Elastic and quasielastic neutron scattering studies
in KBr:KCN mixed crystals
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Neutron scattering studies in (KBr),_,(KCN), mixed crystals are presented utilizing
powder diffraction, single crystal diffraction and time-of-flight techniques. For x>0.6
(KBr); _(KCN), crystals exhibit ferroelastic and ferroelectric low-temperature phases.
Crystals with x < 0.6 undergo transitions into an orientational glass state. Here we present
a detailed phase diagram including new results for x=0.85 and x=0.65. For the latter
system a stable rhombohedral low-temperature phase has been detected where the orien-
tational disorder of the plastic phase is only partly removed and quadrupolar relaxations
between three body diagonals are still possible. From the powder diffraction experiments
we determined further the concentration dependence of the static Debye-Waller factors
which can be explained by an interplay of the rotation-translation and the rotation-
random strain coupling. With single crystal diffraction techniques we studied the diffuse
scattered intensities which are directly related to the order parameter of the glass state.
The temperature dependence of the quasielastic intensities near the critical concentration
shows a strong increase for T<110 K indicative for a freezing-in of shear fluctuations
which is a characteristic feature of a non-ergodic instability. This phenomenon appears
for ordering (x=0.65) and for non-ordering, glassy compounds. A further anomaly in
(KBr).43(KCN), 57 at 75 K is interpreted in terms of a residual elastic ordering process.
With high-resolution time-of-flight techniques we analysed the dynamic structure factor
for x=0.57. We demonstrate that the central peak consists of a static and a dynamic
component. The results are compared with mode coupling theories which describe the
glass transition in supercooled liquids.

which exhibit paraclectric or paraelastic high temper-
ature phases. But while the pure compounds undergo

During the last decade glassy crystals which are a
new class of disordered materials have attracted con-
siderable attention. The common signatures of these
systems are relaxation phenomena of the orientation-
al degrees of freedom which are analogous to those
observed in canonical glasses and in spin glasses and
low temperature thermodynamic, elastic and dielect-
ric properties which are characteristic of amorphous
systems. Orientational glasses are mixed crystals
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structural phase transitions into elastically and electr-
ically ordered low temperature phases, the phase tran-
sitions in the mixed crystals are suppressed over a
wide concentration range. There long range orienta-
tional order is prevented either through competing
interactions and frustration effects or through ran-
dom strains.

The following classes of mixed crystals exhibit a
glassy state at low temperatures:
i) mixed molecular crystals where the anisotropic
molecules are substituted by isotropic atoms or ions:
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Ortho-para hydrogen mixtures [1], KCN:KBr [2-4],
N,:Ar [5-7] and CH,:Kr [8] are the most promi-
nent examples. Off-center systems like KTaO5:Li(Na)
[9] where the thermal hopping of the off-center ions
can be described in terms of a pseudospin formalism
are also related to this group. In these glassy systems
the freezing-in of the orientational degrees of freedom
is still a cooperative phenomenon, but long range or-
ientational order is suppressed through an interplay
of random fields and frustrated interactions. In addi-
tion, in some compounds the translational order in
the glass state is highly disturbed by strong rotation-
translation coupling forces. In these cases the low
temperature state can be viewed as intermediate be-
tween the crystalline and the amorphous state.

ii} mixed dipolar crystals where the two components
exhibit ferroelectric and antiferroelectric interactions:
In Rb:NH,H,PO, [10] a frustrated ground state is
believed to occur via the two competing electric inter-
actions and

iii) molecular crystals with strong random fields like
NaCN:KCN [11, 12]. At intermediate concentra-
tions these mixed crystals can be described purely
within a random field model and collective freezing
phenomena can be neglected.

All these systems exhibit very similar x, T-phase
diagrams with a large concentration range which is
characterized by frozen-in orientational correlations
but which shows no long range elastic or electric
order at low temperatures. According to the domi-
nant interactions glassy crystals are termed dipolar
{frozen-in electric disorder) or quadrupolar (frozen-in
elastic disorder) glasses. The name orientational glass
characterizes the frozen in orientational disorder, but
pays no attention to the breakdown of the long range
translational order of the center of mass lattice which
depends on the strength of the rotation-translation
coupling and plays an outstanding role in the cyanide
glasses.

The alkali cyanide-alkali halide mixed crystals
(MX), _,(MCN),, where M is the alkali metal and
X an halogen ion, are model systems for structural
phase transitions [13-16] and for transitions into an
orientational glass state [2, 17-20]. Above a critical
concentration x, these systems display ferroelastic
phase transitions from a high temperature rotator
phase to orientationally ordered low temperature
phases [21-28]. At low temperatures a rich variety
of crystallographic phases exhibiting orientational
(quadrupolar) and electric (dipolar) long range order
have been reported [21-28]. The elastic phase transi-
tions are triggered by a bilinear coupling of the molec-
ular reorientations to the lattice strains yielding an
effective quadrupolar interaction between neighbour-
ing CN~ molecules. The electric ordering is driven

by direct dipolar interaction forces. However, below
x. the structural phase transitions are replaced by
frequency dependent glass transitions [19, 20]. The
freezing process is a cooperative effect driven by strain
mediated CN~ — CN~ interactions, but long range
orientational order cannot be established. At present
it is unclear as to what extent long range orientational
order is suppressed by random fields introduced by
the substitutional impurity atoms X as opposed to
through frustration effects like in spin classes [29, 30].
In the cyanide glasses frustration is believed to occur
via the interplay of dilution, yielding a site disorder
of the molecules and the anisotropic quadrupolar in-
teractions.

The quadrupolar freezing process is indicated by
cusps in the quadrupolar susceptibility or equivalent-
ly by minima in the temperature dependence of the
elastic properties [2, 17-19, 31-33]. The low tempera-
ture state, termed quadrupolar or orientational glass,
is characterized by frozen-in orientational correla-
tions and frozen-in lattice strains [2, 17, 34-36]. The
central line in inelastic neutron scattering experiments
[2, 17, 29, 33], the line width broadening of the Bragg
reflections in X-ray measurements [23, 24] and the
increase of the distribution width of the electric field
gradient in NMR experiments [24, 29] arc related
to the order parameter, which is the characteristic
signature of the glass state [37, 38]. The appearance
of these phenomena can qualitatively be explained
by a breaking of the long range translational order.
Or, to be more specific, the diffraction pattern can
be interpreted as being due to a distribution of lattice
parameters around the high-temperature cubic lattice
[34]. Thus the glass state can be described as a net-
work of clusters, which exhibit a distribution of shear
deformations centered around zero strain.

A large number of experimental and theoretical
investigations focused on the low temperature proper-
ties of glassy crystals. The cyanide glasses, especially,
exhibit low temperature thermal [39], ultrasonic [40]
and dielectric propertiecs [41] which are analogous
to those found in canonical glasses and in amorphous
solids [42, 43]. In amorphous systems the low temper-
ature properties appear to be dominated by two level
tunnelling systems. The tunnelling center theories [42,
437 had enormous success in explaining the tempera-
ture and time dependence of the specific heat. In the
glassy state of KBr:CN an attempt was made to iden-
tify the tunnelling centers with dipolar reorientations
(180° flips) of the CN™ ions within the locally dis-
torted crystalline potential [44]. However, in a recent
experimental study of N2:Ar:CO mixtures it was
demonstrated that dipolar relaxations of the CO mol-
ecules do not contribute to the low temperature spe-
cific heat [45].



