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The technique of constant-pressure molecular dynamics is used to investigate the process of qua-
drupolar freezing in the mixed cyanide crystals (KBr);_,(KCN),. Systems with x larger than the
critical concentration x, =0.6 transform to either monoclinic or rhombohedral structures at low
temperatures and freeze into a well-defined ferroelastically ordered orientational state. On the oth-
er hand, systems with x less than x. remain cubic at all temperatures and freeze into a state of orien-
tational disorder characterized by a preference for ferroelastic ordering, but with a broad distribu-
tion of relative orientations also present. The glass state is found to have characteristics of both the

domain and the favored-orientation models.

I. INTRODUCTION

At high temperature, the alkali-cyanide crystals are cu-
bic (space group Fm3m), and the CN~ molecular ions
undergo rotational diffusion (rotator phase). Orientation-
al glass phases have been observed to develop at low tem-
peratures, and for certain concentrations, in a variety
of mixed alkali-cyanides, such as (NaCN),_, (KCN),,!
and alkali-halide/alkali-cyanide mixtures, such as
(KBr), _,(KCN)_,2~¢ (KCD),_,(KCN),,”3 and
(NaCl),_,(NaCN),,’ In the latter group, there exists a
critical concentration x, above which a transition to a
low-temperature noncubic structure with long-range
orientational order is induced by ferroelastic shear defor-
mations.'® Below X., on the other hand, the inhomogene-
ous strains of the heavily diluted lattice dominate the fer-
roelastic strains, causing the long-range orientational or-
der to be lost and the system to freeze into an orientation-
al glass.>~® The situation is similar in systems consisting
of mixtures of two alkali cyanides, except that the glass-
forming range is now determined by two critical concen-
trations, Xe, and xcz.1 The present paper is concerned ex-

clusively with the (KBr), _ (KCN), system.

Upon cooling from the rotator phase, pure KCN un-
dergoes a first-order cubic— orthorhombic transition.'!!2
This transition, which occurs at 168 K, is anomalous
with T,, phonons exhibiting dramatic softening.'*!*
Coupling between translational and rotational degrees of
freedom of the dumbbell-shaped CN ™~ molecules has been
invoked to explain such behavior.!*!> On substituting
the CN ™~ for Br™, however, a complex pattern of phases
is revealed at low temperatures. For x >0.85, ortho-
rhombic and triclinic phases are found to coexist.> %17
For x,=0.6<x <0.85, the ground state is monoclin-
ic,>16~18 though a rhombohedral phase is also present at
intermediate ternperatures.s’ls’19 Finally, at concentra-
tions less than x_, the crystal remains cubic at all temper-
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atures; ferroelastic anomalies in the dielectric,?®~2% ul-

trasonic,??~%* and neutron®?%232%26 responses, however,
reveal that the ground-state structure is a quadrupolar
glass. 3?7 There is evidence that dipolar (head-to-tail)
and quadrupolar (orientational) freezing temperatures
differ.?®2°

In order to rationalize the effect of dilution on the for-
mation of the low-temperature state, we have performed
an extensive series of molecular-dynamics (MD) simula-
tions of the mixed alkali-halide/alkali-cyanides.3°~ 32
One of the conclusions we arrived at was that the
ground-state structure of these systems is determined
principally by a competition between translation-
rotation-mediated CN " -CN™ coupling and coupling of
the orientational degrees of freedom of the CN~ mole-
cules to the static random strain fields originating from
the chemical disorder of the anion sublattice. (Strains of
dynamic origin have also been postulated.)®> This is con-
sistent with early theoretical work,3* as well as with re-
cent neutron-diffraction* and ultrasonic3® measurements.

In a previous paper® (hereafter referred to as I), we
have demonstrated that the simple model used to carry
out the simulations—effective two-body interatomic po-
tentials plus a three-site model for the charge distribution
of the CN™ molecular ion—could accurately describe
the whole structural phase diagram for the
(KBr),_,(KCN), system. Here, we give a full account of
our findings for the orientational freezing transition,
which we only alluded to in I. Thus, consistent with ex-
periment, we find samples with x >x,, which transform
to either orthorhombic, monoclinic, or rhombohedral
structures at low temperature, to freeze into an orienta-
tional crystal state, while samples with x <x,, which
remain cubic, form an orientational glass.

