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Abstract. High performance Brillouin spectroscopy (BS) has been used to study the elastic properties
(static and dynamic) of the orientational glassy state of Na(CN)xCl1−x samples (x < xc ≈ 0.65). The
temperature behaviour of the elastic properties reveals a more complex scenario for the orientational
glass transition than generally believed. The shear elastic constant shows the well-known c44(T ) anomaly,
indicated by a minimum, found in other cyanide mixed crystals. The results obtained for the hypersonic
attenuation are in clear contradiction with the dynamic character of the c44(T )-minimum. The temperature
behaviour of the longitudinal elastic constant c11 of very dilute (x < xc) Na(CN)xCl1−x samples shows two
striking features: i) Similar to the anomalous temperature behaviour of c44(T ), lowering the temperature
c11(T ) first decreases, goes through a minimum and then rises again. The minimum takes place at a
temperature above the temperature, Tmin, where c44(T ) reaches its minimum value. ii) A kink-like anomaly
of c11(T ) is observed at lower temperatures. This second anomaly is similar to the classical one observed
in canonical glasses at their glass transition temperature Tg.

PACS. 62.20.Dc Elasticity, elastic constants – 64.70.Pf Glass transitions – 78.35.+c Brillouin and Rayleigh
scattering; other light scattering

1 Introduction

The concentration x strongly influences the structural
phase transition behaviour of cyanide mixed crystals of the
type M(CN)xZ1−x (where M and X denote alkali metals
and Z represents halogenide ions) as compared to the pure
alkali cyanides. For M(CN)xZ1−x crystals, the average cu-
bic symmetry observed in the high temperature phase re-
mains unchanged for all temperatures if the concentra-
tion is lower than a critical value xc [1,2]. In this range
(x < xc) no structural phase transition is observed in the
temperature dependence of different physical parameters.
At a definite temperature, however, the system shows a
minimum value of the shear elastic constant c44(T ) that
has been identified in the literature as a fingerprint of an
orientational glass transition [1–18]. This behaviour to-
tally differs from that of other orientational glasses which
only show kink-like anomalies at the glass transition tem-
perature [19], i.e. the same elastic phenomenology as in
the case of canonical glasses [20]. The temperature where
the c44(T ) minimum takes place shows a frequency de-
pendence, which suggests its dynamic character. At low
frequencies this elastic behaviour presents spin-glass-like
features [6,7]. As a representative of the M(CN)xZ1−x
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mixed crystals we chose the system Na(CN)xCl1−x. The
temperature and concentration dependence of c44, for
x > xc (xc ≈ 0.65), was subject of a previous paper [8]
and some previous results concerning the concentration
range x < xc were also published [9].

The theoretical description of c44(x, T ) has been the
subject of numerous papers e.g. [7,10–12]. A consistent
application of the model to the experimental data did not
provide a satisfactory description of the temperature and
concentration behaviour in the range x > xc [8]. The con-
sistency of the theory requires that the concentration and
temperature behaviour of c44 should be described with a
unique set of parameters, independent of x and T in both
concentration ranges x > xc and x < xc.

In this paper we discuss high-resolution Brillouin spec-
troscopy (BS) results for c44(x, T ) and c11(x, T ) as well as
for the hypersonic attenuations Γ (x, T ) for samples with
x < xc. In addition we performed ultrasonic (US) mea-
surements on similar samples. A comparison reveals no
systematic deviation between BS and US data. The be-
haviour of c11(T ) at low temperatures (below liquid ni-
trogen temperature) provides a hint for the existence of a
second elastic anomaly in these materials, which is very
similar to the one found at the glass transition tempera-
ture in canonical glasses, as postulated in a previous pa-
per [9] and observed in KxNa1−x(CN) [21].
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2 Experimental

The experiments were performed either on a 5-pass or
on a 6-pass Fabry-Pérot interferometer (Sandercock) [22],
using the 90A and 90R scattering geometries [23,24]. The
light source was an Ar+ laser at a wavelength of λ0 =
514.5 nm. A complete description of the set-up can be
found in a previous paper [8].