Theoretically K.H. Michel described the relaxa-
tion phenomena in the cyanide glasses within the
framework of a random field model [37]. Later on
he extended this theory including a collective freezing
which results in a nonergodic instability [38]: near
a ferroelastic phase transition with a soft mode behav-
iour even small random fields pin the dynamic modes
which are characterized by very weak restoring forces.
These weak random strains freeze-in critical fluctua-
tions in a lattice that is close to a structural instability.
Hence, the glass transition is characterized by the
freezing of long wavelength orientational excitations
coupled to the lattice strains. Recent molecular dy-
namics calculations demonstrated that the competi-
tion of random strain-rotation coupling and rotation-
translation coupling indeed can explain the variety
of low temperature states as observed in KBr:CN
[46, 47].

Mean field calculations on quadrupolar glasses
with infinite random Gaussian interactions [48, 49]
and Monte Carlo simulations with nearest neighbour
interactions [50] have been performed. These studies
focused on the random bond disorder and disre-
garded the random field problem completely.

Following the arguments outlined above two ef-
fects are important in forming a glassy state: i) frus-
tration effects due to the anisotropic interactions be-
tween site disordered quadrupoles and i) random
field effects caused by the substitutional impurity
atoms. Experimentally these two limiting cases can
be discriminated by measuring the order parameter
of the glass state. In random field systems the order
parameter is a smooth function of temperature. In
frustrated systems a non-zero order parameter only
exists below a well defined glass transition tempera-
ture. The latter case is the analog to the Edwards-
Anderson order parameter in spin glasses. Therefore,
experimentally the temperature dependence of the
central peak allows for a conclusive discrimination
between these two models. In the single crystal diffrac-
tion study we will focus especially on this point.

In this paper we summarize detailed neutron scat-
tering investigations of (KBr),_.(KCN),. Using
powder diffraction techniques we studied the struc-
ture of the low temperature phases over the complete
concentration range. Results are presented which
document a single rhombohedral phase for x=0.65
and which show that within this phase the degrees
of freedom for the molecular orientations are reduced
from four to three only, giving a large residual en-
tropy at zero temperature. We show detailed results
for the temperature and the concentration depen-
dence of the Debye-Waller factors. With single crystal
diffraction experiments we investigated the distribu-
tion and the temperature dependence of the frozen-in
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strain fields which are a direct measure of the order
parameter of the glass state. We show that the diffuse
scattered intensities which appear near the Bragg ref-
lections exhibit a sharp increase at low temperatures
indicating a nonergodic instability. In addition, well
defined discontinuities in the T-dependence of the line
widths and of the integrated intensities were detected.
We speculate about the physical origin of these anom-
alies and their connection to the establishment of re-
sidual order within the glass state. Finally, we show
preliminary results of inelastic time-of-flight experi-
ments in mixed crystals with concentrations x=0.2
and x=0.57. Here we can present the first indications
that the central peak consists of two contributions:
a truly static component and in addition a dynamic
component with a finite width. This observation sup-
ports recent theoretical approaches from K.H. Michel
[38] showing that the order parameter of the glass
state consists of a static component due to the cou-
pling of the orientational reorientations to the ran-
dom strain fields and of a dynamic part which de-
scribes the freezing-in of critical fluctuations.

II. Experimental results and analysis

Most of the (KBr); -, (KCN), single crystals that have
been investigated in the present neutron scattering
studies have been grown by one of the authors (S.
Haussiihl). In addition, mixed crystals with concen-
trations x=0.41 and 0.2 were purchased from the
Crystal Growth Laboratory of the University of
Utah. Detailed studies were performed on crystals
with concentrations x=1, 0.85, 0.65, 0.57, 0.53, 0.41
and 0.2. The x-values cited in this article always de-
note the actual CN ™~ concentration in the solid phase
which was determined gravimetrically. Due to the
shape of the liquidus-solidus phase boundaries in the
KBr:KCN system [51] the actual CN concentration
in the crystalline state is significantly lower than that
in the melt. Figure 1 shows the dependence of the
molar CN concentration in the solid state from that
in the melt. The results are shown for the crystals
grown in Utah and in K&ln. The agreement is very
satisfactory. Figure 1 demonstrates that the difference
in the CN concentration between the liquid and the
solid state reaches as much as 10%. In Fig. 2 we show
the concentration dependence of the cell volume of
the mixed crystals as determined at 5 K and at 295 K
(here the unit cell contains 4 K* and 4 Br~/CN~
ions). The results of the present experiments are com-
pared to data cited in the literature [22, 52]. At high
and at low temperatures the concentration depen-
dence of the lattice parameters is smooth. However,
at room temperature small but significant deviations
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Fig. 2. Cell volume of KBr:KCN mixed crystals at room tempera-
ture (295 K, empty symbols) and at low temperatures (5 K-10 K,
full symbols) versus concentration x: this work: (e, 0); Kaack (X-ray
data; Ref. 46): (»); Rowe et al. (neutron data; Ref. 20): ()

from Vegard’s law become apparent: the cell volumes
of the mixed crystals are systematically shifted to-
wards larger values compared to the predictions of
a linear interpolation. Figure 2 also indicates that the
overall thermal expansion for KCN is significantly
larger than for KBr.

For the powder diffraction study and for the time-
of-flight investigation the samples were prepared by
grinding solid boules in an Argon atmosphere and
then were loaded in Vanadium cans. For the single
crystal diffraction study samples with a volume of
approximately 50 mm?® were cut from large single
crystals. All the investigations were performed at the
High Flux Reactor of the Institut Lauve-Langevin in
Grenoble.

So far a number of studies of the low temperature
phases of the KBr:KCN system have been made by
X-ray and neutron powder diffraction (Rowe, Rush
and Chesser [21]; Rowe, Rush and Susmann [22];
Knorr and Loidl [23]; Rowe, Bouillot, Rush and
Liity [25]; Bouillot, Rowe and Rush [26] and Bour-
son, Gorczyca and Durand [27]). Transition tempera-
tures have been determined by Suga, Matsuo and Seki
[53]; Liity [547]; Matsuo, Kishimoto, Suga and Liity
[55] and by Mertz and Loidl [28] by calorimetry.
The phase diagrams proposed so far [23, 25, 27, 28]
differ considerably. E.g. in the X-ray diffraction work
of [27] no rhombohedral phases were detected. Fur-
thermore, several of the powder diffraction studies
have suggested mixed phases, although this might be
due to concentration gradients that cross the nearly
vertical phase lines. In addition the structures for sev-
eral concentrations depend sensitively on the sample
history [56] in a similar manner to pure KCN [57].

