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Structure of the mixed crystal (KCN)o 7(KBr)t) 3 determined by neutron powder diffraction
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Neutron powder diffraction patterns of (KCN)07(KBI)o 3 measured at various temperatures in the
range 17—200 K reveal a transition at T, =113 K between a cubic phase above T, and a mixed
rhombohedral-monoclinic phase (below T, ), in general agreement with recent x-ray studies [K.
Knorr, A. Loidl, and J. K. Kjems, Phys. Rev. Lett. 55, 2445 (1985)]. In the low-temperature rhom-

bohedral structure, the (CN) ions lie in the plane perpendicular to the threefold axis. Structural
data are given and discussed.

I. INTRODUCTION

Previous structural studies of pure KCN (Refs. 1 —3)
have clearly established two phase transitions: (i) a first-
order transition at 168 K from a cubic (NaC1) lattice
where the (CN) ions are disordered, to a body-centered
orthorhombic lattice in which a quadrupolar ferroelastic
ordering of the (CN) ions appears along the [010] direc-
tion (cubic [110]),and (ii) a second-order transition at 83
K where the orthorhombic structure becomes primitive
with an "antiferroelectric" dipolar ordering. The unit
cells involved are drawn in Fig. 1. When (CN) ions are
progressively replaced by Br ions to form the mixed
compounds (KCN) (KBr)1 „, where x ranges from 1 to
0.85, previous experiments have shown (i) a lowering
of the transition temperature T, , (ii) the appearance of a
monoclinic structure just below T„and then (iii) the for-
mation of a mixed triclinic-orthorhornbic structure at
lower temperature. The monoclinic (or triclinic) unit cell
is shown in Fig. 1. A recent x-ray study has shown the
existence of an intermediate rhombohedral structure for
x =0.7. For concentrations x lower than 0.6, no structur-
al transition is found, and the formation of an orientation-
al glass state has been proposed. '

The key role of the (CN) orientations has been re-
vealed in many elastic, quasielastic, and inelastic neutron
scattering studies, ' ' and a microscopic model has been
proposed ' to describe the effects of translation-
rotation coupling. The first-order transition with a
quadrupolar ordering of (CN) ions along the cubic [110]
axis was shown to be governed by the softening of the
transverse acoustic mode along this axis. ' The
diffraction properties of an orientationally disordered state
have been derived on the basis of the translation-rotation
coupling based on the microscopic model.

In the present paper, we focus our attention on the con-
centration x =0.7 in an attempt to clarify the nature of
the phase transitions for this concentration. The x-ray
diffraction results published by Knorr et al. reveal an
anomalous increase of the temperature factors (mean-
square displacements) when approaching T, from above,
and the appearance of a pure rhombohedral phase just
below T, before the formation of the monoclinic phase.
The aim of the present paper was to confirm these results

by means of neutron powder diffraction, and to study the
structure of the rhombohedral phase.

II. EXPERIMENTAL

FIG. 1. Schematic representation of cubic (

rhombic ( ———), and monoclinic (or triclinic) (

cells.

), ortho-
) unit

The sample was prepared by grinding solid boules of
the nominal concentration (x =0.7) in a mortar and pes-
tle in a controlled atmosphere. It was then loaded into an
aluminum can in an helium atmosphere and sealed with
an indium 0-ring. The temperature-dependent measure-
ments were performed in a controlled-temperature displex
closed-loop helium refrigerator working from room tem-
perature to 17 K. For temperature changes of less than
20 K, equilibrium was attained to within 1 K in less than
1 h; for larger temperature changes, longer equilibration
times were required.

The neutron diffraction patterns were recorded on the
five-detector high-resolution diffractometer at the National
Bureau of Standards (NBS) research reactor using col-
limation of 20'-20'-10' before and after the monochroma-
tor and after the sample, respectively. The wavelength
was 1.546 A, and the 20 angular range was 10 —112 or
20 —122 depending on the temperature at which the data
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were collected. A first experiment recording only a re-
duced part of the spectrum was performed to determine
accurately the temperature at which the transition occurs.