Even though the existence of an orientational glass in
samples with x <0.6 is now well established, there
remain questions regarding the nature of this state.!%3!
Various models have been proposed. Among them are
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the ““favored-orientation model,”®>!> where CN~ ions
freeze into randomly oriented pockets, e.g., {111}, and
the “ferroelastic-domain model,”'%3” where quadrupoles
align within domains, but with disordered wall regions
also present. Our MD simulations find the glass-forming
systems to exhibit characteristics of both these models
though, because of the finite size of our samples, it is not
possible to unambiguously resolve the issue. We find a
definite preference for neighboring molecules to order fer-
roelastically (i.e., either parallel or antiparallel), with a
“coherence length” of a few interatomic spacings. A
broad distribution of relative orientations is also ob-
served, which corresponds to wall regions. This will be-
come clear when we discuss the results of a large simula-
tion we have carried out on a sample with x =0.50 at a
single temperature, below freezing.

We show in Fig. 1 the real-space trajectory of an indi-
vidual molecule at two different temperatures, one above
and the other below the freezing point. These plots are
generated by following, as a function of time, the trace
left on the surface of a sphere by the end point of -the
CN ™ molecule. (Only the nortliern hemisphere is shown,
as we use periodic boundary conditions across the equa-
tor.) Thus, at high temperature, where the molecule un-
dergoes rotational diffusion, the trajectory resembles a
random walk. At low temperature, however, the mole-

FIG. 1. Real-space trajectories of an individual CN™ mole-
cule in the high-temperature rotator phase (top) and in the
frozen-in low-temperature state (bottom—here, the molecule is
librating about the [111] direction). Details are given in the
text.
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cule clearly freezes into a well-defined direction ([111], as
we will see later), and undergoes small-amplitude libra-
tional motion. Though such plots provide an interesting
visual illustration of the frozen-in configurations of indi-
vidual molecules, they are not practical in assessing the
collective features of the freezing transition. In the fol-
lowing, we present a detailed analysis of our simulation in
terms of configuration-averaged individual CN~ ions
orientational order parameters, as well as in terms of the
relative ordering between neighboring pairs of molecules.

Our MD simulations were performed in the isobaric-
isoenthalpic (N,P,H) ensemble,® 4% and employed neu-
tral, periodically replicated systems consisting each of
N =512 ions. The room-temperature cubic rotator phase
was set up using in each case the known value of the lat-
tice parameter, and the equations of motion for the ions
were integrated using standard techniques. The ions in-
teracted via model-potential functions taken from previ-
ous studies of the alkali cyanides.*! ~*¢ The effect of iso-
barically cooling each sample was then monitored. At
each temperature, the trajectories of all particles were
followed over 3500-5000 timesteps of 2 fs each, with the
first 500 reserved for equilibration. Full details of the cal-
culations can be found in I, together with a set of tables
giving, for each run, the system’s energy and volume as a
function of temperature.

The remainder of this paper is organized as follows.
First, in Sec. II, we discuss orientational freezing in sam-
ples which form ordered pattern at low temperature. A
corresponding analysis is presented in Sec. III for systems
in the glass-forming range of concentrations. For com-
pleteness, we briefly discuss in Sec. IV the site-ordered
systems introduced in I. Conclusions are given in Sec. V.

II. ORDERING PHASES

The orientational freezing process can be monitored in
terms of the order parameters introduced by Edwards
and Anderson*’ to treat the problem of magnetic impuri-
ties in spin glasses. Thus, following Michel and Rowe,’
we examine functions of the molecular orientations hav-

ing the form [(Y({))], and their fluctuations,
{[{Y(@))?1}'/2, where ( - - - ) denotes a time average for
an individual CN~ ion, and [ - - - ] an average over all

~__

sites. Here, u=(x,y,z) is the unit vector along the C—N
bond; the cubic crystal axes are used as reference frame.
Dipolar (D) order is described via the three functions

Y(11)=\/3/47rx "
YV =v3/4xmy , (1)
Y\ =v3/4nz ,

whereas quadrupolar order is described via two functions
of E, symmetry,

Y =v15/47(3z*—1) ,
Y =v15/4m(x*—y?),

and three functions of T, symmetry,
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YP =v15/4nxy ,
Y@ =V15/4myz ,
Y =V15/4mzx .

