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The phase diagram of (NaCN)I _ x(KCN)~ was examined
by neutron powder diffraction in the temperature range
5 K < T< 300 K. Several non-cubic low-temperature
phases were identified for concentrations x<xcl  =0.15
and x > Xcz = 0.89. Lattice parameters and ferroelastic
deformations were determined from the observed
powder patterns. The phase transformations were char-
acterized following the temperature dependence of the
appropriate order parameters.

I. Introduction

On cooling from room-temperature the ionic molecular
crystals NaCN and KCN display two successive Lan-
dau-type phase transitions. At high temperatures and
ambient pressure they exhibit a plastic phase of cubic
symmetry (Fm3m). At T~, both compounds transform
via a ferrodistortive first-order transition into an inter-
mediate body centered orthorhombic phase (Immm)
[NaCN: T~=288 K, KCN: T~= 168 K] [1]. The transi-
tion results from a strong coupling of the rotational de-
grees of freedom of the CN- molecules to Tzg lattice
strains [2]. The intermediate phase is characterized by
long-range orientational order with the CN- axis ori-
ented along the (110) direction of the high-temperature
cubic phase. On further cooling, at TE the residual head
to tail disorder of the CN- dipoles is removed by a
continuous order-disorder transition into an antiferro-
electrically ordered ground state (Pronto) [-NaCN: Te
= 172 K, KCN: Te= 83 K) [1]. The transition tempera-
tures of T~ and TE for KCN and NaCN were determined
by thermodynamic measurements [3]. The structures of
the low-temperature phases were studied by X-ray [4,
5] and neutron [6, 7] powder diffraction and have also
been the subject of an intense theoretical work [8-11].

Solid solutions of alkali cyanides and alkali halides
like (KBr)~ _~(KCN)~ [12, 141, (KC1)I _~(KCN)x [-14-17]
and (NaC1)I _~(KCN)= 1-18] show fascinating x - T p h a s e
diagrams. With increasing dilution of the cyanide ions

by the spherical halide ions Br- or C1- the transition
temperatures decrease. Depending on concentration, the
mixed systems transform into a variety of different non-
cubic structures which can be understood as spontane-
ous deformations of the cubic parent phase. Below a
threshold concentration xc a low-temperature orienta-
tional glass state was identified [12, 13, 17, 18]. The
relation of the appearance of polymorphism and the ten-
dency to form an amorphous state is well known for
the canonical glass SiO2 [-19] and was also studied for
ice 1-20].

It has been proposed that for the mixed cyanide sys-
tems the coupling between the orientational degrees of
freedom and internal random strain fields is an impor-
tant mechanism for the glass formation process as well
as for the polymorphic behaviour [16, 21, 22]. In this
context mixed alkali cyanides have received attention,
where only the alkali metal ions are randomly substitut-
ed. In (RbCN)I_x(KCN)x and (NaCN)I_~(KCN)~ ran-
dom strains are introduced by the implantation of cat-
ions of different size on the alkali sublattice. Due to a
small difference in size of the substituents (rRb+/ri(+
=1.11), (RbCNh_x(KCN)~ transforms into non-cubic
ground states over the entire concentration range [23,
24]. However (NaCN)I_~(KCN)x (with ri(+/rNa+ = 1.36)
displays a low-temperature glass state of cubic symmetry
in a wide range of composition [24]. Because the CN-
sublattice is preserved, this type of mixed system allows
the study of the influence of random strains on the
behaviour of the orientational degrees of freedom. In
the present article we extend earlier structural informa-
tion in (NaCN)~ _x(KCN)~ to allow a closer insight into
the polymorphic behaviour of this glass-forming system.

II. Experimental

Single crystals of (NaCN)I_ x(KCN)x with actual concen-
trations x = 0.02, 0.04, 0.06, 0.08, 0.90, 0.95, 0.96 and pure
NaCN as a reference system were supplied by J. Albers
from the Fachbereich Physik of the Universit/it des Saar-
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1andes. The crystals were grown from the melt using 
a conventional Czochralski technique. The actual con- 
centrations systematically differ from the nominal com- 
position of melt and were determined from the room- 
temperature lattice constants assuming Vegard's law 
[25]. 