The 90A scattering geometry has the advantage of not
requiring the refractive index of the sample to evaluate
the sound velocity; the corresponding acoustic wavelength
is: Λ90A = λ0/

√
2. For the 90R scattering geometry the

acoustic wave length Λ90R depends on the refractive in-
dex n of the sample at the frequency of the laser light:
Λ90R = λ0/

√
4n2 − 2. Combining both scattering geome-

tries for hypersound propagation in equivalent symmetry
directions, one disposes of a very sensitive probe to detect
dispersion processes (D90R-function) [23,24]

D90R =

{
1
2

[(
f90R

f90A

)2

+ 1

]}
· (1)

In the absence of hypersonic dispersion and for optically
isotropic samples, the D90R-function coincides with the
refractive index n.

For the 90A scattering geometry the sound velocity is
given by:

v(T ) = Λ90Af90A(T ), (2)

where f stands for the frequency of the Brillouin shift.
The acoustic wavelength in the case of the 90A scattering
geometry is Λ90A = 363.8 nm. The corresponding elastic
constant is then:

c(T ) = ρ(T )v2(T ), (3)

where ρ is the mass density. The temperature dependence
of the density is not known. Therefore, we assume the
room temperature value to be valid at all T . This im-
plies a T -dependent error in the evaluation of the elastic
constant that is less than 1% over the whole temperature
range [13]. If the phonon wave vector q (|q| = 2π/Λ) can
be oriented parallel to a (100) direction of the cubic crys-
tal, the elastic constant (3) corresponds to either c11(T ) or
c44(T ) depending on the polarisation state of the scattered
light.

The Pulse-Echo ultrasonic measurements were per-
formed with a Matec Instruments Systems, model 6600.
We used transducers of Parametrics (V156) at a frequency
of 5 MHz.

The samples were cleaved pieces of Czochralski grown
crystals. Dr. J. Albers and Dr. A. Klöpperpieper of the
University of Saarland kindly provided these crystals. The
cleaved samples showed a good optical quality and were
used without further preparation for T -dependent mea-
surements. The cleavage planes and corresponding edges
provided a very accurate reference to orient the sample.

Fig. 1. Comparison of the temperature behaviour of the c44

data obtained by US (•) and BS (◦) for Na(CN)xCl1−x samples
with x = 0.73 and x = 0.58.

3 Results and discussion

It is well-known that Czochralski grown Na(CN)xCl1−x
mixed crystals exhibit concentration gradients along the
draw axis as well as perpendicular to it, in both concen-
tration ranges (x > xc and x < xc) [8,9]. The high reso-
lution BS obtains information from a very small scatter-
ing volume (∼ 10−7 cm3) which can be considered to be
homogeneous. Therefore, existing concentration gradients
do not affect the results. The influence of the gradients on
experimental results obtained by other techniques using
much larger information volumes (i.e. calorimetric mea-
surements) [8] is difficult to answer.

In order to investigate possible systematic deviations
in the values of the elastic constants obtained by different
experimental techniques we took two samples of concen-
trations x = 0.73 (x > xc) and x = 0.58 (x < xc) and
performed temperature dependent measurements of c44

with both ultrasonic (5 MHz) and Brillouin spectroscopy.
In the case of pure NaCN a deviation of about +8% had
been observed, the ultrasonic data being lower than the
Brillouin ones [8]. This difference was interpreted as result-
ing from the influence of mosaic structures in the NaCN
samples. The results on the mixed crystals are displayed
in Figure 1. One observes an excellent agreement between
the experimental data obtained with both techniques. The
lost of ultrasonic signal at temperatures below 177 K for
x = 0.58 is not due to a structural phase transition; it indi-
cates the existence of a dispersion mechanism very efficient
at ultrasonic frequencies but not at hypersonic ones. The
same temperature dependent ultrasonic behaviour of the
shear elastic constant was also observed, for instance, in
Rb(CN)xBr1−x mixed crystals [15]. However, in BS inves-
tigations the Na(CN)0.58Cl0.42 sample showed a clear lack
of transparency around Tmin. This effect must be due to
the existence of regions (clusters) which cause additional
light scattering. These clusters could define zones of un-
changed cubic symmetry but different refractive index.

