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The ultrasonic velocity of f100) transverse ~aves has been measured as a function of tem-

perature in KCN„Bri „and KCN„C1~ „crystals with x & x„where x, is the critical CN con-

centration required for a structural phase transition into an orientationally ordered phase. The
shear stiffness c44 in these samples and in others with x =x, and x & x, obeys an elastic

Curie-gneiss law over a wide range of temperatures, with fitting parameters that agree with

mean-field percolation theory. However, deviations from this Curie-%'eiss behavior and also

velocity dispersion are observed at low temperatures for samples with x & x,. The realtionship

between the c44 soft mode and orientational ordering is discussed.

I. INTRODUCTION

Potassium cyanide undergoes an order-disorder
transition from a cubic (Fm3m) structure with the
CN iona distributed randomly along [111[directions
to an orthorhombic (Immm) structure with the CN
iona aligned along one of the cubic [110[directions. '

There are several theories in which this transition is
associated with a soft-mode instability for the TA
translational mode that is coupled to CN rotational
modes. '~ Indeed, the shear elastic constant c44 is
small in KCN and varies rapidly with temperature,
extrapolating to zero at a critical temperature
T, = 153 K that is close to the observed first-order
transition temperature Ti =167.7 K.

It is of interest to study the effect on this transition
and on the elastic soft mode of replacing CN ions by
bromide or chloride ions. In the mixed crystals
KCN„Br~ „and KCN„C1~ „,no structural phase tran-
sition occurs when x is smaller than a critical CN
concentration x, and a "dipole-glass" phase with only
local CN ordering has been proposed to occur. s'9

The value of x, is -0.58 for KCN„Br~ „crystals and
-0.79 for KCN Clt „crystals. '0 " TA[100] acoustic
velocity measurements have been reported previously
for samples with x =x, and x & x„'2 and the c44

variations in these samples are well characterized by
elastic Curie-gneiss behavior. Pressure had no effect
on the elastic constants of these mixed crystals but
did shift Ti to higher values, in agreement with

behavior observed in pure KCN. '3

The present work extends the measurements of c44

to mixed crystals with x & x,: KCN0498r05~,
KCN05gC1044, KCN04iC1059. A mean-field elastic
equation is still found to be a useful representation of

the softening of this TA mode at high temperatures,
but deviations from Curie-gneiss behavior are ob-
served at low' temperatures. A comparison of acous-
tic results at 10 MHz with available Brillouin and
neutron data allo~s a discussion of dispersion effects.
The relationship between the c44 soft-mode behavior
and orientational ordering is also discussed.

II. RESULTS

The single crystals of KCN„Cli „were obtained
from the Crystal Growth Laboratory at the University
of Utah, as were all the crystals studied in Ref. 12.
Single crystals of KCN049Br05i were obtained from
Dr. S. Susman at Argonne National Laboratory,
Measurements were made on thin slabs (-0.2 cm
thick) cleaved from a large single crystal, and then
annealed and pohshed. Although the sample slabs
were free from visible imperfections, residual strains
could be seen in many of the samples under crossed
polarizers and the crystals frequently developed (100)
cleavage cracks on slow cooling. The data reported
for KCN056C1044 and KCN04~C1059 represent a com-
posite of measurements made on two or three
separate crystals over limited temperature ranges.
The KCNO498r05~ samples, which were very well an-

nealed and homogeneous in composition, showed
less strain and were subject to less serious cracking
problems. Because the actual compositions may
sometimes differ by significant amounts from their
nominal values, " the samples used here and those
used previously in Ref. 12 were analyzed gravimetri-
cally for the halide content.