The powder samples were prepared by grinding 
lumps of single crystals with mortar and pestle in a con- 
trolled argon gas atmosphere to avoid hydrolysation of 
the extremely hygroscopic material. In the same atmo- 
sphere the powder then was loaded into a vanadium 
can of 10 mm diameter which was sealed with an indium 
O-ring. 

The neutron powder diffraction measurements were 
performed on the instrument D 1 B, a two axis powder 
diffractometer with a curved multidetector system, locat- 
ed on a thermal neutron guide at the ILL Grenoble. 
A pyrolytic graphite (002) monochromator was used to 
select an incident wave length of 2=2.52 ~. The range 
of scattering angle A 20=80deg is covered simulta- 
neously by an ensemble of 400 detector elements which 
are calibrated with a vanadium standard. During all 
measurements the scattering angle 20 ranges from 25 ~ 
to 105 ~ . The sample temperature was varied in the range 
4 K to 300 K using a conventional liquid helium flow 
cryostat. A programmable temperature controller al- 
lowed a continuous variation of temperature with fixed 
cooling and heating rates. 

III. Results and analysis 

Figure 1 shows a tpyical result obtained from neutron 
powder thermo-diffractometry for (NaCN)o.os 

(KCN)o.95. Here neutron intensities are plotted as a 
function of the scattering angle at different temperatures. 
The powder spectra were recorded in roughly equi- 
distant steps of temperature, increasing from 6 K (front) 
to 298 K (rear). At high temperatures the range in the 
scattering angle 20 from 25 ~ to 105 ~ covers the cubic 
lines from (111) to (400). Contaminations of the spectra 
due to scattering of neutrons by the cryostat material 
are marked by small arrows. Since they do not exhibit 
a distinct temperature dependence they are easily identi- 
fied and excluded from the data analysis. 

For the mixed cyanides structural phase transitions 
could clearly be identified from the powder patterns by 
the appropriate splitting of the cubic lines. For ferroelas- 
tic transitions the development of satellites below T~ 
shows whether the transition is of continuous or discon- 
tinuous character. For all crystals investigated, transition 
temperatures were obtained from the occurrence of peak 
splittings or the appearance of (010) primitive reflections 
in the case of antiferroelectric order-disorder transition 
displayed by the powder patterns. 

A. Phase diagram 

A first schematic phase diagram of (NaCN)I _~(KCN)x 
was examined by optical transmission experiments by 
Lfity and Ortiz-Lopez [24]. In contrast to alkali halide- 
alkali cyanide mixtures, (NaCNh _~(KCN)~ displays an 
almost symmetric type of phase diagram and a low-T 
orientational glass state was proposed over a wide range 
of intermediate concentration 0.15 = xc 1 < x < xc 2 = 0.9. 

The existence of a cubic low-temperature glass state 
in (NaCN)I_~(KCN)x was confirmed by previous dif- 
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Fig. I. Neutron powder patterns of (NaCN)0.os(KCN)0.95 as re- 
corded by continuous variation of temperature. The scattering an- 
gle ranges from 25 (leg to 104 de 8 and the temperature is increasing 
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Fig. 2. Phase diagram of (NaCN)I_x(KCN)x. Transition tempera- 
tures, as determined in the present experiment (e), are plotted ver- 
sus the actual concentration of KCN, randomly diluted in NaCN. 
Data for x = 1 (o) were obtained from [3]. Data determined by 
optical transmission measurements (zx) were obtained from [24]. 
Solid lines are drawn to guide to the eye. For x > xcz phase bound- 
aries are drawn schematically by dashed lines 

fraction experiments [25, 26]. Structural information 
about the non-cubic phases existed only for x = 0.02 and 
x=0 .95  [25]. Orthorhombic low-temperature phases 
were identified with antiferroelectric order for x--0.02 
(Pmnm) and residual dipolar disorder for x=0 .95  
(Immm). 

