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Single-crystal neutron-diffraction study of the orientational glass state of (NaCN), „(KCN)„
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Single crystals of (NaCN) ~, (KCN)„with concentrations x =0.19, 0.44, and 0.89 have been in-
vestigated by elastic neutron diffraction. The mixed crystals with x =0.19 and 0.44 exhibit a transi-
tion to an orientational glass state, while those with x =0.89 transform into a coexistence region of
cubic and rhombohedral phases. Diffuse scattered intensities have been studied as a function of
temperature T, phonon wave vector q, and momentum transfer Q. I(T,q,Q) provides insight into
the character of the freezing process. From a detailed analysis of the structure factors, the orienta-
tional distribution of the CN molecules was determined. With increasing strength of random fields,
(100) orientations are favored.

I. INTRODUCTION

Disorder phenomena embody a broad field of growing
interest in solid-state physics. The dynamic and static be-
havior of model systems is intensively studied to elucidate
the physics of disordered materials. Orientational glasses
are crystalline solids which consist of a regular lattice
with some sites occupied partly by single atoms and part-
ly by molecules with multipolar moments. These mixed
crystals are close to an instability where the moments ex-
hibit orientational order. Below some critical concentra-
tion x, the orientational degrees of freedom freeze-in de-
void of long-range order. Prominent examples are
alkali-cyanide —alkali-halide solid solutions and mixtures
of alkali cyanides. ' In cyanide glasses the freezing-in
of orientational disorder leads, via a strong rotation-
translation coupling, to frozen-in lattice strains. Single-
crystal diffraction experiments have revealed that the on-
set of freezing is accompanied by a growth of anisotropic
patterns of diffuse scattering intensities which appear
around the Bragg reflections. In inelastic-neutron-
scattering experiments these intensities appear as an addi-
tional central component and can be related to the "glass
order parameter. " '

In the early work of Michel and Rowe, the diffuse in-
tensities have been explained starting from a microscopic
lattice-dynamical description. Within the approxima-
tions used in that work, the dependence of the diffuse in-
tensities on the phonon wave vector q is given by
I(q)= A/q+B/q, with q= (g, ,g„j,)=Q r—„t„. Here, —
Q is the total momentum transfer and rt,« indicates a
reciprocal-lattice vector. The linear term accounts for
the observed asymmetry in (KBr), „(KCN)„.
From symmetry arguments (h00)-type reflections display
only symmetric contributions. At concentrations well
below the critical concentration x„detailed single-crystal
diffraction experiments have been performed by Wochner
et al. ' '" Their results were satisfactorily explained
within the framework of Huang diffuse scattering, and

the observed neutron intensities could be described by
I(q) = A /q+8/q . However, results by Knorr and
Loidl and by Loidl et al. ' on the mixed cyanides
(KCI), „(KCN), and (KBr)~, (KCN)„close to x,
showed the failure of the approximations made in this
theory. The observation of exponential line shapes and a
strong dependence of the exponent on the reciprocal-
lattice vector ~&kl were interpreted as a loss of long-range
translational order.

Mayer and Cowley' calculated the neutron-scattering
cross section of crystals assuming a second-order planar
ferroelastic instability without making the usual phonon
expansion in a power series in small displacements. They
found that at T„ long-range translational order is de-
stroyed and the scattering function at the reciprocal-
lattice points is described by power laws. Subsequently,
Mayer and Cowley' investigated the effect of random
stresses in these systems and found that these drive the
transition to first order. This latter observation is in
conflict with the experimental evidence in
(KBr), „(KCN)„and (NaCN) t „(KCN)„where
random-strain fields appear to drive the first-order phase
transition of the pure compounds almost to second order
near x, .7'4

A random-strain model was proposed by Michel' for
orientational glasses. Within this model the x-T phase di-
agrams and quadrupolar susceptibilities were calculated
for the cyanide glasses. The "glass order parameter" was
found to vary smoothly as a function of temperature, fol-
lowing 1/T at high temperatures. Later, Michel and
Bostoen extended this theory including a nonergodic in-
stability. ' At TNE an abrupt increase of diffuse scattering
was predicted and the q and T dependences of the diffuse
intensities were calculated in detail (NE denotes noner-
godic).

