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The elastic and opto-acoustic properties of sodium cyanide crystals NaCN and sodium
cyanide-—sodium chloride mixed crystals Na(CN), Cl, _, (1 =x = 0.63) were investigated below room
temperature using high-resolution Brillouin spectroscopy. Employing special scattering techniques,
we were able to measure the elastic behavior in both the high- and low-temperature phases. Chang-
ing from systems with high CN ™ concentrations, which undergo structural phase transitions of first
order, to systems with low CN ™ concentrations, which show glass transitions, the discontinuities of
the extremely soft shear stiffness of these cubic crystals gradually vanish. Using a space- and
angular-resolving Brillouin technique, we report data on the inhomogeneity of the Czochralski-
grown mixed crystals. The consequences of these inhomogeneities for the phase-transition behavior
have been studied by thermal analyses. We try to describe our shear elastic stiffness data in the

framework of current theoretical approaches.

I. INTRODUCTION

Molecular crystals of type M(CN), Y, _,, where M * is
an alkali metal and Y~ is a halogen ion, show an orienta-
tional disorder of the CN~ ions in the cubic high-
temperature phase. At concentrations x above a so-
called critical concentration x, these materials undergo
ferroelastic phase transitions with the pure shear mode
being the soft mode.! ~#® Accordingly, the elastic shear
stiffness modulus ¢4, (Voigt notation) decreases strongly
on approaching the first-order transition temperature.
Depending on the composition and the concentration fur-
ther low-temperature phases may occur in these materi-
als. For concentrations below x, the materials conserve
their cubic structure until the lowest temperatures. The
shear stiffness c,, of these materials (x <x_) varies com-
pletely continuously as a function of temperature T but
shows a minimum that indicates a memory of the acous-
tic soft mode existing at higher concentrations.>* 8
With decreasing concentration the ¢4 (7T) curve is shifted
upwards in the way that the position of the minimum
shifts to lower temperatures, and its depth decreases.
Generally, below the minimum of the c4(T) curve an
acoustic loss maximum is observed. It is widely believed
that both the minimum and the maximum are shifted to
lower temperatures with decreasing test frequency. The
minimum has been explained by assuming a coupling be-
tween rotational and translational degrees of freedom and
quenched strain fields. Different theoretical attempts
have been made to explain the static elastic properties in
the framework of this approach (e.g., Refs. 18 and 19).
The acoustic loss maximum is frequency dependent.*® ~°
This dynamical behavior of the acoustic properties is tak-
en as a hint for the appearance of a dynamical glass
transition*®"> in the sense of the a process discussed for
the glass transition in polymers.® !©

Most studies of the elastic properties of M(CN), Y, _,
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mixed crystals have been devoted to the problem of the
orientational glassy state and the corresponding glass
transition. Great attention was paid to the temperature
and concentration dependence of the elastic stiffness
coefficient ¢4, in order to understand the influence of the
halogen impurities on the glass transition and the ferroe-
lastic phase transition. Information about the elastic
properties of the ferroelastically ordered phases is, ac-
cording to our knowledge, not available (see, e.g., Refs.
1-3 and 6). This is due to the fact that Brillouin as well
as ultrasonic measurements are very much complicated
by the formation of differently oriented domains below
the transition temperature T.

In this work we present a space- and angular-resolving
Brillouin technique that enabled us to overcome at least
partially the problem of sample opacity caused below T
by the multidomain structure. These Brillouin tech-
niques have been applied to pure NaCN as well as to
Na(CN), Cl, _, mixed crystals to get information on their
elastic properties around their phase transitions. To get
an idea about the elastic behavior at the crossover from
the first-order phase transition to the continuous glass
transition an effort was made to investigate the elastic be-
havior extremely close to the critical concentration
x,~0.63.

Large Na(CN),Cl,_, mixed crystals and also pure
NaCN crystals are generally grown from the melt using
the Czochralski technique. Crystals with serious concen-
tration inhomogeneities may result from this growth
technique. It is well known'!' " !* that due to the monoto-
nous increase of the liquidus and solidus curves from the
melting point of NaCN to that of NaCl the ratio of CN ™~
to ClI~ within the crystal increases monotonically from
the seed region to the opposite end. A systematic investi-
gation of the concentration distribution and its influence
on the physical properties of these materials has not been
performed yet. We present such studies based on investi-
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gations of the thermal behavior and of the elastic behav-
ior as determined by space-resolving Brillouin measure-
ments. Special attention has also been paid to the confus-
ing influence of mosaic structures on the elastic proper-
ties already existing in the cubic phase. In this context
discrepancies appearing between ultrasonic and hyper-
sonic data of NaCN (Refs. 14-16) are discussed. In or-
der to estimate the influence of hypersonic dynamics we
discuss the properties of the opto-acoustic dispersion
function introduced previously.'”?’

Our experimental results will be interpreted using the
theoretical model of Michel'®!® yielding model parame-
ters that should be the same for the pure and the mixed
systems. The agreement with the theory is fairly good
but can be further improved introducing a linear
temperature-dependent term.

II. EXPERIMENTAL

Crystals were grown from the melt in a Leybold-
Heraeus EKZ 250 crystal growth system using an induc-
tively heated Pt crucible under argon atmosphere, which
was exchanged several times before reaching the melting
temperature. The growth procedure was started with
seeds, beginning at the CN~ side (with the large lattice
constant) increasing the melt ansatz of Cl™ in steps of
about 10 mol%. The new seed was always prepared
from the previously grown crystal.