In the present work both mixed crystals are reinvesti- 
gated by thermo-diffractometry. In addition, mixed crys- 
tals with concentrations x=0.04,  0.06, 0.08, 0.90, and 
0.96 have been studied. With the exception of x = 0.90, 
all low-temperature states exhibit a single phase. This 
allowed a clear identification of the non-cubic phases 
deduced from observed peak splittings. Principle 
schemes of peak splittings, resulting from homogeneous 
deformations of a fcc-parent phase, are listed by Ger- 
wald et al. [27] together with appropriate symmetry in- 
formation. For  all mixed crystals investigated the transi- 
tion temperatures and symmetry information obtained 
from the powder patterns are collected in the x -  T phase 
diagram of Fig. 2. 

a. Sodium-rich compounds. The mixed crystals with con- 
centration x = 0.02, 0.04, 0.06 and 0.08 display the same 
subsequent phase transitions as observed in the pure 
cyanids NaCN and KCN. Indications of coexistences 
with other non-cubic phases were not detected. In partic- 
ular, antiferroelectric (AFE) order is established for all 
concentrations x < xc 1. In Fig. 3 selected neutron powder 
spectra are shown for x--0.08 recorded at room temper- 
ature and 10 K. For  the low-temperature orthorhombic 
phase only lines with h + k + 1 = 2n are indexed. The ap- 
pearance of a (010) reflection indicates the onset of elec- 
tric order in a primitive orthorhombic cell. Recent 
powder diffraction data in x=0.11,  0.13 and 0.16 re- 
vealed that the AFE-order  even survives up to the criti- 
cal concentration xc1=0.16 [28]. Since only measure- 
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Fig. 3. Powder diffraction data of (NaCN)o.92(KCN)o.o 8 recorded 
at high and low temperature. The spectrum at 5 K displays the 
(010) primitive orthorhombic reflection at low scattering angle 

ments at 5 K exist for these concentrations the data are 
excluded from the present analysis. 

The ferroelastic transition temperatures T~ display an 
extremely strong linear decrease with increasing cationic 
disorder (see Fig. 2). This is in general agreement with 
results obtained from optical transmission experiments 
[24] which are also included in Fig. 2. Significant devia- 
tions are only apparent for x--0.06. 

Also for the continuous order-disorder transition the 
transition temperatures TE vary linearly with the concen- 
tration x. However, in contrast to T~(x) (AT~/Ax 

1 0 K / % K  +) the decrease of Te(x) (ATEAx 
~2.5 K / % K  +) is more moderate. 

b. Potassium-rich compounds. In the concentration range 
x > xc2 three mixed crystals with concentrations x--0.90, 
0.95, 0.96 have been investigated. Transitions into several 
non-cubic low-T phases could be identified by the split- 
ting of the fc  c-lines. The transition temperatures T~ were 
found to be in good agreement with the results of [24]. 
Again the substitution of K § ions by the smaller Na § 
ions results in an almost linear decrease of T~ with the 
concentration x. However, the slope A T~/A x ~ 5 K / % K  § 
is much smaller than observed for Na § rich mixed crys- 
tals. 

(NaCN)o.o4(KCN)o.96 discontinuously transforms to 
a single phase ferroelastic order (Immm) at T~= 148 K. 
Additional primitive reflections are absent down to the 
lowest temperatures which is indicative for an electrically 
disordered ground state. In contrast to Na § mixed 
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Fig. 4. Powder diffraction data of (NaCN)o.lo(KCN)o.9o recorded 
at high and low temperature. The spectrum at 5 K displays a coex- 
istence of cubic and rhombohedral lines. The indices h, k, 1 of the 
rhombohedral lines are given in a hexagonal setting for R3m, as- 
suming a stretched cubic cell 

crystals, where dipolar order was found up to xc~ =0.16 
[28] the electric order is suppressed already by 4% Na + 
impurity ions disolved in KCN. This asymmetry cannot 
be understood in terms of a simple random field model. 