Nevertheless, all the phase diagrams of the alkali
halide-alkali cyanide mixtures investigated so far ex-
hibit a fascinating polymorphism. The structural
polymorphism of these mixed molecular systems is
a striking feature of the phase diagrams and is remin-
escent of the structural polymorphism in a number
of canonical glasses. It is however still an open ques-
tion whether or not the tendency to form different
structural phases is directly related to the tendency
to form a glassy state. The ability of many covalent
liquids to form a glass appears to be a direct conse-
quence of the indifference of the crystalline network
structure with respect to distortions [58].

Above the critical concentration x,=0.6 all the
low temperature phases exhibit orientational (elastic)
order but only the crystals exhibiting an orthorhom-
bic structure undergo an electric ordering process
yielding a perfect head to tail order of the CN™ mole-
cules at low temperatures. The other structures are
dipolar disordered down to the lowest temperatures.
Below x, no anomalies in the specific heat versus tem-
perature curve can be detected [28]. In this concen-
tration range no long range orientational order is es-
tablished and, on the average, the center of masses
still form a cubic lattice with short range orientational
order and local shear distortions.

A. Powder diffraction study

In view of the uncertainties in the phase diagram,
we performed further neutron diffraction studies at
a number of concentrations, partly to complete
further the phase diagram and partly to confirm other
workers findings on the possible mixed phases. The
neutron diffraction patterns were recorded on the
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Fig. 3. Neutron powder spectra of KCN at different temperatures.
The continuous lines are the best fits of a Rietveld structural refine-
ment. The difference spectra between the best fits and the data points
are also shown

multi-detector diffractometer D 1 A located on a ther-
mal neutron guide. The incident wave length was
1.91 A. For all samples the temperature was cither
decreased monotonically from 295 K, or set immedi-
ately to 5 K and then increased monotonically. All
the data have been analyzed using the Rietveld tech-
nique of refinement [59, 60]. The Figs. 3 and 5-7
show the diffraction profiles for concentrations x=1,
0.85, 0.65 and 041 at different temperatures. The re-
sults can be summarized as follows:

x=1: for pure KCN we find the well known low
temperature phases [21-23]. A ferroelastically or-
dered phase with orthorhombic symmetry (Immm)
exists in a temperature range 168 K<T=<83 K. At
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Fig. 4. Temperature dependence of the structure factor of the (010)
superstructure reflection of the primitive orthorhombic phase of
pure KCN as determined by neutron powder diffraction. The solid
line corresponds to a spin-1/2 Brillouin function

83 K the head-to-tail disorder of the CN~ dipoles

is removed by a second order phase transition into
a primitive orthorhombic structure (Pmnm). The on-
set of antiferroclectric order can be seen by the ap-
pearance of superstructure reflections (in Fig. 3 a (010)
reflection appears near 20 =20° and indicates the
doubling of the body centered orthorhombic cell be-
low 83 K). In both low temperature phases the CN~
ions point along the former (110> directions of the
cubic high temperature phase. These observations
confirm the earlier reports of Parry [57] and Rowe
et al. [21, 22]. The elastic phase transition in KCN
at 168 K is of first order and the cell volume is com-
pressed by approximately 0.3%. At the same time
the elastic order in KCN causes large shear distor-
tions of the cubic high temperature cell reaching
a=10.6° at 151 K and «=12.9° at 5 K, where « char-
acterizes the reduction of one of the 90° angles of
the cubic phase.

The electric ordering removes the disorder of the
CN™ molecules with respect to C and N. It is a sec-
ond-order phase transition, which is illustrated by the
temperature dependence of the intensity of the (010)
reflection (Fig. 4). The temperature dependence of the
structure factor of this superstructure reflection is pro-
portional to the antiferroelectric sublattice polariza-
tion and can roughly be described by a spin-1/2 Bril-
louin function. The result of the calculation is shown
as solid line in Fig. 4.

x=0.85: for the concentration x=0.85 which has
hitherto not been investigated the low temperature
stable state is a monoclinic phase (C ¢) which remains
dipolar disordered down to the lowest temperatures
(Fig. 5). Similar results were reported for x=0.8 by
Rowe, Rush and Susman [22]. (KBr)y ;5(KCN)g g5
exhibits a cubic to monoclinic phase transition at
T=133 K. In the monoclinic phase the CN~ dumb-
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Fig. 5. Neutron powder spectra of (KBr), ; 5{KCN), g5. The contin-
uous lines are the best fits of a Rietveld structural refinement. The
difference spectra between the best fist and the data points are also
shown

bells point 37.6° off the cubic (111) directions and
form an eclastic order that is reminescent to a herr-
ingbone structure with a modulation vector which
corresponds to the L-point of the former cubic Bril-
louin zone (thus strictly speaking the monoclinic
phase is an antiferrodistortive rather than a ferroclas-
tic variety of the cubic phase which appears because
of the softening of a coupled translational-rotational
mode at the zone boundary). The compression of the
volume at the structural phase transition is of the
order of 0.4%. The shear distortions with respect to
the cubic cell are «=0.2° and f=y=5.7° at SK. It
is difficult to answer the question why dipolar order
is suppressed in the monoclinic phase, but is observed
in the orthorhombic structure. Obviously the elastic
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Fig. 6. Neutron powder spectra of (KBr), 35(KCN), ¢5 at different
temperatures. The continuous lines are the best fits of a Rietveld
structural refinement. The difference spectra between the best fits
and the data points are also shown

order in pure KCN with sheets of ferroelastically or-
dered molecules favour a dipolar ordering process.
This seems not to be the case for (KBr), - (KCN),
crystals that exhibit a herringbone structure. Of
course, 180° jumps within the monoclinic cell are still
possible. But apparently the hindering barriers for di-
polar reorientations are too high and the (virtual)
electric phase transition temperature is too low that
electric order can occur on a normal experimental
time scale.

x=0.65: in this concentration range measurements
have been reported previously for concentrations
x=0.7 [26] exhibiting a coexistence of monoclinic
and rhombohedral low temperature phases and for
x=0.69 [27] where a single monoclinic phase has
been observed at low temperatures. Significantly we
observed a phase transition in (KBr)y 35(KCN)y 65
from a cubic plastic phase into a single rhombohedral
low temperature phase at 97.5 K. This rhombohedral
phase is characterized by one short and three long
body diagonals which can easily be recognized by
the splitting of the (111)-reflection into two peaks with
an intensity ratio of 3:1 with the stronger peak ap-
pearing at lower scattering angles (Fig. 6). Usually,



in cubic to rthombohedral ferroelastic phase transi-
tions the cubic cell is elongated along one body diago-
nal with the molecules oriented along this direction.
This kind of behaviour is found at the ferroelastic
phase transition of pure CsCN [61]. In the x=0.65
sample we find the interesting case of an only partly
orientationally ordered crystal where quadrupolar re-
laxations between the three body diagonals are still
possible. As this mixed molecular crystal exhibits no
further structural phase transitions down to the low-
est temperatures residual entropy exists as T ap-
proaches zero and might explain the glassy behaviour
of this elastically ordered phase [39]. The strong dif-
fuse scattered intensities that appear near the Bragg
reflections at low temperatures are an indication for
the more pronounced freezing-in of random shear
strains at low temperatures. Equivalently this freez-
ing-in of random strains can be interpreted as a static
Debye-Waller factor. At 5 K the Debye-Waller fac-
tors in this sample are larger than in pure KCN. This
becomes obvious by the fact that no Bragg reflections
can be detected in (KBr), 55(KCN)y 5 at scattering
angles 260 = 100° and for low temperatures.

x=0.41 and x=0.2: These two concentrations stay
cubic down to the lowest temperatures. In Fig. 7 the
results are shown for x=0.41 at 295K, 100 K and
at 5 K. Inspection of the diffraction profiles of the
41% crystal (Fig. 7) indicates that the Debye-Waller
factors increase towards low temperatures and are
anomalous large at 5 K. This anomaly in the tempera-
ture dependence of the Debye-Waller factors indicates
the transition into a low temperature glass state with
frozen-in lattice strains and frozen-in orientational
correlations.