The shear velocity u of the TA [100] mode in the
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1.5 TABLE I. Smooth-curve values of C44, in units of 10'p dyn
cm =10 Pa, for single crystals of KCN„Br~ „and
KCNxC11-x 1th x c

- 75
T (K) KCNp 49Brp 5~ KCNp 56Clp 44 KCNp. 4iClp. s9
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FIG. 1. Temperature dependence of the TA[100] velocity
in KCN„Br& „single crystals. The smooth curves represent
the best fits to these data with Eq. (1). The inset shows that
the small systematic deviation from Eq. (1) observed for
KCNp49Brp 5~ at low temPeratures is reProducible in runs on
two different samples.
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cubic phase was measured at 10 MHz using ultrason-
ic techniques described in Ref. 14. The results are
shown in Figs. 1 and 2, where data from Ref. 12 are
also shown for comparison. The corresponding
smooth-curve values of c44= pu are listed in Table I.
These values are based on room-temperature (293 K)
densities of 1.745 g cm (KCNp 5sClp q4), 1.810
g cm (KCNp 4IClp 59), 2.163 g cm (KCNp 49Brp 5I),
and on thermal expansion coefficients interpolated
between the known values for KCN and the pure po-
tassium halides.

Although no transition to an orientationally or-
dered phase occurs for these samples with x & x„ the
echo pattern disappeared at low temperatures. (This
behavior was similar to that reported in Ref. 12 for

samples with x )x„where an abrupt loss of the
acoustic signal was presumably due to scattering from
small ordered-phase domains. ) In the case of
KCNp49Brp 5~, an increase in attenuation and a
deterioration of the echo pattern began on cooling
below -85 K and the echoes disappeared at 80 K,
The corresponding temperatures were -112 and 98
K for KCNp 56Clp44 and -100 and 86 K for
KCNp4~Clp59. The echo pattern did not reappear on
further cooling of the samples to 65 K. However, on
subsequent warming, the echoes reappeared at the
same temperature at which they had disappeared. In
the case of KCNp49Brp 5] low-temPerature measure-
ments on two separate crystals were in very good
agreement (see inset on Fig. 1). Such a loss of
acoustic signal at low temperatures is an intrinsic ef-
fect, definitely not due to cleavage cracking or failure
of the transducer bond; the same effect has also been
observed in the very dilute mixed crystals
KCNp, i4Brp. ss and KCNp p4Brp, 9s.
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FIG. 2. Temperature dependence of the TA [100) velocity
in KCN„C1~ „single crystals. The smooth curves represent
fits to these data with Eq. (1).

III. DISCUSSION

The starting point in most theoretical treatments of
the alkali halide-cyanide systems is a microscopic force
model. The Hamiltonians derived from such models
yield a coupling between the molecular orientational
and translational degrees of freedom. In the treat-
ment presented by Michel and co-workers, "the
molecular orientations appear in the Hamiltonian in
two ways —in a static bilinear coupling between
translational and rotational degrees of freedom and in
a crystal-field term that is purely rotational in charac-
ter. The result of the bilinear coupling is an effective
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indirect orientational interaction between the CN
ions which is equivalent to the interaction between
elastic dipoles. This interaction leads to collective ro-
tational behavior and to a rotational phase transition.
When theoretical expressions are derived for the elas-
tic constants of this model, it is found that c44 exhi-
bits soft-mode behavior due to the effective coupling
of the CN ions.

Similar results were obtained by Mokross and Pire,
who treated the CN ions as elastic dipolar impurities
in an ionic crystal. Again the result is an effective
impurity-impurity coupling which is due to impurity-
strain interactions and impurity-phonon interactions.
The temperature dependence of the elastic constants
reflects the collective behavior of the coupled impuri-
ty (CN ) system.

In both models, the softening of the elastic con-
stant c44 is driven by the divergence in the orienta-
tional susceptibility of the CN ions. The rigorous
prediction is that the quantity (s44 —s44) is directly
proportional to an orientational susceptibility X44,

where s44—= 1/c44 and the superscript zero denotes the
"bare" value that would be observed in the absence
of rotational-translational coupling. When the
behavior in the orientationally disordered phase is
described within the mean-field approximation, the
variation of c44 as a function of temperature can be
written as"

1 1 B
C44 C44 T —Tz

where T, is the critical temperature at which c44 ex-
trapolates to zero and B is a constant to be discussed
later.

