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(NaCl), _, (NaCN), mixed crystals with CN-concentrations x of 0.87, 0.76, 0.71 and 0.65
have been investigated by X-ray powder diffraction. Apart from the cubic room temper-
ature phase, a rhombohedral and an orthorhombic phase have been identified. In
addition a glass state has been observed which is characterized by a strong broadening
of the cubic powder lines. The phase diagram shows a wide coexistence gap between the
non-cubic phases and the glass state.

1. Introduction

The alkali cyanides and the alkali cyanide-halide
mixed crystals show a fascinating variety of struc-
tural phases. NaCN and KCN are cubic (Fm3m) at
room temperature, centered orthorhombic (Immm)
at intermediate and primitive orthorhombic (Pmmn)
at low temperatures [1,2]. (KBr),_.(KCN), mixed
crystals exhibit, besides the cubic high temperature
phase, six non-cubic low temperature phases [3, 4].
Below a CN-concentration x of about 0.6 the com-
pounds remain cubic down to lowest temperatures,
but the diffraction patterns of X-ray and neutron
experiments [4, 5] show a strong broadening of the
Bragg reflections at lower temperatures. This new
state is called glass state and is characterized by a
frozen-in arrangements of statistical CN-orientations
and lattice strains [6]. As for spin glasses the tran-
sition into the glass state is indicated by cusps of the
susceptibility, in the present case of the dipolar and
quadrupolar susceptibility [7].

A qualitative understanding of this complex struc-
tural behaviour can be obtained when one realizes
that the CN-molecule is aspherical. Its orientational
degrees of freedom are coupled to the translational
ie. phonon modes of the center of mass lattice.
Hence the lattice deformations at the structural tran-
sitions are connected with changes of the orien-
tational distribution. In NaCN for example, the CN-
molecules of the cubic phase behave as almost free
rotators with a slight preference for orientations

along <100 [8]. In the orthorhombic phases the
molecules are aligned along the former [110] direc-
tion with head-to-tail disorder in the upper and anti-
ferroelectric order in the lower phase.

The decisive role of the orientational-translational
coupling is also illustrated by the softening of the
elastic shear constant ¢,, of the cubic phase [9].
The coupling can be translated into an effective CN
—CN interaction of dipolar form [10]. The glass
state is thought to be the consequence of the strong
anisotropy of this interaction in combination with
the chemical disorder of the halide-cyanide sublat-
tice.

The various phases of the pure NaCl-type cyanides,
KCN, NaCN, RbCN as a function of temperature
and pressure can be arranged in a general phase
diagram [11]. In this article we will investigate the
phases and phase transitions of (NaCl), ,(NaCN),
as a function of x and T and will discuss the ques-
tion if there is a general phase diagram for the
mixed crystals.

II. Experimental Results and Analysis

Single crystals of (NaCl), _,(NaCN), with x=0.87,
0.76, 0.71, 0.65 have been grown from the melt by J.
Albers, University of Saarbriicken, and have been
characterized by specific heat and dielectric experi-
ments [12]. Their CN-concentrations have been de-
termined from infrared and X-ray diffraction results.
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Small slices of the original crystals have been used
for the present study. The variation x of the CN-
concentration across these small pieces is definitely
less than 0.01.

The X-ray set up is identical to that of Ref 4.
Again, the raw diffraction data will be presented as
counting rates versus channel number where the
channel number is a roughly linear measure of the
scattering angle 26. 25 channels correspond to about
one degree in 26.

A) Phase Transitions

Three crystallographic phases, namely cubic, rhom-
bohedral and orthorhombic, and a glass state can
be identified in the powder patterns. The powder
lines of the rhombohedral and of the orthorhombic
phase can be all regarded as offsprings of the fcc
lines. The results are illustrated by the Figs.1-3
which show a section of the powder patterns cen-
tered at the position of the cubic (220)-line. The
temperature dependence of the line positions is given
in Fig. 4. The orthorhombic reflections are indexed
in terms of a monoclinic cell containing four for-
mula units with the cell parameters a,,=c,*b,,, B,
The results propose that the orthorhombic structure
is identical to that of pure NaCN with the CN-
molecules aligned along the former [110] direction.
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Fig. 1. Sections of powder patterns for x=0.87. The subscripts c,
r, o refer to “cubic”, “rhombohedral”, “orthorhombic”. The or-
thorhombic lines are indexed in terms of a monoclinic cell con-
taining four formula units. 25 channels correspond to about one
degree in the Bragg angle 26
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Fig. 2. Sections of powder patterns for x=0.76

A distinction of the electrically disordered and the
antiferroelectric orthorhombic phase is not possible
by X-ray diffraction. The space group of the rthom-
bohedral phase with the cell parameters a, and o, is
presumably R3m. The cell parameters are listed in
Table 1.