On cooling from room-temperature, the mixed crys- 
tal with x =0.95 displays a splitting of the cubic lines 
at T=140K. On further cooling ferroelastic order 
(Immm) is established at T= 130 K. Dipolar order could 
not be identified down to 4 K (see Fig. 1). In the interme- 
diate phase the splitting could only be clearly resolved 
near the previous cubic (111) reflection which displays 
two satellites as demonstrated by the powder pattern 
of Fig. 1. Since the (200) Bragg reflection reveals no split- 
ting, we assume that the intermediate phase is rhombo- 
hedral (R3m). The intensity distribution among the two 
rhombohedral satellites (101) and (003) of the previous 
cubic (111) is unclear so that we could not determine 
whether the cell is squeezed or stretched. While the 
rhombohedral lines continuously develop from the cubic 
reflections, the onset of the orthorhombic lines is defini- 
tely discontinuous. 

(NaCN)o.lo(KCN)o.9 o is close to the critical concen- 
tration xc2 and develops a continuous line-splitting near 
108 K. The splitting scheme favours a coexistence of a 
cubic and rhombohedral phase which persists down to 
the lowest temperatures. Selected powder profiles re- 
corded for x=0.90 at 283 K and 5 K are displayed in 
Fig. 4, At 5 K the ratio of both components is roughly 
determined from peak intensities as 37% cubic and 63% 

rhombohedral. For a rhombohedral distortion an inten- 
sity ratio of 3:1 is required for the two satellites of the 
cubic (111) reflection. A cubic cell squeezed along one 
of the body diagonals gives rise to an intensity ratio 
3:1 with the stronger peak appearing at lower scattering 
angles. This type of distortion was observed in 
(KBr)o.35(KCN)o.65 [13]. For a cubic cell stretched 
along a body diagonal the intensity ratio of the line- 
splitting is exactly reversed. This is the case for the rhom- 
bohedral phase of CsCN [-29] where the CN- molecules 
are ferroelastically ordered along one (111) direction. The 
low-temperature spectrum of x = 0.90 reveals the strong- 
er peak at higher scattering angles. However, the intensi- 
ties do not show the correct ratio expected for a stretched 
cubic cell. The cubic as well as the rhombohedral lines 
attain wings of strong diffuse scattering which increase 
for higher scattering angles. In addition the profile is 
characterized by a large static Debye-Waller factor. Both 
findings are typical fingerprints of the orientational glass 
state in mixed cyanides and are known to result from 
frozen-in shear distortions [13, 30]. 

Near the critical concentrations, (NaC1)~_x(KCN)x 
[18] and (KBr)I_x(KCN)x [13, 30] exhibit a rhombo- 
hedral phase at low-T, too. Knorr et al. [30] demon- 
strated that for (KBr)o.3s(KCN)o.65 the rhombohedral 
ground state could be suppressed on thermal cycling. 
The authors explained their findings in terms of domain 
wall formation and interpreted the orientational glass 
state in (KBr)I_~(KCN)x as a consequence of polymor- 
phism. Because of these experimental results we applied 
cycle procedures to (NaCN)o.to(KCN)o.9 o in order to 
test if the rhombohedral phase could be suppressed by 
sample history effects. The powder sample was cycled 
5 times through the transition with annealing tempera- 
tures not higher than 40 K above T~. In contrast to the 
results of [30] no effects of the thermal treatment on 
the structural behaviour of x = 0.90 could be observed. 
T~ was reproduced within the estimated deviations. On 
repeated cooling the sample displayed the structural 
transition from Fm 3m into a coexistence of cubic and 
rhombohedral (R3m) phases without exception. In par- 
ticular the intensity ratio of the cubic and rhombohedral 
lines remains unchanged during the cycling procedure. 

The powder diffraction data were quantitatively ana- 
lyzed using the refinement procedures given by Pawley 
[-31]. For a given structure, peak positions and intensities 
were fitted to the measured powder profiles. The machine 
parameters U, V, W and the zero point of the 20 scale 
were also included. From these fits we obtained the tem- 
perature dependent lattice parameters of the cubic and 
orthorhombic phases. 

