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The technique of constant-pressure molecular dynamics is used to investigate the influence of random
strain fields on the structure of solid (NaCN),_,(KCN), mixtures at two concentrations in the
orientational-glass-forming range, namely x=0.50 and 0.85. The simulations reveal that Na* ions act as
-nucleation centers that lock neighboring CN ™~ ions into one of six equivalent { 100) orientations, with
the C end preferentially pointing towards Na®. In the x=0.5 mixture, CN~ ions favor {(100) orienta-
tions at all temperatures studied. At the lower Na* concentration, x=0.85, Na* lock most neighboring
anions into (100) directions at a relatively high temperature. Upon further cooling, however, overall
freezing into {111) orientations dominates. The competition between these two freezing-in processes
leads to an anomalous temperature dependence of the orientational-order parameters for CN™ at low

Na™ concentration.

I. INTRODUCTION

At high temperatures, the pure cyanides RbCN, KCN,
and NaCN are cubic crystals (space group Fm3m), in
which CN™ ions undergo rotational diffusion. As the
temperature decreases, long-wavelength transverse acous-
tic phonons undergo a tremendous softening. This
phenomenon is a precursor to the first-order structural
phase transition from cubic to orthorhombic (space
group Immm) that takes place at 288 K for NaCN and at
168 K for KCN. Further cooling results in an antifer-
roelectric transition at 172 K for NaCN and 83 K for
KCN.!73

Two distinct types of cyanide mixtures result from the
substitution of either cations or anions by another ionic
species. In mixtures of alkali cyanide with an alkali
halide, (MX), _,(MCN),, where M is an alkali metal and
X a halogen, an orientational glass forms at low tempera-
ture for cyanide concentrations below a critical value x,.
Here, CN~ ions do not order cooperatively but rather
freeze into random orientations due to the presence of
random strain fields. Substitution of one type of cation
by another, such as (RbCN),_,(KCN), and
(NaCN), _,(KCN),, however, leads to very different be-
havior,®~? although the process also gives rise to random
strain fields for CN~ ions. In (RbCN),_,(KCN),, for
instance, the first-order transition is observed over the
whole concentration range because the size difference be-
tween two cations (rp, +=1.48 A and r_+ =1.33 A) is
not large enough to destroy the long-range orientational
order, although the transition temperatures are reduced
significantly from a linear interpolation between the
values for pure RbCN and KCN. In
(NaCN), _,(KCN),, however, the size disparity is large
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(rNa+=O.98 A and rK+=1.33 10\), and the first-order

transition is only observed in the vicinity of the pure
phases. In the latter system, the CN~ ions freeze into
random orientations at low temperature in the concentra-
tion range between the two critical concentrations
x,, =0.15 and x, =0.9.%°7 1!

A variety of experimental techniques'? such as Bril-
louin scattering,'>!* dielectric relaxation,"®!° neutron
diffraction,®!"1>~20 NMR,?! Raman scattering,?? torsion
pendulum,?® ultrasonic attenuation,”®?*~?” and x-ray
diffraction,?®?° have been used to investigate the phase
diagram of mixed-cyanide crystals. There have also been
numerous theoretical studies.’**” 3’ The main thrust of
this work 1is in the characterization of the low-
temperature orientational glass phase.

The measured shear elastic constant ¢, has a very dis-
tinctive dependence on composition.>®!42* At concen-
trations close to either pure KCN or pure NaCN, cyy
changes dramatically with temperature, while in the mid-
dle of the concentration range (0.3 <x <0.6), ¢,y varies
only very slowly with temperature.® The room-
temperature neutron-diffraction data® suggest that, in
the x =0.44 and 0.59 mixtures, CN~ ions have a strong
preference for (100) orientations, while there appears to
be a combination of {(100) and (111) ordering in the
(NaCN), 15(KCN), g5 mixture.

Here, we present the results of a computer-simulation
study of (NaCN),_,(KCN), mixtures at two concentra-
tions, namely x =0.5 and 0.85. The simulation shows
that Na* ions act as nucleation centers which lock neigh-
boring CN~ ions into {100) directions; the remaining
anions, i.e., those that do not have at least one Na™
nearest neighbor, freeze into { 111) orientations. For the
x =0.5 mixture, where virtually all CN~ have at least
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one Na™t neighbor, {(100) orientations are therefore
favored at all temperatures; this observation agrees well
with neutron-scattering experiments. For the x =0.85
mixture, on the other hand, the anion orientations shift
from {100) to {111) as the temperature drops, reflecting
the competition between these two freezing mechanisms,
and causing the low-temperature orientational order pa-
rameters to exhibit an anomalous temperature depen-
dence. This latter prediction has yet to be tested by ex-
periment.