Structural refinements were carried out using the Riet-
veld method, either with a single-pattern version (modified
by E. Prince) for temperatures where a single phase is ob-
served, or with a multipattern version for temperatures
where a mixed structure had to be refined. In all results
presented below, the temperature factor for the (CN)
ions was treated as isotropic, and that for the Br ions
was constrained to be equal to that for the (CN) ions.
Previous experience with mixed cyanide samples, a limit-
ed exploration with the present data, and examination of
the covariance matrix indicate that imposition of these
constraints will have little effect on any other derived pa-
rameters.

III. DATA ANALYSIS AND DISCUSSION

A. Cubic phase, T & 113 K

This structure has been observed for all concentrations
[pure KCN or mixed (KCN)„(K A )i, ] at sufficiently
high temperature. For the present concentration x =0.7
and A =Br the cubic structure is observed above T, = 113
K, and the main features which characterize this structure
are those that have already been reported in numerous pa-
pers. They can be summarized as follows.

(1) The structure is face-centered cubic with the space
group Fm 3m.

(2) The orientation of the (CN) ions is best described
by a probability expressed in terms of symmetry-adapted
spherical harmonics, with main maxima along the [111]
direction and secondary maxima along the [100] direc-
tions.

The purpose of this portion of the present study was to
analyze very carefully the evolution of the temperature
factors (Debye-Wailer factors) when approaching T, from
above.

Several refinements were performed at each tempera-
ture, starting from different initial conditions (parameters).
The results are not significantly affected by such changes
in the starting conditions, and the results given in Table I
and Fig. 2 were obtained in the following way: The initial
set of parameters, i.e., (i) CN distance; (ii) the ratio of the
occupation factor along [111] to the occupation factor
along [100] for the (CN) ions; (iii) parameters U, V, and
W which define the resolution of the diffractometer
[diffracted angle 8 dependence of the full width at half
maximum (I ) according to the expression I = U tan 8
+ Vtan8+ W]; and (iv) the zero shift of the angle 8, was
chosen to be identical for each temperature, the value of
these parameters being the average of the best solutions
precalculated at each temperature. The other parameters
(lattice parameters, scale factor, temperature factors, and
background) were estimated at each temperature from the
same best solution mentioned above.

From the results shown in Table I, the following points
should be noted.

(1) At all temperatures [111] orientations are favored
over [100] orientations.

(2) The fitted values of U, V, and W do not reveal any
anomalous line broadening, and, simultaneously, the line
shape can be well accounted for with a Gaussian function.
Therefore, neither grain-size effects nor anomalous
thermal diffuse scattering have to be considered.

(3) The backgrounds are well represented by a smooth,
linear function for each detector, indicating the absence of
short-range order and the presence of a single, well-

TABLE I. Structural parameters of the cubic phase of (KCN)Q7(KBI)Q3 at various temperatures.
R„„,~„,/100= g ~

Iii(obs) —Iii(calc)
~
/g Iii(obs), where Iii(obs (calc)) is the observed (calculated) in-

tensity in peaks. R„„zh«d/100= [ g w;[y;(obs) —y;(calc)]'/g w;y (obs)]'~', where w; is the statis-
tical weight, and y; refers to entire profile. R„~,&,d is defined by the relation X= [ g w;[y;(obs)
—y;(calc)]'/(N —P)] '~'=(R„,;zh«d/R, .i««d), where N P is the num—ber of degrees of freedom.
N(hkl) is the proportion of (CN) ions with orientation along the [hkl] axis. 6(hkl) is the displacement
of the center of the (CN) ion (with an orientation along the [hkl] axis) from the center of the unit cell.
U, V, and 8' are the parameters used to express the 0 dependence of the full width at half maximum (I )

as I = U(tanO) + V(tanO)+ W, where the I is in 100th's of a degree.