A slight discrepancy in the slope of the x = 0.73
sample between the ultrasonic and Brillouin data is also
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observed; this effect is believed to be due to mechanical
constraints caused by the different expansion coefficients
in the sample-bond and bond-transducer interfaces.

We investigated the T -dependence of c44 for the con-
centrations x = 0.58, x = 0.30 and x = 0.20 and of c11

for the concentrations x = 0.12 and x = 0.22. These con-
centrations belong to the range x < xc where glass tran-
sition behaviour is expected. First we discuss the results
obtained for c44(T ), shown in Figures 2a, 2b and 2c and in
Table 1, as well as the T -dependence of the corresponding
hypersonic attenuation.

As in the case of the critical concentration xc ≈
0.65 [8,9], on lowering the temperature c44 decreases, goes
through a minimum at Tmin and increases again. This
increase is steeper than the decrease observed at higher
temperatures. The value of Tmin changes with x, and it
decreases at lower concentration. This temperature be-
haviour has been interpreted to correspond to the exis-
tence of an orientational glass transition [1–18] that must
be understood in terms of a spin-glass-like transition. In-
deed, the low frequency inverse elastic susceptibility (un-
der field cooling and zero field cooling conditions) and the
low frequency non-linear elastic susceptibility show very
similar behaviours to those of real spin glasses [6,14].

In this context, theoretical approaches were developed
to describe the x and T dependencies of the elastic shear
mode [7,10–12]. The basic assumptions of these models
can be summarised as follows: i) There exists a bilinear
coupling between rotations of the CN− ions and the lattice
deformations (translation-rotation coupling). ii) There are
random deformation fields, owing to the substitutional dis-
order, that depend on the concentration. iii) The bilinear
coupling affects almost exclusively the shear elastic mode.

The main result of these models is summarised by the
following expression:

c44(T ) = c044

T − T01(1− qEA)
T − T02(1− qEA)

, (4)

where qEA represents an Edwards-Anderson-like order pa-
rameter [7,12], c044 stands for the background elasticity
and T01, T02 are concentration-dependent parameters. The
determination of qEA is a difficult task but an analytical
approximation was given by the microscopical model de-
veloped by Michel [10,11]. The resulting T and x depen-
dence of c44 can be written as:

c44(T ) = c044 −
Bx

(
1− x(1− x)

(
T2

T

)2
)

T + T0x

(
1− x(1− x)

(
T2

T

)2
) · (5)

Following the definitions of Michel, B represents the
strength of the bilinear coupling, T0 is a combination of
the self-interaction of CN− ions and the direct interac-
tion between neighbouring CN−-CN− ions, T 2

2 gives the
intensity of the random deformation fields due to the sub-
stitution of CN− ions by halogenide ions, and c044 is the
background elasticity. In a first approximation, these pa-
rameters should be independent of the concentration, but

(a)

(b)

(c)

Fig. 2. Anomalous temperature behaviour of c44 (◦) and cor-
responding attenuation Γ (•) for different Na(CN)xCl1−x sam-
ples as obtained by BS with 90A scattering geometry. (a)
x = 0.58, (b) x = 0.30 and (c) x = 0.20.

they are not universal constants valid for all mixed cyanide
groups.

In a previous paper (Na(CN)xCl1−x, x > xc) [8] we
used this approximation and the results were unsatisfac-
tory. Now, counting with experimental data in the range
x < xc, it is possible to implement the fit assuming a
concentration dependence of B, T0, T2 and keeping c044
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Table 1. Relevant experimental values for Na(CN)xCl1−x. x is the concentration, ρ the density, c44(Ta) and c11(Ta) the room
temperature value of the shear and of the longitudinal elastic constants, ∆c44 and ∆c11 the increment between Tf and room
temperature, Tf the temperature of the minimum (by this temperature the minimum of c44(T ) or c11(T ) takes place), Tm the
temperature of the maximum (by this temperature the hypersonic attenuation maximum takes place, different for each elastic
constant) and fm the corresponding Brillouin frequency at Tm.

x ρ c44 (Ta) (GPa) ∆c44 (GPa) Tf (K) Tm (K) fm (GHz)

(kg/m3)