(3)

Figure 2 shows the temperature dependence of these
parameters for the sample with x =0.73. From I, we re-
call that this system transforms to either monoclinic (run
labeled I) or rhombohedral (labeled II) on cooling from
the high-temperature cubic rotator phase. We consider
run II first because it is easier to understand. From the
fluctuations of the order parameters, it is clear that at low
temperature the CN~ have frozen-in orientations with
quadrupoles ordering essentially along {111} directions.
Perfect {111} order would yield {[{D )*]}!/>=0.282,
{[(E,>*1}'*=0, and {[{ T,,)*]}'/>*=0.364; the E, fluc-
tuation is, however, a very sensitive measure of the
mean-square angular displacement (librational motion) of
the molecule about its equilibrium orientation—here per-
fect {111}.

Unfortunately, the fluctuations cannot distinguish be-
tween cases where CN ™~ ions freeze into {111} pockets at
random (i.e., uncorrelated), or well-defined {111} pockets
(i.e., correlated). This can, however, be resolved by ex-
amining the other quantities plotted in Fig. 2. While the
value of [{(D)] indicates that head-to-tail disorder is
present (the net dipole moment of the sample is zero), it
can be inferred from the behavior of [(T,,)] that only
the [111] and [111] directions are occupied. Thus,
quadrupoles have ordered with C—N bond vectors essen-
tially parallel to the [111] direction of the parent cubic
phase (that is along the rhombohedral axis), but with
head-to-tail disorder (i.e., antiferroelectrically, in an aver-
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age sense; the time scale of true dipole ordering?® is far
beyond the reach of present simulations). Note in Fig. 2
the remarkably rapid increase of the [{T,, )] parameter
starting at a temperature of about 125 K. This marks the
onset of the orientational freezing transition. We will re-
turn to this point below.

The corresponding order parameters for run I exhibit
different behavior. While the fluctuations again indicate
that dipoles align along {111} directions, it is clear from
the [( Ty, )] parameter that the orientational order is not
the same here as in run II. We can find no simple inter-
pretation for this behavior. To resolve the issue, we con-
sider, in Figs. 3 and 4, selected “slices” through the
periodically replicated MD cell and plot, for each, the
projection of all CN~ molecular-bond vectors whose
center of mass resides in that plane (we do not distinguish
here between head and tail). Note in Figs. 3 and 4, that
the same set of planes is displayed for the two runs.
Thus, as was already clear from our discussion above, run
II freezes in a unique direction, namely [111], while run I
exhibits a separation into two domains of comparable di-
mension. This explains our findings for the order param-
eters for this system, Fig. 2, which results from the con-
volution of two distinct (but parent) directions of freez-
ing. This effect, however, should not be taken too seri-
ously, as it is most likely a consequence of the finite size
of our MD sample and of too rapid a quench rate (cf. I).
It is nevertheless interesting to see it emerge from the
simulation. Such plots are most useful in discriminating
between various models for the orientational glass state,
as discussed in Sec. III.

Information about the orientational probability distri-
bution F(1i) can also be obtained from its expansion in
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FIG. 2. Temperature dependence of the CN~ Edwards-Anderson-type orientational order parameters, Egs. (1)—(3), for the

(KBr)g ,7(KCN)y 73 sample, runs I and II.
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FIG. 3. Selected slices through the (KBr), ,,(KCN), 73 sam-
ple, run I, at low temperature, showing the orientations of indi-
vidual CN~ molecules. Br~ and K* ions are omitted for clari-
ty; see text for details.

terms of kubic harmonics:
47F(0)=1+C,K,+CeK¢+ -+ , (4)
where
C,=(K,)=V21/16(5(x*+y*+z*)—3)
and
Coe=(K¢)=V13/128(21(x*+y*+z*
+462x%p%22—17) .