A. Mean-field fits

The elastic Curie-Weiss expression given in Eq. (1)
has proven to be a good description of the ultrasonic

velocity in KCN„Cli „and KCN„Bri „crystals with
large values of x. ' The extension of ultrasonic velo-
city measurements to samples with x values less than
x, is of particular interest since the transition to the
orientationally ordered phase is suppressed and the ex-
istence of a locally ordered glass phase has been pos-
tulated. 9

Least-squares fits to our data with Eq. (1) are
represented by the smooth curves in Figs. 1 and 2 for
both KCN„Bri „and KCN„Cli „mixed crystals with
x values above and below x, (x, =0.58 for Br sam-
ples and x, =0.79 for Cl samples). For KCNQ76Br024
and KCN057Br043 samples and the KCN082C10]8 sam-
ple, where the x values are close to or greater than
the critical concentration, the elastic Curie-Weiss for-
mula agrees very well with the observed velocities
over the entire range of data. Since the forces
between elastic dipoles are long ranged, it is not
surprising that mean-field behavior is observed in
these concentrated samples. The result that is some-
what surprising is the fact that Eq. (1) also provides a
good fit for the KCN072C1028 samples and almost all
the data for the KCNp49Br05i sample, where x & x,.
In the case of KCN049Br() 5] systematic deviations
from Eq. (1) are quite small and only occur below 95
K (see inset on Fig. 1). Even the KCN056Clp44 and
KCNO 4iC10 59 samples display mean-field behavior
from 300 K down to approximately 150 K, although
the deviations from Eq. (1) at lower temperatures are
substantial for these samples.

The least-squares fits with Eq. (1) were carried out
with c44, 8, and T, taken as freely adjustable parame-
ters. The best-fit values of these parameters are list-
ed in Table II, where the values for samples with
x )0.56 are taken from Ref. 12 with a correction be-
ing made for a small error in the previously quoted B
values for chloride mixed crystals. Both the nominal
(composition of the initial melt from which the crys-
tals were grown) and analytical composition values
are given. Since it was not possible to obtain an

TABLE II. Values of the adjustable parameters T„B(in units of 10 ' dyn ' cm2 K), and c44

(in units of 10 dyn cm ) appearing in Eq. (1), together with the nominal and analytical values of
the composition in mixed crystals of KCN„Bri „and KCN„Cli „.

Halide x(nom) x(anal) T, (K) ~44
0

Br
Br
Br
Cl
Cl
Cl
Cl

1

0.8
0.6
0.5
0.85
0.75
0.6
0.5

1

0.76
0.57
0.49
0.82

(0.72)
0.56
0.41

153.3
118.2
86.2
71.8

127.3
116.2
93.2
53.3

71.91
56.69
44.86
38.78
56.30
47.06
39.2
27.3

5.08
4.66
4.95
5.40
6.00
7 ~ 18
7.1
6.0
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FIG. 3. Variation of T, with the mole fraction of CN .
The line represents the mean-field percolation result
T, (x) =xT, (KCN).

analysis of the nominal x =0.75 chloride sample, we
have estimated x =0.72 on the basis of trends ob-
served in similarly prepared samples. The T, and 8
values in Table II are plotted as a function of compo-
sition in Figs. 3 and 4, respectively. The parameters
for the KCN056C1044 and KCN04~C1059 samples are
rather uncertain since these fits are based on data ob-
tained far from T,.

The credibility of fits with Eq. (1) depends on
reasonable trends in c44, 8 and T, as a function of x.
This aspect will be considered on the basis of the
theory presented by Mokross and Pire, where the ef-
fective CN=CN coupling is due to both a CN-
strain interaction and a CN -phonon interaction. The
strength of the effective interaction is expressed in
terms of the static coupling constants J and I, where
Jdetermines the overall CN=CN coupling and J-I
determines the impurity-strain coupling. The fit
parameters 8 and T, in Eq. (I) are related to the cou-
pling constants by T, CL xJ and 8 ~ x (J —I)/c 4~&. If
one assumes that the magnitude of J does not
depend upon concentration x, this leads to the
mean-field percolation result T,(x) -xT, (KCN).
Figure 3 shows that the T, values for all the samples
agree quite well with this prediction. The observed
variation in 8 values with x is also qualitatively
reasonable. The solid line in Fig. 4 indicates the ex-
pected 8 variation if the quantity (J I)/c4~4 has —the
same value in all mixed crystals as in pure KCN.
The small but systematic differences in the trend of B
values for the bromide and chloride samples may re-
flect the fact that the c44 value for KC1 is slightly
larger than for KBr (see Ref. 12).