The CN~ content of the grown material could be
determined by measuring C and N by an automatic C-H-
N analyzer. This method was used to establish the
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FIG. 1. Dependencies of the lattice constant measured on
powdered samples (right scale) and of the frequency of the
second harmonic of the CN ™ stretching vibration (left scale) on
the Cl~ concentration given in mol. % in mixed single crystals
Na(CN),Cl,_,. Triangles and circles indicate Cl~ concentra-
tions obtained from C and N concentrations, respectively, deter-
mined by the chemical bond method.
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dependence of the lattice constant on the CN ™~ concen-
tration as shown in Fig. 1. The lattice constants were
determined with an x-ray goniometer on powdered sam-
ples. The rather broad lines [full width at half maximum
about 0.3° with Cu Ka at the (200) reflex in the mixed
crystals] limit the absolute accuracy of the CN ™~ deter-
mination from x-ray measurements to about 2%. The
main difference between the data in Fig. 1 and earlier
published ones™ results from the lattice constant of
NaCN reported there for room temperature (5.83 A).

For the nondestructive CN ™~ determination of cleaved
or polished samples, advantage was taken of the depen-
dence of ir-absorption lines on the CN™ concentration.
Figure 1 shows the dependence of the second harmonic
frequency of the CN™ stretching vibration on the Cl~
concentration as determined with a Nicolet MX-5
Fourier transform infrared spectrometer. Using the
curve in Fig. 1, from ir measurements the CN~ content
could be determined. In order to achieve a sufficient in-
tensity, rather large samples of increasing thickness at in-
creasing C1~ content were needed. For NaCN crystals
thicknesses between 0.1 and 5 mm are necessary.

Due to the monotonous increase of the liquidus and
solidus curves from the melting point of NaCN (837 K)
to that of NaCl (1073 K) (Ref. 21) the CN ™ -to-CL ™ ratio
within the crystal grown from the melt increases mono-
tonically from the seed region to the opposite end. The
difference between lowest and highest CN ™~ concentra-
tions depends on the starting composition and the
amounts of the melt and of crystallized material. Crys-
tals were grown with lengths up to 10 cm and diameters
of 1-2 cm.

Figure 2 represents a typical example for the strong
variation of the CN ™~ concentration along the crystal
length (crystal draw axis) as determined by the Debye-
Scherrer method using the lattice constants as a probe for
the concentration (see Fig. 1). The concentration is not
symmetrically distributed around the ansatz of 70 mol %
CN™ because a part of the material remained in the cru-
cible and a part of the NaCN was lost by evaporation.
All our measurements yield a concentration gradient of
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FIG. 2. Variation of the CN™ concentration along the draw
axis of a Na(CN),Cl, _, single crystal. A melt ansatz of x =0.7
was used. By Ad the distance from the edge (seed) of the sample
is denoted.
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about 0.3%/mm along the draw axis. Since samples with
lateral dimensions of several millimeters are generally
used in the ir spectrometer, the C-H-N analyzer and oth-
er classical methods such as neutron scattering and ul-
trasonic techniques, the correspondingly obtained experi-
mental results always include an average over a
significant concentration range. This is of particular im-
portance for the interpretation of either the phase or the
glass transitions.

The caloric behavior of Na(CN),Cl,_, crystals was
studied by differential scanning calorimetry (DSC) yield-
ing most of the data given in the phase diagram (Fig. 3).
In order to resolve the transition behavior in more detail,
an automatized high-resolution adiabatic vacuum
calorimeter?? was used to investigate samples with a size
of about 1 cm® for concentrations x =1, x ~0.84, and
x =0.70.

Besides a concentration gradient along the grow axis, a
radial gradient of the CN™ concentration is also expect-
ed, with the highest CN ™ concentration at the center line
of the crystal. This is because the crystal adopts at the
growth interface—due to the phase diagram —Iless CN ™
than corresponds to the mean concentration in the melt.
At the center of the interface the CN ™ increase may be
the highest due to the small convection speed resulting at
this point from the rotation of the crystal. This expecta-
tion was confirmed by space-resolving Brillouin spectros-
copy as will be shown in Sec. III.

Parts of the phase diagram of Na(CN),Cl,_, were re-
ported previously.’#"!* The analysis of the caloric be-
havior (inset in Fig. 4) and light scattering experiments
show that a crystal with x =0.65 still undergoes a phase
transition into a rhombohedral phase. These measure-
ments were done on small parts of a large crystal previ-
ously used for NMR (Ref. 23) and neutron scattering ex-
periments?* which, in agreement with the behavior of ¢y
presented in Fig. 5 and discussed in Sec. III did not show
any discontinuous phase transition. The disappearance
of the first-order character of the phase transition near

x.=~0.65 is supported by the vanishing transition entropy
(Fig. 4).
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FIG. 3. Phase diagram of Na(CN),Cl,_,. The values of the
phase-transition temperatures T, and T, were taken from DSC
and dielectric measurements. The point at x =0.65 is derived
from the measurement shown in Fig. 4.
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FIG. 4. Concentration dependence of transition entropies
(open circle) at the cubic-orthorhombic (x =1), the cubic-
rhombohedral (dots), and the rhombohedral-orthorhombic (cir-
cles) phase transitions in Na(CN),Cl,_, crystals. Inset shows
DSC record for x =0.65.

