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(NaCN),_,(KCN), mixed crystals with concentrations x =0.85 and 0.59 have been investigated
by elastic and inelastic neutron scattering, x-ray diffraction, and dielectric techniques. Both crystals
exhibit neither quadrupolar nor dipolar long-range order down to the lowest temperatures. Howev-
er, the slowing down of the dipolar and the quadrupolar relaxation behaves very differently in the
two samples investigated. In (NaCN), ;s(KCN)ogs the freezing-in of the quadrupolar degrees of
freedom is a cooperative effect which is dominated by strain-mediated interactions. The resulting
low-temperature state is characterized by frozen-in orientational correlations and frozen-in lattice
strains. In (NaCN)g4;(KCN)y 5o the experimental results on the dynamics of the quadrupolar freez-
ing are indicative of single-ion behavior where the slowing down of the molecular reorientations is
completely due to thermal activation across the hindering barriers of the crystal field set up by the
neighboring Na* and K+ ions. Consequently the low-temperature state for x =0.59 is character-
ized by quenched quadrupolar disorder, i.e., independently frozen-in single CN~ ions. An analysis
of the static dielectric susceptibilities demonstrates that dipolar interaction forces are negligible in
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(NaCN)g 4;(KCN)y 59 while significant

deviations

from a Curie-type behavior exist in

(NaCN) 15(KCN)p g5 indicating the onset of short-range electric order near 70 K.

I. INTRODUCTION

The alkali cyanide alkali halide mixed crystals
(KBr),_,(KCN), (Ref. 1), (KCI);_,(KCN), (Ref. 2), and
(NaCl), _,(NaCN), (Ref. 3) show fascinating (x,T) phase
diagrams. The room-temperature structure is the NaCl
type, with the CN~ molecules being rotationally disor-
dered. In these high-temperature phases the CN™ ions
undergo fast reorientations. At low temperatures a rich
variety of crystallographic phases exhibiting orientational
and electric long-range order has been reported.'~> The
elastic phase transitions are triggered by a linear coupling
of the quadrupolar relaxations, i.e., the reorientations of
the aspherical CN™ molecules, to the lattice strains.
However, over wide concentration ranges these crystals
remain in a quadrupolar disordered state with frozen-in
random CN~ orientations and frozen-in lattice strains.
Due to a weak dipole moment of the CN™ molecule (0.3
D) the dipolar relaxation is only a secondary process fol-
lowing the primary relaxation kinetics which is character-
ized by a cooperative freezing of the quadrupolar degrees
of freedom.® The onset of the low-temperature quadrupo-
lar frozen-in state is signaled by anomalies in the tempera-
ture dependence of the quadrupolar susceptibilities®~'?
which show striking similarities with the spin-glass transi-
tion.!* In addition, it has been found that the low-
temperature thermodynamic,'*~!7 ultrasonic,'® and dielec-
tric'® properties are analogous to those found in canonical
glasses and in amorphous solids.”~2! At present, enor-
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mous theoretical efforts are being undertaken to describe
this low-temperature state in the framework of orienta-
tional,?>2* quadrupolar,?* Potts,? or canonical'"?¢ glasses.
The first theoretical approach showing that strain defects
in alkali halides can produce a glassy low-temperature
state has been outlined by Fischer and Klein.?’

Recently, it has been shown that (NaCN),_,(KCN),
mixtures exhibit an orientationally disordered, low-
temperature state in a concentration range 0.15<x
<0.89.22 This is an unexpected result as the pure
cyanides, NaCN and KCN, respectively, show two con-
secutive phase transitions where the CN~ ions undergo an
elastic and an electric ordering process. An (x,7) phase
diagram, as experimentally determined by Liity and
Ortiz-Lopez,?® is shown in Fig. 1. The shaded areas mark
the regions of elastic order; the antiferroelectric transition
temperatures for the pure cyanides are also indicated.
The steep decrease of the phase-boundary lines with the
alkali-metal substitution is a remarkable feature of this
phase diagram. Already, a 10-at. % substitution of the
potassium ions by sodium ions and vice versa suppresses
the elastic and the electric order.

In KCN and NaCN the CN ™ molecules are surrounded
by alkali-metal ions in an octahedral symmetry. In this
cubic crystal field the CN~ ions perform reorientational
jumps between equivalent symmetry directions. These
reorientational excitations are coupled to the translational
modes driving the elastic phase transition.”? 32 Obvious-
ly, in (NaCN); _,(KCN), the substitution of the large K+
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FIG. 1. Approximate (x,7) phase diagram of

(NaCN); _,(KCN), after Liity and Ortiz-Lopez (Ref. 28). The
hatched areas indicate the elastically ordered regions. For the
pure cynanides the phase-transition temperatures into the elasti-
cally (00) and electrically (O ) ordered states are indicated.

ions (r=1.33 A) by the smaller Na* ions (r =0.98 A)
introduces a strong disturbance of the crystalline field,
thereby effecting the rotation-translation coupling and
changing the dipolar and the quadrupolar relaxation ki-
netics, which culminates in the fact that these crystals do
not show ferroelastic ordering despite a 100-at. % CN~
concentration.