0.65 1794.38 1.673 1.595 (90A) 155 147.5 0.8233

[8]

0.58 1833.82 1.913 1.673 (90A) 152 140 1.203

0.30 1990.56 5.357 2.201 (90A) 146 107.2 3.878

(90R) 154 122.3 7.2125

0.2 2046.62 8.867 1.216 (90A) 133 — —

c11(Ta) (GPa) ∆c11 (GPa)

0.22 2035.41 38.71 5.87 (90A) 135 104.4 11.6

(90R) 149 133.4 22.15

0.12 2088.66 42.64 5.35 (90A) 123 88.8 12.35

(90R) 135 95.5 24.53

Fig. 3. Na(CN)xCl1−x. Experimental data and theoretical
curves of c44 (according to (5)) assuming B, T0 and T2 con-
centration dependent. Further information see text.

as a constant, different for each concentration. The ad-
justed temperature ranges (in Kelvin) were: for x = 0.87,
240 < T < 310; for x = 0.65, 155 < T < 300; for x = 0.30,
145 < T < 300 and for x = 0.20, 105 < T < 300 (the 0.87
and 0.65 data stem from [8]). Figure 3 shows the simulta-
neous fits to the experimental data and Table 2 lists the
obtained fitted values. T2 is almost concentration inde-
pendent for x < xc, but shows a big change for x > xc.
All values were obtained by a simultaneous fit of all ex-
periments.

The constancy of T2 is clearly supported by the theory.
Indeed, for x > xc, it is possible to calculate a theoretical

Table 2. Na(CN)xCl1−x. Fit parameters obtained assuming a
concentration dependence in B, T0, and T 2

2 (see (5)). c044 was
kept fixed during the fit procedure.

x c044 (GPa) B (GPaK) T0 (K) T 2
2 (K2)

0.20 9.7 974.39 −512.89 35736.55

0.30 7.5 1432.28 −430.38 37174.27

0.65 4.40 1073.99 −131.68 38985.00

0.87 3.23 508.94 −188.78 120092.07

T2 from x and Tmin [10–12]:

T 2
2 =

T 2
min

3x(1− x)
· (6)

The value we calculate from (6) for the different concen-
trations is T 2

2 = 34560 K2 that is very similar to the mean
value obtained from the fit (see Tab. 2). This supports
the view of theoretical models that the random fields play
an important role in the transition behaviour. However,
it also shows a limitation of the theory, which is not able
to give a consistent picture of the random fields in both
concentration ranges (above and below xc).

T2 is related to the intensity of the random deforma-
tion fields. Following Michel [10,11] T2 = hξ1/2 where ξ is
almost constant, ξ ≈ 0.07. For the values of T2 shown in
Table 2 we obtain h[Cl−CN] = 729 K. Brillouin mea-
surements on K(CN)xCl1−x [16] yield a lower value of
h(h[Cl−CN] = 450 K) [17]. This difference agrees with
the fact that for the same concentrations (x < xc) Tmin

in K(CN)xCl1−x lies lower than in Na(CN)xCl1−x mixed
crystals. This indicates that the difference in ionic radius
of the alkali metal clearly influences the elastic behaviour.
It is important to remember that the model is not valid
for the temperature range of the c44(T ) minimum as well
as for T < Tmin.
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(a) (b)

Fig. 4. (a) Temperature dependent D90R(T )-function and corresponding 90A and 90R Brillouin frequencies for the shear mode
of Na(CN)0.30Cl0.70. (b) Corresponding hypersonic attenuation for the 90A (◦) and 90R (•) scattering geometries.

Besides the c44(T )-minimum an anomaly in form of a
peak is observed in the hypersonic attenuation, Γ , (see
Fig. 2). The maximum occurs at a temperature Tmax that
shifts to lower values with decreasing concentration [8,9].
For the sample with x = 0.20 there is no attenuation
anomaly detected in the temperature range studied.

The attenuation anomaly has usually been assumed
to be intimately related to the existence of the c44(T )-
minimum [2]. The theoretical model [11] took into account
the existence of a relaxation frequency and the agreement
between the theoretical model and the experimental at-
tenuation was fair [18]. However, under this assumption,
it has not been possible to account for the experimental
temperature behaviour of c44.