Some mixed crystal plates were investigated by Lang-
topography revealing a mosaic structure with grain sizes
up to several mm. A point beam was scanned point by
point across a grain boundary between two large grains
measuring according to the bond method the (200) and
(—200) reflexes. It followed that the two grains had al-
most the same lattice constant, and that the mosaic struc-
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FIG. 5. Temperature dependences of the shear modulus c44
(circles) and hypersonic attenuation I' (dots) for a sample with
x =0.65=~x,. The minimum value of ¢4 is about 0.04 GPa.
Note, that the I'(7) maximum occurs about 10 K below the
minimum of ¢4 (7T); the latter coincides with the phase-
transition temperature.
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ture resulted from inclinations of the order of 0.5° be-
tween the two large grains. Within the grains the reflexes
were rather sharp (0.08° with Mo Ka). Between the two
large grains smaller ones were detected with dimensions
below 1 mm and orientations monotonically changing be-
tween those of the large grains. Different crystals as well
as different parts of the same crystal show different
cleavage properties. Bad cleavage properties may be due
to a distribution of the cubic axes of the grains.

For the interpretation of the elastic stiffness data we
used an orthogonal reference frame with the x,,x,,x;
axes parallel to the cubic directions of the samples. The
stiffness coefficients c;; (Voigt notation) of the mixed crys-
tals were calculated using the densities obtained from the
cell constants, measured with x-ray techniques and as-
suming rock salt structure at room temperature and sup-
posing homogeneous CN™ distribution in a unit cell.
The density was taken to be constant through the whole
temperature range.

The Brillouin measurements were made with a high-
performance Brillouin spectrometer using an argon-ion
laser at the vacuum wave length A;=514.5 nm. The
characteristics of this spectrometer were discussed else-
where.> Figure 6 shows schematically the spectrometer
setup that was used to obtain different realizations of the
904- and 90R-scattering geometries'”?672° described
below. Using the shutters (SH indicated in Fig. 6) we
could discriminate between these two types of scattering
geometries. The platelike sample (SA in Fig. 6) could be
rotated in a defined way around x,. The optical polariza-
tion conditions could be chosen using a Faraday rotator
(FR) and a polarizer (PO).

The principles of the 904- and 90R-scattering
geometries have been discussed previously (e.g., Ref. 29).
The main features of the scattering geometries are shown
in Figs. 7(a) and 7(b), respectively. Using the 90 A4-
method sound velocity polar plots can easily be obtained
for sound wave propagation in the (x,,x;) plane of the
sample by simply rotating it around x, (angular-resolving
Brillouin technique). As long as the crystals under study

Mi Ml

90R R BS
90A -1

FIG. 6. Brillouin setup for a simultaneous measurement of
different phonon modes. LA: argon ion laser; BM: beam
splitter; FR: Faraday rotator; SH: shutters; SA: sample; MI:
mirrors; PO: polarizer; BS: Brillouin spectrometer; SC: driven
scan stage for space-resolving Brillouin spectroscopy; R: driv-
ing direction; and x,: unit vector along the x, axis of the sam-
ple coordinate system. The 904 and 90R methods are ex-
plained in the text and in Fig. 7.
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90A 90R

FIG. 7. Characteristics of the 904- and 90R-scattering
geometries [(a) and (b), respectively]. Outer scattering angle is
90°%; k,: wave vector of the incident laser beam; k,: wave vector
of the scattered light; q: phonon wave vector and x,: unit vec-
tor along the x, axis of the sample coordinate system.

are of cubic symmetry the involved acoustic wave length
for any direction of the sound wave vector q is

ACA=2,/ V2, (m

and does not depend on the optical properties of the sam-
ple. In contrast to the conventionally used scattering
geometries, the sound velocity v = f A depends only on
the sound frequency f. Since the acoustic wavelength A
does not depend on the refractive index of the cubic crys-
tal, the 90 A-scattering technique is the most appropriate
to determine the elastic stiffness tensor. As a conse-
quence, the related temperature-dependent elastic
stiffness coefficient is given by ¢ (T)=A%p(T)f % T), where
p is the mass density of the sample, and, in contrast to
conventional Brillouin techniques, A is independent of
temperature T. The typical reproducibility for the deter-
mination of the shear phonon frequency is about 0.2%.

For the 90R-scattering geometry, which is depicted in
Fig. 7(b) for the case of a wave propagation along the x,
axis, the relevant acoustic wavelength is

A9OR:}\'O(4n2_2)—1/2 , (2)

where n is the refractive index of the sample. Using the
experimental set up of Fig. 6 the 90 A- and 90R-scattering
geometries can be realized without changing the position
and orientation of the crystal with respect to the ap-
paratus simply by switching the shutters. In both cases
the scattered light stems from nearly the same parts of
the crystal. According to Fig. 7 for cubic crystals 90 A-
and 90R-scattering geometries select equivalent symme-
try directions.

The 90 A-scattering geometry allows us to use relative-
ly thin samples.?’ Taking advantage of this fact, the
scattering volume often can be located within only one
domain of a polydomain sample yielding data of the
single crystal. We have used this technique to mea-
sure elastic properties of Na(CN),Cl,_, for
x =1,0.87,0.73,0.65 for the noncubic phases. Further-
more, the spatial variation of the shear sound velocity
measured by the 90A-scattering technique (spatial-
resolving Brillouin spectroscopy) can be related to the in-
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homogeneous structure of the sample.