The low-temperature deviations of the ultrasonic
c44 values from mean-field behavior for samples with

l
]

I ] I [ I
] I

" KCN
o KCN
~ KC

60
OJ

E
O

I

O
Q
O

cQ 40

20
0

I

0.2 0.4 0.6 0.8 I.O

FIG. 4. Variation of the coupling strength B with the
mole fraction of CN . The line represents the empirical
variation xB(KCN) .

CN concentrations below the critical value x„. will be
discussed in Sec. III C, but first let us consider the
presence of velocity dispersion in such samples.

B. Velocity dispersion

It is known that the velocities of TA [100] phonons
in the disordered phase of pure KCN are frequency
independent up to frequencies in the range 100—200
GHz (neutron measurements at a wave vector
q = qsz/10). ""'"This is consistent with the very
short rotational correlation time ~2 for the CN ion in
KCN determined recently from NMR studies':

r2 ——4.34 x 10 '4exp(392. 6/T)

which yields v 2 =0.16 psec at 300 K and 0.45 psec at
168 K.

For mixed crystals of KCN„Br~ „with x (x„neu-
trons'~ and Brillouin20 investigations of the TA [100]
mode at fixed scattering vector show a decrease in
phonon frequencies on cooling down to some charac-
teristic temperature, followed by an increase on fur-
ther cooling. This minimum in the high-frequency
TA[100] velocity has been ascribed to (1) a crossover
from fast orientational relaxation (cur ((1) to slow
orientational relaxation (~r ))1) at low tempera-
tures, ' ' or (2) a finite cusp in the static orientation-
al susceptibility on forming an elastic dipole glass.

Thus it is of interest to compare ultrasonic (10
MHz) and hypersonic (I—5 GHi Brillouin and
70—200 GHz neutron) velocities and look for disper-
sion effects in various mixed crystals. Such a com-
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FIG. 5. Comparison of ultrasonic, Brillouin, and neutron
results for the TA t100j velocities in various samples of
KCN„Bri „. Thc neutron and Brillouin velocities were ob-
tained from Refs. 8 and 20, respectively.

parison is given in Pigs. 5 and 6. In both figures, ul-
trasonic velocities are represented by the lines and
smooth-curve values of Brillouin velocities are indi-
cated by the solid points. Brillouin values for
KCN058r05 were obtained by interpolation of data
given in Ref. 20 in order to provide a direct compar-
ison with the neutron and ultrasonic values that are
available for that composition. In the case of
KCN„Cli „crystals, where there are Brillouin data"
for a sample with the nominal concentration x =0.5,
we have compared these values with an ultrasonic
curve at x =0.5 interpolated from our results at
x =0.41 and 0.56. It should be noted that all Bril-
louin frequency shifts were converted into velocities
using the assumption that the index of refraction for
mixed crystals is a linear average of that for pure
KCN and that for the pure potassium halide.

Figures 5 and 6 show that no dispersion is ob-
served up to frequencies of a few gigahertz for sam-
ples with x )x, (KCN0758rp 25 and KCN085CIp t5).
However, for samples with x =0.5, dispersion is de-
finitely observed at temperatures below T;„, the
characteristic temperature ~here the phonon frequen-
cy is a minimum in the scattering experiments. Con-
sider, in particular, the behavior of KCNp 581'05,

where velocity dispersion begins rather abruptly near
T;„. No dispersion is observed up to —70 0Hz at
100 K, whereas substantial dispersion is seen
between the velocity values for 10 MHz (ultrasonic),
-1.5 GHz (Brillouin), and -100 GHz (neutron) at
80 K. This behavior does not conform to expecta-
tions based on a relaxation mechanism unless there is
an unusually broad spectrum of relaxation times near
Tmin

Chloride mixed crystals definitely exhibit larger
velocity dispersion than bromide mixed crystals, as
shown by the substantial dispersion in KCN05C105
below T;„=115K. However, it is not certain
whether the apparent dispersion above T;„in this
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FIG. 6. Comparison of ultrasonic and Brillouin results for
the TA[100] velocities in various samples of KCN„'C1& „.
The dashed curve represents the interpolated ultrasonic
velocity for a sample with x =0.5. The Brillouin velocities
were obtained from Ref. 21.

sample and in chloride samples with x =0.7 is a real
effect or the result of some systematic error. Careful
ultrasonic and Brillouin measurements on the same
sample are needed to clarify the possible presence of
weak dispersion above T;„.