In order to get more insight into the nature of the
hypersonic maximum we performed a simultaneous mea-
surement of the Brillouin frequency shift using two dif-
ferent scattering geometries (90A and 90R) that provide
symmetry equivalent phonon wave vectors of different
length. The definition of the D90R-function is given in
equation (1). In the absence of acoustic dispersion, this
function gives the temperature dependent refractive in-
dex of the sample. The investigated sample had a con-
centration x = 0.30. Figure 4a pictures the temperature
dependence of the Brillouin frequency shift for both scat-
tering geometries together with the resultingD90R(T ) (the
corresponding attenuation data are shown in Fig. 4b).
If we assume the temperature dependence of the refrac-
tive index to be a smooth function of temperature, in
the absence of acoustic dispersion D90R(T ) should coin-
cide with n514.5(T ) (514.5 indicates the laser wave length

in nm). As expected, at room temperature the value of
D90R(T ) coincides with the value of the refractive in-
dex n514.5(T ) (nR.T.

D = 1.5165 obtained considering a lin-
ear concentration dependence between the values of NaCl
and NaCN). At lower temperatures the D90R(T )-function
shows an anomaly with a peak-like maximum, deviating
thus from the smooth temperature dependence expected
for n514.5(T ). At still lower temperatures D90R(T ) tends
to meet n514.5(T ) again; it has been shown that such devi-
ations can be ascribed to the existence of acoustic disper-
sion [24]. Therefore the observed hypersonic attenuation
anomalies reflect the dynamic properties of the studied
sample.

The concentration dependences of Tmin and Tmax are
clearly different (see Fig. 2 and also Refs. [8,9]). Moreover,
for small concentrations (i.e. x = 0.20) there is no de-
tectable anomaly in the hypersonic attenuation, at least in
the temperature range which has been investigated. If one
compares the temperature behaviour of c44, obtained by
ultrasonics and Brillouin spectroscopy (Fig. 1, x = 0.58),
it is clear that down to 175 K (hypersonic attenuation
begins to grow quickly, see Fig. 2a) both techniques re-
flect the same elastic behaviour. Regarding the temper-
ature position of the hypersonic attenuation maximum,
it is clear that the temperature dependence of c44, for
both experimental techniques, and T ≥ 175 K, is found
to be in the “fast motion” regime (ωτ � 1) and the elas-
tic response is always relaxed. At temperatures around
and below the hypersonic attenuation maximum the elas-
tic behaviour reflects the cross-over from the relaxed to
the clamped elastic response of the “slow motion” regime
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Fig. 5. Temperature dependence of the longitudinal acous-
tic mode c11(T ) for a Na(CN)0.22Cl0.78 sample (◦) and a
Na(CN)0.12Cl0.88 sample (�). Tg = 60 K is the temperature of
the quasi-static glass transition.

(ωτ � 1). As shown in Figures 2a, 2b and 2c and in
Table 1, Tmax shifts to lower temperatures when the con-
centration decreases, and the temperature separation be-
tween Tmin and Tmax becomes larger the lower the con-
centration x. On the other hand, as far as the attenuation
anomaly reflects acoustic dispersion, we expect the tem-
perature position of the damping maximum for the US
experiment to lie at temperatures clearly below Tmax.

In this context, the temperature behaviour of c44, ob-
tained for x = 0.2 (Fig. 2c) in the whole temperature range
studied, represents the elastic response always in the “fast
motion” regime (ωτ � 1). This behaviour is in clear con-
tradiction with the assumption that the c44(T )-minimum
is of dynamic origin and should show a frequency de-
pendence (see for instance Ref. [2]). As proposed by the
theoretical model, our results show that the existence of
a c44(T )-minimum is inherent to the translation-rotation
coupling and does not need the presence of an attenuation
maximum.