II. DETAILS OF THE CALCULATIONS

A. Molecular dynamics

The molecular-dynamics (MD) calculations have been
performed under conditions of constant pressure.’¥™4
This allows changes in both volume and shape of the
simulation cell to take place in response to changing
external conditions—in this case the temperature; the
technique is particularly well suited to the study of
structural transformations. Simulations were carried out
at a number of temperatures through the molecular
orientation freezing transition, i.e., in the range 300-50
K. The simulation cell consisted of 4X4X4 unit cells,
and thus contained 256 cations and an equal number of
anions. Potassium and sodium ions were distributed at
random on the cation sublattice.

The model potentials were taken from previous studies
of the alkali cyanides.**”* Atom-atom Buckingham pair
potentials with a real-space cutoff of 11 A were used.
The usual combining rules were employed for the cross
pairs. The relevant parameters are listed in the Table 1.

The CN ™ ion was taken to be rigid with a bond length
of 1.17 A. The charge distribution was described by an
array of three fractional charges: —O0.8e on the N atom,
+0.8¢ on the C—N bond between C and N, and —1.0e
close to the C atom, but outside the C—N bond. The
orientations of CN ™ ions are influenced by both short-
range atom-atom and long-range electrostatic interac-
tions, and the latter depends sensitively on the charge dis-
tribution. A systematic study*’ of the problem concluded
that no single model could work well for all alkali
cyanides, but modest adjustments of the charge distribu-
tion for different crystals could produce rather satisfact-
ory results. For example, CN™ ions in KCN have more
“free volume” than in NaCN, and the model should
reflect this fact. With this in mind, the CN ™ charge dis-
tributions for (NaCN),_, (KCN), mixtures were ob-

TABLE I. Parameters for the Buckingham potentials. The
potentials are of the form U,z= A ,3exp(—c37)—Bopr ° The
usual combining rules are used for the cross interactions,

namely, Aaﬁ=(Am,Aﬁﬁ)'/2, Baﬁ:(BaaBﬁﬁ)”z, and
Cap=(Cuatcpg)/2.

aB A4 (kImol™Y) c (A7 B (ASkJmol ™"
Na-Na 40900 3.155 101

K-K 151000 2.967 1464

Cc-C 174 300 3.400 2569

N-N 192 000 3.600 1718

tained by linear interpolation between those fitted for
pure KCN and NaCN. The actual charge models used
for the two concentrations we have investigated are listed
in Table II. The electrostatic interactions were treated by
the Ewald summatlon method,* using a cutoff in re01pr0-
cal space of 1.9 A 'anda damping factor k=0.3 A~

The Parrinello-Rahman equations of motion for the
translational degrees of freedom were integrated using a
third-order Gear predictor-corrector algorithm.”® The
rotational degrees of freedom, expressed in terms of quar-
ternions, were solved with a fourth-order Gear algorithm.
The initial MD configurations were set up as fcc lattices
(NaCl structure), with random orientations assigned to
the CN~ molecules. The initial lattice constants were
determined as follows: Since the potential model used
does not lead to exactly the same lattice constant as ex-
periment, the system was allowed to relax under zero
pressure in order to release the excess pressure due to the
model. The simulation was then restarted with the new
lattice constant and zero external pressure. The high-
temperature samples were cooled down gradually. At
each temperature, the first 3000 time steps (of 2X 1075 s
each) were discarded, then 4000 (sometimes 6000) time
steps were collected for subsequent statistical analysis.

B. Orientational ordering

The main focus of this work is on anion orientational
behavior. The orientation of a CN~ molecular ion is de-
scribed in terms of an orientational distribution function
f (1), where 4 =(x,y,2) is the unit vector along the C—N

bond. f(#) can be developed into the Kubic-harmonics
expansion’!
4rf(U)=1+C,K,+CcK¢+ -+, 2.1
where
=(K )=V [S5(x*+y*+z4-3]), 2.2)
c6:<1<6>
=)V [2Ux +pt ) +4a62x 2222~ 17]) .
(2.3)

For perfect (111) orientations, C,=—1.527 and
Cs=2.266, while C,=2.290 and C¢=1.275 for (100)
ordering. For free rotors, C, and C¢ approach zero.
These coefficients are of particular interest since they can
be estimated from neutron scattering and NMR experi-
ments.>?!

