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Voids, Layers, and the First Sharp Diffraction Peak inZnCl,
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The origin of the first-sharp diffraction peak (FSDP) in supercooled liquid Z{&Chetwork-forming,
intermediate strength fluid) is studied by computer simulation. Measures are introduced to characterize
voidsin the spatial distribution of cations and the existence of transdgetred structuresind 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

Prepeaks, or first sharp diffraction peaks (FSDPs)model, or RIM) predict that the tetrahedral linkage is such
appear in the structure factdf(k) of a fluid as the as to produce almost linear=(160°) Zn-Cl-Zn bonds—
signature of a second length scale in the pair structuredriven by the requirement to maximize the separation of
In a one-component liquid, the first (short range) lengtrdoubly charged Z# cations, so that the nearest neigh-
scale is the nearest neighbor separafgrand is related bor separation of a pair of 2f ions, Rz,.z,, is almost
to the position of the principal peakyp in the structure twice the Zn-Cl separation. If, however, the interaction
factor (~27/R). In a simple liquid, this also determines model is extended to allow for polarization (polarizable
the scale of the structure at longer range, through packingn model, PIM), bending of the Zn-ClI-Zn bond induces
requirements. A second (longer) length scale can arisanion dipoles which screen the cation-cation repulsion—
in fluids with more complex interactions for a number of thus reducingrz,.z, [11,12].
reasons, giving rise to features in the structure factor at A comparison ofSz,z, calculated (using potentials de-
smallerk thankpp. Such FSDPs are observed in widely scribed in [11]) with and without polarization [Fig. 1(a)]
differing fluid types [1-3]. In Angell's classification [4], shows that the principal peak of the RIM structure fac-
fragile liquids (which include atomic and simple ionic tor is split when polarization effects are included, the new
ones) are weakly associated and quite mobile at thprincipal peak kpp ~ 27 /Rz,.zn) has moved to largek
melting point with the viscosity increasing sharply in the (corresponding to the reduction Ry, z,) and an FSDP
supercooled régime. Strong liquids exhibit an Arrheniushas appeared &tspp = 1 A~!. The new length scale, as
behavior for the viscosity, are viscous at the melting pointsignaled by the appearance of the FSDP, has been induced
and have networklike atomic arrangements. FSDPs areecause the closer approach of pairs of Zn ions leads to
observed in strong [1hnd fragile [3] fluids, but it is anincreasein the cation density at a local level and, as
only the former which concern us here. In this case the result, areductionin cation density on a longer length
second length scale refledtstermediate range ordein  scale [1] relative to what would be expected if the cations
the network connections: the slow relaxation of this ordedistributed themselves uniformly through space under the
under shear may be the origin of the “strong” behaviorinfluence of their coulomb repulsion.
of the viscosity [5]. It has also been suggested [6,7] that Elliott has suggested that a generic way to explain the
the intermediate range order is linked to the localizatiomew length scale in tetrahedrally coordinated systems is
of vibrational motions in strong glasses, itself responsibléhrough the average distance betwesrids in the real
for heat capacity and thermal conductivity anomaliesspace structure [13]. The above account of zZn@Gl
[8] and the appearance of a “boson peak” in variouslearly compatible with this explanation and snapshots
spectroscopies. Despite this interest in the intermediatfl 1] of instantaneous configurations show appreciable in-
range order there is no clear consensus on its origin. homogeneities in the spatial distribution of cations, which