Using a motor-driven scan stage (SC in Fig. 6) the
scattering volume could be displaced through the sample
along R. The displacement could be measured with a
precision of about 3 um; the scattering volume is roughly
1077 cm?. This technique has been used to determine
spatial concentration profiles in Na(CN),Cl, _,.

Often the backscattering technique was used to investi-
gate the elastic properties of mixed cyanide crystals.>®
This method, besides having the advantage of a large
scattering cross section and a small sensitivity to errors of
scattering angles, has the following serious disadvantages:
(i) unfavorable selection rules for the shear wave signal,
(ii) the method generally probes within the scattering
volume differently oriented domains in polydomain sam-
ples, and (iii) contrary to the 90 A-scattering technique
the acoustic wave vector involved depends on the refrac-
tive index and therefore implicitly on the temperature of
the sample.

Provided the 90 4- and the 90R-scattering geometries
have been applied for symmetry equivalent directions of
the cubic crystal, these geometries can be used to deter-
mine the opto-acoustic D°°R function.!”?6?" The DR
function is a sensitive measure for the presence of hyper-
sonic dispersion or in the absence of dispersion, yields
directly the refractive index:!”?’

D%(x ) =({Lf%R(x) /£ x P +1}/2)12, i =1,3.

(3)
X, represents directions of the cubic axes x; (i =1,2) (it is
understood that the acoustic wave vectors q are directed
along the cubic axes x; and x,). As mentioned above, we
can measure the sound frequencies f/°R(q|x,) and
f°4q||x,) simultaneously from the same scattering
volume (Fig. 6). If hypersonic dispersion can be neglect-
ed, this experimental procedure yields besides the
stiffness moduli ¢, and c4, the refractive index n. The
quantity D/°®—n, is a particular sensitive measure for
hypersonic  dispersion. For normal dispersion,
D/°R—n.>0, holds. This probe for acoustic dispersion
effects is of special interest if the phonon line widths are
difficult to obtain or to interpret. This applies to the
present case, particularly around and below the phase
transition temperatures, where strong optical hetero-
geneities appear in the samples producing an additional
broadening of the spectral lines. By means of the D %R
function one therefore derives information on hypersonic
dynamics from the real part of the elastic stiffness.

In order to realize the opportunity to perform Brillouin
measurements below the cubic phase thin samples were
needed to overcome the optical problems (optical multi-
ple scattering) with the polydomain structure (Sec. III).
For this purpose cleaved crystal plates were carefully pol-
ished down to a thickness of about 200 um.

III. RESULTS AND DISCUSSION
A. Pure NaCN
The 90A-scattering method was used to determine the

temperature dependence of the sound velocity of the
transverse hypersonic mode around the cubic-
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orthorhombic phase transition of NaCN. As mentioned
in Sec. II, the 90 A-scattering geometry yields for the cu-
bic phase the correct hypersonic velocities independently
of the refractive index of the sample. Figure 8 shows the
resulting c,, data above 7.=284 K. In this case, for
each temperature the values of the density given in the
literature! were used to calculate the shear stiffness from
the sound velocity data. The c,, data agree excellently
with the Brillouin data of Wang and Satija3® and Boissier
et al.'® but deviate by about +8% from the ultrasonic
data of Haussiihl et al.! The ultrasonic data of Love
et al.'® neither fit the Brillouin data nor the ultrasonic
data of Ref. 1. To ensure that the discrepancies between
hypersonic and ultrasonic measurements are not due to
the quality of the crystals grown in different laboratories,
we used the pulse echo method at 5 MHz to measure ¢4,
on the same crystal used for our Brillouin experiments
(inset in Fig. 8). Our ultrasonic c,, data are in rather
good agreement with those of Ref. 1 although our tem-
perature derivative —dc,/dT is slightly smaller. The
latter discrepancy may be due to increasing mechanical
constraints caused at decreasing temperature by the
different thermal expansions of NaCN and the transducer
including the bond material. To our experience this is a
general problem in measuring the ultrasonic behavior of
plastic crystals and soft glasses giving rise to results that
are to some extent ambiguous. The discrepancies be-
tween ultrasonic and hypersonic data of NaCN have been
attributed either to experimental inaccuracies,'* to im-
purities and domain walls,' or to dispersion effects.!® In
addition, hypersonic and ultrasonic results may suffer
from the existence of mosaic structures (Sec. II). In any
case, our experiments show that the differences cannot be
explained by experimental errors.

The mosaic structure gives rise to spatial distributions
of the cubic axes. As a consequence the apparent aver-
aged stiffness modulus, ¢}, measured by ultrasonics is ex-
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FIG. 8. Temperature dependence of the elastic moduli cyy
and c3; above and below the ferroelastic phase transition of
NaCN. The inset shows data obtained by different experimental
techniques. Open circles: our Brillouin data. Solid line: Bril-
louin values of Ref. 23. Squares: our ultrasonic data. Dashed
line: Ultrasonic data from Ref. 1.
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pected to be larger than c,, of an ideal crystal. The
stiffness modulus ¢/, measured by Brillouin spectroscopy
is expected to be larger than ¢4y, too, if the phonon wave
vector is tilted with respect to the cubic axis of the grain
in the scattering volume. The (quantitative) effect of a
spatial distribution of tilt angles on the experimental re-
sults, depends on the magnitude of the misorientation of
the grains. Tilt angles up to 0.5° between the phonon
wave vector and the cubic axis occuring in our samples
(Sec. II), however, are too small to be resolved experi-
mentally even by our high-performance Brillouin tech-
nique.