(NaCN), (KCN) mixed crystals show an orienta-
tional glass state for an intermediate range of cornposi-
tion 0.16=x„x x,2=0.9. ' ' ' It was proposed'
that the low-temperature states of these mixed crystals
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are determined by competing interactions: the
translation-rotation coupling (TRC) drives cooperative
phenomena of orientations which lead to structural phase
transitions and long-range orientational order at low tem-
peratures. The random strain-rotation coupling (RSRC)
promotes single-particle behavior and freezing into ran-
dom orientations. In a first approximation the strength
of the TRC should scale linearly with the concentration x
between the pure systems NaCN and KCN, while the
strength of the RSRC varies as x(1—x). ' ' ' Thus
the competition between the interactions can be tuned by
varying the concentration x.

The aim of this work was to study the temperature and
Q dependences of the diffuse scattered intensities in the
glassy region of (NaCN), „(KCN), . Of special interest
was the concentration-dependent interplay of RSRC and
TRC and how this competition shows up in the diffuse
scattering intensities.

II. EXPERIMENT

Single crystals with concentrations of x=0.19, 0.44,
and 0.89 were supplied by J.Albers of the Universitat des
Saarlandes, Saarbriicken, FRG. They were grown from
the melt by a conventional Czochralski technique. The x
values given in this work denote the K+ concentration of
the mixed crystals as determined from the room-
temperature lattice constants. ' The samples used in this
study were cleaved from the same boules as those crystals
used for ultrasonic, inelastic-neutron-scattering, and
powder-diffraction experiments. ' ' The neutron-
diffraction experiments were carried out on the four-
circle spectrometer D10 located on a thermal-neutron
guide at the Institut Laue-Langevin, Grenoble. Samples
of approximately 5X 5X 8 mm were cut from larger sin-
gle crystals and were mounted on an Eulerian cradle,
which allows scans along all reciprocal-lattice directions.
A vertical focusing Cu(200) monochromator selected neu-
trons with a wavelength of 1.26 A. To define the energy
resolution and to lower the background, a pyrolytic
graphite (004) analyzer was used set to zero energy
transfer with an energy resolution of approximately 1.5
meV.

The Q resolution convoluted with the mosiac spread of
the samples gave a typical transverse width of
AQ —0.008(2n. /a) for the (200) reflections. The width
of longitudinal scans through (200) reflections was about
b,Q„=0.04(2m/a). A He-flow cyrostat which provides
full four-circle accessibility ' allowed a variation of tem-
perature from 300 to 9 K with an accuracy of better than
0.1 K.

III. RESULTS AND ANALYSIS

A. Diffractio profiles

(XQCX)0 sg( KCX)0 g9

Crystals with a concentration of x =0.19 have been
studied previously by inelastic-neutron-scattering and ul-
trasonic experiments. The intensity of the critical com-
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FIG. 1. Transverse scans along [010] at zero energy transfer
through the (600) reAeetion of (NaCN)p 8}(KCN)p l9 at various
temperatures. The hatched areas show the contribution from
shear strains and the unhatched areas that from Bragg scatter-
ing. The solid lines represent fits to the observed data as ex-
plained in the text.

ponent, as observed in energy scans of inelastic-neutron
experiments, was found to be a smooth function of tem-
perature. At high temperatures the central peak intensity
followed roughly a 1/T behavior, in accordance with
the predictions of the pure random-strain model. '

Figure 1 displays typical spectra of transverse elastic
scans along the [010] direction through the (600)
reciprocal-lattice point measured at different tempera-
tures. Upon cooling, in addition to the Bragg peak, an
increasing diffuse contribution becomes apparent. The
pure Brag g component was fitted using a Gaussian line
shape. With decreasing temperatures the intensity of the
Bragg peak increases slightly, to pass through a max-
imum at 100 K, and then decreases. We note that at
room temperature the width of the elastic line is deter-
mined by the resolution of the spectrometer, but in-
creases slightly below 150 K. The appearance of diffuse
scattered intensity is a we11-documented phenomenon in
the cyanide glasses ' ' and has been suggested to result
from frozen-in shear strains. The line shapes of the
diffuse component have been reported to be exponen-
tial. In this work Lorentzian as well as exponential
line shapes were used to fit the diffuse components of
x=0.19. However, the y values indicated an
insignificant difference in the quality of fits for these
different line shapes. Therefore the diffuse contributions
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were arbitrarily fitted by Lorentzian functions as
represented in Fig. 1 by solid lines. Longitudinal scans
along the [100] direction show no diffuse intensities and
confirm that the diffuse scattered contributions originate
from shear distortions of T2g symmetry.