Results for the temperature dependence of the cell 
volume are shown in Fig. 5. For X<Xc~ the first-order 
phase transition is represented by a discontinuous reduc- 
tion of the crystal volume of approximately 1.3%. The 
onset of antiferroelectric order gives rise to weak anoma- 
lies in V(T) at lower temperatures as indicated by ar- 
rows. A considerably smaller step in the cell volume 
(0.2%) was observed for x = 0.96. The step in V(T) nearly 
vanishes for x = 0.95, although the transition from R3m 
to Immm definitely is of first order. We conclude that 
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Fig. 5. Temperature dependence of the orthorhombic cell volume 
determined for different concentrations x<xc~ and x>x~2. For 
better comparison the volume of the cubic phases is reduced by 
a factor of 2. Solid lines are drawn to guide the eye 

the s t ruc tu ra l  t r ans i t ions  in ( N a C N ) I _ x ( K C N ) x  are  
s t rongly  of  first o rde r  on  the N a - r i c h  side of  the phase  
d i a g r a m  and  tha t  they  become  a lmos t  of  second  o rde r  
on  the K- r i ch  side, close to the cri t ical  concen t ra t ion .  

B. Order parameter 

a. Ferroelast ic transition: F m 3 m - I m m m .  The  first- 
o rde r  t r ans i t i on  f rom the h i g h - t e m p e r a t u r e  cubic  phase  
( F m  3 m) in to  the o r t h o r h o m b i c  phase  ( Im m m) is accom-  
pan i ed  by  la t t ice  s t ra ins  of  Alg ,  T2g and  Eg symmetry .  
The  s t ra ins  a re  r ep resen ted  by  a vo lume  change,  a uni-  
form shear  d i s to r t i on  and  a un iax ia l  compres s ion  per-  
pend icu l a r  to the  shear  plane.  The  cell p a r a m e t e r s  and  
the e lements  e u of  the ferroelas t ic  d e f o r m a t i o n  tensor  
a re  given in Tab le  1 for  r o o m - t e m p e r a t u r e ,  the  t r ans i t ion  
t e m p e r a t u r e s  T~ and  Te a n d  for the lowest  t empera tures .  

O r t h o r h o m b i c  phases  ( I m m m )  were obse rved  for 
x - - 0 ,  0.02, 0.04, 0.06, 0.08, 0.95 and  0.96. F r o m  the cell 
p a r a m e t e r s  a a n d  b we ca lcu la ted  the shear  angle  wi th  
respect  to the p rev ious  cubic  cell. The  t e m p e r a t u r e  de- 
pendence  of  the shear  angle  A y d i sp lays  the b e h a v i o u r  
of  the p r i m a r y  o rde r  p a r a m e t e r  and  is p lo t t ed  in Fig.  6 
for six different concen t ra t ions .  F o r  N a + - r i c h  mixed  
crysta ls  wi th  concen t r a t i ons  x < x~ 1 the o rde r  p a r a m e t e r  
d i sp lays  a d i s con t inuous  j u m p  of  c o m p a r a b l e  m a g n i t u d e  
at  T~, up  to  a p p r o x i m a t e l y  12.5 ~ Below T~ the shear  
angle  then  deve lops  con t i nuous ly  reach ing  16.2 ~ for x - - 0  
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Table 1. Cell parameters a, b, and c and the elements e u of the 
ferroelastic deformation tensor T u are given for room temperature, 
the transition temperatures (T~) (,) and Te (**) and for the lowest 
temperatures. For the I rn m m and P m n m phases the cell parameters 
are described within a regular orthorhombic setting. For x = 0.90 
parameters of the rhombohedral phase (ei~=const, eu=const for 
all i:#j and e , +  eu) are given under the assumption of a stretched 
cubic parent phase 

conc T(K) Space a(A) b(A) c(A) ex~ e~y ezz 
x group 

0 295 Fm3m 5.878 . . . .  
288* Immm 3.776 4.700 5.633 0.0202 0.1110 -0.0412 
172"* lmmm 3.675 4.784 5.537 0.0182 0.1335 -0.0575 

5 Pmnm 3.621 4.823 5.446 0.0163 0.1446 -0.0730 
0.02 295 Fm3m 5.892 . . . .  

261" Immm 3.781 4.709 5.646 0.0208 0.1115 --0.0400 
164"* lmmm 3.699 4.779 5.568 0.0193 0.1300 --0.0532 