Generally the influence of hypersonic dynamics is in-
vestigated by inspecting the “phonon line width.” This
method becomes insignificant if, as in our case, the at-
tenuation is very small. We therefore determined the
opto-acoustic D*°F function from the related sound fre-
quencies (Sec. II). Figure 9 shows the corresponding
squared sound frequencies and the D function. Since the
D function depends linearly on the temperature and ap-
proximates well within the margin of error the refractive
index function n(T)=1.4848—1.1068 X 10 *T (deduced
from density data') there are no indications for hyperson-
ic dynamics in our data even close to 7,. Therefore the
reason for the discrepancies between c% and c/, is not
clear.

According to Fig. 10, the transition entropy appears in
a temperature interval of about 0.5 K around T, showing
a two-peak structure. This indicates that the first-order
transition is smeared out and that the sample under in-
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FIG. 9. Squared frequencies (top) for 904- and 90R-

scattering geometries and the opto-acoustic D function D*R in
NaCN above T,.. Within the experimental accuracy, the D
function fits well to the refractive index data obtained from
literature. A least-squares fit to our data yields the slope of
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FIG. 10. Apparent molar heat capacity of a NaCN single
crystal with a volume of about 10 mm?® around T, measured in
an adiabatic calorimeter at slow continuous heating.

vestigation is inhomogeneous. This behavior may possi-
bly be related to internal stresses caused by the mosaic
structure. The effects discussed here for pure NaCN are
much less pronounced than the corresponding ones in the
mixed cyanide crystals discussed below. Note that the
distribution of T, obtained for large samples in Fig. 10 is
irrelevant for 90 4- and 90R-Brillouin-scattering experi-
ments that probe scattering volumes with a size of only
1077 cm® and that are performed only on monodomain
regions of the samples. The latter fact can always be
checked by using the angular-resolving Brillouin tech-
nique (see Sec. II).

For the orthorhombic phase below T, no c,, data exist
for comparison. The elastic stiffness constant cg, given
for that temperature range in Fig. 8 represents a
quasishear mode. This results from the fact that al-
though the corresponding spectra are obtained predom-
inantly from one domain, we do not know exactly its
orientation with respect to the scattering geometry.
Furthermore, the mass density of the orthorhombic
phase is not known. Therefore we have used the density
at room temperature to calculate the cg; values. The
smallness of cg; confirms the quasitransverse character of
the measured mode.

Taking into account terms up to sixth order in the (sca-
lar) order parameter the phenomenological Landau
theory predicts for phase transitions of first order the fol-
lowing relations between the susceptibilities y respective-
ly their temperature derivatives both taken at T, in the
high- and low-temperatures phases:

X~11T=TCAOZ4X-]IT=TC+() > (4a)
dx ! —_gdx (4b)
dT |1=1,-0 dT |T=T,+0"

The corresponding experimental factors derived from
Fig. 8 are about 5 and 8.2 and thus fit the predictions.
Several theoretical models have been introduced in or-
der to describe the temperature and concentration depen-
dence of the shear stiffness c,,. The theory of Michel'® !
takes into account the (collective) translation-rotation
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coupling and random local strain fields. In other
works®?® extensions of the theoretical results have been
given and discussed. In the high-temperature region all
these models result in the same temperature and concen-
tration dependence, i.e.,

T—Tx[1—x(1—x)T3/T?]

=0 . (5)
M T x[1—x(1—x)T2/T?]

The parameters T, T,, T are related to those defined by
Michel'®!® according to T,=8y,, T,=y,(J +C*), and
Ti=g,h*

Clearly the background value cY, does not reflect
anharmonic properties. For pure NaCN (x =1) Eq. (5)
reduces to

0 T_Tl

(:44:(:44-7,—:7,—2 (6)

According to Fig. 11 the c4, data can be fitted to a linear
temperature dependence, i.e., a Curie-Weiss law with the
Curie temperature 250.5 K and the Curie constant
1.181X 10”7 K/Pa. The accuracy can be considerably
improved if one fits according to Eq. (6). The resulting fit
parameters are c4,=14.9 GPa, T,=253.4 K, and
T,=1436 K. The value given by Boissier et al.'” for T,
is about three times larger than ours. The large value of
T, implies that in contrast to KCN (see Refs. 1, 2, and
31), in NaCN essentially a Curie-Weiss law holds. Since
the deviations from the Curie-Weiss law are small from
the statistical point of view, ¢, and T, in Eq. (6) are not
completely independent. This means that changes in c¢J,
can partially be compensated by corresponding changes
in T,.