These neutron diffraction data in combination
with previously published diffraction and specific heat
data yield a complete phase diagram of
(KBr1); - (KCN),. The result is shown in Fig. 8. With
increasing CN ™ concentration x we pass through the
sequence cubic/glass-rhombohedral-monoclinic-or-
thorhombic. For the concentrations studied in this
work we could not detect any traces of the triclinic
low-temperature phases that have been reported by
Knorr and Loidl [23] for x=0.9 and by Rowe et al.
[25] for x=0.95. Specifically we believe that the
rhombohedral phase is a well defined state of the vir-
gin crystal and not induced by cycling due to macros-
copic strains in the sample. Support to this view is
given by a number of cycling experiments on large
single crystals utilizing specific heat and neutron dif-
fraction techniques, where we were unable to detect
a shift of the transition temperature or to induce
traces of low temperature phases other than rhombo-
hedral.
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Fig. 7. Neutron powder spectra of (KBr), 56(KCN), 4, at different
temperatures. The continuous lines are the best fits of a Rietveld
structural refinement. The difference spectra between the best fits
and the data points are also shown

Finally Table 1 gives a summary of the most rele-
vant parameters as determined from the Rietveld re-
finement in the crystals investigated. The higher reso-
lution of our data compared to earlier studies allows
a greater significance to be attached to the refined
parameters. In particular the isolation of a single
rhombohedral phase for x=0.65 permits a more accu-
rate determination of the structure than for the mixed
phase of Bouillot et al. [26].

To study the strain-rotation coupling and the ro-
tation-translation coupling in more detail and to de-
termine the degree of frozen-in disorder in the elasti-
cally ordered phases and in the glass state we deter-
mined the temperature dependence of the Debye-
Waller factors for all the concentrations investigated.
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Figure 9 shows the temperature dependence of the
Debye-Waller factors for the potassium ions By
=8n<{u?) for crystals with concentrations x =1, 0.85
and 0.41. Here, the {u?) are the mean square displace-
ments. Pure KCN and (KBr), ; 5(KCN), g5 undergo
structural phase transitions which are driven by a
strong rotation-translation coupling in T,, symmetry.
This transitions involve a softening of the elastic shear
constant c,, inducing spontaneous shear distortions
within a two dimensional subspace of the cubic lattice.
A consequence of the softening of T, phonons is
the divergence of the mean square displacements at
the transition temperature [18, 62]. The increase of
By towards the phase transition temperatures can be
related to this phenomenon. In pure KCN the struc-
tural phase transition is strongly of first order and
the softening of the elastic constant ¢4, s by no means
complete [13]. Hence, we find no real divergence of
the Debye-Waller factors. In (KBr), (s(KCNjg g5 the
more pronounced increase of By as the transition
temperature is approached shows that the 85% crys-
tal is closer to a second-order phase transition. The
observation that an increasing Br~ substitution in
KBr:KCN drives the phase transitions closer to sec-
ond order is in agreement with the results of [16]
where an almost continuous phase transition has been
reported for a crystal with a CN~ concentration x
=0.73. For x=0.41 the Debye-Waller factors pass
through a minimum and increase again with decreas-
ing temperatures. Again this anomalous behaviour
signals that dynamic disorder is introduced by the
long wavelength fluctuations which appear close to

a structural phase transition. However, for x=0.41
the phase transition into an orientationally ordered
state is suppressed and these fluctuations are frozen-in
yielding a highly enhanced static Debye-Waller factor
at low temperatures. This behaviour can be viewed
as a fingerprint of the glass state in the alkali halide-
alkali cyanide mixtures.

A further interesting insight into the statics and
the dynamics of these molecular crystals can be
gained by examining the concentration dependence
of the Debye-Waller factors as measured at 295K
and at 5 K. The results are given in Fig. 10, where
the Debye-Waller factors are plotted versus the con-
centration x. The mean square displacements of the
Br7/CN~ ions exhibit qualitatively a very similar
concentration dependence. At room temperature the
Debye-Waller factors steadily decrease with decreas-
ing concentration reaching a finite value at low x.
This curve is a measure of the disorder of the plastic
phase which is introduced by the fast reorientations
of the CN™ molecules. At low temperatures the x-
dependence of the mean square displacements be-
haves quite different. Bg(x) decreases for x —0 and
x— 1 and exhibits a maximum near the critical con-
centration. The increase at medium concentrations
is a measure of the frozen-in disorder due to the impu-
rity centers yielding a static Debye-Waller factor. The
asymmetry of the curve can be explained by the fact
that the concentration dependence of the strength of
the random fields x-(1—x), which is introduced by
the impurity ions, is weighted with the rotation-trans-
lation coupling constant which increases linearly with
x. Thus the concentration dependence of the Debye-
Waller factors at low temperatures can be described
by x?-(1—x), which is plotted as solid line in Fig. 10.
A similar concentration dependence of the dynamic
structure factor of the orientational motion was pre-
dicted by K.H. Michel [37]. This behaviour gives di-
rect evidence that fluctuations of shear strains coupled
to orientational correlations are frozen-in by the stat-
ic random strains. Near the critical concentration,
where the elastic constant ¢, is almost zero, and thus
where the lattice is close to a two-dimensional melting
instability, critical fluctuations are pinned and a maxi-
mum in the frozen-in disorder becomes apparent. For
lower concentrations the random strains dominate
and weaken the rotation-translation coupling consid-
crably. Hence the freezing-in of the orientational de-
grees of freedom is driven by the coupling to the ran-
dom field and becomes more and more a single ion
phenomenon. For higher concentrations the rotation-
translation coupling drives the structural instability
and establishes a low temperature phase with a long
range ordered homogeneous shear distortion.
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Fig. 9. Temperature dependence of the Debye-Waller factors of the

K* ions in (KBr), - .(KCN), for concentrations x=1 (v), 0.85 (0)
and 0.41 (O). The solid lines are drawn to guide the eye
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Fig. 10. Concentration dependence of the Debye-Waller factors of
the K" ions in KBr:KCN mixed crystals at 295 K (0) and at 5K
(m). The solid lines were calculated as described in the text

B. Single crystal diffraction

For a detailed analysis of the frozen-in strains and
the frozen-in orientational correlations we performed
a single crystal diffraction study in (KBr), _ .(KCN),.
Some results of these investigations have been pub-
lished previously [34, 35]. These experiments were
carried out on the triple axis spectrometer D 10 locat-
ed on a thermal neutron guide at the Insitut Laue-
Langevin. The samples were mounted on an Eulerian
cradle to allow scanning along all lattice directions.
A vertical focusing (200) Cu-monochromator gave a
wave length of 1.26 A. A pyrolytic graphite analyzer
was set to the (004) reflection to give an energy resolu-
tion of approximately 1.5 meV and was set to zero
energy transfer. A He-flow cryostat [63] allowed vari-

ation of the temperature from 10 K to 300 K with
an accuracy of 0.1 K.