The orientational freezing process can also be moni-
tored in terms of the order parameters introduced by Ed-

TABLE II. Discrete charge model for the CN~ ion. Dis-
tances d are measured from the center of mass; the charge
—0.8e is located exactly on the N atom.

x d(—0.8¢) (A) d(0.8¢) (A) d(—1.0e)(A)
0.50 0.54 —0.445 85 —0.867 85
0.85 0.54 —0.431 89 —0.85670
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wards and Anderson in the study of spin glasses.”> Thus,
dipole order is described by three functions of T, sym-
metry,

YV =(3/4m)"2x, (2.4)
Y\ =(3/4m)%y , (2.5)
Y\ =(3/4m)%z , (2.6)

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

Y\¥=(15/16m)"%(322—1) , 2.7)

Y =(15/167)"2(x2—y?) , (2.8)
and three functions of T, symmetry,

Y‘32)=(15/47T)1/2xy , (2.9)

Y@ =(15/4m)" %z | (2.10)

Y@ =(15/4m)"xz . (2.11)

The order parameters [{ Y (%)) ],, and ([{Y(%))?],)!/?
are calculated in the course of the simulations. In the
above, { - -+ ) denotes the time average for an individual
CN™ ion, and [ - - - ],, the system average (i.e., over all
ions).

III. SIMULATION RESULTS
A. x =0.5 mixture

A series of simulations were carried out for the x =0.5
mixture to study the evolution of the CN ™ orientations
as a function of temperature and, in particular, the for-
mation of the orientational glass phase. Thermodynamic
properties, such as the total potential energy and the
volume of the MD cell, were evaluated and are given in
Table III. The simulation cell is characterized by three
vectors, a, b, and ¢, determined by the edge lengths of the
simulation box, a, b, and c, together with the three angles
between them, «, 3, and y. The temperature depen-
dences of these six parameters are shown in Fig. 1. (The
unit-cell lengths, L,, L,, and L., are obtained from the
MD cell lengths by dividing by 4.) On average, the lat-
tice is clearly cubic at room temperature. Upon cooling,
the cell parameters stay approximately equal, although

TABLE III. Thermodynamic properties of the x =0.5 mix-
ture. ( Ucoy? and (V') are the run-averaged configurational en-
ergy and volume, respectively.

T (K) (Ue,ops) (kImol™} (V) (AY
50.8 —728.97 233.77
88.3 —727.61 234.72
109.9 —726.75 235.50
132.1 —725.82 236.01
152.1 —724.86 236.53
170.5 —724.17 237.05

251.4 —720.85 239.85

310.0 —718.65 242.14

small deviations can be observed at the lowest tempera-
ture (less than 0.5% for the cell lengths). The small devi-
ations seen in Fig. 1 are likely due to the finite size of the
system, and especially to the fact that the K and Na™
spatial distributions are not perfectly isotropic. In partic-
ular, the orientations of the CN ™ ions depend strongly on
the cation distribution (this point will be discussed in de-
tail later), and the CN~ orientations, in turn, influence
the displacement of cations and anions, therefore causing
small distortions of the simulation cell.

Although the lattice remains approximately cubic, the
low-temperature pair-correlation functions for Na-Na,
Na-K, and K-K, displayed in Fig. 2, reveal that Na™
ions are displaced from the average cubic sites. The aver-
age displacement is approximately 2% of the mean lattice
constant. In the mixture, the smaller Nat cations have
more space to move, which, in turn, results in a broader
Na-Na nearest-neighbor peak, and a leading edge at a
shorter distance. Indeed, the first K-K peak is much
sharper. Nonsystematic deviations are observed for
second neighbors. The Na-Na second peak occurs at a
smaller distance than the corresponding K-K one. How-
ever, the Na-K peak lies outside the K-K peak and corre-
sponds to a separation larger than the 6.18 A, average
lattice parameter (recall Fig. 1). For cation pairs further
apart, the local random distortions more or less average
out as strong random strain fields destroy the long-range
correlations. Such short-range distortions of the cation
sublattice do not appear to have been observed experi-
mentally.
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FIG. 1. Temperature dependence of the lengths of the three
unit-cell vectors (L,, L,, L.) and angles (a, B, y) for the
x =0.50 mixture. L,, L,, and L. have been scaled to coincide
with the high-temperature fcc lattice constant.
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FIG. 2. Cation pair-distribution functions g(r) for the

(NaCN), s(KCN), s mixture at 50 K. Solid line: Na-Na; dotted
line: K-K; dashed line: Na-K.