These coefficients are of particular interest since they can

FIG. 4. Same as Fig. 3, but for run II of the x =0.73 sample.

be determined from neutron-diffraction!?’>!? as well as nu-

clear magnetic resonance*® experiments. They are shown
in Fig. 5. Just like the fluctuations in Fig. 2, those pa-
rameters are not sensitive to the specific directions along
which the molecules align, and both systems exhibit simi-
lar behavior. At high temperature, C, approaches zero
from the negative side, characteristic of a state of rota-
tional diffusion with, perhaps, a slight preference for
{111} directions. This preference in ordering becomes
unambiguous at low temperature, with C, taking a
strongly negative value, of the order of —1; perfect {111}
order would yield C,= —1.53. Similar conclusions can
be inferred from the temperature dependence of Cg, for
which perfect {111} yields C4=+2.27. Though it is
perhaps difficult to assess from this graph, C, and C
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FIG. 5. Temperature dependence of the kubic-harmonics expansion coefficients of the orientational probability function F(#i), Eq.

(4), for the (KBr)g ,7(KCN), 53 sample, runs I and II.
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seem to exhibit a discontinuous change in slope at
T =125 K, a temperature we earlier identified as the on-
set of the orientational freezing transition, and which cor-
responds to the structural transition from the cubic to the
rhombohedral phase. In pure KCN, C, is experimental-
ly!! found to take values of —0.13 and —0.02 at T =295
and 180 K, respectively, while C¢=+0.23 and +0.22.
The behavior of C, has been interpreted!! as evidence for
a weak preference for [111] orientation at room tempera-
ture, and a slight shift towards [001] at lower tempera-
ture. We do not observe this trend here, C, becoming in-
creasingly negative as cooling proceeds (though it is pos-
sible that the change in slope at 125 K is a manifestation
of the experimentally observed behavior). This may indi-
cate a failure of our rigid-ion model in predicting the mi-
croscopic details of orientational freezing.

We now examine correlations between the orientations
of neighboring CN ™~ molecules. Though such an analysis
is most useful in elucidating the nature of the glass state,
we present it here to allow comparison with correspond-
ing data which will be presented in Sec. III. The quantity
we calculate is P;(cosf), which gives the relative proba-
bility of finding a pair of first-neighbor CN~ molecules
such that 6 is the angle between them. The temperature
dependence of P,(cosf) for run II is displayed in Fig.
6—results for run I are comparable (modulo the
differences discussed above) and are therefore not shown.
At high temperature, where the system is in a state of ro-
tational diffusion, the molecules interact with one another
only weakly (i.e., they behave as independent rotors), and
there is no preferred orientation: The distribution is flat.
As cooling proceeds, however, a tendency develops for
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FIG. 6. The function P,(cos6), which gives the relative prob-
ability of finding pairs of nearest-neighbor molecules such that 6
is the angle between them, for the (KBr)y ,7(KCN), ;3 sample,
run II, at various temperatures. Note that the lowest two panels
have been scaled down for clarity.
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neighboring molecules to align with their axes parallel
(cos6= +1) or antiparallel (cos6= —1) with equal prob-
ability so that the net dipole moment of the sample van-
ishes. At the lowest temperature, those peaks at
cos@==1 become extremely sharp (note that the lowest
two panels in Fig. 6 have been scaled down by a factor of
5) and no other relative orientation is possible: The quad-
rupoles have completely ordered in a ferroelastic pattern.
The point at which P;(cos8) “touches” the axis of abscis-
sa (here =90 K) can be taken as the freezing tempera-
ture. The system passes from a state of dynamic orienta-
tional disorder at high temperature to one of dynamic
and static order at low temperature.

The dynamical aspects of the freezing transition can be
described in more detail by monitoring the angular
diffusion constant D, as well as the single-ion (“self-"’) re-
orientation times relevant to NMR experiments, 7}, and
733, defined as:

7—;a=}lsjaf0wam(t)dt : (5)
where

H@O=(Y2P )Y 0) (E,), 6)

LO=(YP )Y 0)) (T,,). (7

These constitute the only time-correlation functions of in-
terest for a diatomic molecular ion in a cubic crystal field.
They are shown in Fig. 7—again only for the x =0.73
run II sample. Experimentally, the quantity measured is

1= 1+3/V2IC, I, + 11— (2/V21)C, 7% .