In this paper we present a detailed experimental investi-
gation of (NaCN), _,(KCN), crystals with concentrations
x =0.85 and 0.59 using x-ray- and neutron-scattering
techniques as well as dielectric measurements. Both crys-
tals investigated stay cubic down to the lowest tempera-
tures and exhibit neither a quadrupolar nor a dipolar
long-range-ordered state of the CN~ molecules. Howev-
er, we found that the two samples behave rather different-
ly: The 85-at.% crystal shows a strong rotation-
translation coupling. The freezing, as measured in an
inelastic-neutron-scattering experiment at THz frequen-
cies, occurs at- T'=100 K. At this temperature the shear
modes have almost completely softened and the low-
temperature state exhibits frozen-in orientational correla-
tions and frozen-in lattice strains very similar to the find-
ings in (KBr);_,(KCN), with a concentration x =0.5.”
(NaCN)g 4(KCN)g 5o exhibits a much weaker coupling of
the molecular reorientations to the translational excita-
tions, giving only a weak-strain-mediated interaction be-
tween neighboring CN ™ molecules. In addition, the freez-
ing sets in at higher temperatures, indicating higher bar-
riers against quadrupolar relaxation. The shear modes un-
dergo no significant softening and, consequently, the
freezing-in is, in the first respect, a single-ion
phenomenon and the low-temperature state is only a
weakly disturbed cubic fcc lattice.

In the neutron-scattering experiments no indications of
long-range electric order could be detected for x =0.59 or
for x =0.85. The dielectric measurements, however, indi-

cated that for (NaCN)g ;5(KCN)g g5 the static dipolar sus-
ceptibility deviates from a Curie-type behavior, as expect-
ed for noninteracting CN~ dipoles. Obviously, in this
crystal dipolar interaction forces contribute to the dipolar
freezing-in process and establish short-range electric order
for T<70K.

II. EXPERIMENTAL DETAILS AND RESULTS

The crystals have been grown at the Crystal Growth
Laboratory of the University of Utah using the Kyro-
poulos technique starting from zone-refined KCN and
NaCN. The composition of the melt for the two crystals
investigated was x =0.75 and 0.5. The actual concentra-
tions were determined at the University of Utah using
atomic-absorption spectrophotometry.

The quality of the crystals was investigated using
x-ray- and neutron-scattering diffraction techniques.
(NaCN),, ;5(KCN)y gs was a high-quality single crystal
with a mosaic spread of less than 20°. The
(NaCN)g 41(KCN)g 59 crystal was of minor quality, show-
ing a rocking curve with a full width at half maximum of
2° including a number of misoriented grains. However, at
room temperature both crystals exhibited unambiguously
a single-domain rocksalt structure with lattice constants
a=6.390 A (x=0.85) and 6.235 A (x=0.59). We
could not detect any decomposition due to a miscibility
gap. The occurrence of a miscibility gap at concentra-
tions near x =0.5 has been reported by Truthe® in an ear-
ly calorimetric investigation of KCN:NaCN mixtures.

A. X-ray diffraction

Powders were prepared by grinding pieces of single
crystals of (NaCN),_,(KCN),. The powders then were
sprayed onto a Si(100) wafer and held in place by soaking
them with a small amount of vacuum grease. The platelet
was attached to the cold plate of a closed-cycle refrigera-
tor which was equipped with a Be cylinder allowing the
passing of the x rays. The x rays emerged from a Cu tube
operated at 40 kV and 20 mA. A graphite monochroma-
tor was set to reflect the K, component (1.542 A). The
powder spectra were measured using a flat position-
sensitive detector. In the geometry chosen, the detector
spanned an arc of approximately 20° in the scattering an-
gle 26. Each sample was investigated at different detector
settings.

Figures 2 and 3 show typical results at higher scattering
angles, demonstrating the temperature dependence of the
(331), (420), and (422) Bragg reflections for both samples
investigated. At room temperature, well-defined Bragg
peaks were detected. In (NaCN), 4;(KCN)j 5o these cubic
powder lines are well defined at all temperatures. How-
ever, for the concentration x =0.85 an enormous
temperature-dependent increase of the linewidth becomes
apparent. The broadening of the linewidth is strongly
momentum-transfer dependent. At low temperatures and
high scattering angles the spectra show no clear Bragg
peaks. The analysis of the scattering-angle dependence of
the linewidth A6 yields some information concerning the
origin of the observed broadening effect.>* According to
fragmentation theories, particle-size effects yield an in-



1240 LOIDL, SCHRADER, BOHMER, KNORR, KJEMS, AND BORN 34

(NaCN)g iy (KCN)g g6

g 280K "w22) ]
6t |
A 1» ( 3?1 )(4:.2..0) i
2 !“_______ - R q
L
l 100K ©
w b 1
E
(@] | .
(&) 2 L .:". 4
",9 .....—a". o~ S v
4Lr 50K .
20 £t .
,a'. "~" o ..'. '.____4.
O " 1 S JJ