In the present article we pay special attention to
the question of the extent to which the freezing-in
of the orientational degrees of freedom is a coopera-
tive phenomenon. The following ideas are based on
the recent theory by K.H. Michel [37, 38]: In this
theory the role of random strain fields is twofold:
i) they couple linearly to the orientational order pa-
rameter [37] and i) through anharmonic coupling
with the dynamic modes, the static strains lead to
a scattering of these dynamic modes and therefore
to internal friction [38]. Friction processes become
dominant if the restoring forces are weak. The latter
conditions however imply that the collective interac-
tions which drive the system towards a structural
phase transition (soft mode) are strong in comparison
to the pure random ficld effect i). One is led to distin-
guish two situations: In the first place in strong ran-
dom fields, the structural phase transition is simply
suppressed by i) and orientations and strains freeze
in continuously. And secondly in weak random fields
processes ii) can cause a nonergodic instability. Notice
however that the condition of weak random fields
is not sufficient. In addition one needs the neighbour-
hood of a second order phase transition. If the system
undergoes a first order transition, the nonergodic in-
stability does not occur as a dynamic phenomenon.

To decide whether the glass transition in the cya-
nide glasses is a nonergodic instability or if the freez-
ing-in of the orientational degrees of freedom is domi-
nated by strong random fields the temperature depen-
dence of the order parameter has to be studied. A
nonergodic instability gives a sudden increase of the
diffuse elastic intensities at the glass transition [38],
while strong random field systems exhibit a smooth
T2 dependence with no discontinuities [37]. Of
course, in the case of weak random fields one can
have a superposition of two effects: continuous frecz-
ing processes at high T and a nonergodic instability
at the glass transition.

To clarify the situation in KBr:KCN experimen-
tally we performed a single crystal diffraction study
for concentrations just above and just below the criti-
cal concentration. In the Figs. 11 and 12 we show
transverse scans through the (060) reflection in mixed
crystals with concentrations x=0.65 and x=0.57 at
various temperatures. The profiles can be described
by a resolution-limited Bragg scattering (empty Gaus-
sian area) and by an exponentially decaying diffuse
contribution (shaded area) [35, 36]. The exponential
line shape was described by I=1I,-exp(—oq) where
g is the phonon wave number and the coefficient o
determines the width of the line. For both crystals
we find a large increase of the diffuse scattered intensi-
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Fig. 11. Transverse scans at zero energy transfer through the (060)
reflection in (KBr), 35(KCN), 5 at various temperatures. The cubic
to orthorhombic phase transition temperature at 97.5 K has been
determined calorimetrically by Mertz and Loidl (Ref. 28). The
shaded area shows the contribution from frozen-in shear strains,
the empty area that from Bragg scattering; the solid lines represent
the result of fits as explained in the text. (Figure taken from Ref. 35
and reproduced with permission by courtesy of The American Phys-
ical Society)

ties for temperatures T<100 K and at the same time
a strong decrease of the Bragg scattering contribu-
tions. It demonstrates how the freezing-in of molecu-
lar orientations which are coupled to long-wavelength
transverse phonons influences the static properties:
in both crystals the Bragg intensities go almost to
zero which indicates the strong increase of the Debye-
Waller factors with decreasing temperatures. The dif-
fuse scattered intensities can be explained by frozen-in
local shear distortions (transverse phonons with zero
energy). Obviously the freezing of coupled orienta-
tional and translational modes decreases the intensity
of the Bragg reflections and increases at the same
time the diffuse intensities around the reciprocal lat-
tice points. (KBr), ;5(KCN), 65 undergoes a phase
transition at 97.5 K. Below this temperature the “stat-
ic” local shear deformations become partially re-
moved by one uniform rhombohedral distortion.
However, even well below the phase transition frozen-
in strain fields can still be detected. In
(KBr)y 43(KCN)y.5s; no long range orientational
order is established and the critical fluctuations are
frozen-in. On the average this crystal stays cubic
down to the lowest temperatures with local distor-

91

(KBr)

0.43

(KCN),

T-1E,6,0)
{1000

500

1500

neutron counts

0

.2 0 02 -02 0 02

reduced wave vector component g(%,ﬂ)

Fig. 12. Transverse scans at zero energy transfer through the (060)
reflection in the (001) plane of (KBr)y.43(KCN), 5, at various tem-
peratures. The hatched area shows the diffusive contribution from
frozen-in strain fields, the empty peak the “true™ Bragg intensity.
The solid lines are the results of fits as described in the text. (Figure
taken from Ref. 35 and reproduced with permission by courtesy
of The American Physical Society)
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Fig. 13. Three-dimensional plots of the line shapes of transverse
scans through the (060) reflection in (KBr)q 35(KCN)g_¢5. The inten-
sities are shown versus the reduced wave vector component for
a series of temperatures between 65 K and 140 K

tions appearing for T< 100 K. Below 60 K the diffrac-
tion patterns are almost temperature independent. At
this temperature the freezing process is completed and
the glassy state is fully established.

The close analogy between the phase transition
in (KBr)y 35 (KCN), 65 and the glass transition for the
x=0.57 crystal is nicely demonstrated in the Figs. 13
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Fig, 14. Three dimensional plots of the line shapes of transverse
and longitudinal scans through the (060) reflection in the (001) plane
of (KBr)g 43 (KCN)g 5. The intensities are shown versus the reduced
wave vector component ¢ for a series of temperatures between 16 K
and 130 K:

upper part: transverse scans along (£, 6, 0)

lower part: longitudinal scans along (0,6 +¢,0)

and 14. Figure 13 shows the temperature variation
of the scattered intensity in transverse scans along
(£60). The splitting of the (060) Bragg peak indicates
the cubic to rhombohedral phase transition (the peak
in between the two outer rhombohedral peaks is due
to the two poorly resolved out-of-plane rhombohed-
ral peaks). The upper part of Fig. 14 shows the equiv-
alent temperature dependent plot for x=0.57. This
figure gives a clear impression of the break-down of
true long-range order in this crystal. The observed
line shapes can be interpreted as a distribution of
static T,, shear distortions centered around the un-
distorted lattice. Despite the absence of Bragg scat-
tered intensities in transverse scans, the longitudinal
scans (lattice constant scans) yield well defined “ Bragg
peaks” (Fig. 14, lower part). However, the tempera-
ture dependence of the intensities is highly anoma-
lous.