In pure KCN, 7,=0.16 and 0.33 ps at 294 and 193 K, re-
spectively.*’ Agreement is only fair here, and this is like-
ly a consequence of the simple nature of our model.
However, our calculations lead to the same tendency,
namely 7}; and 73; increase on cooling. The fact that
they seem to diverge indicates that orientational freezing
has taken place on the time scale of the MD experiment.
This is also clear from the angular diffusion constant,
which shows a sharp transition to occur at about 80 K.
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FIG. 7. Temperature dependence of the single-ion reorienta-
tion times 7}, and 73; and angular diffusion constant D for the
(KBr)j, ,7(KCN)j, 73 mixture, run II.
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By comparison, orientational glass formers exhibit a
more gradual approach to the transition.

III. GLASS-FORMING PHASES

Orientational glass formers, which exhibit a disordered
pattern of molecular orientations at low temperatures,
were examined at two values of the cyanide concentra-
tion, namely x =0.50 and 0.25. In accord with experi-
ment, both systems are found to remain cubic at all tem-
peratures (cf. I). Figure 8 shows the Edwards-Anderson
order parameters for the two samples. They exhibit simi-
lar behavior except that the transition is shifted to lower
temperature in the system with x =0.25, as also observed
experimentally. Note the relatively important scatter in
the points, particular evident in the x =0.25 sample,
which arises from poorer statistics due to the smaller
number of CN~ molecules employed in the calculation.

It is clear, upon comparing with corresponding results
for the orientational crystal phases, Fig. 2, that samples
with x <x, are different. Here, as indicated by the values
of {[{D)?1}'/? and {[(T,,)?1}'/%, CN axes again align
along {111} directions, but only in an average sense: the
large value of {[(Eg >21}1/2 here signals substantial
departures from this particular direction. In fact, as can
be deduced from the values of the other order parameters
in Fig. 8, the distribution of orientations is fairly wide,
though the samples again have vanishing dipole mo-
ments. These results already suggest that these systems
have frozen into the orientational-glass state.

In order to ascertain this, we again examine the CN ™~
near-neighbor  orientational  correlation  function
P,(cosO). This is shown in Fig. 9. At high temperature,
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both systems are in a state of rotational diffusion, and the
distribution is flat. As cooling proceeds, the tendency ob-
served earlier for neighboring molecules to align with
their axes parallel or antiparallel again develops. Howev-
er, at the lowest temperature, in distinct contrast with the
situation in (KBr), ,7(KCN)j 53, there still exists, superim-
posed on the two peaks at cosf =11 (which account for
about 30% of the calculated spectrum), a broad more or
less featureless background of relative orientations. Fur-
ther cooling is not likely to affect the situation
significantly since orientational freezing has already tak-
en place at this point (at least on the same scale of the
MD experiment). We have, however, tested the time
dependence of our results for the frozen-in state of the
(KBr), 75(KCN)j ,5 sample by extending the run at 25 K
from 6 to 16 ps, and recomputing P,(cosf). This is
shown in Fig. 10. We find essentially no difference be-
tween the two runs, the small discrepancies being most
probably due to statistical error. Thus, even on the
shorter of the two time scales (which are relevant to
neutron-scattering experiments), the system is frozen, i.e.,
relaxation processes have ceased. The system is therefore
in a state of “structural arrest,” a state we might call an
orientational glass. It is not clear which orientational
configurations give rise to the broad low-temperature
background in Fig. 9, though we have been able to identi-
fy contributions from particular {111} directions corre-
lated with {110}, {100}, and other {111} directions. It is
interesting to note that ideal quadrupolar (i.e., perpendic-
ular) ordering is not a particularly favorable configur-
ation.