The first two Kubic-harmonics coefficients are shown
in Fig. 3. Even above room temperature, as indicated by
the large positive value of C,, anions have a strong
preference for { 100) orientations. This result is in agree-
ment with experimental data.?® In fact, anions remain in
either of the six (100) directions at all temperatures in
this system, as inferred from the gradual increase of C, as
temperature decreases. On the time scale of the simula-
tion, the CN ™~ orientations are completely frozen along
(100) directions at ~70 K; this can be seen from the
temperature dependence of the rotational diffusion con-
stants, shown in Fig. 4.

The Edwards-Anderson order parameters are shown in
Fig. 5. The average values of the quantities [{ Y (7)) ],,
are almost zero, indicating that the net dipole moment of
the system is small. The values of ([{ Y(#))?],,)!/? indi-
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FIG. 3. Temperature dependence of the first two coefficients,
C, and C, in the Kubic-harmonics expansion of the orienta-
tional distribution function f(%), for the (NaCN)y s(KCN)g s
mixture.
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FIG. 4. Temperature dependence of the CN ™~ ion rotational
diffusion constants D, for x =0.50 (squares) and 0.85 (circles).

cate that T,, quadrupolar order is weaker than that of E,
symmetry at all temperatures, in agreement with our ear-
lier findings that ( 100) orientations are favored. As tem-
perature decreases, the order parameters correspondingly
increase.

In order to gain insight into the nature of the low-
temperature phase, we examine time-averaged (over 8 ps)
configurations. For the MD cell used in the present
study, there are eight distinct atomic planes perpendicu-
lar to each axis. Four out of the eight planes along the z
axis are displayed in Fig. 6. Here, the positions of all cat-
ions, as well as the center of masses and orientations of
all CN ™ ions are plotted. It is immediately evident from
these plots that C atoms prefer the proximity of Na™
ions, while N atoms prefer K*. The pair-distribution
functions for Na-C and Na-N correlations, plotted in Fig.
7, support this picture quantitatively. The first nearest-
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FIG. 5. Temperature dependence of order parameters for the
x =0.5 mixture. Open and solid symbols correspond, respec-
tively, to [{Y (%)) ],, and ([{ Y(%))?],,)'% triangles, YT‘u(ﬁ);

squares, YEg(ﬁ); and circles, Y, ().
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FIG. 6. Time-averaged configurations for four {001} atomic
planes taken from the simulation for the x =0.5 mixture at 50
K. The position of each cation, and center of mass and orienta-
tion of each CN~ ion, are shown: large solid circles: Na%;
open circle: K*; small solid circles: C; solid line: C-N bond.
{100) orientations are clearly favored.

neighbor Na-C peak is sharper and positioned at a small-
er r value than that for Na-N pairs. However, the first
K-N peak occurs at smaller separation than the corre-
sponding K-C peak. This feature can be understood in
terms of the CN ™~ charge model discussed earlier. The
stronger electrostatic field produced by the smaller cat-
ion, Nat, favors the electronegative C end of the anion.
However, the effective diameter of carbon used in the
simulation is about 3% larger than that of nitrogen. It
therefore also reduces the local strain in the lattice if C
rather than N atoms pair with Nat. When taking into
account the small size disparity (3%) between C and N
atoms, but the large difference in charge (20%), electro-
static interactions dominate the energetics of the system,
even though “packing arguments” also play an important
role in determining the orientations of the CN ™~ ions.
Probability distributions, denoted p({#;-#;)), which
characterize the correlation of bond-vector directions for
successively more distant pairs of CN~ molecules, are
shown in Fig. 8 for the system at 90 K. The distributions
are essentially independent of anion separation, an obser-
vation which indicates the presence of a strong ‘“lock-in”
effect that has destroyed long-range orientational order.
The substantial portion of the molecules that align per-
pendicular to one another (cos6;; =0) likely prevents the
lattice from distorting, and also results in weaker T, or-
dering compared with E, (recall Fig. 5). This more rigid
arrangement of the anions leads to a relatively weak tem-
perature dependence of the shear elastic constant cg,
shown in Fig. 9. Here, c,4 was calculated by evaluating
the sound velocity from the period of oscillation of the in-
termediate scattering function, F(Q,1).*>*" The calculat-
ed values are about 30% higher than the corresponding
experimental numbers,®® %23 in part because of the quite
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different frequency (time) scales associated with the mea-
surements and the simulations.