100 200 300 400
channel number

FIG. 2. Parts of the powder spectra of (NaCN)g 4;(KCN)y 59
as determined by x-ray diffraction, displaying some cubic fcc
powder lines at three temperatures. One channel equals 0.04° in
26.
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FIG. 3. Parts of the x-ray powder spectrum of

(NaCN)y,1s(KCN)o s displaying the extreme broadening of the
cubic powder lines with decreasing temperatures. One channel
equals 0.04° in 26.
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FIG. 4. Temperature dependence of the apparent width of
selected powder lines in (NaCN), ;5(KCN)o gs measured by x-ray
techniques.

crease of the linewidth like A6« 1/cos@ which is not ob-
served in the present x-ray experiment. A distribution of
lattice parameters around an average pattern produces an
increase of the linewidth according to A6 «tanf. This
seems to be a more adequate description of the experimen-
tal results and could be explained through the onset of
random strains centered around zero strain. This distri-
bution of frozen-in random strains introduces a distribu-
tion of lattice parameters around the cubic lattice of the
high-temperature phase. At present, single-crystal dif-
fraction studies are performed to study this line-
broadening effect in more detail. From the present results
we conclude that at temperatures below 50 K the scat-
tered intensities are indicative for a sample with no long-
range order. These results are similar to the results as ob-
tained in (KBr)y 47(KCN)g 53.3* A summary of the x-ray
results in (NaCN)y 5(KCN)ygs showing the strong
scattering-angle-dependent broadening of the diffraction
lines is given in Fig. 4. The breakdown of true long-range
order appears at 100 K. The width of the diffraction
lines, a direct measure of the distribution of random
strains, increases steadily as the temperature is lowered
further.

B. Neutron diffraction

Powders prepared from the same single crystals used in
the x-ray study have been investigated by neutron diffrac-
tion also. These experiments were carried out at the mul-
tidetector diffractometer R 1 located at the thermal neu-
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FIG. 5. Observed neutron-diffraction pattern for
(NaCN);.4{(KCN)g 50 at 280 and 2 K. The solid line is only a
guide to the eye. Note the change of scales in the second half of
the spectra.

tron source of the BER II reactor at the Hahn-Meitner-
Institut fir Kemforschung, Berlin, with an incident-
neutron wavelength A=1.21 A. The results are shown in
Figs. 5 and 6. Again, as in the x-ray experiments, the
well-defined diffraction lines of a cubic fcc lattice can be
observed in (NaCN)g 4;(KCN)q 5o at all temperatures. Due
to the form factor of the CN ™ ions, the scattered intensi-
ties at higher momentum transfers are weak and the (331)
reflection is undetectably small. For (NaCN)g 15(KCN)g gs
the diffraction pattern for temperatures T <100 K show
large contributions due to thermal diffusive scattering
processes which increase with decreasing temperatures.
At T =2 K large and anomalous, broad quasielastic in-
tensities in addition to the Bragg lines are indicative of
frozen-in lattice strains. However, even at the largest
scattering angles, well-defined Gaussian contributions due
to Bragg scattering are superimposed onto the quasielastic
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FIG. 6. Observed neutron-diffraction pattern for
(NaCN)g.15(KCN)gss at 280 and 2 K. The solid line is only a
guide to the eye. Note the change of scales in the second half of
the spectra.
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scattered intensities, contrary to the findings in the x-ray
experiments.

In both samples no extra peaks due to an ordering of
the CN~ molecules with respect to head and tail could be
detected. From the neutron-scattering results we can ex-
clude any phase transition into a low-temperature state ex-
hibiting long-range elastic or electric order.

At present, we can offer no explanation for these ob-
served differences in the x-ray and neutron powder spec-
tra. However, one should keep in mind that the x rays
probe the alkali-metal ions K* and Na™*, while the scat-
tered neutrons, in the wave-vector region investigated, are
sensitive to the positions of the CN~ sublattice. Both re-
sults could be explained assuming that only the alkali-
metal sublattice has lost long-range translational order,
while the center-of-mass sublattice of the CN~ molecules
still occupies the cubic lattice sites of the high-
temperature phase.

C. Inelastic-neutron-scattering investigations

The inelastic-neutron-scattering experiments were per-
formed on a triple-axis spectrometer located at the cold-
neutron source of the DR3 reactor at the Risp National
Laboratory. All the scans were performed in the (011)
scattering plane with the constant-Q mode of operation.
The outgoing energy was held constant at 5 meV (A=4.05
A). To avoid higher-order contaminations, a cooled
beryllium filter was used. The collimation was 60" before
and after the monochromator and analyzer crystals.