Quantitative results of the temperature depen-
dence of the intensities of the Bragg peaks and of
the quasielastic intensities at the (060) reciprocal lat-
tice point for the crystals with concentrations x=0.65

(KBr)g_as (KCN)O.SS

80

intensity

~
o
T

090 100 10 120
T{K)

Fig. 15. Temperature dependence of the intensities of the Bragg

peaks (Gaussian area: Ag (O)) and of the quasielastic lines (area

as defined by the exponential line shape: Ay (®)) as measured at

the (060) reciprocal lattice point in the mixed crystal with a concen-

tration x=0.65. The lines are drawn to guide the eye

(KBrly ;5 (KCN),;

200
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Fig. 16. Temperature dependence of the intensities of the Bragg
peaks A; (0) and of the quasielastic lines Ay (@) as determined
at the (060) reciprocal lattice point in (KBr) 43(KCN)g 5. The lines
are drawn to guide the eye

and x=0.57 are shown in the Figs. 15 and 16. With
decreasing temperatures in the 65% crystal the inten-
sity of the Gaussian peaks (Gaussian area: Ag) de-
creases, passes through a minimum at the phase tran-
sition temperature and increases again for further de-
creasing T. In the rhombohedral phase we integrated
the intensities of the 4 rhombohedral Bragg peaks due
to the multi-domain structure. The diffuse scattered
intensities (exponential area: Ay) strongly increase



for T<110 K and exhibit a maximum at the structur-
al phase transition temperature. To determine the dif-
fuse scattered intensities in the rhombohedral phase
we fitted only one exponential line shape to the peak
profile as can be seen in Fig. 11. For the crystal with
a concentration x=0.57 the Bragg intensities vanish
at Ta~70 K. Astonishingly, also in this glassy crystal
the diffuse scattered intensities exhibit a maximum
near 75 K.

In discussing the results as presented in the
Figs. 15 and 16 three characteristic features have to
be noted: i) the highly anomalous Debye-Waller fac-
tors, which increase with decreasing temperatures; ii)
the increase of the diffuse scattered intensities which
is much stronger than 1/T? as expected for strong
random fields and iii) a maximum in the diffuse scat-
tered intensities as well in the ordering as in the glassy
compounds. Points i) and ii) are strongly correlated:
of course the freezing-in of shear strains enhances the
“static” Debye-Waller factors. The deviations in the
T~? dependence could in principle be explained by
the fact, that Ay includes intensities of thermal fluctu-
ations and of critical scattering. This can be true for
the crystal that undergoes a structural phase transi-
tion. However, the minimum in ¢y, for x=0.57 we
expected near Tx95 K (the minimum c,, for x=0.5
was detected near 90 K by Rowe et al. [2] and the
structural phase transition in the crystal with x=0.65
occurs at T=97.5 K) where the diffuse intensities in-
crease most strongly. Thus we believe that the in-
crease of Ay in (KBr)y 43(KCN), 5 is a fingerprint
of a nonergodic instability. The maximum in the tem-
perature dependence of the diffuse intensities Ay is
due to the onset of long range clastic order in the
65% crystal, while for x=0.57 an interpretation in
terms of a residual quadrupolar ordering process
within (or between) the clusters seems to be straight
forward. A more detailed investigation and discussion
of this low-temperature anomaly will be given below.

To show that the local shear distortions are of
T,, symmetry we plotted in Fig. 17 the intensity con-
tour lines of the diffuse scattered intensities around
the (020) and the (440) reflections for x=0.65 just
above the structural phase transition. Very similar
results were obtained for the 57% crystal at low tem-
peratures and analogous data have been published
by Rowe et al. [2] and by Loidl et al. [34] in crystals
below the critical concentration. These contour lines
follow exactly the dynamic structure factor of trans-
verse phonons with a sound velocity proportional to
c44. Two facts appear to be important: i) the contour
lines exhibit an extreme anisotropy and ii) the (hh0)
reflections show in addition an asymmetry along the
cube axis. Point i) explains the fact that in longitudinal
scans the diffuse scattered intensities are rather small
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Fig. 17. Equal intensity contour lines around the (020) and the (440)
reciprocal lattice point in the x =0.65 crystal just above the structur-
al phase transition at 97.7 K:
upper part: equal intensity contour map at the (440) reflection. The
maximum peak intensity was 980 counts.
lower part: equal intensity contour map at the (020) reflection. Here
the maximum peak intensity was 15500 counts

and that in powder diffraction experiments the line
broadening is much less apparent. The asymmetry
can be explained by the bilinear coupling of rotations
and translations [15]. To study this effect in more
detail we followed the temperature variation of scans
along the (0£0) direction through the (440) reflection.
A representative result is shown in Fig. 18. At 16 K
a small Bragg spike appears on top of a broad diffuse
component that exhibits a distinct asymmetry. The
result of a fit to the scan profile including symmetric
and asymmetric contributions is indicated by the solid
line. The diffuse intensities were fitted using exponen-
tial line shapes [35, 36]. The separation of the total
intensity into symmetric and asymmetric contribu-
tions is indicated in the lower part of Fig. 18. The
line width of the asymmetric part is much wider than
that of the symmetric part (theoretically the symmet-
ric part should follow a 1/q% dependence, while the
asymmetric part of the diffuse scattered intensities
should go like 1/g [17]. Experimentally, symmetric
and asymmetric contributions follow exponential line
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Fig. 18, Transverse scans through the (440) reciprocal lattice point
in (KBr)g 43(KCN)g 57. The shaded area gives the total diffuse inten-
sities as determined by fits to the data points. In the lower parts
of the figure the deconvolution of the diffuse scattered neutron inten-
sities into symmetric and into antisymmetric contributions are
shown
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Fig. 19. The temperature dependence of the intensities of the sym-

metric (S: 0) and of the antisymmetric (AS: @) components of the

diffuse intensities as measured at the (440) reciprocal lattice point

in the x=0.57 crystal. The lines are drawn to guide the eye

shapes with the cocfficient ¢ of the asymmetric contri-
butions being a factor of two larger than that of the
symmetric contributions.