T =115 K T =117 K T =125 K T =150 K T =200 K

Scale factor
a (A)
Zero shift (0.01 )

N (111)/N (100)
b, (111)
6(100)
Linewidth U
parameters V

Debye-Wailer K
factors B CN
R factors: expected

nuclear
weighted

5.68
6.4960

—2.47
2.00

—0.005
—0.008

2350
—1520

1526
5 ~ 336
5.423
5.24
4.64
6.38

5.69
6.4966

—2.47
2.00

—0.005
—0.008

2350
—1520

1526
5.169
5.068
5.24
4.55
6.32

6.07
6.4990

—2.47
2.00

—0.005
—0.008

2350
—1520

1526
4.495
4.444
5.24
5.25
5.83

6.51
6.5065

—2.47
2.00

—0.005
—0.008

2350
—1520

1526
3.498
3.567
5.21
4.24
6.13

6.12
6.5215

—2.47
2.00

—0.005
—0.008

2350
—1520

1526
4.234
4.190
5.22
5.82
6.24



1768 J. BOUILLOT, J. M. ROWE, AND J. J. RUSH

12

~ CN
+ K

3 ~ I ~ I i ~ i a I

100 125 150
I I

575
I

200

FIG. 2. Temperature dependence of the Debye-Wailer factors
8 for the K+ ions (~ ) and the (CN) ions (+ ) in the tempera-
ture range where the structure is cubic.
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FIG. 3. Part of the measured diftraction pattern at T =17 K
which shows the nonlinear background.

characterized crystalline phase.
(4) The concentration has been refined and the value

that gives the minimum R factor agrees with the nominal
value x =0.7.

In Fig. 2, which shows the temperature dependence of
the temperature factors B for the (CN) and K+ ions,
two regions can easily be observed. As the temperature is
decreased from 200 K to about 160 K, both of the B fac-
tors decrease, as is expected from the normal temperature
dependence of mean-square displacements. However,
from about 160 K to the transition temperature estimated
at 113 K, the temperature dependence of the B factors is
reversed, indicating an increase of the atomic mean-square
displacements, which are strongly correlated with the
softening of the elastic constant C44. No special diver-
gence of the B factors is observed as T, is approached,
and the B factors (mean-square displacements) increase by
a factor of approximately 1.5 from the minimum value at
T =160 K. This is in good agreement with the results of
Ref. 9, which does not give results for the B factors, but
from which a ratio of approximately 1.3 can be inferred.
Since the results of Ref. 9 are based on only one weak
(620) reAection, this agreement must be considered satis-
factory. In fact, if we convert the B factor given for K+
in Table I at T = 113 K to a mean-square displacement
(u ) =B/4', the resultant value for the displacement is
11% of the near-neighbor distance, in excellent agreement
with the results of Ref. 9, and in general agreement with
calculations based on a microscopic model Ref. 27.

B. T (113K

The measurements performed by Knorr and Loidl re-
veal a transition from a cubic to a monoclinic structure
for concentrations x in the range 0.85—0.95, and a transi-
tion from cubic to rhombohedral, followed by a transition
to the monoclinic phase for concentrations ranging from
x =0.6 to x =0.8. This result is based on the observation
of the splitting of the (220) reAection recorded by x-ray

diffraction. The monoclinic structure has been intensively
discussed in previous papers, ' but the details of the
rhombohedral structure have not been reported.

For the present sample with x =0.7, a change of struc-
ture is clearly observed at 113 K, as indicated by the ap-
pearance of many new reflections in the neutron-
diffraction pattern. This transition temperature corre-
sponds to that found for x =0.73 in Ref. 9, rather than to
that found for x =0.7 in Ref. 7. We do not attribute
great significance to this discrepancy, since the value of x
quoted for the present sample is nominal. In fact, there
may well be composition gradients in the present sample,
which could account for the observed coexistence of the
monoclinic and rhombohedral phases at all temperatures
below the transition temperature. The diffraction pattern
does not show any further changes indicative of further
transformations, at least for temperatures above 17 K. In
order to study the details of the structures below T„we
have measured complete diffraction patterns at 110, 105,
100, and 17 K. This last temperature, which gives the
best resolution between neighboring reflections, was used
to make the first detailed refinements. Figure 3 shows
part of the diffraction pattern recorded at this tempera-
ture. The first result to be noted is the complex, non-
linear shape of the background. This suggests that parts
of the sample may not have well-characterized structures,
i.e., that the sample may not have transformed homogene-
ously, and that there may be a large amount of short-
range order.

