ peak atgq~25, though correlation functions with|’'>4
1\ could also be of great importance.
05 L / | Apart from the exact result fd8,(q), Fig. 4a) also shows
/ the result of the weak hindering approximation as used by
R Sears[4]. Except for the limiting values fog—0 andq
003 5 10 15 20 25 —oo, the results of this approximation are rather poor, since
q almost all of the structure i$,(q) is missed and even the

main peak is not reproduced properly. This finding strongly
supports results of Cheat al. [12], who observed that a
factorization of translational and rotational correlations is not
suitable for the description of a supercooled liquid.

Figure 4b) shows the convergence of the series represen-
tation by presenting the dependence of the er®fq)
—Sf1'°°)(q) onl.,. The large error of the Sears result corre-
sponding tol .,=0 is already reduced to statistical fluctua-
tions in a range ofj up to g=~9 by choosingl.,=2. For
l.,=4 the static structure factd®,(q) is almost perfectly
reproduced for the entire range gfvalues at least up tq
~20. Since theq range chosen here compares well to the
values accessible in a real neutron scattering experiment, we
can conclude that the convergence of the series representa-

5 10 15 20 25 tion (5) is fast enough to make it attractive for practical pur-
q poses. The cutoff of the infinite sum at a relatively small
) . . _ value ofl ., is well justified, at least for our choice of model.

FIG. 4. S_tatlc struct_ure factor of neutron scattering and its sefieShe actual value of, that is sufficient will depend on the
representation according to E() for different values of thd  gj;6 anq form of the molecule as well as their interactions
cutoff. The scattering lengths are choseragg=1.4, ac=0.25, [18]. In accordance with the given rule of thumb increasing

anda,=0 for v=A andB. (@) Exact and Sears resulté{=0).  yho 'y a1ye of < merely corresponds to an enlargement of the
(b) Absolute error of the approximation for different valueslof . . .
range in whichS,(q) is reproduced.

]
4
o

=lg.

act result forS,(q) as evaluated according to E.). The C. Prepeak

scattering length have been choseragg= 14, agor=0.25, We will now turn to a special feature of the static struc-
andaj,=0, wherev=A,B. At q~3 the static structure fac- e factor. As mentioned in Sec. Il B,(q) shows a pre-

tor exhibits a ;mall but well pronounced prep_eak followed bypeak atg~3. Given that prepeaks or first sharp diffraction
a strong maximum a~6.6, and further maxima &{~13,  peaks have been studied mostly in connection with strong
18, and 25. Thus the dependence d8,(q) shows the gen-  giasses like, e.g., SiJ20] or ionic glass former§19], this

e_ral struct_ure also found for the mo_lecular cprrelatlon fUUC'observation is quite surprising. In the system of diatomic
tions. Taking a closer look to the various maxima, and takingigid molecules studied here we neither find a network struc-
into account the properties we found for the weighf&(q)  ture nor do we have long range electrostatic interactions.
we can further illuminate their origin. In case of the prepeakSince the proposed explanations for the prepeak usually rely
this is rather obvious sincg) at g~3 only correlators with  heavily on the network structure and/or the effects of the
smalll andl’ have to be taken into accougee the discus- ionic charges, they cannot be applied to the prepeak in the
sion abovg and(ii) only S;41(q) possesses a significant peak present system. What, then, could be the mechanism leading
atgq~3. Therefore, its origin must be connected to the structo intermediate range order in a system without an extended
ture found in the correlation functio®; 1(g). A quantitative  network or long range interactions?

analysis of this statement will be given in Sec. Ill C. From In the preceding sections we have pointed out the connec-
Fig. 3 we can also see that at the positipn6.6 of the main  tion between the dependence d§,(q) and the contribution
peak, correlators withor |’ larger than 2 do not play a large of various molecular correlation functions. To understand the
role. Thus the center of mass correlation funci®g(q) and  mechanism responsible for the formation of a prepeak, it will
the molecular correlation functioB,(q),S,,(q) as well as  surely be helpful to analyze in detail which of the relevant
So1(q) can be identified as the origin of the main peak inmolecular correlations contribute af,~3. The contribu-
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FIG. 5. Contributions of the different molecular correlaton  FIG. 6. Temperature dependence of the prepeatafgr=1.4,
functions to the prepeak fa’,= 1.4, a%,=0.25, anda’,,=0 for  ag,=0.25, anda,.=0 for »=A andB.
v=A andB.

tions of the intramolecular structure factbl(q) and the
center of mass correlatioré)%)(q) are of large amplitude,
but they contain no structure at all @},. Since they have