Liquid ZnCl, is an ideal candidate for examination, could be associated with voids. Nevertheless, Elliott's
since diffraction data have been resolved to the partiabriginal argument was formulated on a tetrahedral random
structure factor level [9] and has been reproduced in cormetwork model, where voids can be defined geometrically:
puter simulations [10,11]. The diffraction data revealthe concept of a void in a liquid and of an ordering of
that the FSDP appears almost exclusively in the cationvoids is more difficult to countenance.
cation structure factorSg,z,(k)]. The local order con- We have identified “voids” in the simulated liquid
sists of a tetrahedral arrangement of @ns around each by performing a Voronoi analysis [14,15] of the cation
Zn** jon. These tetrahedra corner-link (predominantly)positions in the instantaneous liquid configurations [16].
to form the three dimensional network. Computer simu-The vertices of the Voronoi polyhedra in a disordered
lations with a simple ionic pair potential (a rigid ion structure define the center of a group of four atoms (which
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3.0 sphere, the radius of the circumsphere gives a measure
: of the empty (void) space in between the atoms [17].
2.0 Figure 2 shows the distributionN (o) of circumsphere
[ radii for the cation configurations in both the RIM and
1.0 PIM simulations. The PIM distribution peaks at a larger
0.0 [ radius than the RIM and is broader with significant tails to
I both small and large circumradii. The information in the
6.0 [ figure quantifies the idea that the Zndistribution in the
4.0 RIM is more uniform than in the PIM leading to a smaller
2.0 [ average void size and a narrower void distribution.
D We can study the relative position of voids in space
0.0 by treating the DS as the centers of spherical voids,
10.0 with positions{R’};—;_y,, and calculating a structure
[ factor for them, as if they were particles which scattered
5.0 radiation:
L Ny
0.0 | Syy (k) = <Nv1 Z exp(ik - R”)>~ (1)
5.0 ij=1
4.0 F Figure 1(b) shows the PIM and RIM void structure
3.0 F factors,Spi™ and Sty compared with the corresponding
20 F zinc partial structure factorsgy, andSsioy [Fig. 1(a)].
10 L StM shows two main peaks in the same positions as the

FSDP &rspp) and the principal peakigp) in S5y, with

the kgspp peak by far the most intense. By contrast, the
only feature inStv™ appears very close to the principal
FIG. 1. () Szaza(k) for the PIM (solid line) and RIM peak in Shi» showing that no new length scale is
(dotted) for ZnC] at 700 K. (b) Void-void structure factor, 5550ciated with the voids present in the RIM.

Syv(k) [Eq. (1)] for the RIM (dotted) and PIM (solid line). - . .

©) Syv (k. o) for o, = 7.0 a.u. (solid line): the cutoff radius Figure 1(c) shows the nprmallzed void stfucture factor

o. is indicated in Fig. 2. (dM®@ (k) [Eq. (2)] for the PIM  When only the DS with circumsphere radii larger than

cation distribution. a cutoff o, = 7.0 a.u. are included in the calculation of
Syy(k, o) [EQ. (1)]. As these larger voids are included

. only in Syy(k,o.) the intensity of the peak akgspp
are mutually nearest neighbors) and are known as ﬂglaﬂve to that atkpp increases, showing that the FSDP

Del_aunay smellcers].(I;])S) of thetshtructur:eth A][oundteach D3osition is determined by the separation of the larger voids
a circeumsphere which passes tnrough the four atoms Mayyieh are introduced as a consequence of the polarization

be drawn and, since no other atom center lies within th%ffects (Fig. 2) on the network structure. The separation
between the smaller voids is linked to the nearest neighbor
10 , . , . Zn-Zn distance, as in the RIM calculations.

Gaskell and Walllis [18] suggested an alternative expla-
nation for the second length scale. They noted that the
wave vector of the FSDP often corresponds to the first
Bragg peak position of the associated crystal and argued
that the appearance of the FSDP in the liquid and glass

08 I

0 reflected the persistence of crystalline intermediate range
> order in the amorphous phases. They showed that the

atomic positions in computer simulations of amorphous
SiO, exhibited such order [18].6-ZnCl, is a layered
crystal, and the first Bragg peak reflects the interlayer
spacing. The idea that a liquid could be appreciably lay-
ered up to hundreds of degrees above the melting point
[19] does not come naturally to those who approach the
glass transition from the liquid side. Examination of in-
stantaneous configurations in the Zp®IM simulations
FIG. 2. Circumsphere radii distributionV[o)] for the RIM was not suggestive of layering, and there must always be