It is clear from the above discussion that the anion
orientations are largely determined by the spatial distri-
butions of the cations. Although some CN~ ions are
locked into {100) directions, and librate within only a
small solid angle about their equilibrium positions at low
temperature, lack of long-range correlations make it im-
possible to have a spatial-periodicity of anion orienta-
tions.

B. x =0.85 mixture

Results for the potential energy and the volume of the
simulation cell as a function of temperature for the mix-
ture (NaCN), ;5s(KCN), g5 listed in Table IV indicate that
both quantities change smoothly upon cooling. The cor-
responding cell parameters are shown in Fig. 10. While
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FIG. 7. Pair-distribution functions g(r) for

(NaCN), s(KCN), 5 at 50 K. Top: Na-C (solid line) and Na-N
(dashed line). Bottom: K-C (solid line) and K-N (dashed line).
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the cell lengths L,, L,, and L, are equal (within the reso-
lution of the simulations) at each temperature, the cell
angles a, 3, and y depart, by about 6° at low temperature,
from the perfect cubic angle of 90°. Thus, the simulation
cell becomes rhombohedral. The onset of this distortion
takes place at about 100 K. The behavior contrasts
sharply with that observed in the x =0.5 mixture, where
the cell remained cubic at all temperatures (Fig. 1).

The variation of the Kubic-harmonics coefficients with
temperature is shown in Fig. 11. The relatively large pos-
itive values of C, and Cg (0.24 and 0.10, respectively) at
220 K indicate that, even at such a high temperature, in
comparison with ~70 K (see Fig. 4), the complete orien-
tational freezing temperature, CN~ ions favor (100)
alignment. This is also clear from the order parameters,
displayed in Fig. 12, which show that E, ordering is
stronger than T,, ordering at 220 K. In fact, the time-
averaged configurations at 77 =220 K shown in Fig. 13
provide striking evidence for the role played by Na* ions
in determining the orientations of neighboring CN ™~ mol-
ecules.

Because the disparity in the relative concentrations of
cations is large in (NaCN), ;5(KCN), s mixtures, the
orientational behavior of given CN ™~ ions depends criti-
cally on the identity of its nearest-neighbor cations. For
the purpose of the analysis, we divide anions into two
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FIG. 8. Probability distribution of angular correlations be-
tween bond vectors of pairs of CN~ molecules at 90 K,
(U;0,)= (cos(Oij ), as a function neighbor shell number, n.
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FIG. 9. Temperature dependence of the shear elastic con-
stant cqy. For the x =0.5 mixture (squares), c,4 is relatively
weakly temperature dependent compared to the x =0.85 mix-
ture (solid circles), which exhibits dramatic softening. Since the
lattice undergoes a rhombohedral distortion below 90 K, c44 is
not estimated in that region; it likely has a minimum between 90
and 110 K.

groups: those which have at least one Na™ nearest neigh-
bor, and the rest. Two angles, 6 and ¢, the polar and az-
imuthal angles, respectively, are used to describe the
orientation of the linear CN ™~ ion in spherical coordi-
nates, i.e., # =(0,¢) with the z axis of the crystal chosen
as the reference for the polar angle. The distribution
function of the angles 6 and ¢ have been calculated sepa-
rately for the two types of CN~ ions mentioned above.
For convenience, the distributions for the two groups are
denoted py,(0), pna(9), px(6), and pg(¢). The results for
the system at 250 K are plotted in Fig. 14. Clearly, those
CN~ ions close to Nat (first group) favor 100) direc-

TABLE 1V. Thermodynamic properties of the x =0.85 mix-
ture. {U,one) and { V') are the run-averaged configurational en-
ergy and volume, respectively.