The backscattering technique was used to determine
the quasilongitudinal acoustic sound frequency f of
NaCN around the cubic-orthorhombic phase transition.
For this measurement the acoustic wave vector q was
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FIG. 11. Least-squares fit of Eq. (6) to the experimental data
of pure NaCN (bottom). Corresponding residuals (top) are nor-
malized by the standard deviation.
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FIG. 12. Temperature dependence of the squared sound fre-
quency f é, of a quasilongitudinal polarized phonon in NaCN.
The values below the transition temperature correspond to a
quasilongitudinal polarized phonon in the orthorhombic phase.

directed along (0.55,0.84,0) within the crystal. Figure 12
shows the resulting squared sound frequency data above
and below the transition temperature 7, =284 K. As dis-
cussed above, in the case of the shear mode, the tempera-
ture dependence of f <2;1 below T, gives only a qualitative
picture because neither the number of different domains
within the scattering volume nor their orientation with
respect to the scattering geometry is known (disadvan-
tage of the backscattering technique; see Sec. II). Never-
theless, comparing the sound frequency data of the low-
temperature branch in Fig. 12 with those of the shear
phonon below T, it seems clear that the low-temperature
branch of f (21, reflects a quasilongitudinal polarized pho-
non.

B. Na(CN), Cl, _,

As discussed in Sec. II the commonly used Czochralski
growing procedure creates two major kinds of defects
within the Na(CN),Cl,_, crystals: (i) A significant con-
centration profile along the draw axis (Fig. 2)—the con-
centration profile perpendicular to the draw axis, howev-
er, was not known at the beginning of our
investigations—and (ii) a mosaic structure with grains of
diameters up to several millimeters—the cubic axis of
adjacent large grains are inclined to each other. Both
features may obscure the true elastic properties. We have
therefore used the spatial- and angular-resolving Bril-
louin techniques discussed above to determine the distri-
bution of these inhomogeneities in an orthogonal direc-
tion to the crystal grow axis.

90 A-rotation measurements (Sec. II) were used to in-
vestigate the influence of sample inhomogeneities on the
shear stiffness within sample regions slightly larger than
the scattering volume. For this purpose the scattering
volume was located a little bit away from the rotation
axis of the sample holder. Rotating the sample, the
scattering volume moves on a circle with a radius of
about 150 um. Figure 13 shows a typical sound velocity
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— : 500 m/s
FIG. 13. Sound velocity polar plot measured at room tem-
perature (295 K) for Na(CN), ;;Cl, ,; for the phonon wave vec-
tor q oriented in the (x,,x;) plane. ®=<(q,x;). I: Sound ve-
locities of quasilongitudinal sound waves. II: Sound velocities
of quasitransverse sound waves. III: Pure shear mode.

polar plot containing the measured data and a least-
squares fit applied to the Christoffel equation (e.g., Refs.
32 and 33) assuming cubic symmetry. The resulting fit
values are c¢;;=(27.51%£0.03) GPa, ¢, =(15.51%0.02)
GPa, and c,,=(1.303+£0.009) GPa. Within the margin
of error, the measured sound velocities vary completely
continuously as a function of the rotation angle ®. No
breaks have been observed in the sound velocity polar
plots measured on different samples until now. This indi-
cates that on rotating the sample no different grains were
involved having tilt angles greater than 0.5° between each
other. Therefore our Brillouin data can be attributed to
quasimonodomain regions.

Information about sample heterogeneities on a larger
length scale can be obtained with space-resolving Bril-
louin techniques (Sec. II). This technique was used to
measure the elastic shear stiffness perpendicular to the
crystal draw axis. For this purpose we have used cleaved
and polished platelike samples of about 1.5 mm thick-
ness. To protect the sample surfaces against moisture
and to diminish residual surface roughness the samples
were located between glass slides with an immersion
liquid between the sample surfaces and the glass slides.
Then, surface domains as discussed by Gash et al.’*%
are expected not to be observed. Figure 14 shows the
typical dependence of the sound velocity of the
transverse-acoustic mode on the position of the scattering
volume measured along a direction perpendicular to the
draw axis.

One possible explanation relates the strong velocity
gradient observed in Fig. 14 to a considerable concentra-
tion gradient. Figure 17, to be presented below, demon-
strates that at room temperature ¢, is a unique function
of the concentration x. Therefore each sound velocity v,
in Fig. 14 can be related to a value x, thus establishing
the relation between the concentration x and the position
of the scattering volume within the crystal. The concen-
tration shift Ax between the center and the boundary of
the crystal plate would amount to about 3.5%. This cor-
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FIG. 14. Variation of the sound velocity of the transverse-
acoustic mode measured at room temperature along a direction
perpendicular to the draw axis. The relation between the shift
parameter for the scattering volume Ad and the concentration x
is explained in the text. Because of the relation between sound
velocity and CN ™~ concentration, we can attribute the decreas-
ing sound velocity to an increase in CN™~ concentration. The
lowest value for the sound velocity is placed in the center of ro-
tation, where the seed was placed. The mean value in concen-
tration for this sample lies around x =0.75, with a change of
Ax =0.035 from the top to the bottom of the figure.

responds to a concentration gradient of about 0.7%/mm,
which is of the same order of magnitude as was discussed
above (Sec. II) for the concentration dependence along
the draw axis (0.3%/mm).

By means of the phase diagram (Fig. 3) one ascribes the
concentration profile of Fig. 14 to a distribution of phase
transition temperatures 7.. The results of Fig. 14 then
correspond to a T, variation of about 10 K between the
center and the boundary of the crystal plate. This T, dis-
tribution has been confirmed by our high-performance
calorimetric measurements: According to Fig. 15 the ap-
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FIG. 15. Apparent molar heat capacity of Na(CN),Cl,_,
single crystals for x =0.7 (squares) and x =0.84 (circles) around
the phase transitions.
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parent molar heat capacity of Na(CN), ,Cl; ; shows a la-
tent heat distribution over about 10 K. Even larger T,
distributions of about 20 K have been observed for
Na(CN)g 34Clg 6 (Fig. 15).