5 Pmnm 3.647 4.824 5.482 0.0184 0.1415 --0.0678 
0.04 295 Fm3m 5.90 - - 

233* Immm 3.783 4.692 5.657 0.0183 0.1093 --0.0387 
156"* Immm 3.713 4.759 5.587 0.0179 0.1257 --0.0506 
10 Pmnm 3.658 4.814 5.502 0.0179 0.1389 --0.0651 

0.06 295 Fm3m 5 .920-  - - 
226* Immm 3.800 4.718 5.655 0.0209 0.1100 -0.0415 
156"* Immm 3.714 4.775 5.590 0.0174 0.1272 --0.0525 

5 Pmnm 3.661 4.825 5.508 0.0170 0.1395 --0.0664 
0.08 295 Fm3m 5.929 - - - 

211" Immm 3.801 4.717 5.673 0.0205 0.1908 --0.0388 
148"* Irnmm 3.736 4.759 5.615 0.0178 0.1225 --0.0486 
10 Pmnm 3.683 4.815 5.536 0.0181 0.1357 --0.0620 

0.90 295 Fm3m 6.445 . . . .  
108" Fm3m 6.374 . . . .  

5 R3m 4.588 - 0.0068 0.0112 0.0068 
0.95 295 Fm3m 6.472 - - - 

130" Immm 4.264 5.019 6.177 0.0231 0.0829 --0.0373 
5 lmmm 4.190 5.145 6.084 0.0288 0.1052 --0.0517 

0.96 295 Fm3m 6.482 - - - 
149" Immm 4.268 5.020 6.185 0.0221 0.0820 --0.0375 

5 Immm 4.181 5.169 6.073 0.0288 0.1087 --0.0549 

and  15.2 ~ for x = 0 . 0 8 .  The  l o w - t e m p e r a t u r e  values  for 
x = 0.02 and  0.04 scale wi th  the concen t r a t i on  x. This  
can be u n d e r s t o o d  by  s imple geometry .  W h e n  the la t t ice  
d imens ions  are  small ,  ( l l 0 ) c  o r ien ted  C N -  molecules  
yield h igher  shear  angles  t han  in the  case of  la rger  la t t ice  
d imensions .  The  d i scon t inu i ty  at  T~ is cons ide rab ly  
smal le r  for K §  mixed  crysta ls  and  yields on ly  a b o u t  
9.2 ~ deg for b o t h  mixed  crysta ls  wi th  x = 0 . 9 5  and  
x = 0 . 9 6 .  A t  the lowest  t empe ra tu r e s  the  shear  angle 
reaches  11.68 ~ for x - - 0 . 9 5  and  12.06 ~ for x = 0 . 9 6 .  

The  shear  d i s to r t i on  at  the  f i r s t -order  t r ans i t ion  f rom 
F m 3 m  to I m m m  is a c c o m p a n i e d  by  an  un iax ia l  com-  
press ion  (Eg). The  o rde r  p a r a m e t e r  in Eg s y m m e t r y  is 
the re la t ive  change  in the  lat t ice cons t an t  c given by  
6 c =  1-Co/Cc where  cc denotes  the  la t t ice  p a r a m e t e r  in 
the cubic  a n d  Co in the o r t h o r h o m b i c  phase.  Fig. 7 dis- 
p lays  the la t t ice  cons t an t  c for F m 3 m  and  I m m m  as 
de t e rmined  f rom the fits fol lowing [31] for six different 
concen t ra t ions .  In  the h i g h - t e m p e r a t u r e  phase  c(T)  ex- 
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Fig. 7. Temperature dependence of the lattice parameter c deter- 
mined both in the cubic high-T phases and in the orthorhombic 
low-T phases for different concentrations x<xcl and x>-_xc2. For 
x < Xcl anomalies corresponding to the antiferroelectric order-dis- 
order transition are indicated by arrows. For x=0.95 transition 
temperatures of the intermediate rhombohedral phase are also 
marked by arrows. Solid lines are drawn to guide the eye 

hibits the expected linear behaviour in T. At T~ the c-axis 
drops by a comparable amount  of 4%, independent on 
concentration. Below T~ in the orthorhombic phase the 
lattice constant c varies non-linearly with temperature 
demonstrating that c(T) is dominated by the order pa- 
rameter behaviour in Eg symmetry. 