In these experiments we followed the temperature
dependence of the neutron groups as measured at
q/qzs=0.1 (ZB denotes zone boundary) in the [100]TA
branch with a sound velocity proportional to the elastic
constant c4. Some raw data for (NaCN)g 4 (KCN)g sg
and (NaCN),, ;s(KCN)g gs are shown in Figs. 7 and 8. In
the crystal with a potassium concentration of x =0.59, a
nearly-temperature-independent neutron group is located
at iw=0.55 meV. A slight increase of the narrow central
line is detectable as the temperature is decreased. The
crystal with a concentration x =0.85 exhibits a very dif-
ferent behavior. From room temperature down to 100 K
the neutron group as measured along [100]TA undergoes
a considerable softening, passes through a minimum, and
increases again as the temperature is lowered further. For
T < 100 K the scattered-neutron line shapes are broadened
and a dominant narrow central line appears. The
linewidth of this central peak is determined by the resolu-
tion of the spectrometer at all temperatures. The findings
in (NaCN)g, ;s(KCN)y g5 are very similar to the data col-
lected in (KBr) s(KCN)ys.” Here the growth of the cen-
tral line was related to the temperature behavior of the or-
der parameter of an orientational glass phase.”?

Figure 9 shows a scan through the (111) Bragg reflec-
tion at low and high temperatures. As deduced from
these measurements, the full width at half maximum is
temperature independent within the experimental error.
However, strong thermal diffuse intensities appear at low
temperatures, corresponding to the central line in Fig. 7.
The quasielastic line exhibits a significant asymmetry, in-
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FIG. 7. Neutron-scattering line shapes in T, symmetry in
(NaCN)g.4/(KCN)g 5o at different temperatures. The solid lines
are results of fits of a relaxational model to the experimentally
observed line shapes. The open symbols indicate the regions
where excess intensity is picked up from the (111) Bragg reflec-
tion as a result of the finite resolution.

dicative of a bilinear coupling of rotations and transla-
tions.??

In order to analyze the experimental data, we fitted the
observed neutron line shapes using a pseudospin ap?roach
in the relaxational limit as developed by Silverman.’® The
resulting model is very similar to that derived from a mi-
croscopic approach by Michel et al.?#?*% and by Sahu
and Mahanti.’? It has already been successfully applied to
coupled rotational and translational excitations in
(KBr), _,(KCN), (Ref. 13) and CsCN (Ref. 36). In this
approach the quadrupolar susceptibility X () in the relax-
ational limit is given by’

1 1
kgT 1+ioT’

X(w)= (1)

where o is the measuring angular frequency and 7 is the
relaxation time. The pseudospin susceptibility can be cou-

pled to the translational excitations via the one-phonon
propagator
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FIG. 8. Neutron-scattering line shapes in T, symmetry in
(NaCN)o, 15(KCN)g gs at different temperatures. The solid lines
are results of fits of a relaxational model to the experimentally
observed line shapes. The open symbols indicate the regions
where excess intensity is picked up from the (111) Bragg reflec-
tion as a result of the finite resolution.
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FIG. 9. Quasielastic scan through the (111) Bragg reflection
in (NaCN)o,;5(KCN)g 35 at room temperature (O) and at 18 K
(O). Only the lower part of the scattered intensities is shown.
The full width at half maximum is temperature independent
within the experimental error.
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TABLE 1. Parameters Ts and I" determined from the fits of
the relaxational model to the observed neutron line shapes in
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Here, w, is the undisturbed quasiharmonic frequency of a
given translational mode with wave vector q which is
decoupled from the rotational excitations. kzTg is the
rotation-translation coupling. For small phonon wave
numbers the coupling is proportional to w3.'*** The in-
tensity of the central line, which is a direct measure of the
order parameter of the glass state,?? is an extra feature of
the scattered-neutron line shapes and cannot be explained
within the framework of the relaxational model.

Only three relevant parameters enter into the fitting
procedure; namely, the undisturbed phonon frequency wy,
the relaxation rate I'=1/7, and the rotation-translation
coupling kpTs. The solid lines in Figs. 7 and 8 are the re-
sults of these fits. The parameters as deduced from the
analysis are given in Table I. The quasiharmonic phonon
energy fiw, was estimated from a fit to the sound veloci-
ties as determined from the temperature dependence of
the centers of the observed neutron groups and then kept
fixed. This will be discussed later in more detail. In the
temperature range 300 < T < 100 K and for x =0.85, the
rotation-translation coupling (Ts=95 K) and the relaxa-
tion rate (A=1.5 meV) are temperature independent.
For T<100 K, Ts and I" decrease. The decrease of the
rotation-translation coupling indicates that now the ma-
jority of the CN~ ions relax too slowly to respond within
the time window of the neutron-scattering experiment.
However, the decrease of the coupling constant T and
the relaxation rate I' are too smooth and far too small
compared to the temperature dependence of a thermally
activated reorientation process over the hindering barrier
of the crystal field. A broad distribution of relaxation
times could explain the experimentally observed behavior.

FIG. 10. Squared phonon frequencies and quasielastic scat-
tered intensities at Q=(1.1, 1, 1) versus temperature, displaying
the freezing process in (NaCN)g 4/(KCN)g 5. The solid line is a
fit of a Curie-Weiss law to the experimental data points. The
dashed line is a guide to the eye only. Different symbols refer to
different experimental setups.
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FIG. 11. Upper part: squared phonon frequencies as mea-
sured at Q=(1.1, 1, 1) in (NaCN); ;5(KCN), gs versus tempera-
ture. The solid line represents a Curie-Weiss fit. Lower part:
quasielastic intensities measured along (1+§, 1, 1) at different
temperatures. £=0.075 ({), 0.1 (@), 0.12 (), 0.15 (0), 0.2
(A), and 0.3 (O). The dashed lines are guides to the eye only.
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Similar effects, although much less pronounced, were
detected for (NaCN); 4;(KCN)g so.