In Fig. 2 the integrated intensities of the Gaussian
component Az, the Lorentzian component AL, and the
total peak area are plotted versus T. Upon cooling, the
diffuse intensities AL continuously increase and saturate
below 80 K. At the same time, AG(T) increases less
weakly than expected for a usual harmonic crystal and
passes through a maximum near T=120 K. The ratio of
the Gaussian to Lorentzian component, AG/AL,
changes from 80%%uo at room temperature to 41% at 9 K.
The total intensity displays a maximum at 80 K. This be-
havior reveals an anomalous Debye-Wailer factor, which
can be viewed as purely static at low temperatures. It
should be noted that the width of the Lorentzian line
slightly increases for T ( 150K.

The investigations of (KBr)o so(KCN)o so (Refs. 4 and
5) showed that at the glass-transition temperature the
diffuse components start to grow, and can be described in
terms of a nonzero order parameter only below T, . How-
ever, in (NaCN)o st(KCN)o, 9, A4(T) is nonzero at room
temperature and does not exhibit any discontinuity at
temperatures corresponding to the minimum of c~(T).
At THz frequencies the minimum in c~(T) appears at
T=150 K. Since the central component observed in
inelastic-neutron-scattering experiments results from the
diffuse pattern around the cubic Bragg positions, "order-
parameter behavior" should also be expected for A4(T).
Here the term "order parameter" is used in accordance
with the nomenclature in literature. ' ' However, a con-
ventional order parameter implies a characteristic glass-
transition temperature. In Fig. 2 the dashed line
represents the theoretically predicted power law
P-1/T . The high-T behavior of A4(T) is in rough
agreement with the predictions of Michel's theory' and

confirms the earlier inelastic-neutron-scattering experi-
ments. Saturation effects set in at low temperatures.

2. (NaCN)0 56(KCN )0 44

For the mixed crystal with x=0.44 strong random
strain-rotation coupling is expected. Figure 3 displays
elastic scans along the [010] direction through the
reciprocal-lattice points (220) and (440) for the high-T
plastic phase at 295 K and for the low-T state at 10 K.
For all reAections investigated, the temperature-
dependent anisotropic broadening is almost negligible.
This is true for the symmetric contributions of the (Oh0)
reAections and for the symmetric and asymmetric contri-
butions of the (hhO) reflections. The spectra are quite
similar at all temperatures and are dominated by pure
Bragg scattering.

In Fig. 4 the temperature dependences of A G, AL, and
the total integrated peak intensities are plotted as deter-
mined from fits to transverse scans along [010] through
the (600) reflection. The diffuse component increases
only slightly for decreasing temperature. However, the
nonzero diffuse component at low T indicates that the
crystal is definitely not free of strains, but even the spec-
tra at 10 K indicate only a minor disturbance of the
high-T cubic symmetry. From this observation we could
speculate that an almost single-ion freezing process takes
place in crystals with strong random fields. Thus the cu-
bic symmetry is also preserved in crystals with an undi-
luted CN sublattice. AL(T) varies more weakly than
1/T, as indicated by the dashed line in Fig. 4. A similar
behavior has been observed for x=0.59 by inelastic neu-
tron scattering, which displays only a weak softening of
c44(T) and a concomitant slight increase of the central
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FIG. 2. Temperature dependence of the Bragg intensities

[Gaussian area (As): R] of the quasielastic contributions
[Lorentzian areas (AL): A ] and of the total peak area (~) as
measured in the (001) plane at the (600) reciprocal lattice point
in (NaCN)o 81(KCN)o 1&. Solid lines are drawn to guide the eye;
the dashed line represents a 1/T power law.