Further insights into the nature of the orientational
glass state can, however, be gained by examining in-plane
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projections of the molecular direction vectors, as was
done for (KBr)y,7(KCN), 43 (cf. Figs. 3 and 4). In the
course of a different but related study, a system with
x =0.50 consisting of 6X6X6 unit cells (rather than
4X4X4) was examined though because of the excessive
demands on computer resources, at only one tempera-
ture, below freezing. Typical ‘“‘slices” through this sys-
tem are shown in Fig. 11. One must recall, when examin-
ing such pictures, that periodic boundary conditions are
employed in our simulations. Correlations between mole-
cules on either side of a boundary therefore exist. (In
Fig. 11, only the actual MD cell is shown, i.e., not its re-
plicas.) Also, the planes represented in fact lie on top of
one another. Although it is difficult here to describe the
frozen-in configuration using the language of domains
and domain walls, it is clear that there exists significant
regions of ferroelastic order, which extend over a few in-
teratomic spacings, and which seem to be destroyed by
the presence of voids in the structure. A fair proportion
of the CN~ molecules do not follow this pattern, howev-
er, and choose to sit in apparently random orientations.
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FIG. 10. Time dependence of P(cosf) in the orientational
glass phase of (KBr)j 75(KCN)g »s.
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FIG. 11. Same as Fig. 3, but for the x =0.5 system; note here
that the MD cell consists of 6 X 6X 6 unit cells.

Thus, the orientational glass state appears to possess
characteristics of both the favored-orientation model,?!?
and the model which advocates the existence of domains
of preferred orientations.!®*” Figure 11 illustrates in an
interesting manner the concept of random fields in these
systems.

We now monitor the glass transition more closely in
terms of the static and dynamic order parameters de-
scribed in Sec. II. Figure 12 shows the temperature
dependence of the quantities C, and Cg4, which yield in-
formation about the orientational distribution function,
while Fig. 13 shows the NMR relaxation times 7j; and
T33, as well as the angular diffusion constant D,. Though
C, and C,4 convey information similar to that given by
Fig. 8, we discuss them here for completeness, and also
because they exhibit interesting behavior near the transi-
tion. In both cases, C, and Cg¢ vanish in the high-
temperature rotator phase, and freeze to some large value
at low temperature, corresponding, again only in an aver-
age sense, to {111} ordering. In the (KBr)y s(KCN), s
mixture, however, the data points exhibit notable disper-
sion, which suggest that a complicated transitional se-
quence is taking place. In particular, there appears to ex-
ist a discontinuity in the C, parameter, which we already
noted in the x =0.73 sample, at a temperature somewhat
above the freezing point for this system (7, ~50 K, cf.
Fig. 13). That the transition is more complicated in
(KBr)y s(KCN)y 5 than in (KBr)y,5(KCN)y,s is not
surprising since, being closer to the critical concentration
x,=0.6, the former experiencess more severely the effect
of random strain fields which couple to the orientational
motion of the cyanide molecules. This is in fact entirely
in line with our findings for the temperature dependence
of the structural parameters (cf. I), which also exhibit
substantial dispersion effects at a temperature above
orientational freezing. This temperature corresponds to
the point where the net coupling between the CN ™ orien-
tational degrees of freedom and phonons or strains is at a
maximum. It also coincides with the structural transfor-
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FIG. 12. Same as Fig. 5, but for the (KBr), s(tKCN), s and (KBr), 75(KCN), ,5 samples.

mation and, therefore, maximum anomalous acoustic be-
havior.?® The discontinuity in C, observed in our calcu-
lations can, therefore, be regarded as a precursor signal
to the quadrupolar freezing transition.

Experimentally, neutron-scattering!*'> and NMR*®
measurements suggest that the CN ™ orientational proba-
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FIG. 13. Same as Fig. 7, but for the (KBr)y s(KCN)y s and
(KBI')Q'75(KCN)0.25 samples.
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bility distribution has a minimum along [111], and the
value of C, is correspondingly positive. This, again, may
reveal a relative inadequacy of our model. However, it
may also be related to the small run time, i.e., large cool-
ing rate, used in the simulations. It is conceivable that,
on the MD time scale, the system is in fact in metastable
equilibrium; the break in C, noted above may be related
to this. A detailed analysis of the time dependence of C,
and of the full probability distribution F(1i) is, however,
needed to clarify this point.

Finally, upon comparing the values of the angular
diffusion constant D, obtained here with the correspond-
ing ones for the (KBr),,;(KCN),,; mixture, Fig. 7, we
observe that the freezing transition is more sharply
defined in the latter than in the former. Freezing is ap-
proached more gradually in the glass-forming samples,
and the transition appears to be continuous. This behav-
ior is characteristic of glasses. NMR experiments on a
sample with x =0.50 seem to confirm the continuous na-
ture of the transition.?