T (K) (Upne) kImol—1) (V) (A
50.0 —706.16 257.04
71.8 —705.34 257.73
91.7 —704.48 258.29
111.6 —703.63 259.05
132.1 —702.74 259.93
163.8 —701.46 261.15
191.9 —700.43 262.23

225.8 —699.26 263.55

251.8 —698.29 264.60
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FIG. 10. Same as Fig. 1, but for x =0.85.

tions, while the others (second group) have no preferred
orientations. In another words, anions which have a
Na* neighbor are strongly hindered in their orientational
movements, even at high temperatures, while other
anions undergo quasifree rotational diffusion. Thus, Na*
ions play the role of nucleation centers which tend to
lock neighboring CN ™ molecules into { 100) directions.
Unlike (NaCN), s(KCN), s mixtures, where the {100)
orientation definitely dominates, strong competition
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FIG. 11. Same as Fig. 3, but for (NaCN); ;5(KCN), ss.
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FIG. 12. Same as Fig. 5, but for the x =0.85 mixture.

exists between (100) and <(111) ordering in
(NaCN), ;5(KCN), g5s. This can be seen from the temper-
ature dependence of C, and C¢ in Fig. 11. For
(NaCN), ;5(KCN), g5, as we have just discussed, the pre-
ferred high-temperature orientation is clearly {(100). As
cooling proceeds, C, gradually increases and CN~ freez-
ing sets in. The “amount of freezing” can be approxi-
mately quantified by counting the number of CN ™~ mole-
cules which are librating within a cone of 30° of a particu-
lar direction. This number is plotted in Fig. 15 as a func-
tion of temperature. The plot reveals the existence of two
freezing mechanisms, corresponding to the two groups
defined earlier. Thus, the presence of a near-neighbor
Na* ion will result in {100) locking of a CN ™~ molecule,
while other molecules, whose energetics is dominated by
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FIG. 13. Same as Fig. 6, but for (NaCN), ;s(KCN), g5 at 220
K. Some CN™ undergo rotational diffusion, while others are
locked into {100) directions by neighboring Na™ ions, causing
overall {100) ordering to dominate.
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FIG. 14. Distributions of polar (6) and azimuthal (¢$) angles
for the two groups of CN~ ions discussed in the text, for
(NaCN), ;s(KCN) g5 at 220 K. The upper curves (denoted py,)
correspond to those CN™ ions that have at least one Na*t ion
nearest neighbor, while the lower curves (denoted pg) are for
those CN ™ ions that do not.

translation-rotation coupling, will freeze into (111)
orientations. The freezing-in temperature (~100 K) of
the latter process coincides with the tendency for the lat-
tice to shear. Freezing into (100) begins at a higher
temperature in comparison with the initiation of {111)
freezing (~140 K), indicated by the increase of

120 T T 71 T [ T T T T l T T T T l T T LI

100
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11

80

60

1

40 |

No. of localized CN
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FIG. 15. Number of CN~ ions remaining within a cone of
30° about their mean orientations, as a function of temperature,
for the x =0.85 mixture. Solid symbols correspond to those
preferring (100) pockets, and open symbols to those with
(111) orientations. Squares are for CN~ ions with at least one
Na* nearest-neighbor, and circles for CN~ ions without any
Na™ nearest-neighbor.

(1< Yng(fi ))%1,,)'/? (see below). Correspondingly, (111)

freezing causes C, to drop dramatically after an initial in-
crease and Cg to increase rapidly (see Fig. 11). Since
(111) freezing dominates over the existing { 100) order-
ing, softening of c4, prevails as the temperature de-
creases.

The competition between the two mechanisms is also
visible in the Edwards-Anderson order parameters (Fig.
12). At high temperature, ([(YEg(ﬁ))Z]av)l/2 is larger

than ([ YTZg(ii ))?1,,)17%, but the order is reserved below

100 K. Even though those CN ™~ close to Na™ are strong-
ly disturbed by the desire to freeze into {111) orienta-
tions at low temperatures, as demonstrated by the anom-
alous shape of the azimuthal angle distribution py,(¢) at
50 K, Fig. 16, they strive to remain in their local { 100)
pocket. Figure 15 indicates that 38% of the CN ™ that do
have at least one Na™ neighbor are, in fact, aligned along
(111) —rather than (100)—at 50 K. The effect is
perhaps more clearly demonstrated by the time-averaged
configurations displayed in Fig. 17. Here, though, the
(100) ordering is evident, most CN~ molecules exhibit a
slight tilt away from {100). Regardless of their cation
neighbors, 158 out of 256 CN ! ions orient along {111},
while others are locked into (100). The small negative
value of C, at the low temperature results from a com-
bination of {(111) and (100) orientational distributions.
In the x =0.85 mixture, the random strains are weaker
than in the x =0.5 mixture, and there exists a strong
competition between random-strain-orientation and
translation-orientation couplings. It is the latter which
causes the softening of the T,, mode, as can be seen from
the temperature dependence of ¢4 shown in Fig. 9.