A summary of these measurements, namely the tem-
perature dependence of the squared phonon energies
which is a measure of the elastic constant c44 and of the
intensities of the central line of all scans along [100]TA, is
shown in Figs. 10 and 11. For both concentrations the
sound velocity passes through a minimum (x =0.85,
T=100 K; x=0.59, T=130 K). The effect is easily
detectable in (NaCN)g s(KCN)g g5, while it is within the
error bars for x =0.59. Equally strong differences appear
in the increase of the intensities of the central line. How-
ever, in both samples the quasielastic intensities appear at
the temperature of the minimum sound velocities and in-
crease as the temperature is lowered further. In Fig. 11
the wave-vector dependence of the central line is also indi-
cated.

The solid lines in Figs. 10 and 11 show the results of
fits of a Curie-Weiss law to the temperature dependence
of the elastic constants c44 using

Cas=cU(T —TH)NT —T¢) . (3)

The rotation-translation coupling kpTs gives the ficti-
tious transition temperature Tg, where c4 would vanish
if the phase transition is of second order. T is the
clamped transition temperature. Here the molecules
would order in the absence of the rotation-translation cou-
pling. T¢ includes direct electric interactions and indirect
interactions mediated via optical phonons.’?> With T¢=0,
Eq. (3) can be deduced from the poles of the denominator
of Eq. (2), and this formalism has been used to determine
the quasiharmonic phonon frequencies in the analysis of
the scattered-neutron line shapes.

The parameters of these fits using Eq. (3) are listed in
Table II, together with the parameters obtained in KCN
(Ref. 37) and NaCN (Ref. 38). Table II shows that the
rotating-translation coupling in (NaCN);_,(KCN), is a
factor of 2 smaller for x =0.59 compared to x =0.85. At
present, the very small value of the elastic background
constant ¢y, cannot be explained. It is interesting to note
that for the x =0.59 sample the fit yields a clamped tran-
sition temperature Tc of approximately 0 K, which
means that the quadrupolar molecular susceptibility fol-
lows a Curie law. However, we have to admit that the fit
for x =0.59 relies essentially on six data points and the

TABLE II. Parameters as determined from a fit of a Curie-
Weiss law to the temperature dependence of the squared phonon
frequency measured at g/qzgs=0.1 along [100]TA at tempera-
tures T > Tr. The parameters for the pure cyanides were taken
from Refs. 37 (KCN) and 38 (NaCN).

ch Ts Tc

x (10" dyncm?) (K) (K)

1 5.24 151 —230
0.85 45+0.2 100+5 —220+30
0.59 1.6£0.2 55+5 0130

0 9.5 262 —694

resulting values of ¢, and T, should not be taken too
seriously.

From the analysis of the x-ray and neutron data we
conclude that (NaCN)g s(KCN)ggs exhibits a strong
rotation-translation coupling which is, however, some-
what lower than in pure KCN. The transition into an
elastically long-range-ordered state is prevented by a
freezing-in of the CN~ ions. The onset of strong quasi-
elastic scattering at the freezing temperature T, shows
that, analogous to (KBr)y s(KCN)jg s, this freezing process
is a cooperative phenomenon establishing orientational
short-range order®” and destroying the translational long-
range order of the center-of-mass lattice.’* In
(NaCN)p.15(KCN)y gs the contribution of the single-ion
crystalline anisotropy to the effective hindering barriers is
still small. The freezing is driven by the quadrupolar in-
teraction forces,3° but the Na*t defect concentration is
high enough to suppress long-range orientational order.
In (NaCN), 4(KCN)g 59 the rotation-translation coupling
is further weakened and the freezing-in process starts al-
ready at higher temperatures, indicating higher hindering
barriers against molecular reorientations. In this mixed
crystal the high hindering barriers are due to the strong
anisotropy of the crystal field created by the substitution
of K+ through Na* ions with a concentration of approxi-
mately 50 at. %. The strongly noncubic crystalline field
forces the CN~ molecules locally into preferred orienta-
tions and, consequently, the quadrupolar freezing is
predominantly a single-ion phenomenon. At low tem-
peratures we find randomly quenched CN~ orientations.