In addition, the peaks in the apparent molar heat capa-
city (Fig. 15) show some fine structure indicating the ex-
istence of domains with different transition temperatures.
It is assumed that the concentration gradient within each
domain is much smaller than the mean concentration
gradient. Note that also in Fig. 14 some different levels
of nearly constant concentration are apparent confirming
the existence of such domains.

We conclude therefore the existence of pronounced
concentration profiles in any direction of our Czochralski
grown crystals. We believe that this is a general conse-
quence of the growing technique and is not limited to
crystals grown in our laboratory. In this context it would
be of interest to know if other mixed crystals of the same
family grown by the same technique behave differently
from Na(CN), Cl, _, crystals. Because of the small sized
scattering volume used in our 90 A-Brillouin-scattering
experiments, we are sure that our Brillouin data can be
attributed to quasimonodomain regions. On the other
hand, this statement generally does not hold if the physi-
cal informations are obtained from larger parts of the
samples. This is the case, e.g., for caloric, ultrasonic,
neutron-scattering, and NMR measurements.'>2324

We have measured the temperature dependence of the
shear stiffness of Na(CN), Cl,_, for the concentrations
x =0.87, 0.73, and 0.65 by Brillouin spectroscopy (Fig.
16). Equation (5) has been applied to elastic data ob-
tained for temperatures above the phase transition tem-
peratures T,,. For the general case of mixed crystals the
theory contains, besides the variables concentration (x)
and temperature (7), only parameters that are assumed
to be the same for all concentrations. A reasonable way
to determine these universal constants (7, T,, T, and
c9,) is to use them as adjustable parameters in a least-
squares fit applied simultaneously to all data sets corre-
sponding to different concentrations. Because of the
universality of T}, T, and c{,, these values can be taken
from the fit data of the pure system. Figure 16 shows the
measured data for the above-mentioned different concen-

¢, (GPa)

T(K)

FIG. 16. Simultaneous least-squares fit for x =1, 0.87, 0.72,
and 0.65 using Eq. (5). (Explanations are given in the text.)
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trations and the corresponding simultaneously derived fit
curves. The fit parameters obtained with this method are
as follows: T3=221 K2 for the concentrations
x =0.87,0.73,0.65 determined according to Fig. 1 the fit
gives the corrected values x =0.84,0.70,0.67, respective-
ly. Because of the space dependence of the concentration
and the resulting uncertainty of this quantity within the
scattering volume, we also allowed the concentrations to
adjust themselves during the fit procedure, obtaining
corrections on the assumed concentrations. As is seen
from Fig. 16, the fit curves are in rather good agreement
with the measured data in the case of high CN ™~ concen-
trations; the small deviations observed may be attributed
to the neglect of the volume expansion and the inaccura-
cy in the absolute value of the density due to the uncer-
tainty of the concentration used to calculate the shear
elastic stiffness. The concentration corrections are very
reasonable in accordance with the accuracy of our as-
sumed concentrations. For lower CN ™~ concentrations
the theory shows systematic deviations from the experi-
mental values.
From Eq. (5) a critical concentration,

6
T+ 4T3

* —
c

2% @)

defined by the conditions ¢4, =0 and dc,, /dT =0 [Refs.
8(a), 18, and 19] can be calculated. This value is far
below the experimental value x.. This result is to be ex-
pected because the inverse shear stiffness, although
becoming extremely small (Fig. 5), does not diverge at T,.
The question arises whether the systematic deviations
between theory and experiment are due to the imperfec-
tions of the crystals or whether they are due to an inade-
quacy of Eq. (5) for low CN~ concentrations. The fact
that similar problems have been reported by other au-
thors for other cyanide mixed crystals®”3®3¢ may be
taken as a hint that the crystal quality may not be the
only reason for the observed discrepancies. To get a
better agreement between the theory and the experimen-
tal data we introduced in a first step simple linear temper-
ature and concentration dependences for the universal
constants of the model. This approach, however, provid-
ed no improvements. In a second step we tried to im-
prove the fit by adding a term linear in temperature
A(T —T,) to Eq. (5), with 4 and T, depending on con-
centration. Following the same procedure as described
above, we fitted the parameters (7T5,x, 4 (x), T((x)) fixing
the remaining model parameters to those obtained for
pure NaCN. As seen from Fig. 17 the fit is in excellent
agreement with the experimental data. The fit values are
given in Table I. Of course, the modification of Eq. (5) is
empirical and is neither supported by Michel’s theory nor
can be confirmed by an obvious extension of this theory.
In case of x =0.87 and 0.65 we succeeded in measuring
the apparent shear stiffness below T, using thin crystal
plates with a thickness of about 200 um. Figures 5 and
18 show the corresponding data. The transitions seen in
these figures were, in addition, confirmed during the Bril-
louin investigations by a sudden appearance of optically
efficient domains resulting in opaque samples. The
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FIG. 17. Same as Fig. 16, improved by the addition of linear
terms of the form A(T —T,). (For further explanations see
text.)

opaqueness of thin samples, however, is tolerable because
the sample plates consist of optically nearly homogeneous
regions with lateral dimensions of about 150 um. Thus,
the incident laser beam can relatively easily cross the
sample using the 904 technique and allowing thus for
Brillouin measurements on monodomain regions.