IV. SITE-ORDERED PHASES

Site-ordered mixtures, where the CN~ and Br™ sitin a
regular fashion on the anion sublattice, were investigated
in I in order to isolate the effects of strain-rotation cou-
pling from those of translation-rotation coupling. Since
such systems are most interesting in the study of
structural transformations (and since they are really ficti-
tious), we only briefly discuss them here. Further, be-
cause it is isomorphous to common A4 ;B-type alloys, we
concentrate on the sample with x =0.75.

Orientational freezing is monitored as before in terms
of 7{;, 733, and D¢, in Fig. 14 and C, and Cy in Fig. 15.
Thus, the transition occurs at =90 K here, as evident
from the angular diffusion constant. However, C, and
C¢ again, and perhaps even more clearly, exhibit peculiar
behavior, at a temperature above freezing, namely =120
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K. Both parameters go through a change in slope at this
temperature; this is particularly marked in C,. Since
random strains are (presumably) absent from this system,
we can only conclude that it is the coupling of the orien-
tational with the translational degrees of freedom of the
CN ™ molecules which is responsible for the anomaly, and
it may in fact simply be a manifestation of steric hin-
drance. The anomaly is stronger here than in the corre-
sponding site-disordered systems. It is, therefore, tempt-
ing to conjecture that the effect of random strains, by
analogy with topological glasses, is to broaden the freez-
ing transition, which then becomes continuous in the
orientational glass-forming samples. This point, howev-
er, deserves further investigation.

Because they possess a high degree of symmetry, site-
ordered systems naturally freeze into well-ordered orien-
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FIG. 15. Same as Fig. 5, but for the site-ordered x =0.75
mixture.
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tational phases at low temperature. This is shown in Fig.
16 where we plot P (cosf), the relative orientational
probability function. Thus again, the high-temperature
phase is in a state of relatively free rotational diffusion.
As cooling proceeds, wings develop which correspond to
parallel and antiparallel alignment of neighboring mole-
cules. The pattern of order is completely static at the
lowest temperature and is shown in Fig. 17. (Note that
the periodicity of this system is twice that of pure KCN.)

V. CONCLUSIONS

We have used molecular dynamics to investigate the
process of quadrupolar freezing in (KBr),_,(KCN), mix-
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FIG. 17. Same as Fig. 3, but for the site-ordered x =0.75
mixture.
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tures. A sample with x =0.73, which transforms from
cubic to either monoclinic or rhombohedral at low tem-
perature, is found to freeze into a well-defined pattern of
orientations, with ferroelastic order along specific direc-
tions, but with dipolar (head-to-tail) disorder. By con-
trast, samples with x =0.50 and 0.25, i.e., below the criti-
cal concentration x., remain cubic at all temperatures
and freeze into a state of orientational disorder.

Though a detailed analysis of the relative orientational
distribution function in the glass state reveals a distinct
preference for ferroelastic ordering, a broad contribution
also exists which corresponds to more or less random ar-
rangements of the CN ™~ molecules. Ideal quadrupolar or-
dering, where the orientations of neighboring molecules
are perpendicular, is not a favorable configuration.

One of the aims of this work was to provide insights
into the nature of the orientational glass state. Though
the conclusions that can be drawn from our simulations
are somewhat limited by the finite size of the MD sample,
this state is found to possess characteristics of both mod-
els which have been proposed for it. Thus, it appears
that “domains” extending over a few lattice spacings
form in which quadrupoles align along preferential direc-
tions. These are separated by regions which could be re-
garded as ‘““walls,” where orientations are again mostly
along preferential directions, but neighboring molecules
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are essentially uncorrelated. The extent and number of
the domains seems to be principally determined by the
presence of voids (i.e., sites occupied by a Br™ ion rather
than a CN~ molecule) in the structure. Thus, the
domain picture is perhaps more appealing in glass-
forming systems at concentrations close to x,, while sys-
tems with x—0 are best described in terms of the
preferred-orientation model.

We have not discussed here the detailed time depen-
dence of the molecules collective motions and, in particu-
lar, the relaxation processes they undergo. Such interest-
ing questions remain for future investigations.
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