D. Dielectric investigations

Using inelastic-neutron-scattering techniques we probed
the dynamic quadrupolar susceptibility of the CN™ mole-
cules. From elastic neutron diffraction we know that no
electric long-range order is established in the two samples
investigated. To gain some insight into the dynamics of
the dipolar freezing, we performed dielectric measure-
ments. Real and imaginary parts of the dielectric con-
stant were recorded automatically using a multifrequency
LCR meter in a frequency range 100 Hz <v < 100 kHz.
Some representative results of the frequency and tempera-
ture dependence of the dielectric constant €’(v) and the
dielectric loss €'(v) are shown in Figs. 12—14. With de-
creasing temperatures, the dipolar relaxation slows down,
resulting in dispersion in the real and a loss peak in the
imaginary part of the complex dielectric constant e(v).
The maximum in the dielectric loss appears at oT=1 de-
fining the temperature, where the molecular relaxation
rate 1/7 equals a given measuring angular frequency w.
Figure 12 shows the temperature dependence of the real
part of the dielectric constant €' in (NaCN)g 4;(KCN)g s9
for different measuring frequencies. The competing con-
tributions of a 1/T Curie term of the static dielectric sus-
ceptibility and the decrease of €'(v,T) due to dispersion ef-
fects give well-defined cusps which are shifted to lower
temperatures with lower measuring frequencies. Similar
results were observed in (NaCN), ;5(KCN), gs. However,
in this crystal no well-defined 1/7 dependence of €' was
detectable at temperatures above the dispersion regime.
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FIG. 12. Normalized real part of the dielectric constant €'
for (NaCN)g 41(KCN),.so versus temperature. € is the dielectric
constant €'(T—0 K)=7 (Ref. 28). The inset shows an enlarged
section around the cusp maxima (O, 1 kHz; V¥, 2 kHz; @, 4 kHz;

W, 10 kHz; ¥/, 20 kHz; O, 40 kHz; + , 100 kHz).
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FIG. 14. Normalized imaginary part of the dielectric con-
stant €”'(v) versus the logarithm of the measuring frequency in
(NaCN), 15(KCN)ggs (upper half) and (NaCN)g 4 (KCN)g so
(lower half) at different temperatures. Differences between ex-
perimental and calculated results reflect the limited resolution of

the LCR meter at lower frequencies.

Figure 13 demonstrates the frequency dependence of the
normalized real part of the dielectric constant in
(NaCN)j.15(KCN), g5, where the ionic and electronic con-
tribution €, has been subtracted. € was assumed to vary
with T as in the reference systems KBr and NaBr.*’ Us-
ing this procedure, the complex dielectric constant only
contains information that originates from the orientation-
al motion of the CN~ dipoles. These data are shown at
temperatures where the dispersion effects are important.
In both crystals the imaginary part of the dielectric con-
stant €”’(v,T) exhibits well-defined, frequency-dependent
loss peaks. In Fig. 14 the frequency dependence of €” is
plotted for both crystals investigated at different tempera-
tures. As expected from the smeared-out steps in the real
part of the dielectric constants, the loss peaks are rather
broad, indicating that the single-particle Debye model is

not applicable.

A detailed dielectric investigation of the
(NaCN), _,(KCN), system has been performed by Ortiz-
Lopez®® and by Liity and Ortiz-Lopez.?® Our results as
shown in Figs. 12—14 basically agree with their experi-
mental findings. We mainly were interested in the tem-
perature dependence of the static dielectric susceptibilities

to draw some conclusions concerning the dielectric order-

FIG. 13. Normalized dielectric constant €'(v) minus the nor-
malized contributions from the ionic and electronic polarization
€, versus logov. € is the dielectric constant (T —0 K)=5.8
(Ref. 28). The solid line is the result of the fit using a sym-
metric distribution of relaxation times as described in the text.

ing process, bearing in mind that both pure cyanides order
antiferroelectrically, namely NaCN at 172 K and KCN at

83 K.
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Interactions of the dipoles, whether with the alkali-
metal sublattice or with other dipoles, account for a
behavior different from the Debye relaxation. The
single-particle Debye model predicts a half width of the
dielectric loss of about 1.14 decades in frequency and a
step in the dielectric constant essentially in the same re-
gime. Several approaches have been developed to treat de-
viations from the Debye case, namely empirical descrip-
tions utilizing distributions of relaxation times and ex-
planations in terms of a Gaussian distribution of energy
barriers. We have chosen the concept introduced by Cole
and Cole*' using a Debye formalism including a sym-
metric distribution of the relaxation times,

4mX,

© = T . i—a -’ 4)
1+(iwr)' ™

€lw)—e
Here, X, is the static dielectric susceptibility and 7 is the
most probable dipolar relaxation time. The temperature
dependence of 7 can be described using an Arrhenius law:

T=(2mvo) " exp . (5)

kpT

vy is the attempt frequency and E the height of the
hindering barrier against dipolar reorientations, i.e., 180°
flips. The introduction of the parameter a describes a
symmetric broadening of the Debye loss peak and an
equivalent smearing out of the dispersion step in the real
part of the dielectric constant. The width parameter a
can be transformed into the corresponding width W of
the dielectric loss via

W =2arccosh[2+sin(7ma/2)]/(1—a)/In(10) . (6)

A fit of the real and the imaginary parts of the dielectric
constant using Eqgs. (3) and (4) gave a good description of
the experimental results. The solid lines in Figs. 13 and
14 are the results of these fits. For a given concentration
we used a unique set of parameters E and vy to fit the real
and imaginary parts of the dielectric constant in the com-
plete temperature range. The hindering barrier E and the
attempt frequency vy, as determined for both crystals, are
given in Table III. In addition, the parameters for KCN
and NaCN, as determined from dielectric measurements

TABLE III. Dipolar hindering barriers E and attempt fre-
quencies vp in (NaCN);_,(KCN),. The parameters for x =1
and O in the elastically ordered phase (EO) were determined
from dielectric measurements by Liity and Ortiz-Lopez (Ref. 28)
and by Liity (Ref. 42). The data in the pure cyanides in the
disordered high-temperature phase (DO) were determined using
NMR techniques (Ref. 43).