The sample with the highest CN-concentration, x
=0.87, shows wide temperature ranges where the
three crystallographic structures - cubic, rhombo-
hedral and orthorhombic - exist in pure form. These
single phase regions are separated by narrow coexis-
tence regions cubic-thombohedral and rhombohe-
dral-orthorhombic which are about 10 K wide (Iig. 4).
The transition temperatures T, and T,,, as defined
by the midpoints of the coexistence regions, are
241 K and 204 K. Clearly the transitions are discon-
tinuous. Both phase transitions are confirmed by
measurements of the specific heat and of the real
part of the dielectric constant [12].

The sample with x=0.76 shows a more complex
diffraction pattern. At a temperature T, of 195K,
below the cubic single phase region, the sample en-
ters a cubic-rhombohedral coexistence range. The
percentage of the cubic componeni decreases from
about 50% just below T, to about 309 at the
second transition temperature T, of 92 K where the
rhombohedral lines disappear in favour of or-
thorhombic ones with no apparent change of the
cubic intensities. The coexistent cubic and or-
thorhombic lines are considerably broadened
(Fig. 2), presumably because of distributions of the
cell parameters. The onset of the low temperature
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Fig. 3. Sections of powder patterns for x=0.71

phases at T,, and T,, is again discontinuous. Below
240K, in particular at temperatures close to the
phase transitions, weak extra powder lines have been
observed which could not be assigned to any of the
three phases.

In the third sample, x=0.71, the Bragg peaks of the
cubic phase attain wings of diffuse intensity, growing
with decreasing temperature. First indications of this
behaviour could already be found for x=0.76. At
about 160K rhombohedral lines develop out of
these broad cubic patterns (Fig. 3). From about
150K down to about 90K relatively sharp rhom-
bohedral lines coexist with broad cubic diffraction
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Fig. 4. The splitting of the (220), cubic powder line as a function
of temperature in the three ordering mixed crystals
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Fig. 5. The high and low temperature profiles of the (220), and
the (400), powder line for x=0.65

Table 1. Cell parameters of (NaCl); _, (NaCN),

x T(K) Structure Cell parameters (4 resp. deg.) Cell volume (A4%)
0.87 268 cubic a, =5.86 201.2
228 rhomb a, =585 o, =852 200.5
22 orth a,=6.00 b,=550 p,=104.0 192.1
0.76 290 cubic a, =583 1982
121 (cub)+rhomb a,=579 o, =860 193.6
20 (cub)+orth a,=575 b,=563 B,= 978 189.6
0.71 290 cubic a, =581 196.1
139 (cub)-+ rhomb a, =576 o,=87.5 190.6
0.65 290 cubic a,=5.79 194.1
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Fig. 6. The tentative x, T-phase diagram. The arrows indicate the
CN-concentrations studied in the present work. Solid points give
experimentally established transition temperatures between crys-
tallographic phases. The data on pure NaCN are taken from
Ref. 1. Open symbols indicate the onset of line broadening. Two
interpretations are possible for the hatched x, T-range: re-entrant
glass behaviour or a coexistence between the quasicubic glass
state and heavily strained remainders of the non-cubic phases

maxima. Below 90 K these two components merge
in broad distributions which can no longer be clear-
ly assigned to crystallographic structures, but which
are nevertheless centered at the Bragg positions of a
fee-lattice (Fig. 3). We conclude that there is a
coexistence of a quasicubic structure with broadened
lines, the glass state, and the rhombohedral phase.
The fraction of the two components is about 60:40.
Below 90K the rhombohedral splitting decreases
again, while the line widths increase further. We will
comment on this point later.

The sample with x=0.65 remains cubic down to
lowest temperatures, the width of the cubic lines
increases with decreasing temperature (Fig. 5). The
broadening occurs in T,, scattering geometry as can
be derived from the different line widths of the
Bragg reflections. For example Fig. 5 shows that the
(400) line is narrower than the (220) line in spite of
the higher scattering angle. In analogy to
(KBr), _ . (KCN), we attribute these quasicubic pat-
terns to the glass state.

A schematic x, T-phase diagram of (NaCl), . (NaCN),
is proposed in Fig. 6, where the full points indicate
transitions between crystallographic phases. The
open points give the temperature where the line broad-
ening effects become visible.