Since the densities of these samples are approximately
known only at room temperature, we used these values to
compute the c,, data for the whole temperature range.
For the sample with x =0.87, Brillouin experiments
could be done for the cubic, the thombohedral, and the
orthorhombic phases. The transition temperatures deter-
mined with this method agree well with those measured
using DSC (Fig. 3). The discontinuous elastic behavior
confirms the first-order character of the phase transition.
In addition, the c,, modulus tends to saturate with de-
creasing temperature below both transitions. For the
same reasons as discussed in the case of pure NaCN, the
c44 values below both transition temperatures can be in-
terpreted only on a semiquantitative level.

As expected from Fig. 4, the amplitudes of the elastic
discontinuities occurring at the ferroelastic phase transi-
tions decrease with decreasing CN~ concentration.
From the temperature behavior of the shear stiffness ¢4,
measured at a sample of x =0.65 (Fig. 5), no elastic
discontinuity was observed although a first-order phase
transition is still present (Fig. 4). The c4(T) curve
behaves almost as in the glassy state.’

Despite the reduced optical quality of the sample with
x =0.65 an attempt was made to measure the hypersonic
attenuation in the transition region. Approaching the

TABLE 1. Values of fit parameters used in modification of
Eq. (5).

Concentration
Assumed  Corrected 4 (MPa/K) T, (K) T3 (K?)
0.87 0.83 1.6 288 425
0.73 0.71 1.7 286.9
0.65 0.67 0.69 323.4
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FIG. 18. Elastic stiffness coefficients c,4 of Na(CN)g 5,Cly 13
above and below the two transitions, cubic rhombohedral and
rhombohedral orthorhombic. ¢} and c$; represent quasi-
transverse polarized acoustic modes propagating within the
low-temperature rhombohedral and orthorhombic phases, re-
spectively.

phase transition T, from above, the phonon line width
continuously increases. A certain part of this line
broadening may be due to an increasing spread of the
light beams within the sample due to interferences with
domain boundaries at the border of the scattering
volume. The hypersonic attenuation maximum appears
about 10 K below T, at a frequency of about 1.15 GHz
(Fig. 5). Taking into account that the sample reflects al-
most the glassy state it turns out that the dynamic glass
transition temperature T;y" (=147.5 K) is defined by the
hypersonic loss maximum (w7=1) rather than by the
often used temperature of the c44(7) minimum.

IV. CONCLUSIONS

The elastic properties of Na(CN), Cl,_, mixed crystals
were investigated in the concentration range 1= x 2 0.65
by high-performance Brillouin spectroscopy. Whereas
the pure system NaCN shows a strong first-order ferro-
elastic phase transition, the critical concentration
x, 50.65 characterizes the transition from a discontinu-
ous phase transition to a continuous glass transition. The
temperature and concentration dependences of the shear
stiffness c44 reflecting the extremely elastic softening near
the phase transition resembles those of other members of
the same group of crystals with the composition
M(CN),Y,_,. On the whole, a description of the elastic
data of the high-temperature phase is possible by current
theoretical models. With decreasing concentration Xx,
however, increasing systematic deviations become ap-
parent that might be caused at least partly by (i) spatial
concentration variations on a mesoscopic scale, (ii) a re-
normalization of the shear stiffness ¢4, due to relaxation
processes at hypersonic frequencies, and (iii) a limited va-
lidity of the theoretical models for the class of materials
under consideration.

As shown by space-resolving Brillouin studies of ¢4y,
significant spatial concentration gradients exist in every
direction of Na(CN),Cl,_, samples, which are an una-
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voidable consequence of the crystal growth technique ap-
plied and which principally cause a distribution of
phase-transition temperatures in a macroscopic sample.
Consequently the significance of results obtained on mac-
roscopic samples is limited. This is corroborated by the
reported caloric behavior. On the other hand, space-
resolving Brillouin spectroscopy can be used to select
sufficiently small scattering volumes that represent
quasihomogeneous parts of the sample. It should be
clarified by further investigations to which extent the
physical properties of these quasihomogeneous parts are
altered by their surroundings having different concentra-
tions. The effect of hypersonic relaxation processes on
the elastic shear stiffness as revealed by measurements of
acoustic attenuation coefficients and opto-acoustic disper-
sion functions plays a significant role only for concentra-
tions close to and below x.. Hypersonic relaxation pro-
cesses are therefore not the main sources for the devia-
tions observed between the experimental data and the
theoretical models.

The space-resolving Brillouin technique made it possi-
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ble to measure the continuation of the shear mode below
the orientational disordered cubic phase. The c,, discon-
tinuities occuring at the ferroelastic transitions decrease
with decreasing CN ™~ concentration and vanish close to
the critical concentration x.. In addition, the tendency
of the shear stiffness c,4(T) to saturate at lower tempera-
tures disappears close to but above x,. These results indi-
cate that the physical properties of Na(CN),Cl,_, mixed
crystals still undergoing phase transitions already reflect
properties of the glassy state appearing at x <x_.. Thus,
detailed Brillouin investigations of these systems at con-
centrations for which the glass transition occurs are high-
ly desirable.
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