E/kg (K) vo (Hz)
x EO DO EO DO
1 1859 407 1.6 10 3.7x 10"
0.85 1271 2.8x 10"
0.59 1677 1.5x 10"
0 3254 709 1.6 10" 4.7x 10"
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in the elastically ordered phases (Refs. 28 and 42) and
from NMR measurements in the high-temperature disor-
dered phases (Ref. 43), are included.

The logarithm of the width of the loss peak, W, that
corresponds to the Cole-Cole parameter a, is shown in
Fig. 15. For both crystals the width of the dielectric loss
is much broader than the Debye width and increases with
decreasing temperatures. W is significantly larger for
x =0.59.

Information concerning the static dielectric susceptibili-
ty X, can be deduced from the dispersion of the real part
[€¢'(v)—e, for v—0] and from the area of the loss peak
which is directly related to the static dipolar susceptibili-
ty. In addition, at higher temperatures, where the dipolar
relaxation rates are much higher than the measuring fre-
quencies, X; can be directly deduced from €'(T) after a
suitable background subtraction. The inverse static sus-
ceptibility as derived from this analysis is presented in
Fig. 16. For x =0.59 the complete temperature range
(40< T <175 K) can be described using a Curie-Weiss
law,

X;/6=C/(T —-0), (7

with C=1.9 K and ®= —30 K, indicating nearly para-
electric behavior at all temperatures, as expected for
weakly interacting dipoles. Thus in (NaCN)g 4,(KCN)q s9
dipolar interactions can be almost neglected. For
x =0.85 the inverse static susceptibility X;”' behaves radi-
cally different, exhibiting only a very slight decrease for
T>70 K and increasing again at lower temperatures.
The high-temperature region can be described with a
Curie-Weiss law utilizing the parameters C =15 K and
®=-—990 K. These parameters show that antiferroelec-

(NaCN),_,, (KCNJ),

- 10} 4
o
O
O
(8]
o
T s -
<
Debye width
% 50 100

T(K)

FIG. 15. Logarithm of the full width at half maximum of
the dielectric loss W for (NaCN), _,(KCN), mixed crystals with
concentrations x =0.85 (O) and 0.59 (A). The Debye width
W =1.14 is also indicated. The solid lines are a guide to the eye
only.
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(NaCN),, (KCN),
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inverse static susceptibility X;' €,

100 150
T(K)

FIG. 16. Normalized inverse static dipolar susceptibility in
(NaCN), _,(KCN);, for x =0.85 (¢, ¢)and 0.59 (4, 4 ) versus
temperature. Open symbols: the results of the fits as described
in the text using a unique set of parameters for real and imagi-
nary part of the dielectric constant at all temperatures. Solid
symbols: best fits allowing for a slight variation of the energy
barriers with the temperature. Solid and dashed lines: inverse
static susceptibility as calculated at temperatures well above the
dispersion regimes. Note that ¢ is slightly different in the two
samples: x =0.85, €'(T—0 K)=5.8; x =0.59, €(T—0 K)=7
(Ref. 28).

0 50

tric interactions play an important role in this crystal.
The cusp in X, at 70 K is taken as a signal of the onset of
dipolar short-range order.*

Table III shows that the hindering barriers as deter-
mined in the disordered phases in (NaCN),_,(KCN), are
considerably higher than in the plastic phases of the pure
cyanides, while they are comparable to the hindering bar-
riers as detected in the elastically ordered phases. This in-
dicates that in both crystals investigated locally there are
strong deviations from the cubic crystal field. However,
the origin of these noncubic crystal fields is different: In
(NaCN),,15(KCN)g g5 frozen-in inhomogeneous shear de-
formations of the cubic lattice create the hindering bar-
riers against dipolar relaxation. In other words, for
x =0.85 the hindering barriers for dipolar reorientations
are due to the quadrupolar interaction forces.»® This is
consistent with the results in (KBr),_,(KCN), mixtures,
where it has been shown that the dipolar hindering bar-
riers are essentially the same in the elastically ordered and
the glassy state.® In (NaCN) 4 (KCN),so the noncubic
crystal field results from the high degree of disturbance
introduced by the substitution of the K™ ions through the
Nat ions. The high hindering barriers in this sample are
the hindering barriers of the single-ion crystalline field
which is strongly noncubic. In this case the freezing of

the quadrupolar degrees of freedom should have only
minor effects on the dipolar relaxation, and the hindering
barriers for dipolar and quadrupolar reorientations should
be essentially the same.