The temperature dependence of the longitudinal elas-
tic constant, c11(T ), was investigated on two samples with
concentrations x = 0.22 and x = 0.12. The first sample
was investigated until 33 K and the second one until 18 K.
The concentration values were obtained from the temper-
ature and concentration dependence of the D90R-function
that gives the refractive index of the sample in the non
dispersive temperature region. The temperature depen-
dence of the corresponding longitudinal elastic constants
c11 are shown in Figure 5 for both samples (the corre-
sponding attenuation data are shown in Figs. 6a and 6b).
It was surprising to find such a pronounced minimum in
the longitudinal mode for these concentrations. It has usu-
ally been assumed that the main mechanism responsible
for the phase transition behaviour in samples with x > xc

and for the appearance of a minimum in the elastic con-
stant, for x < xc, is the bilinear coupling between lat-
tice deformations and CN− rotations, manifesting itself
almost exclusively in the pure shear mode. A first theoret-

ical approach to describe the influence of the translation-
rotation coupling on the longitudinal mode was proposed
by Lynden-Bell and Michel [25] for x = 1. Within this
frame, the effects to be observed in the longitudinal mode
should be clearly weaker than those observed for the shear
mode.

Contrary to the observations in the hypersonic attenu-
ation of the shear mode for the x = 0.20 sample, the longi-
tudinal mode shows a clear anomaly in the form of a peak
in Γ for both samples. As can be seen in Figures 7a and 7b,
the temperature dependent D90R(T )-function possesses a
peak shaped anomaly for both concentrations. At room
temperature this function coincides with the refractive
index of the sample at the laser wavelength. This effect
supports the existence of a dispersion that gives rise to
an anomaly in the hypersonic attenuation. At 104.4 K
we clearly observe an attenuation maximum in the lon-
gitudinal mode (x = 0.22 and 90A scattering geometry)
and this maximum shifts to higher temperatures when us-
ing the 90R scattering geometry. It is important to notice
that, contrary to the theoretical predictions, this damping
maximum is much more pronounced than the attenuation
maximum observed for the shear mode (compare for in-
stance x = 0.3 and x = 0.22). It could be due to the
existence of more than one dispersion mechanism in these
systems.

These hypersonic dynamics are associated with at least
one dispersion mechanism, clearly shown by the different
D90R-functions, that begins above Tmin and reaches its
maximum just below Tmin for concentrations x > 0.20.
The dispersion mechanisms discussed in the literature are
related either to the dipolar relaxation or to the quadrupo-
lar one. The latter has been related to the elastic be-
haviour. A first determination of the activation energy for
the dipolar relaxation of a Na(CN)xCl1−x sample was per-
formed for x = 0.43 and is about E = 358 K [26]. It shows
a tendency to diminish the lower the concentration x [26].
The activation energies related to the quadrupolar relax-
ation have been determined from the differences in the
temperature position of the damping maximum obtained
at low experimental frequencies (typically from 10 Hz to
1000 Hz) for the shear mode [14]. The estimated value
for the activation energy of a sample with x = 0.5 is
E = 1265 K [14].

Our BS data deliver information about the hyper-
sonic attenuation (elastic damping) for 2 different wave
vectors for each concentration x. In order to asses the
type of activation process involved in the dynamic elas-
tic behaviour (Arrhenius or Vogel-Fulcher-Tamman) and
the corresponding activation energies, it is necessary to
rely on more experimental points, covering a wide range
of frequencies and that should be obtained with differ-
ent experimental techniques. As the main experimental
effort has been focused on the temperature behaviour of
the elastic constants (almost exclusively on c44, see for in-
stance Ref. [2]) there is a lack of systematic study of the
elastic damping that would allow to establish the type
of activated process and related activation energy and to
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(a) (b)

Fig. 6. Temperature dependence of the hypersonic attenuation for the 90A (◦) and 90R (•) scattering geometries. (a)
Na(CN)0.22Cl0.78 sample, (b) Na(CN)0.12Cl0.88 sample.

(a) (b)

Fig. 7. Temperature dependence of the 90A and 90R Brillouin frequencies for c44 and corresponding D90R-function for the
Na(CN)0.22Cl0.78 sample (a) and for the Na(CN)0.12Cl0.88 sample (b). Tg is the quasi-static glass transition temperature.
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determine the relation between the elastic damping of the
shear elastic mode and that of the longitudinal mode (c11).