C. Concluding remarks

Although our understanding of orientational order-
ing in cyanide crystals has progressed substantially in
recent years, there are still several unresolved diffi-
culties with the theory for both concentrated and di-
lute samples.

For pure KCN and mixed crystals with x & x„we
wish to note two problems. First, the predicted effect
of pressure is inconsistent with experiment. In the
theoretical model, pressure increases the strength of
the single-particle potential, which leads to an in-
crease in both the critical temperature T, and the
first-order transition temperature T].' Experimental-
ly, Ti increases with pressure but T, is independent
of pressure. ' *' lt seems likely that some type of
coupling between CN orientations and a compres-
sional strain needs to be taken into account. It
should be noted that there is an appreciable contrac-
tion (-5%) along the c axis when pure KCN
transforms into the orthorhombic ordered phase. 22

Thus the structural phase transition in KCN does not
correspond to a pure shear, and c-axis contraction
may play an important role in stabilizing the ordered
phase.

The second problem involves the structure of the
ordered phase. The single-particle potential inferred
from the [111]CN orientations in the disordered
phase does not explain the orthorhombic CN order-
ing along [110] in KCN. 3 Furthermore, it has recent-
ly been discovered" that the ordered phase of
KCNOSBr02 is not orthorhombic but may be similar
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to the metastable monoclinic phase" obtained on
thermally cycling pure KCN near T~. Since the ul-
trasonic shear velocity exhibits the same type of
mean-field behavior for all x values between 1 and
x„ the soft mode does not provide a predictive indi-
cation of the character of the ordering that occurs at
low temperatures. '

For mixed crystals with x & x„one must explain
the deviations from mean-field behavior and the
abrupt onset of velocity dispersion near T;„. A
promising model for such samples involves an orien-
tational glass state proposed by Michael and Rowe
by analogy with the spin-glass state observed in dilute
magnetic crystals. In the orientational glass phase,
there is no long-range CN order but only a local or-
dering of CN orientations, which leads to the freez-
ing in of local lattice strains. The main feature of
this model is a static orientational susceptibility X44

that exhibits a finite cusp rather than a divergence.
Thus one should observe a minimum in the acoustic
velocity at a temperature Tf, corresponding to the
onset of the glass state. It should be noted that
although the existence of such a glass phase would
qualitatively account for the observed behavior of the
c44 data at high frequencies, this phase is an ad hoc
feature rather than a direct consequence of the mi-
croscopic force model.

At this point, a realistic theory is needed that pro-
vides a quantitative expression for the dynamical sus-
ceptibility X44(co) as a function of frequency, tem-
perature, and composition in both bromide and
chloride mixed crystals. The approximate form

x44
——(C —9')/T given in Ref. 9, where C is a con-

stant and + is the order parameter characterizing an
elastic dipole glass, is not adequate to represent our
low-frequency velocity data. In particular, the high-
temperature form for X44 must be C/( T —T,), where

T, has a mean-field percolation value, and the static
X44 must have a rounded maximum rather than a
sharp cusp. Furthermore, the differences between
ultrasonic, Brillouin, and neutron velocities needs to
be accounted for. Since the velocity dispersion ef-
fects near T;„are greater for chloride. mixed crystals
than for bromides, it is reasonable to assume that in-

homogeneous local strains play a role. It seems plau-
sible that the disappearance of the acoustic signal on
cooling samples with x (x, is due to scattering from
local clusters with dimensions comparable to ul-

trasonic wavelengths. Note that the acoustic signal in

KCNp49Brp5~ crystals is lost —8.2 K above the T,
value used in the fit with Eq. (1); this is quite com-
parable to the signal loss at T~ = T, +8.5 K in

KCNp57Brp43 and T~ = T, +9.6 K in KCNp76Brp24. "
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