The attempt frequencies in the potassium cyan-
ide—sodium cyanide mixtures are considerably higher
than in the pure cyanides. However, one should be aware
that vy and E can be rewritten in terms of a temperature-
dependent hindering barrier, giving a linear temperature
dependence of E and some reasonable values for the at-
tempt frequencies.’® This leaves us with some open ques-
tions concerning the conclusions in (NaCN)g 4;(KCN)j so:
If the dipolar freezing is a pure single-ion phenomenon, v,
and E should be temperature independent and the attempt
frequency is expected to be of the order of the phonon fre-
quencies. In addition, the width of the dielectric loss
should also be almost temperature independent, which is
not observed experimentally.

III. DISCUSSION

The substitution of potassium ions through smaller
sodium ions disturbs the crystal field. Locally, the crystal
field becomes highly noncubic, introducing an asymmetry
into the reorientational potential, yielding a preferred
quadrupolar orientational probability. Only the average
over all the CN™ sites exhibits an orientational distribu-
tion according to the cubic symmetry of the fcc lattice.
The time average of the orientational distribution of a sin-
gle CN~ ion is strongly noncubic and reflects the asym-
metry of the crystal-field potential. The increase of the
crystal-field anisotropy with increasing Na* concentra-
tion can explain the observed dipolar and quadrupolar re-
laxation kinetics.

A. The quadrupolar freezing process

Analyzing the inelastic-neutron-scattering results, we
found that the increase of the crystal-field anisotropy
shows up in two effects, namely in a decrease of the
rotation-translation coupling and in an increase of the
single-particle hindering barrier. The competition be-
tween these two effects explains the observed experimental
results in (NaCN),_,(KCN),. Elastic order is established
in the pure cyanides with a dominating rotation-
translation coupling; a frozen-in single-ion state appears
at low temperatures for mixtures near x =0.5, where the
coupling to the phonons is weak and the CN™ ions are
caught in high hindering barriers of the locally noncubic
crystal field. A delicate balance between these two effects
yields frozen-in orientational correlations and frozen-in
random strains for mixtures near x =0.2 and presumably
also near x =0.8.

B. The dipolar freezing process

From a rigorous analysis of the dipolar slowing down
of the molecular motion, we determined the hindering
barriers for dipolar reorientations. In both crystals inves-
tigated these barrier heights were found to be of compar-
able size. However, the experimental results indicate that
they are created by very different mechanisms: In
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(NaCN)y, ;5(KCN)g g5 the barrier heights are mainly deter-
mined by frozen-in local strain fields occurring during the
quadrupolar freezing process. In (NaCN)g 4,(KCN)j 59
they are mainly due to the asymmetry of the reorienta-
tional potential introduced through the substitution of the
K™ through Na™ ions. At low temperatures in both crys-
tals, the dipolar relaxation is thus determined by a locally
noncubic crystal field, though both are of different origin.
Measurements of the dipolar relaxation kinetics above the
quadrupolar freezing temperature should yield significant
differences: The hindering barriers resulting from strain
fields should be decreased for x =0.85, while the barriers
for x =0.59 should be roughly the same above and below
Tr as they are given by the chemical disorder.

Similar arguments help to explain the different tem-
perature dependences of the static dipolar susceptibility
for x =0.59 and 0.85. In (NaCN)g 4;(KCN)g 59 the easy
direction of the crystal field varies from cell to cell. The
electric interactions are not strong enough to force any
type of electric order, not even on a short scale. In
(NaCN)g,15(KCN)ggs the quadrupolar freezing is a
cooperative phenomenon. For T < Ty ferroelastic clusters
grow in size, giving a distribution of lattice constants.
Within these clusters the easy directions in all cells are
identical and collinear, and the dipolar interaction forces
are strong enough to establish short-range electric order at
lower temperatures.

In conclusion, we have investigated the quadrupolar
and dipolar susceptibilities in (NaCN),_,(KCN), mix-
tures. Depending on the concentration x, we found a very
different behavior: For x =0.85 the quadrupoles undergo
a cooperative freezing, establishing a low-temperature
glass state with frozen-in orientational correlations and
frozen-in lattice strains. At the glass transition from the
high-temperature plastic phase to the low-temperature
frozen-in state, the onset of orientational correlations des-
troy the long-range translational order of the center-of-
mass lattice. In this crystal the dipolar hindering barriers
are created by the quadrupolar interaction forces. At low
temperatures short-range electric order can be detected,
which is interpreted as antiferroelectric order within the
elastically ordered clusters. In (NaCN)g 4;(KCN)g 5o the
quadrupolar relaxation kinetics is determined by the non-
cubic crystalline field introduced through the alkali-metal
substitution and can essentially be described within
single-ion behavior. The same crystal-field anisotropy
determines the dipolar reorientations.

(NaCN)g ;s(KCN)y g5 can be characterized as dipolar
and quadrupolar glass, where the quadrupolar freezing is
the primary relaxation process.

(NaCN)j 4;(KCN)g 59 exhibits quenched dipolar and
quadrupolar disorder at low temperatures. Both freezing
processes are essentially single-ion phenomena and should
follow the same relaxation behavior.
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