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Voids, Layers, and the First Sharp Diffraction Peak inZnCl2
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(Received 17 July 1997)

The origin of the first-sharp diffraction peak (FSDP) in supercooled liquid ZnCl2 (a network-forming,
intermediate strength fluid) is studied by computer simulation. Measures are introduced to characterize
voids in the spatial distribution of cations and the existence of transientlayered structuresand to clarify
their role in producing the FSDP. It is shown that the position of the FSDP is set by the mean intervoid
separation and that its intensity is due to density fluctuations with a layered character even well above
the glass transition. [S0031-9007(97)05073-4]

PACS numbers: 61.20.Qg, 61.10.Dp, 61.12.–q, 64.70.Pf
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Prepeaks, or first sharp diffraction peaks (FSDP
appear in the structure factorSskd of a fluid as the
signature of a second length scale in the pair structu
In a one-component liquid, the first (short range) leng
scale is the nearest neighbor separationR, and is related
to the position of the principal peakkPP in the structure
factor (,2pyR). In a simple liquid, this also determine
the scale of the structure at longer range, through pack
requirements. A second (longer) length scale can ar
in fluids with more complex interactions for a number o
reasons, giving rise to features in the structure factor
smallerk thankPP. Such FSDPs are observed in widel
differing fluid types [1–3]. In Angell’s classification [4],
fragile liquids (which include atomic and simple ioni
ones) are weakly associated and quite mobile at
melting point with the viscosity increasing sharply in th
supercooled régime. Strong liquids exhibit an Arrheni
behavior for the viscosity, are viscous at the melting poi
and have networklike atomic arrangements. FSDPs
observed in strong [1]and fragile [3] fluids, but it is
only the former which concern us here. In this case t
second length scale reflectsintermediate range orderin
the network connections: the slow relaxation of this ord
under shear may be the origin of the “strong” behavi
of the viscosity [5]. It has also been suggested [6,7] th
the intermediate range order is linked to the localizati
of vibrational motions in strong glasses, itself responsib
for heat capacity and thermal conductivity anomali
[8] and the appearance of a “boson peak” in vario
spectroscopies. Despite this interest in the intermedi
range order there is no clear consensus on its origin.

Liquid ZnCl2 is an ideal candidate for examination
since diffraction data have been resolved to the par
structure factor level [9] and has been reproduced in co
puter simulations [10,11]. The diffraction data reve
that the FSDP appears almost exclusively in the catio
cation structure factor [SZnZnskd]. The local order con-
sists of a tetrahedral arrangement of Cl2 ions around each
Zn21 ion. These tetrahedra corner-link (predominantl
to form the three dimensional network. Computer sim
lations with a simple ionic pair potential (a rigid ion
32 0031-9007y98y80(3)y532(4)$15.00
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model, or RIM) predict that the tetrahedral linkage is suc
as to produce almost linear (.160±) Zn-Cl-Zn bonds—
driven by the requirement to maximize the separation
doubly charged Zn21 cations, so that the nearest neigh
bor separation of a pair of Zn21 ions, RZn-Zn, is almost
twice the Zn-Cl separation. If, however, the interactio
model is extended to allow for polarization (polarizabl
ion model, PIM), bending of the Zn-Cl-Zn bond induce
anion dipoles which screen the cation-cation repulsion
thus reducingRZn-Zn [11,12].

A comparison ofSZnZn calculated (using potentials de
scribed in [11]) with and without polarization [Fig. 1(a)
shows that the principal peak of the RIM structure fa
tor is split when polarization effects are included, the ne
principal peak (kPP , 2pyRZn-Zn) has moved to largerk
(corresponding to the reduction inRZn-Zn) and an FSDP
has appeared atkFSDP . 1 Å21. The new length scale, as
signaled by the appearance of the FSDP, has been indu
because the closer approach of pairs of Zn ions leads
an increasein the cation density at a local level and, a
a result, areduction in cation density on a longer length
scale [1] relative to what would be expected if the cation
distributed themselves uniformly through space under t
influence of their coulomb repulsion.

Elliott has suggested that a generic way to explain t
new length scale in tetrahedrally coordinated systems
through the average distance betweenvoids in the real
space structure [13]. The above account of ZnCl2 is
clearly compatible with this explanation and snapsho
[11] of instantaneous configurations show appreciable
homogeneities in the spatial distribution of cations, whic
could be associated with voids. Nevertheless, Elliott
original argument was formulated on a tetrahedral rando
network model, where voids can be defined geometrical
the concept of a void in a liquid and of an ordering o
voids is more difficult to countenance.

We have identified “voids” in the simulated liquid
by performing a Voronoi analysis [14,15] of the catio
positions in the instantaneous liquid configurations [16
The vertices of the Voronoi polyhedra in a disordered
structure define the center of a group of four atoms (whi
© 1998 The American Physical Society



VOLUME 80, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 19 JANUARY 1998

r
o

e
s,

d

e

e

r

s
on
n
or

-
e

st
ed
ss
ge
he
s

r
-

int
e

be
d
.