The temperature dependence of the areas of the
symmetric and asymmetric component of the diffuse
intensities as measured at the (440) reciprocal lattice
point for x=0.57 is given in Fig. 19. Both intensities
start to increase suddenly at about 110 K exhibiting
a similar temperature dependence as that measured
at the (060) reciprocal lattice point (Fig. 16). At all
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Fig. 20. Half width at half maximum in momentum space 4Q of
the diffuse scattered intensities versus temperature in
(KBr)p.43(KCN)g 57. The width of the symmetric (S: m) and of the
antisymmetric component (AS: @) are shown separately. The lines
are drawn to guide the eye

temperatures the areas of symmetric contributions are
roughly twice as large. Again, as mentioned before,
the sudden increase and the temperature-dependence,
that is much stronger than T ~2, point towards a non-
ergodic instability. Also in the temperature depen-
dence of the diffuse intensities, as measured at the
(440) reflection, there appears a further anomaly in
both components at 75 K and the intensities exhibit
a sudden decrease reaching a constant value at tem-
peratures below 50 K. These effects have never been
detected by measuring the intensities of the central
line in inelastic experiments. The central peak intensi-
ty is given by the area of energy scans through the
diffuse intensities and measures the temperature de-
pendence of the diffuse scattered intensities at a cer-
tain g-value. This disagreement can be explained by
studying the temperature dependence of the line width
4Q of the diffuse intensities. The results are given
in Fig. 20. At temperatures T >75 K the line widths
stay constant but increase towards lower tempera-
tures. Obviously the line broadening effect corre-
sponds to the decrease of the intensities. In Fig. 21
this phenomenon is studied in more detail for the
(0kQ) reflections where we show the Q-dependence
of the line broadening for a series of measurements
at different reciprocal lattice points. At temperatures
T>75XK the line widths AQ strictly follow a linear
Q-dependence, a behaviour that can be explained in
terms of an inhomogeneous strain broadening. How-
ever, for lower temperatures significant deviations be-
come apparent with a strong increase of the line width
for higher Q-values. The temperature dependence of
the line widths of the (060) and (080) reflections are
shown as an inset. Until now central peak intensities
have only been measured near the (111), (200) and
(220) reflections. The line widths AQ of the diffuse
intensities at these values of momentum transfer stay
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Fig. 21. Half width at half maximum AQ of the diffuse scattered
intensities versus momentum transfer at different temperatures as
measured in (KBr)g 43 (KCN), 5-. Note the strong deviations from
a linear Q-dependence as expected for a broadening due to random
strains for temperatures T<75 K. The inset shows the temperature
dependence of AQ for the (060) and the (080) reflections. The lines
are drawn to guide the eye only. (Figure taken from Ref 35 and
reproduced with permission by courtesy of The American Physical
Society)

roughly constant at all temperatures and no anoma-
lies in the intensities can be detected. At higher Q
values and lower temperatures an additional broad-
ening becomes apparent. In addition, this broadening
seems to be rather isotropic giving lower intensities
in transverse scans. We believe that the anomalies
at 75K are due to quadrupolar interaction effects.
If we extrapolate the structural phase transition tem-
perature from x> x, to x=0.57 we find exactly 75 K.
Compared to the x=0.65 sample the rotation-transla-
tion coupling is already too weak to establish long
range orientational order and homogeneous shear de-
formations of the center of mass lattice. However, we
believe that local ordering of CN™ ions, which are
exposed to weak random fields only, is responsible
for the observed anomalies.

Therefore, in explaining the temperature depen-
dence of the diffuse scattered intensities two different
effects have to be taken into account: the increase
of the diffuse scattered intensities below 110 K as a
result of the slowing down of dynamic shear fluctua-
tions coupled to random strains and quadrupolar or-
dering processes which give a long range shear defor-
mation for x=0.65 but only short range order for
x=0.57. The former process appears above (x=0.65)
and below (x=0.57) the critical concentration.
(KBr)y 35(KCN), o5 undergoes a structural phase
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transition at T=97.5 K and the inhomogencous shear
deformations are reduced in favour of the long range
rhombohedral distortion. In (KBr), 43 (KCN), 5, the
critical fluctuations are frozen-in due to random
strains, giving a network of clusters with a distribu-
tion of shear deformations. Presumably, the residual
quadrupolar ordering process is indicated by anoma-
lies in the temperature dependence of the intensities
and the line width of the diffuse scattered intensities.

C. Quasielastic measurements

In the previous two sections we have discussed the
structural properties of KBr:KCN crystals in some
detail. We found a strong increase of diffuse scattered
intensities near reciprocal lattice points which become
frozen-in in the glass state. In the cyanide glasses stat-
ic random strain fields play an essential role [37].
They couple to the orientational order parameter and
can explain in part these diffuse intensities. However,
it seems that the sudden increase and the strong tem-
perature dependence of the central peak phenomenon
point towards a nonergodic instability [38]. At the
glass transition the crystals are close to a second-
order ferroelastic phase transition and the long-wave-
length acoustic phonons are extremely soft. The struc-
tural relaxations connected with the long-wavelength
lattice deformations slow down and are finally ar-
rested in the glass state: the local shear deformations
are trapped by the static random potentials. The glass
transition can be interpreted as a localization of
phonon modes [38] and below the glass transition
the system is characterized by zero-energy frozen-in
phonons.

The aim of this quasielastic neutron scattering in-
vestigation was to study the freezing-in of critical fluc-
tuations with time-of-flight techniques in order to de-
tect a finite energy width in the central peak. Utilizing
time-of-flight (TOF) techniques high energy resolu-
tion can be achieved. However, the momentum reso-
lution is lost due to the use of polycrystalline material
and information can be obtained as an average over
the Brillouin zone only. The experiments were per-
formed on the TOF spectrometer IN6 located on a
cold neutron source at the ILL. Incident neutron en-
ergies of 3.15 meV have been used and crystals with
concentrations x=0.57 and x=0.2 have been investi-
gated. The energy resolution of the experimental set
up was 0.048 meV (half width at half maximum). Ad-
ditional measurements were performed utilizing the
TOF spectrometer IN4 with an incident neutron en-
ergy of 12.5 meV. The energy resolution of this set
of experiments was 1 meV. These experiments were
performed to get a rough estimate of the phonon den-
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Fig. 22. Dynamic structure factor S(Q,w) as measured in
(KBr)g.43(KCN), 57 at T=100 K. The incident energy was 12.5 meV
and the scattering angle was chosen as 2@ =75 deg. corresponding
to a Q value of approx. 3 A~L The solid line is a fit to a single
Lorentzian line shape including the detailed balancefactor. The
Gaussian peak at zero energy transfer is predominantly determined
by elastic incoherent scattering; its width is completely determined
by the experimental resolution

sity of states in a wider energy window which was
necessary to get a measure of the influence of the
soft lattice near the structural instability on the dy-
namic structure factor S(Q, ») at low frequencies.

In Fig. 22 we show S(Q, @) in (KBr)g 43(KCN)y 54
as measured at the IN4 in a frequency window from
—10 meV to 10 meV at 100 K. Below the central line
at zero energy transfer which is resolution limited and
predominantly due to elastic incoherent scattering we
find a structureless spectrum that can be described
by a Lorentzian line shape with a half width at half
maximum of 4 meV. S(g, w) looks like a spectrum of
an ensemble of damped oscillators or like a fluid-like
spectrum. No fine structure due to zone boundary
transverse phonons can be detected. These findings
can be explained by the strong rotation-translation
coupling which is active in this system. At T=100 K
the lattice is extremely soft and the damping is high.
We take this spectrum as the phonon background.
We now focus on much finer energy scales to detect
the freezing-in of critical fluctuations.