B) Order Parameters

As the rhombohedral and the orthorhombic struc-
ture can be regarded as homogeneous deformations

of the cubic structure, the transitions cubic to rhom-
bohedral and cubic to orthorhombic are Landau
type, ferroelastic phase transitions [13], whereas the
rhombohedral to orthorhombic transition is marten-
sitic in the sense that there is no group-subgroup
relation between the two phases. The spontaneous
strains of the rhombohedral and the orthorhombic
phase relative to the cubic one are the appropriate
order parameters. For x=0.87 Fig. 8 shows that the
cell volume ¥ is not affected by the cubic to rhom-
bohedral transition. The rhombohedral phase is thus
characterized exclusively by the three component
shear order parameter Aa=Af=A4y=90°—a,. 4a(T)
is shown in Fig 7. The order parameter and its
jump at T,; decreases with decreasing CN-concen-
tration.

The spontaneous deformation tensor of the or-
thorhombic phase contains contributions of all three
cubic symmetry strains (4,,, T,,, E,), here written as
the volume change AV, the one component shear A4p
=f,—90° do=Ay=0 and the uniaxial compression
b,/a,—1. The temperature of these quantities is de-
picted in Fig. 8. Following the symmetry conside-
rations of Ref 13, the primary order parameter is
Ap. The orthorhombic order parameters for x=0.76
are hard to determine from the diffraction data. For
x=0.76 they are roughly 2/3 of those for x=0.87.
The peculiar shapes of the orthorhombic lines for x
=0.76 - see e.g. the sharp (202) and the broad (202)
of Fig.3 - can be explained by assuming distri-
butions of the order parameter with the constraint
that its components are proportional to each other.
The order parameter of orthorhombic NaCN [14] is
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Fig. 7. The order parameter Ao of the rhombohedral phase, Ao
=90° —u, where «a, is the rhombohedral cell angle
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Fig. 8. Quantities characterizing the elementary cell for x=0.87.
The arrows indicate the two transition temperatures cubic to
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—b/a, B and the volume change are the ferroelastic order parame-
ters of the orthorhombic phase

eleven percent higher that that of the mixed crystal
with x=0.87.

C) The Glass State

The sample with x=0.65 remains cubic down to the
lowest temperatures with a strong broadening of the
diffraction lines at lower temperatures. Recently it
has been demonstrated for (KBr), _, (KCN), that the
temperature where this extra breadth of the Bragg
lines becomes apparent can be identified as the
freezing temperature Ty [4, 5]. It is the same temper-
ature where the sound velocity exhibits a minimum
[5,6] and where in an inelastic neutron experiment
a narrow central line appears in the scattered in-
tensities [6]. The line broadening becomes detect-
able below 200 K. The (220) line exhibits an increase
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Fig. 10. The temperature dependence of the width of the (220),
cubic line and its offsprings in the non-cubic phases for x=0.76
and 0.71

of the width which is much stronger than for the
(400) line (Fig.9), a clear demonstration that the
dominant broadening is of T,, symmetry, as in the
KBr-based mixed crystals. _

Recent 2°Na NMR experiments [15] for samples
with the same concentration x=0.65 also give evi-
dence for a freezing of lattice strains below 200 K.
The coupling of the ?*Na nuclear quadrupole mo-
ments with the electric field gradient (EFG) shifts
the nuclear Zeeman levels and thus renders possible
a determination of the EFGs at the Na-sites.

In contrast to a perfect cubic lattice where the EFGs
vanish as a consequence of symmetry in a mixed
system the local environments in general deviate
from cubic symmetry and one therefore obtains a
distribution of 2*Na resonance frequencies. It could
be ascribed to a gaussian distribution of the EFGs,
the width of which measures the mean deviation
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the eleciric field gradient distribution width at the *Na-sites [15]
for x=0.65

from local cubic symmetry. In exactly the same tem-
perature region where the broadening of the Bragg-
peaks is observed also the width of the EFG distri-
bution increases (Fig. 11). The effect is very drastic
and nearly covers one order of magnitude. It should
be stressed out, that the time scales of the X-ray and
NMR experiments are considerably different. The
X-ray experiments provide a snapshot of the atomic
arrangement whereas the NMR experiments average
over a time scale of at least 1usec. This is long
compared to the correlation times of the molecular
motions [15,16]. Thus the freezing of the lattice
strains observed with both methods is rather static
than dynamic.

The samples with x=0.71 and 0.76 show a Dbe-
haviour unknown in (KBr), (KCN),. As men-
tioned above, the cubic phases coexist with non-
cubic ones. Figure 10 shows the widths of the coexis-
tent lines. Below 200K the cubic lines show the
monotonic increase with decreasing temperature,
known from the x=0.65 sample where the non-cubic
phases are absent. Hence, we conclude that for these
CN-concentrations the glass state develops in coexis-
tence with non-cubic components.