FIG. 3. [010] scans through reciprocal-lattice points of type
(hh0) in (NaCN)0, (,(KCN)o 44 at room temperature and at 10
K. The hatched areas show the contributions from shear strains
and the unhatched areas that from Bragg scattering. Solid lines
represent fits to the observed data, as explained in the text.
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(N«N)0„„(KCN)08' T= 105K

(2.(,0) — 200

20000—
— 100

upon cooling and a sharp maximum near 100100 K. Below
this temperature the diffuse intensities are reduced by the
structural transition. In Fig. 6 the theoretically predicted
1/T behavior is represented by the dashed line. For
high temperatures AL ( T) is in reasonable agreement with
the model predictions. ' Small but significant extra con-
tributions became apparent below 120K.
For T=105 K, just above the transition temperature,

we studied the Q dependence of the diffuse scattered con-
tributions in more detail. Transverse scans in the [010]
direction (q scans) were performed for various
reciprocal-lattice points of type (h00) and (hhO}. The re-
sults are shown in Fig. 7. Gaussian components are only

'ble for h +k +[ 836. The (800) reflection definitely1.can be described by a pure Lorentzian line shape on y.
The strong decrease of the Gaussian component with in-
creasing momentum transfer Q implies an unusually
large Debye-Wailer factor at 150K.

The [010] scans through reflections of type (hh0)
display an asymmetric pattern. The profile at the (220}
reciprocal-lattice point is dominated by a strong Gauss-
ian contribution. However, the q scan through the (440)

reflection shows an extremely asymmetric line shape.
M hei and Rowe theoretically described the diffuse in-ic e

2 2tensities by a symmetric term with a Q /q dependence
an d an additional antisymmetric term with a Q/q depen-

thedence. Figure 8 shows the ratio of the symmetric to t e
antisymmetric contribution as determined for the (220)
and (440) reflections. For the (220) line the symmetric

llpart dominates the diffuse contribution, and the overa
asymmetry of the diffuse component is weak. At higher
momentum transfer Q, the antisymmetric term becomes

440)stronger and results in an unusual line shape for t..e,
line. For the (440) reflection the asymmetric width
exceeds the symmetric width, which results in a local
minimum of the intensity near the (4,3.9,0) Bragg posi-
tion.

The Lorenztian line shapes and the strong dependence
of the diffUse intensities on the total momentum transfer
Q are in clear disagreement with the theoretical predic-
tions for Huang scattering. Figure 9 shows the intensity
profiles of (h, (,0} scans at reciprocal-lattice points with
h =2,4, 6, 8 for x=0.89 at T=105 K. For ease of com-
parison with the theoretical predictions of Mayer et al. '
and the experimental results of Loidl et al. , they are
plotted on a semilogarithmic scale. As demonstrated by
the linear dependence in this plot, the profile can also be
well described by an exponential decay Ihoa=I exp(A, g). Deviations between Lorentzian and ex-
ponential descriptions, appear only for small and ig
values of the reduced wave-vector component g, yielding
comparable g values for fits to the measured profiles.
The inset of Fig. 9 shows the Q dependence of the full

dth t half maximum (FWHM) of the diffuse scattered
nt k.contribution as determined from the decay constant
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FIG. 7. [010] scans through reciprocal-lattice points of the
type (h00) and (hh0) in (NaCN)p „(KCN)p89 at 105 K. The
hatched areas show the contributions from shear strains and the
unhatched areas that from Bragg scattering. Solid lines
represent fits to the observed data as explained in the text. Note
that the spectra are measured with different monitor rates. The
monitor rate is indicated by MN.

FIG. g. [010] scans in the (001) plane through the (2,2,01 and
(440) I ecipl ocal-lattice points of (NaCN)p 1 1 (KCN )p 89.. In the
upper panels the hatched areas give the total diffuse intensity as
determined by fits ta the data points. The lower panels show
the deconvolution of the diffuse scattered intensities into sym-
metric and antisymmetric contributions. Note the different in-
tensity scales for the upper and lower panels.
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FIG. 9. Intensity profiles for transverse scans through (h00)
reflections with h =2, 4, 6, and 8 shown on a logarithmic scale.
Assuming exponential line shapes, the FTHM's of the diffuse
contributions are determined from the slope of the linear part of
1n[I(g)] and are shown in the inset.