Furthermore,  for concentrations x = 0, 0.02, 0.04, 0.06 
and 0.08 c(T) shows remarkable anomalies at tempera- 
tures TE where antiferroelectric ordering processes set 
in. In Fig. 7 these characteristic temperatures are marked 
by arrows. In the Immm phase 180 ~ reorientations of 
the C N -  molecules are still allowed but will be reduced 
when electrical order occurs. This may cause a further 
increase of the uniaxial compression below Te. 

b. Ferroelastic transition: F m 3 m - R 3 m .  The cubic 
(Fm3m) to rhombohedral  (R3m) transition is realized 
either by stretching or squeezing the cubic cell along 
one of the four body diagonals. The ferroelastic deforma- 
tion tensor Tij [32] is defined by e u =  sin (Ac()/V2 a'/ac 
for all i+-j and eu=(cos  (Aa') a'Jac)- 1 for i=j; Aa' den- 
otes the shear angle measured between the axis of the 
distorted and undistorted cubic cell. Indications of rhom- 
bohedral lines were observed for x = 0.90 at low tempera- 
tures and for x = 0.95 for a narrow regime of intermediate 
temperatures. A quantitative analysis of the present data 
is impossible for x = 0.95. For  x =0.90 the temperature 
dependence of the ferroelastic order parameter can hard- 
ly be determined. According to the intensity ratio of 
the (101) and (003) Bragg reflections the type of rhombo- 
hedral distortion remains unclear. We analysed the data 
for x = 0.90 on the assumption of a stretched cubic parent 
phase. The deviations A ~ from the cubic rectangles rep- 
resent the primary order parameter of the transition. 
A c~ continuously develops at T~ and reaches 1.3 ~ at the 
lowest temperatures. The elements of the ferroelastic de- 
formation tensor T u, determined at T = 5 K are given 
in Table 1. 

c. Antiferroelectric transition: I m m m - P m n m .  As men- 
tioned above indications of further transitions were ob- 
served for x < xc 1 as anomalies in the temperature depen- 
dence of the lattice constants. The anomalies are marked 
by arrows in Figs. 5, 6, 7 and were found to be much 
more pronounced for c(T) than in the temperature de- 
pendence of the cell volume V(T) and the shear angle 
A v(T ). Indications for the continuous antiferroelectric 
phase transition were also observed in the temperature 
dependence of the elastic properties in pure K C N  E33] 
and in the mixed cyanides [34]. Due to the dipolar order- 
disorder transition contributions of higher order terms 
to the ferrodistortive order parameter are possible. 

A definite proof  of the antiferroelectric order-dis- 
order transition is the appearance of the primitive ortho- 
rhombic reflections in the low-temperature powder pro- 
files. In particular the (010) reflection is well resolved 
at low scattering angles [-6, 7, 25] (see e.g. Fig. 3). Its 
intensity is related to the order parameter q which de- 
scribes the disappearance of symmetry elements due to 
the antiferroelectric transition. It has been shown by the- 
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Fig. 8. Intensity of the (010) primitive orthorhombic reflection ver- 
sus the temperature, observed for concentrations x = 0, 0.02, 0.04, 
0.08. The order parameter behaviour of a spin t/2 Ising system 
is calculated in a mean field approximation and demonstrated by 
solid lines 

oretical studies that additional dipolar moments, in- 
duced either by lattice vibrations [9] or by static dis- 
placements [10] are essential for the formation of an 
AFE ground state. In the cyanides the existence of static 
cationic displacements was confirmed by experimental 
work [25]. However, due to the limited resolution of 
the powder diffractometer used in the measurements of 
the present data, a refinement of atomic positions was 
not realistic. 