opposite signs they almost cancel each other. Together thejince the vicinity ofA and B molecules is favored by the
give the Sears result which does not exhibit any prefjebk choice of Lennard-Jones energies< ean= €gp.-
Fig. 4@]. The other relevant contributions @f, are shown Prepeaks have often been reported to show special behav-
in Fig. 5. Thus the importance of the correla®y;(q) for  jors. In many glassy systems an increase of the prepeak am-
the formation of the prepeak is corroborated by this quantiplitude with increasing temperature is foufD,21], which
tative analysis. Besides the negative contributiorsgf(q),  is quite contrary to the behavior of the other peak§,(q).
no other term shows any structurey,. It may be noted The amplitude and position was also shown to be affected by
that the negative contributions & ;(q) and Sy,(q) atq  the pressurd20] and the composition of the liquifi19].
~5 induce a better separation between the prepeak and therefore, it will be interesting to characterize further the
main peak. In accord with our “rule of thumb,” the terms behavior of the prepeak in our system.
involving I,1">2 are even less important th&j,(q). Figure 6 shows the temperature dependence of the pre-
The predominant role 06,,(q), and the fact that no peak in the ranger=0.48-0.70. To eliminate the back-
structure is observed in the center of mass correlationground given by the lovg wing of the main peak, we have
strongly suggest that orientational effects are responsible fasubstracteds,(q) at T=0.85. At this temperature the pre-
the prepeak in the studied system. Apart from the evidencpeak is not discernible any longer. With increasing tempera-
given here it seems not too far fetched to consider spatiatre the prepeak decreases in amplitude, and the width at half
ordering due to sterical hindrance as a mechanism for premaximum grows. In the given temperature range no shift in
peaks in molecular systems, as close packB@ and size the position of the peak can be observed whereas the main
effect[31] have also been shown to be of great relevance ipeak is shifted downwards hyg=0.2. Although seemingly
other systems. The importance of orientational degrees aincommon for a prepeak, such temperature dependence has
freedom for the structure d§,(q) for liquid halogens and been reported before. It has been found for carbon tetrachlo-
the prepeak in the molecular liquid GChas also been put ride [34] and also in a recent study afi-toluol and
forward by Misawa[32,33. Whereas in his work orienta- m-fluoranilin by Morineauet al. [22]. Like our system these
tional correlations between neighboring molecules had to bare molecular liquids. Thus one is tempted to infer that this
introduced as amssumptionwe have been able to givti-  behavior might be typical for such systems.
rect evidence for their relevance. We are not able to determine the pressure dependence of
Taking into account the interpretation of the molecularthe prepeak or to study effects of composition, i.e., the influ-
correlation functiongsee abovg it is also possible to get ence of atomic size and interactions since this has not been
additional information on the kind of intermediate range or-done in the simulatiof16]. Still, we want to point out one
der. D3, Y3 has the shape of a dumbbell which is, due toaspect which is closely related to compositional studies but
the choice of the body fixed frame, aligned to the symmetrywhich, to our knowledge has never been considered before.
axis connecting the atoms of the molecule. Thus the correlaA substitution of atoms of a certain species in the liquid will
tions of S;4(q) atqp, can be attributed to a preference for a not only alter the interactions and the size of the atoms but
parallel orientation ohextnearest neighbors. Apart from the will also affect the scattering lengths. Figure 7 shows that the
geometric effects leading to a parallel alignment of mol-observability of the intermediate range order as a prepeak
ecules, energetic affects are also important for this “antifercan indeed be influenced. As can also be inferred from Eqg.
romagnetic” order, (9) in the caseal,=aZ,, i.e., x=a5/a5,=1, the cor-

A B A
|
B A B (12)
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0.40 - - - g g - - sible to reduce the large discrepancy that was found between
the exact result fo5,(q) and a description in terms of the

035 center of mass only. The resulting descriptionSa{q,t) in
0.30 terms of molecular correlation functior&’?lyl,n,(q,t) was
shown to shed light on thg dependence, offering clear re-
0.25 lations between thg range and the angular resolution de-
@ 0.20 s_cribed by the “qu_antum nL_meersi”and_ n. Giving a rela-
S tion between the intermediate scattering function and the

molecular correlations, the representation could be used to
extract(partia) information on the correlations of TDOF's as
well as ODOF’s and their interference from neutron scatter-
ing experiments. From the general expression we were able
to give hints at an effort in this direction. A quantitative test
of the formalism for a liquid of diatomic molecules in the
“worst case” of static correlations led to a good agreement
with exact results forS,(q) if molecular correlation func-
Ot#'ons up tol.,=4 are taken into account. This analysis also
confirmed that a factorization like the weak hindering ap-
pyoximation which leads to a description in terms of the
center of mass only is not suitable in the supercooled regime.
In the simulation of a liquid of diatomic Lennard-Jones
molecules, we observe a prepeak in the ns static structure

relator S4(q) gives no contribution t&S,(q) and the pre- factor S,,(q) which could be attributed to intermediate range

peak vanishes. Keeping the overall normalization constarffi€ntational order. The temperature dependence of this pre-
and increasing the asymmetry in the scattering lengths, the€ak is in accord with the results found for the molecular
prepeak grows to its maximum value. Since at the small liquids pCh, mtolwdme andm-fluoroaniline, but at vari-
value of the prepeak position the molecular correlation func@nce With the behavior found for most covalent glass form-
tion with |=1 will be the most important onapart from €S- The influence of scattering lengths on the observability

Soo(q) ], a prepeak in molecular systems will be most easilyOf intermediate range)rientationa]_ order_ was examined of-
observed for molecules witho head-tail symmetry. Thus it [€ing the conclusion that a manifestation as a prepeak may

is, for instance, not surprising that in liquid halogens no pre-nOt occur in case of head-tail symmetry of the molecules.

peak is observed, although their liquid structure might be not
too different from our systerf32].

0.05

0.00 &

FIG. 7. Dependence of the prepeak amplitude on the choice
the scattering lengthx=aZ,/a%,,, denotes the ratio of the coherent
scattering lengths. The incoherent scattering lengths are set to ze
andag,,, andv=A andB are chosen in such a way that the lacge
limit of S,(q) is constant.
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