8. Orientational distribution

At room temperature the orientational distribution of
the CN molecules in (NaCN), „(KCN)„was deter-
mined from a detailed analysis of the measured structure
factors Fz&1. A number of 34 independent Bragg

The strong Q dependence of the "line broadening" is not
consistent with an interpretation of the observed diffuse
intensities in terms of Huang diffuse scattering. ' " lt
has been shown by Mayer and Cowley' that in crystals
with a continuous two-dimensional elastic instability
long-range order is destroyed at T, . These authors calcu-
lated the scattering cross section and found that close to
the phase transition the Bragg peaks disappear and are
replaced by power-law singularities. Specifically, they de-
rived the result that the exponents depend significantly
on Q. (NaCN)o ~, (KCN)o s9 shows a planar shear insta-
bility near T, =100 K which is close to second order.
The observed Q dependence of the diffuse scattering is in
qualitative agreement with the predictions of Mayer and
Cowley however, the proposed power-law behavior of
Id;fr(() could not be confirmed by this experiment. Nev-
ertheless, it may be a useful picture that in the glass re-
gime of mixed cyanides close to x„a quasi-two-
dimensional Auid phase is frozen-in at low temperatures.
The question arises whether there is a close connection
between the Mayer-Cowley melting transition' and the
nonergodic instability proposed by Michel. '

01
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FIG. 10. (a) Concentration dependence of isotropic mean-
square displacements in (NaCN)l „(KCN) as determined at
room temperature. Values for the center-of-mass motion of the
CN molecules are shown by solid symbols and values for the
metal ions are represented by open symbols. The data for x =0
and 1 were taken from Refs. 23 and 8. (b) Concentration depen-
dence of the coeScients y4 and y6, determined for
(NaCN)& (KCN) at 295 K. y, is represented by solid and y~
by open symbols. Data for x =0 and 1 were taken from Refs.
23 and 8. Note that y4(x) changes sign close to x = 1. The solid
lines represent fits to the data assuming an x dependence of
x ( 1—x), superimposed on a linear background of nonzero
slope.

reflections was recorded. For each FzkI the intensities of
three equivalent reAections were averaged. To explain
the Q dependence of the measured structure factor, we
applied a model of a preferred orientational distribution
of CN molecules. ' The orientational probability dis-
tribution has been expanded in linear combinations of
spherical harmonics adapted to cubic symmetry. Only
the first three cubic harmonics with 1=0, 4, and 6 were
used. Parameters of the model are the expansion
coefficients y~, y6, (yo= 1), the bond length I of the CN
molecule, isotropic mean-square displacements ( u 2 ) for
the alkali-metal ions, and isotropic mean-square displace-
ments for the CN ions. Fits with anisotropic mean-
square displacements increased the number of parame-
ters, but did not increase the significance of the fits. Typ-
ical values for the weighted R factors were R =4.5%,
with R„=(g;[w,(I;,»—I;„~,)] /g;w;(I;, ») I'
IJ;= 1/I;, b,.
The concentration dependence of the mean-square dis-

placements as determined from the best fits to the ob-
served structure factor at 295 K is illustrated in Fig.
10(a). The values for the pure cyanides with X=O and 1
are from Refs. 23 and 8. The values determined for the
metal ions and for the CN molecules are of comparable
magnitude. Deviations are only apparent for pure
NaCN. For increasing cationic disorder the vibrational
amplitudes decrease towards a slightly minimum at
x=0.5.

In Fig. 10(b) the expansion coefficients y4 and y6 which
describe the orientational distribution of the CN mole-
cules at 295 K are plotted versus the concentration. For
the mixed crystals investigated both parameters drastical-
ly deviate from a linear interpolation between the values
determined for the pure cyanides. ' Despite the large
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,NaCN' , „,'KCN' , „

T=295 K

t110]

dominance of (100) directions for x=0.19 and 0.44.
However, due to an enhanced diffuse component, a
correct structure-factor determination becomes more
dificult at low temperatures. Therefore, the quantitative
results are of low reliability and are not presented here.