Here we only want to concentrate on the order pa- 
rameter behaviour of the AFE phase transition. The di- 
polar ordered ground state of KCN and NaCN was the- 
oretically studied in detail [8, 35, 36]. Stokes [36] pre- 
sented a simple model for CN- reorientations in the 
low-T ground state of KCN and NaCN, based on a 
change in activation energy for the two possible orienta- 
tions when the systems transform from Immm to Pronto. 
He illustrated his results by Monte Carlo computer sim- 
ulations and calculated the order parameter using an 
Ising model. From Raman allowed modes, observed for 
T< Te, Dultz [35] derived critical effects at the electrical 
order-disorder transition in KCN. The order parameter, 
represented by the intensity I of the Raman allowed 
lines was fitted using q2-,~I = (T~-T) ~, with a critical ex- 
ponent/~ = 0.66. Within a mean field approximation dos 
Santos et al. [8] derived the order parameter of the elec- 
tric transition in KCN, starting from a simple microscop- 
ic Hamiltonian based on electric dipole-dipole interac- 
tions between the CN- molecules. However, the AFE 
configuration proposed by his model is in contradiction 
to neutron scattering results [6, 7, 25]. 

The temperature dependence of the (010) reflection 
is displayed in Fig. 8 for concentrations x = 0, 0.02, 0.04, 
0.08. The order parameter of the continuous phase tran- 
sition can be described analogous to the spontaneous 

magnetisation in magnets by a spin 1/2 Ising system [13]. 
In Fig. 8 a spin 1/2 Brillouin function is fitted to the 
experimentally observed intensity of the (010) reflection. 
The data and fits are in reasonable agreement. 

IV. Conclusions 

The phase diagram of (NaCN)I-x(KCN)x has been in- 
vestigated in detail. Specifically the nature of the phase 
transitions was studied following the temperature depen- 
dence of the primary order parameters. The dilution of 
either KCN by smaller Na § cations or NaCN by larger 
K § cations leads to a completely different structural 
behaviour of the mixed crystals: 

Na-rich mixed crystals exhibit a sequence of elastic 
and electric phase transitions analogous to those found 
in the pure cyanides NaCN and KCN: they display fer- 
roelastic transitions from Fm3m to Immm (see also 
[28]). The primary order parameter is defined by the 
shear angle A e which describes the distortion of the high- 
temperature cubic parent phase. The transitions were 
found to be strongly of first-order. All mixed crystals 
with x < xc 1 show primitive reflections which evolve con- 
tinuously for T< T~. This reveals transitions into a anti- 
ferroelectrically ordered ground state. The intensity of 
the primitive (010) reflection is related to the order pa- 
rameter of the continuous order-disorder transition and 
can roughly be described by a spin 1/2 Brillouin function. 
At TE the temperature dependence of the lattice parame- 
ters displays distinct anomalies, indicating that the anti- 
ferroelectric ordering process is also coupled to lattice 
deformations. 

K-rich mixed crystals display structural phase transi- 
tions up to the critical concentration xc2=0.9. Mixed 
crystals with x =0.96 and x =0.95 are orthorhombic at 
low temperatures. The 95% crystal displays rhombohed- 
ral lines for a small intermediate temperature range. For 
concentrations 0.9<x<0.93 we suggest that probably 
either rhombohedral and orthorhombic or rhombohed- 
ral and cubic phases are coexistent at low-T. A crystal 
with x = 0.9, which is coincident with the critical concen- 
tration x~2, transforms only partially into a rhombohed- 
ral structure. This transition is close to second order. 
The ratio of the cubic and rhombohedral components 
as well as T~ are unaffected by thermal cycling. 

Despite the orthorhombic structure (Immm), ob- 
served for x = 0.95 and x = 0.96, no indications of electric 
order were found. Already a small cationic disorder of 
4% Na § ions, randomly diluted in KCN, suppresses 
the antiferroelectric order. For KCN the increase of reor- 
ientational barriers due to Na § doping seems to be much 
more effective than K § doping for pure NaCN: the tran- 
sition temperature is much lower for KCN (T E = 83) than 
for NaCN (TE= 172 K). Thus, a further increase of the 
hindering barriers and a decrease of the dipole-dipole 
interactions push the dipolar relaxation times towards 
long times at the hypothetic ordering temperature and 
electric order cannot be established for x = 0.95 and 0.96 
within the experimental time scale. 
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