IV. DISCUSSION

It is quite remarkable that experimentally it suffices to
include only 10% of Na* ions in place of K™ on the cat-
ion sublattice in order to suppress the first-order transi-
tion which takes place in pure KCN. Because of the
large size disparity between Na® and K%, the random
strain fields are much larger here than in other
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FIG. 16. Same as Fig. 14, but at 50 K.
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FIG. 17. Same as Fig. 6, but for x =0.85 at 50 K. Even
though they clearly prefer to stay in the {(100) direction, the
orientations of those CN~ ions neighboring a Na™ are per-
turbed by the rhombohedral distortion and the overall {111)
alignment of the anions.

cyanides.’” This most likely explains why the orienta-
tional glass forms over such a wide concentration range.

The present computer-simulation study clearly demon-
strates the importance of random strain fields on the
low-temperature orientations of the CN~ molecular ions
in the mixed cyanides. The effect is particularly strong in
(NaCN),_,(KCN), compared to other cyanides: substi-
tution of K by the smaller Na* critically lowers the po-
tential minimum in the {100) direction of the orienta-
tional energy surface, in which neighboring CN™ ions
can then get trapped. In addition, the more electronega-
tive C atoms prefer the proximity of Na* ions, because of
the stronger electrostatic field produced by the smaller
cations. The energetics of the problem thus results in
sodium ions acting as nucleation centers which lock
near-neighbor CN~ ions into (100) directions; the
remaining molecules freeze into {111) pockets. For the
x =0.5 mixture, where virtually all anions have at least
one Na* neighbor, most CN " ions are locked into { 100)
directions randomly. However, at a lower sodium con-
centration, x =0.85, (111) orientations dominate, as
only about 38% of the molecules are able to maintain
(100) ordering. Competition between the two freezing
mechanisms is responsible for an anomalous temperature
dependence of the order parameter C, which should be
seen in experiment.

Predominant freezing into {111) orientations for the
low-sodium concentration system results in a substantial
rhombohedral distortion of the MD sample—the three
angles are sheared by about 6° at low temperature. X-
ray-diffraction measurements!! on a system with the same
concentration show no evidence of a structural transition.
Instead, the diffraction peaks become broad as tempera-
ture decreases which, the authors suggest, is due to
significant displacements of the cations from their aver-

age cubic sites. Our simulations may not be entirely in-
consistent with this result. One possibility is that, for a
macroscopic sample, due to a strong competition between
the different CN ™ orientation ordering mechanisms, local
regions form, each distorted to different extents from the
ideal cubic symmetry, with correspondingly different spa-
tial orientations for their rhombohedral axes. Thus, on
average, the sample remains cubic, and the diffraction
peaks suffer broadening. The present calculations were
carried out on a rather small system, which can
effectively accommodate only one of these ‘local re-
gions.” Of course, a more likely reason for the discrepan-
cy with experiment could be related to an inadequate po-
tential model, which results in different critical concen-
trations for the phase boundaries between the cubic and
distorted phases. Thus, the simulation system of x =0.85
may be in the two-phase coexistence region, which is ob-
served experimentally in the concentration range
0.90<x <0.93, where both cubic and rhombohedral
phases are present.® The prediction of the exact location
of a phase boundary is a stringent test of any potential
model and the concomitant simulation technique. In the
present case, the overall performance of the potential is
satisfactory, given the restrictions of pairwise additive
rigid-ion models. In fact, the calculated room-
temperature orientational order parameter C, (see Fig.
18) agrees rather well with neutron-diffraction data over
a wide concentration range. Additional experimental
data and further calculations would likely be informative.
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FIG. 18. Concentration dependence of C,, the first

coefficient of the Kubic-harmonics expansion of f(#) at T =300
K. Squares are the present simulation results and circles experi-
mental data for T'=295 K taken from Refs. 2, 17, and 20.
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