As has been shown above, the existence of the c44(T )
or c11(T ) minima is independent of the appearance of a
damping maximum (hypersonic attenuation). As in the
classical glass formers, the hypersonic attenuation (espe-
cially that related to the longitudinal elastic mode) can be
interpreted as the result of an α-relaxation process and the
related temperature would be the dynamical glass tran-
sition temperature, being strongly frequency dependent.
This dynamic would be the precursor of a glass transition
to be found in the elastic constant at much lower tem-
peratures. Phenomenologically, this glass transition would
present the well-known characteristics of a classical glass
transition in canonical glasses [27–29]. In a classical glass
transition, the temperature dependent elastic constant is
characterised by a kink-like anomaly at a defined temper-
ature (quasi-static glass transition [20]), the slope being
smaller in the low temperature branch.

This temperature behaviour of the elastic constants
has been found in the case of the orientational glass 1,2-
difluorotetrachloroethane and the KxNa1−x(CN) mixed
crystals [19,21]. In this way the Na(CN)xCl1−x mixed
crystals would share the same phenomenology with other
orientational glasses.

Below the c11(T )-minimum temperature a huge in-
crease of c11(T ) is observed for both samples (Fig. 5). In
the case of the x = 0.22 sample, there is a clear change of
slope at 60 K. This is resemblant of the typical fingerprint
for a quasi-static glass transition. The quasi-static charac-
ter is corroborated by the fact that the kink-like anomaly
is present and takes place at the same temperature in the
90A and 90R scattering geometries (see Fig. 7a). The tem-
perature of the dynamical glass transition (Tm see Tab. 1)
indicates that the classical glass transition for the x = 0.12
sample will take place at lower temperatures (at least 20 K
below) than that found for the kink-like anomaly in the
x = 0.22 sample. Indeed, for the x = 0.12 sample there
is no kink-like anomaly at 60 K. The longitudinal elastic
constant c11 begins to deviate from the linear behaviour
at about 50 K and seems to stop abruptly around 30 K.
This behaviour could be the indication of the expected
classical glass transition in this sample.

These facts can be taken as evidence for the existence
of a classical glass transition (regarding the elastic phe-
nomenology) also in this kind of cyanide mixed crystals.
This behaviour was also observed in KxNa1−x(CN) mixed
crystals [21]. The existence of two subsequent anomalies as
characteristic for a glass transition in orientational glasses
has been already shown in the case of RADP (see the
review in Ref. [2]).

At this moment we have no explanation for the kind
of relaxation process related to the α-relaxation. It could
be related to the fact that the orientational frozen state
might not correspond to a unique preferential orientation
for the CN− dumbbells, but to a coexistence of regions
of different orientations that could be considered as orien-
tational clusters. In the plastic phase of K(CN)xBr1−x (a
mixed crystal similar to Na(CN)xCl1−x) the CN− dumb-

bells show a preferential orientation along the equivalent
[111] cubic directions, but at low temperatures the ori-
entation probability is higher along the equivalent [100]
cubic directions [30]. The transition from one cluster to
the neighbouring one defines a border region where the
orientational state of the CN− dumbbells is not well de-
fined. These border regions will show their own dynamics
that should freeze randomly at lower temperatures.

These orientational clusters could also be responsible
for the existence of light efficient scattering regions (lack of
transparency) observed about the c44(T )-minimum tem-
perature.

4 Conclusions

The temperature dependence of the shear stiffness c44 in
the case of NaCN as obtained by ultrasonic techniques,
shows a systematic deviation from the Brillouin spectro-
scopic data. In order to investigate the existence of such in-
compatibility in the case of Na(CN)xCl1−x mixed crystals,
we performed c44(T ) measurements using Brillouin spec-
troscopy as well as ultrasonic techniques. The results show
an excellent agreement between the experimental data in-
dicating that the mosaic structures (if present for x < xc)
responsible for such deviation in NaCN have no influence
on the determination of the elastic properties of the mixed
system via BS. The temperature dependence of the elastic
shear modulus behaves anomalously as known from other
cyanide mixed crystals for samples with concentrations
x < xc. The lack of ultrasonic signal, for instance in the
x = 0.58 sample, is not accompanied by a lack of Bril-
louin signal but by a clear decrease in the transparency of
the studied sample. This indicates the existence of light
efficient structures (clusters) in a cubic symmetric crys-
tal. These clusters produce a modulation of the refractive
index resulting in a partial intransparency of the mate-
rial. The influence of these clusters on the lack of signal
in ultrasonic experiments cannot be evaluated due to the
simultaneous existence of a big relaxation damping.