(dotted line) and PIM (solid). Also indicated on the PIM curve SOMe anxiety when examining simulations of supercooled
is the cutoff considered for distinguishing large voids. liquids that one is not seeing the onset of crystallization.
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We have therefore attempted to clarify the relationshigextent. However, it is possible that the layering is
between the putative layered nature of the intermediatassociated with incipient crystallization whose growth
range order and the observation of the FSDP in diffrackinetics is slow compared to the run length, rather than
tion experiments: note that this involves more than can ba fluctuation of the (metastable) fluid. The stable crystal
learned from a study of the pair distribution function or structure for the PIM potential is indeed the layered
structure factor alone. 6-ZnCl, structure. Figure 3(a) shows the evolution of
A possible way forward is to study the statistics of A(k;, ) for the six individual wave vectors associated
a (theoretical) scattering experiment carried out on avith k = |27/L(440)| (=1.05 A~') (corresponding to
simulated sample. If, indeed, the sample at some instamt point on the FSDP in Fig. 1), over a total time of
contains a layered region which occupies a significant=370 ps (= 600000 molecular dynamics time steps) for
fraction of the whole sample volume, observation of the999 ions at 700 K. We have also calculated #ik;, r)
far field of collimated monochromatic radiation scatteredfor the voids in the system: this mirrors the behavior
from the sample would reveal a bright twinkle or speckleindicated in the figure closely. It is clear that particular
along a particular direction characterized by the wavelirections become “bright” for a considerable period of
vector k; which satisfied the Bragg condition for that time: the [044] direction, for example, is the most intense
layer spacing and orientation. If, over a period of time,for =40 ps and then dies in intensity to be replaced by
such a layered region were to disappear and reform dahe [440]. Over the period of the run, each direction
random orientations but the same interlayer spacing, thbecomes transiently bright so that the fluid is isotropic on
time-averagedscattering pattern would exhibit a ring, this time scale. The amplitude of the bright fluctuations
composed of the set of all speckles, and the amplitude dé not increasing over the course of run, as would be
the ring would be given by the structure facftk;|), as the case if some crystallite was ripening or growing.
appropriate to an isotropic liquid. In simple liquids, it is At this temperature, the ionic diffusion coefficients are
believed that the features §{k) arise because distributed ~2.4 X 107° cn?s™!, i.e., the fluid is well above the
throughout the sample are small groups of particleglass transition.
separated by the characteristic distances of the fluid, each The statistics of the scattering at the FSDP are thus
of which is scattering weakly. In this case, there will consistent with strong scattering by stable, but relatively
be simultaneously weak scattering at many points on théong lived density fluctuations with a layered character in
ring characterized byt. These two situations may be the isotropic fluid. However, as noted earlier, we have
distinguished by looking at the moments of the scatteredot readily discerned a layering of the atomic positions
intensity [20] collected at a series of points over the ring;in snapshots; any such ordering is much weaker than
the latter case corresponds to Gaussian statistics. In thkeat illustrated by Gaskell and Wallis [18]. A way
computer simulation, only discrete wave vectors of theof increasing the “contrast” of the layered fluctuations
form k; = 27 /L(l;, m;,n;), whereL is the cell length is to show snapshots of the positions of the large
and!/; an integer, are available, and we therefore study voids, identified by the Voronoi analysis earlier, rather

@ . ) ) ) than atomic positions. As shown by the strength of
MY (k) = N, Z [lA(k;, )7) — S(K)71/SK)", (2)  sPM(k, o.) at kpspp relative to kpp, the layered order

iI=LN; of the large voids is more pronounced than in the atomic
where the sum runs over thé wave vectors withk;| =  positions. Figure 4(a) shows the centers of the voids with
k and circumsphere radii>7.0 a.u. clearly demonstrating the
Aki) =N~" > explik - rP(0)]  (3)
Pg=1.N

corresponds to the instantaneous intensity aldag
[whose average iS(|k;|)]. M@ (k) takes a value of 1

for Gaussian statistics and could be significantly larger if o

layered regions were, in fact, important. 5 %0 440
The moments calculated in this way for the?’Zrions 2 0o

in the PIM simulation are shown in Fig. 1(d). It is clear 80 044

that the scattering at the position of the FSi3Rtrongly
non-Gaussian, whereas the scattering at the principal peak

3 1 404
and other values of is almost Gaussian. Checks confirm oo MM&W%MMAM
the Gaussian nature of the scattering in liquid argon (a "°¢f »W_‘_m ] 440
0.0

typical fragile simple atomic system) at &ll 9 50 YT 008 e
Figure 1(d) lends weight to the suggestion that the t(ns).

scattering at the FSDP in ZnClis due to density F|G.3. Evolution 0fAz,z,(k;) for the six 440 wave vectors
fluctuations with a layered character of appreciable spatialver ~400 ps in a 999 ion PIM simulation at 700 K.
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layers, of around 5 times the magnitude of the brightest
vector in Fig. 3.

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