FIG. 1. (a) SZnZnskd for the PIM (solid line) and RIM
(dotted) for ZnCl2 at 700 K. (b) Void-void structure factor,
SVV skd [Eq. (1)] for the RIM (dotted) and PIM (solid line).
(c) SVV sk, scd for sc ­ 7.0 a.u. (solid line): the cutoff radius
sc is indicated in Fig. 2. (d)Ms2dskd [Eq. (2)] for the PIM
cation distribution.

are mutually nearest neighbors) and are known as t
Delaunay simplices (DS) of the structure. Around each D
a circumsphere which passes through the four atoms m
be drawn and, since no other atom center lies within th

FIG. 2. Circumsphere radii distribution [Nssd] for the RIM
(dotted line) and PIM (solid). Also indicated on the PIM curve
is the cutoff considered for distinguishing large voids.
he
S
ay
e

sphere, the radiuss of the circumsphere gives a measure
of the empty (void) space in between the atoms [17].

Figure 2 shows the distribution,Nssd of circumsphere
radii for the cation configurations in both the RIM and
PIM simulations. The PIM distribution peaks at a large
radius than the RIM and is broader with significant tails t
both small and large circumradii. The information in the
figure quantifies the idea that the Zn21 distribution in the
RIM is more uniform than in the PIM leading to a smaller
average void size and a narrower void distribution.

We can study the relative position of voids in spac
by treating the DS as the centers of spherical void
with positions hRiji­1°!NV

, and calculating a structure
factor for them, as if they were particles which scattere
radiation:

SVV skd ­

*
N21

V

NVX
i,j­1

expsik ? Rijd

+
. (1)

Figure 1(b) shows the PIM and RIM void structure
factors,SPIM

VV andSRIM
VV compared with the corresponding

zinc partial structure factors,SPIM
ZnZn andSRIM

ZnZn [Fig. 1(a)].
SPIM

VV shows two main peaks in the same positions as th
FSDP (kFSDP) and the principal peak (kPP) in SPIM

ZnZn, with
the kFSDP peak by far the most intense. By contrast, th
only feature inSRIM

VV appears very close to the principal
peak in SRIM

ZnZn showing that no new length scale is
associated with the voids present in the RIM.

Figure 1(c) shows the normalized void structure facto
when only the DS with circumsphere radii larger than
a cutoff sc ­ 7.0 a.u. are included in the calculation of
SVV sk, scd [Eq. (1)]. As these larger voids are included
only in SVV sk, scd the intensity of the peak atkFSDP

relative to that atkPP increases, showing that the FSDP
position is determined by the separation of the larger void
which are introduced as a consequence of the polarizati
effects (Fig. 2) on the network structure. The separatio
between the smaller voids is linked to the nearest neighb
Zn-Zn distance, as in the RIM calculations.

Gaskell and Wallis [18] suggested an alternative expla
nation for the second length scale. They noted that th
wave vector of the FSDP often corresponds to the fir
Bragg peak position of the associated crystal and argu
that the appearance of the FSDP in the liquid and gla
reflected the persistence of crystalline intermediate ran
order in the amorphous phases. They showed that t
atomic positions in computer simulations of amorphou
SiO2 exhibited such order [18].d-ZnCl2 is a layered
crystal, and the first Bragg peak reflects the interlaye
spacing. The idea that a liquid could be appreciably lay
ered up to hundreds of degrees above the melting po
[19] does not come naturally to those who approach th
glass transition from the liquid side. Examination of in-
stantaneous configurations in the ZnCl2 PIM simulations
was not suggestive of layering, and there must always
some anxiety when examining simulations of supercoole
liquids that one is not seeing the onset of crystallization
533
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We have therefore attempted to clarify the relationsh
between the putative layered nature of the intermedia
range order and the observation of the FSDP in diffra
tion experiments: note that this involves more than can
learned from a study of the pair distribution function o
structure factor alone.

A possible way forward is to study the statistics o
a (theoretical) scattering experiment carried out on
simulated sample. If, indeed, the sample at some inst
contains a layered region which occupies a significa
fraction of the whole sample volume, observation of th
far field of collimated monochromatic radiation scattere
from the sample would reveal a bright twinkle or speck
along a particular direction characterized by the wa
vector kl which satisfied the Bragg condition for tha
layer spacing and orientation. If, over a period of tim
such a layered region were to disappear and reform
random orientations but the same interlayer spacing,
time-averagedscattering pattern would exhibit a ring
composed of the set of all speckles, and the amplitude
the ring would be given by the structure factorSsjkljd, as
appropriate to an isotropic liquid. In simple liquids, it is
believed that the features inSskd arise because distributed
throughout the sample are small groups of particl
separated by the characteristic distances of the fluid, e
of which is scattering weakly. In this case, there wi
be simultaneously weak scattering at many points on t
ring characterized byk. These two situations may be
distinguished by looking at the moments of the scatter
intensity [20] collected at a series of points over the rin
the latter case corresponds to Gaussian statistics. In
computer simulation, only discrete wave vectors of th
form ki ­ 2pyLsli, mi , nid, where L is the cell length
andli an integer, are available, and we therefore study