The theoretical analysis of the experimental data gives
satisfactory results for concentrations x < xc above the
minimum temperature and reveals the constraints of such
models due, mainly, to the approximations used to de-
scribe the temperature and concentration dependence of
the Edwards-Anderson-like order parameter. In order to
obtain the best possible theoretical description of the ex-
perimental data, it is necessary to allow additional con-
centration dependences in the model parameters.

The hypersonic attenuation data and the temperature
behaviour of the D90R function relativize the dynamical
character of c44(T ). The concentration dependence of the
hypersonic attenuation maximum is very different from
that of the c44(T )-minimum and it is possible to find a
minimum in c44(T ) without a corresponding attenuation
maximum. The existence of a c44(T )-minimum is an in-
herent effect of the translation-rotation coupling and not
the result of the existence of a maximum in the elastic
damping and should not show a frequency dependence.
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Temperature dependent measurements of the longi-
tudinal elastic constant, c11, show a similar anomaly as
in c44(T ) (minimum value of c11(T )) around the tem-
perature Tmin even for samples with very low CN− con-
centrations. The importance of this anomaly in the in-
terpretation and understanding of the orientational glass
transition behaviour has been, to our knowledge, neglected
in the theoretical approaches to describe the anomalous
elastic behaviour in the cyanide mixed crystals.

At lower temperatures c11(T ) shows the typical kink-
like anomaly found in order plastic crystals undergoing
orientational glass transitions. The existence of different
possible orientations of the CN− dumbbells in the frozen
state that could also be responsible for the lack of trans-
parency around the c44-minimum temperature and for the
hypersonic attenuation maxima. The damping maximum
would be the precursor of this second elastic anomaly with
the typical elastic phenomenology found in other orienta-
tional glasses.

The kink-like anomaly takes place at Tg = 60 K for
the x = 0.22 sample. Phenomenologically, this elastic be-
haviour is the same as the one found at Tg, the quasi-static
glass transition temperature, for canonical and orienta-
tional glasses. A characteristic temperature of 30 K has
been found for the x = 0.12 sample; the real glass tran-
sition temperature may lie higher but is masked by the
expected anharmonic behaviour of c11(T ) at low temper-
atures. The existence of two subsequent elastic anoma-
lies was already observed in KxNa1−x(CN) mixed crys-
tals, and seems to be inherent to this type of orientational
glasses.

In the mixed crystals of the type Na(CN)xCl1−x and
KxNa1−x(CN), the glass transition behaviour is more
complicated than generally believed. The elastic be-
haviour in the concentration range x < xc supports the
existence of two elastic anomalies.

The elastic behaviour of the cyanide mixed crystals
is much more in accordance with the one observed in
other orientational glasses that show the typical kink-like
anomaly in the elastic constants at the orientational glass
transition than believed until now.
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electr. 78, 43 (1988).

5. Z. Hu, D. Walton, J.J. Vanderwal, Phys. Rev. B 38, 10830
(1988).

6. a) J. Hessinger, K. Knorr, Phys. Rev. Lett. 65, 2674
(1990); b) J. Hessinger, K. Knorr, Ferroelectr. 127, 29
(1992).

7. W. Wiotte, J. Petersson, R. Blinc, S. Elschner, Phys. Rev.
B 43, 12751 (1991).
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roelectr. 106, 175 (1990).

10. K.H. Michel, Phys. Rev. B 35, 1405 (1987).
11. K.H. Michel, Phys. Rev. B 35, 1414 (1987).
12. J.O. Fossum, A. Wells, C.W. Garland, Phys. Rev. B 38,

412 (1988).
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23. J.K. Krüger, L. Peetz, M. Pietralla, Polymer 19, 1397
(1978).
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