Are the non-cubic components crystalline or glass-
like? Guided by the line widths of Fig. 10 we sug-
gest: for x=0.76 and 150 K< T<200K the rhom-
bohedral component is crystalline, as the rhombo-
hedral powder lines are sharp. For 900 K <T< 150K
the rhombohedral lines are broadened. We leave it
to the reader if he is willing to accept the idea of a
quasirhombohedral glass state coexistent with the
quasicubic component. Below 90K the rhombohe-
dral component orders orthorhombically, the line
widths decrease again with decreasing temperature,
though they always exceed the instrumental resolu-
tion (of about 10 channels).

For x=0.71 the rhombohedral lines appear at about
160 K, their widths increase with decreasing temper-
ature - again one might think of the evolution of a
quasirhombohedral glass state. At about 90 K there
are qualitative changes of the diffraction pattern
(Fig. 3) which hamper a quantitative analysis in terms
of crystallographic structures. We propose two pos-
sible interpretations: i) there is an attempted, pre-
sumably orthorhombic ordering of the rhombohe-
dral components analogous to x=0.76, or ii) one
abandons the idea of coexisting components at all
and thinks of a unique glass state. The two possibi-
lities are indicated in the phase diagram. It is impor-
tant to note that case ii) leads to a reentrant-type of
transition.

We are aware that we use the term “glass” in a
somewhat superficial and purely heuristic meaning,
namely for a state with broadened powder lines, but
that is the amount of information which one can
obtain from an X-ray study. A characterization of
the non-cubic glass states by complementary meth-
ods like e.g. ultrasonic measurements which have
been helpful for (KBr), _ (KCN), would be seriously
handicapped by the multidomainstructures of the
present non-cubic phases.

III. Discussion

Starting from the cubic phase a spontaneously sheared
low temperature phase of the pure cyanide and a
frustrated state at low temperatures and low CN-
concentrations are quite plausible consequences of
the bilinear coupling between the CN-orientations
and the strains of the center of mass lattice. But
that is about how far our theoretical understanding
goes in the moment. Already the orientational distri-
butions with (111> maxima for KCN and {100}
maxima for NaCN and the cubic to orthorhombic
phase transitions of these compounds is not yet
theoretically explaind [8], not to mention the vari-
ous phases of the mixed crystals. In this situation we
want to point out a surprising aspect of the rhom-
bohedral phase. Assuming (111> easy directions in
the cubic phase, a cubic-thombohedral transition
with a stretching of the cell along [1117] connected
with a [111] easy direction appears to be the most
obvious choice of a ferroelastic phase transition in
the cyanide systems with a soft elastic shear constant
C,q. This transition occurs in fact in CsCl-type
CsCN [17], but not in the NaCl-type cyanides. Here
one finds instead: i) a stretched rhombohedral cell
in combination with [100], [0107, [0017] easy direc-
tions in (NaCl), ,(NaCN),, ii) a cell squeezed
along [111] and [1117, [111], [111] easy directions



in (KBr), _(KCN),, here we have assumed that the
easy directions of the rhombohedral phase evolve
from the easy directions of the cubic phase of the
corresponding pure cyanide. It is easily seen that i)
and ii) require rapid reorientations of the CN-mole-
cule. A static alignment of the 4-x CN-molecules
along three easy directions would be incompatible
with the rhombohedral symmetry. Thus i) and ii)
cannot be low temperature states and seem to be
“dead ends” from which the systems can escape by
drastic changes of the structure only. These elemen-
tary consideration illustrate the problem of the cya-
nide structures.

The results on the two series of mixed crystals sup-
port the view that the onset of the glass state for
x <x, is connected with a reduction of the first order
character of the tranmsition from the cubic to the
elastically ordered phase when approaching x, from
higher CN-concentrations, i.e. the glass state is an-
nounced by a softening of the elastic constant c,,
and a concomitant growth of diffuse scattering
around the Bragg reflections in a X-ray experi-
ment.

IV. Summary

Comparing (NaCl), _.(NaCN), and (KBr), _, (KCN),
we note a general analogy as there are three prin-
cipal regions in the x, T-phase diagram: the cubic
phase at high 7, the non-cubic crystalline phases at
low T and high x and the glass state at low x and T.
The cubic-non-cubic transition temperatures 7,(x)
and the order parameters decrcase with decreasing
x. All non-cubic phases have strong sheatr com-
ponents.

The NaCl-based mixed crystals differ from the KBr-
based mixed crystals in the following points:

i) there is a wide coexistence gap between the non-
cubic phases and the glass state

ii) the rhombohedral phase has a wider existence
region and is stretched rather than squeezed
iii) the phase below the rhombohedral one is the
orthorhombic structure of the pure cyanide rather
than a new monoclinic structure.
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