Similar results were derived for mixed crystals
of the related systems (KBr), ,(KCN)„and
(NaC1)& (NaCN)„by NMR techniques ' and neutron
experiments. At low T the CN molecules were found to
be predominantly oriented along (100) directions, with
minimum orientational probabilities along (111). In the
case of (KBr)~, (KCN)„, the neutron results for
x=0.53 and NMR results for x=0.50 are in reasonable
agreement. However, substitutional discrepancies exist
between these experiments and a molecular-dynamics
simulation which revealed preferential (111) orienta-
tions of the CN molecules in (KBr), „(KCN)„. These
discrepancies probably result from unrealistic conditions
of the potential parameters used in the simulation. In
general, the experimental results imply that both low T
and strong substitutional disorder result in the predomi-
nance of (100) CN orientations. This seems to be a
universal feature of related cyanide mixed systems.

x=019 x =044 x=089
IV. SUMMARY

FIG. 11. Orientational probability of the CN molecules in
the (110) plane as determined at 295 K for difFerent concentra-
tions x in (NaCN)& „(KCN) . The patterns for x =0 and 1

were calculated using the coefficients y4 and y6 given by Rowe
et al. (Ref. 23) and Loidl et al. (Ref. 8).

error bars determined for x=0.89 and 1, y6(x) has a clear
minimum at an intermediate concentration. In contrast,
y~(x) exhibits a distinct maximum near x =0.5 and
changes sign close to x =1. The data are in reasonable
agreement with previous results for x =0.02 and 0.95 ob-
tained from powder-diffraction experiments. ' Previous
results' for x=0.19 could not be verified. The concen-
tration dependence of both coeScients is well described
by x (1—x), which is also the concentration dependence
of random-strain fields in (NaCN), „(KCN)„. The solid
lines in Fig. 10 are the fits to the data of this expression
superimposed on a linear background of nonzero slope.
We believe that Fig. 10 gives further evidence that
(NaCN), „(KCN)„ is dominated by random strains.

The angular distributions of the CN molecule at
room temperature derived from the expansion coeScients
y4 and y6 are illustrated in Fig. 11. Results of the
present work are compared to the angular distribution
calculated earlier for x =0 and 1. ' The maximum of
the orientational probability along (100} in x=0 in-
creases when cationic disorder is introduced, while the
relative maximum along (111) decreases and vanishes
for x=0.44. As x increases towards x=0.89, the proba-
bility along (100) directions decreases again in favor of
an increased probability for (111)orientations. Finally,
for x =1 the orientational distribution can be described
by predominant (111)orientations. At T=100K the
analysis of the measured structure factors suggests a

A detailed single-crystal neutron-diffraction study of
(NaCN), ,(KCN)„has been performed for concentra-
tions of x=0.19, 0.44, and 0.89. For all concentrations
the line shapes deviate from the A /q +8/q' profile, pre-
dicted for crystals with elastic defects. (Due to the undi-
luted CN sublattice, the distance of neighboring elastic
defects is &2a/2. ) For x=0.89, diff'use contributions of
almost exponential line shapes were found (Fig. 9), which
exhibit a strong Q dependence in accordance with the
theoretical predictions by Mayer and Cowley. ' ' For
x =x, a two-dimensional melting transition was pro-
posed. Crystals with x ~x, might be characterized by
fluctuations which are frozen-in close to the planar insta-
bility.

The T dependence of the diffuse intensities are very
diff'erent for the mixed crystals investigated (Figs. 2, 4,
and 6). (NaCN)0 s, (KCN)0» displays a diff'use contribu-
tion Id;tr-1/T at high temperatures, as predicted in a
pure random-field model in the high- T limit.
(NaCN)0 g6(KCN )0 g4 is a strong random-field system
where the high-T approximation is already violated at
room temperature; Id, ft(T) increases much more weakly
than 1/T for decreasing temperatures. Higher-order
terms probably have to be taken into account in the ex-
pansion of tanh(h /T ) for the random-strain con-
cept' ' ' to be still applicable. (NaCN)0 „(KCN)o s9
transforms to a coexistence of cubic and rhombohedral
phases at T=100 K. Id;ff-1/T holds at high tempera-
tures and exhibits a stronger T dependence for T ( 150
K.

At room temperature the orientational distribution of
the CN molecules was determined by detailed
structure-factor analysis. A strong concentration depen-
dence was found for the reorientational behavior. We be-
lieve that the experimental evidence points to a domina-
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tion of (NaCN)& „(KCN) by random fields, with a ten-
dency to pin the elastic defects along (100). At inter-
mediate concentrations, random strains act as (100) de-
fects and overcome the rotation-translation coupling.
This strong random-strain —orientation coupling results
in an almost single-ion behavior of the CN molecules,
despite a fully occupied sublattice.
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