Figure 23 shows two representative results in
(KBr1)y.43(KCN), 5, as measured at the IN6 at 10 K
and 100 K. These measurements were performed at
Q-values close to the (111) reciprocal lattice point.
The phonon background at T=100 K is indicated
as a straight line and represents just the maximum
of the Lorentzian line as shown in Fig. 22. At
T=10 K the phonon contribution is almost negligible
due to the thermal population. Already a first inspec-
tion clearly demonstrates two features:

— at T=10K we find a significant increase of the
purely static component compared to the 100 K data.
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Fig. 23. Dynamic structure factor S(Q,®) as measured in
(KBr)g.43(KCN)y 57 with an incident energy of 3.15meV at T
=100 K and at T=10 K. Note the different scales for the purely
static (resolution limited) and the quasielastic components. The solid
lines represent fits to a resolution limited Gaussian and a broader
Lorentzian line shape. The shaded area corresponds to critical fluc-
tuations

This static contribution due to the broken ergodicity
of the glass state is placed on top of a strong clastic
incoherent peak at zero energy transfer and

— in both spectra a narrow quasielastic component
can be detected. This quasielastic peak is large and
narrow at 100 K and small and considerably wider
at T=10 K.

We fitted the data using a Gaussian line shape
for the resolution limited static part and a Lorentzian
line shape for the quasielastic line. The results are
shown as solid lines in Fig. 23. Here the hatched areas
give the quasielastic peaks. The temperature depen-
dence of the Gaussian and the Lorentzian areas and
of the Lorentzian line width as measured in the crystal
with a concentration x=0.57 is shown in Fig. 24. At
present it is not clear where to locate exactly the glass
transition temperature in this crystal. Obviously, the
upper limit (110 K) is the temperature where the
strongest increase of the diffuse intensities becomes
apparent; the lower limit (75 K) is the temperature
where the anomaly appears in the temperature depen-
dence of the diffuse scattered intensities (Figs. 19-21).
Despite these uncertainties, the following overall
behaviour is clearly demonstrated: in the plastic
phase we find a quasielastic component that increases
in intensity and in width as the glass transition is
approached. This behaviour characterizes the slowing
down of the critical fluctuations. Below the glass tran-
sition a purely static component increases while the
dynamic component decreases in intensity and in-
creases in width.
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These findings closely resemble recent dynamic
theories and computer simulations of the glass transi-
tion in supercooled liquids [64—66]. This is not aston-
ishing, since Michel’s model [38] with anharmonic
scattering of dynamic modes and random strain fields
leads to a simple variant of the mode coupling theo-
ries. In the framework of these theories the dynamic
structure factor has been calculated. At the glass side
a quasielastic peak increases in height and width as
the glass transition temperature is approached from
below. This quasielastic peak corresponds to dynami-
cal critical fluctuations. In addition a §(w) peak char-
acterizes the static component of the glass state. At
the liquid side of the transition no strictly elastic con-
tribution appears, but a much stronger quasielastic
peak which increases in height as the transition tem-
perature is approached from above.

We are aware that the supercooling of a hard
sphere model is quite different to the dynamics of
the glass transition in KBr:KCN systems. However,
in supercooled liquids the cage effect, where an atom
is being trapped by its surrounding atoms, plays an
important role. The mode coupling theories exhibit
this trapping effect as a prominent feature. Analo-
gous, in KBr:KCN shear distortions are pinned by
static random fields and contribute via a direct feed-
back to the freezing dynamics.

At present further time-of-flight experiments are
being planned on KBr:KCN crystals with different
concentrations, with even better energy resolution
and with much finer temperature steps around the
glass transition temperatures. With these experiments
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we hope to test if the striking similarity of our results
with the predictions of the mode coupling theories
holds for a closer inspection. E.g. mode coupling theo-
ries [65] predict a double peak structure in S(Q, w)
just above the glass transition which characterize the
o- and the f-relaxation (structural and secondary re-
laxation respectively). In KBr:KCN glasses it is
known that the structural and the secondary relaxa-
tion exhibit a fully decoupled sequential freezing [67,
68] with a well-known relaxational dynamics. It
seems worth to investigate the dynamic structure fac-
tor close to the glass transition in order to detect
the predicted double peak structure.

V. Conclusions

In this article we have reported a series of neutron
scattering studies in the mixed molecular system
KBr:KCN including powder diffraction, single crys-
tal diffraction and quasielastic neutron scattering
techniques. The most relevant results of this detailed
investigation can be summarized as follows:

— we presented a detailed phase diagram of
KBr:KCN mixtures. Here we analyzed transition
temperatures in powder samples and in single crystals
and were able to compare directly the results to those
as observed in specific heat measurements on large
single crystals (Mertz and Loidl, 28). We performed
a number of cycling experiments with various heat
treatments and annealing times and finally believe
that the phase diagram as presented in Fig. 8 shows
the thermodynamically stable phases of the virgin
crystals and no low-temperature phases induced by
macroscopic strains.

New results were obtained for the x=0.65 crystal

showing a stable rhombohedral low-temperature
phase. This rhombohedral phase can be deduced from
the high temperature cubic phase by the compression
of one body diagonal and exhibits a large residual
entropy as the temperature approaches zero because
the CN ™ molecules can reorient between three equiv-
alent (111) directions. In addition to the hindering
barriers of the single particle potential of the rhombo-
hedral phase the reorientational motion is hindered
by frozen-in strains as demonstrated by the single-
crystal diffraction experiments. We are convinced,
that the low temperature thermal anomalies in this
crystal are due to these properties.
— important results were obtained concerning the
static and the dynamic Debye-Waller factors. Specifi-
cally we show that the concentration dependence of
the static Debye-Waller factors can be explained as-
suming an interplay of the rotation-translation and
the rotation-random strain coupling.
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— utilizing single crystal diffraction we performed a
careful analysis of the diffuse scattered intensities in
mixed crystals just above and below the critical con-
centration. In both crystals local shear deformations
develop due to the interaction of coupled rotational
and translational modes with the random strains as
introduced by the static impurity centers. We find
that the structural phase transition for x=0.65 devel-
ops out of a crystal with a distribution of apparently
frozen-in shear distortions. For x=0.57 the local
shear deformations are frozen-in due to the domi-
nance of random strains. Analyzing the temperature
dependence of the line shapes and of the areas of
the diffuse intensities we found a strong increase of
the intensities for temperatures below 110K and a
significant anomaly near T=75K. The strong in-
crease of the diffuse intensities can be interpreted as
being due to the freezing of shear fluctuations and
indicate a nonergodic instability as predicted by Mi-
chel [38]. The anomaly near 75 K could be due to
residual elastic ordering processes in regions of the
crystal exhibiting low random strain fields.

— utilizing high resolution time-of-flight techniques
we analyzed the dynamic structure factor for x=10.57.
The aim was to detect a finite energy width in the
quasielastic component (central peak) due to the slow-
ing down of the critical fluctuations in the freezing-in
process. We found that the central peak consists of
two components: a static component that increases
below the glass transition and signals the broken er-
godicity of the glass phase and a dynamic contribu-
tion that peaks near the glass transition and demon-
strates the slowing down of critical strain fluctuations.
The results are compared to mode coupling theories
which describe the glass transition in supercooled lig-
uids [64-66].
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