Ms2dskd ­ N21
k

X
i­1,Nk

fkjAski , tdj2l 2 Sskd2gySskd2, (2)

where the sum runs over theNk wave vectors withjkij ­
k and

Aski , td ­ N21
X

p,q­1,N

expfiki ? rpqstdg (3)

corresponds to the instantaneous intensity alongki

[whose average isSsjkijd]. Ms2dskd takes a value of 1
for Gaussian statistics and could be significantly larger
layered regions were, in fact, important.

The moments calculated in this way for the Zn21 ions
in the PIM simulation are shown in Fig. 1(d). It is clea
that the scattering at the position of the FSDPis strongly
non-Gaussian, whereas the scattering at the principal p
and other values ofk is almost Gaussian. Checks confirm
the Gaussian nature of the scattering in liquid argon
typical fragile simple atomic system) at allk.

Figure 1(d) lends weight to the suggestion that th
scattering at the FSDP in ZnCl2 is due to density
fluctuations with a layered character of appreciable spa
534
ip
te

c-
be
r

f
a

ant
nt
e
d

le
ve
t
e,

at
the
,
of

es
ach
ll
he

ed
g;
the
e

if

r

eak

(a

e

tial

extent. However, it is possible that the layering i
associated with incipient crystallization whose growt
kinetics is slow compared to the run length, rather tha
a fluctuation of the (metastable) fluid. The stable cryst
structure for the PIM potential is indeed the layere
d-ZnCl2 structure. Figure 3(a) shows the evolution o
Aski , td for the six individual wave vectors associated
with k ­ j2pyLs440dj (.1.05 Å21) (corresponding to
a point on the FSDP in Fig. 1), over a total time o
.370 ps s; 600 000 molecular dynamics time steps) for
999 ions at 700 K. We have also calculated theAski , td
for the voids in the system: this mirrors the behavio
indicated in the figure closely. It is clear that particula
directions become “bright” for a considerable period o
time: the [044] direction, for example, is the most intens
for .40 ps and then dies in intensity to be replaced b
the [440]. Over the period of the run, each directio
becomes transiently bright so that the fluid is isotropic o
this time scale. The amplitude of the bright fluctuation
is not increasing over the course of run, as would b
the case if some crystallite was ripening or growing
At this temperature, the ionic diffusion coefficients ar
,2.4 3 1026 cm2 s21, i.e., the fluid is well above the
glass transition.

The statistics of the scattering at the FSDP are th
consistent with strong scattering by stable, but relative
long lived density fluctuations with a layered character i
the isotropic fluid. However, as noted earlier, we hav
not readily discerned a layering of the atomic position
in snapshots; any such ordering is much weaker th
that illustrated by Gaskell and Wallis [18]. A way
of increasing the “contrast” of the layered fluctuation
is to show snapshots of the positions of the larg
voids, identified by the Voronoi analysis earlier, rathe
than atomic positions. As shown by the strength o
SPIM

VV sk, scd at kFSDP relative to kPP, the layered order
of the large voids is more pronounced than in the atom
positions. Figure 4(a) shows the centers of the voids wi
circumsphere radii.7.0 a.u. clearly demonstrating the

FIG. 3. Evolution ofAZnZnskid for the six 440 wave vectors
over ,400 ps in a 999 ion PIM simulation at 700 K.
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FIG. 4. Molecular graphics “snapshots” of the void struc
ture in (a) liquid ZnCl2 (999 ion system) and (b) partially
crystallized ZnCl2 (324 ion system). In both cases only cir-
cumspheres above 7.5 a.u. radius are colored. Both sets
circumspheres have been coarse grained for clarity (see te
In (a) the lines are perpendicular to the (440) direction an
indicate the layers responsible for the strong scattering in th
configuration.

inherent layered structure in the [440] direction. Althoug
one can make out the presence of such layers in the v
distribution, the character of the layering is that it is wea
and extends over only a portion of the sample. It is usef
to judge the strength of the layering by contrasting with
similar picture of the void positions in a smaller (324 ion
simulation run that was observed to partially crystalliz
[Fig. 4(b)]. Ordering of this clarity results in a scattering
amplitude fork along the direction perpendicular to the
-
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layers, of around 5 times the magnitude of the brighte
vector in Fig. 3.

In conclusion, our study indicates that in liquid ZnCl2,
the length scale which corresponds to the wave vector
the FSDP is set by the average distance between larg
voids in the spatial distribution of cations. The weak
ordering of these voids tends to induce cation densi
fluctuations with a layered character, even in the relative
mobile supercooled fluid range.
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