The problem of indexing the observed lines in a powder
diffraction experiment cannot be easily solved in general,
but the following procedure yielded a successful solution.

(1) The 24 well-resolved lines observed could not be in-
dexed with the assumption of a monoclinic, a rhom-
bohedral, triclinic, nor a mixed triclinic-orthorhombic
structure, all of which phases have been previously ob-
served for other concentrations. In addition, a program
designed to index unknown single-phase patterns could
never index more than 20 of the 24 well-defined lines.
Thus, the assumption of a new mixed phase was neces-
sary.
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the high-temperature cubic lattice. Further attempts
showed that only the [111]cubic direction, which corre-
sponds to the [201] direction in the monoclinic lattice, al-
lows the hexagonal symmetry. Figure 4 shows how the
hexagonal unit cell is built from the monoclinic and cubic
lattices. The hexagonal lattice parameters are

a =b =4.6615 A, c =10.8522 A,

a=P=90', y=120' .

~ ~
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~ ~ ~ ~ ~ l ~ ~ ~ ~ ~ ~

~ ~
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The best refinement (R weighted = 13 R nuclear = 10) was
obtained with a mixed phase based on the monoclinic-2
lattice with the space group Cc and the hexagonal lattice

FIG. 4. Schematic representation of the rhombohedral lattice
drawn by means of the hexagonal unit cell ( ) or ( ———)

in the framework of the cubic (. . . ) or ( ~ ~ ~ ) and the mono-
clinic ( or ———) lattices. (a)

(2) The first satisfactory indexing was based on the
coexistence of two similar monoclinic phases with some-
what different lattice parameters, thus giving rise to
different lines, i.e., a =7.7228 A, b =4.6622 A,
c =9.0065 A, a=90, P= 122.933 ', and y =90' for the
monoclinic-1 phase, and a =7.6092 A, b =4.6066 A,
c =9.1640 A, a=90, p=122.432', and y=90' for the
monoclinic-2 phase.

The corresponding refinement gave a (nuclear) R factor
(see definition in Table I) of the order of 11, with two
nonzero calculated intensities that were not observed. No
simple relations were found to correlate the basic vectors
that define the two different monoclinic unit cells. There-
fore the only physical conclusion was that one of those
two monoclinic lattices must have a higher symmetry.

A careful study of both monoclinic lattices showed that
one of them (monoclinic 1), has in fact hexagonal symme-
try, with the [001] direction parallel to a [111]direction of
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TABLE II. Structural parameters for the rhombohedral
phase of (KCN)Q7(KBr)Q3 at 17 K. See Table I for defini-
tions of R factors. Note: The (CN) ions are oriented perpen-
dicular to the c axis, centered at 00—', and the space group R3m
requires occupation of the equivalent positions x02, Ox2, xx2,
x02, Ox 2, and Xx z. In these positions, x is given below for C
or N, and this equivalence replicates the C or N position six
times. When combined with the large values of B given below,
this results in an almost isotropic distribution of (CN) orienta-
tions in the basal plane. Line-shape parameters: U=10722,
V = —4359, 8'=1752. Lattice parameters: a =b =4.6615 A,

0
c =10.8522 A, a=P=90', R factors: Rexpected = &0 3
R nuclear = 10.0, R weighted —13. 1 .
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FIG. 5. Observed (circles) and calculated (solid line)
diffraction patterns for (KCN)Q7 (KBr)Q. 3 at T =17 K. Only a
part of the angular range is shown. Gaps in the data correspond
to regions of the pattern where the diffraction lines of the alumi-
num sample can are observed, which are excluded from all fits.
(a), (b), and (c) show different angular regions of the data,
recorded on different detectors.
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with the rhombohedral space group R3m. The observed
and calculated spectra are shown in Fig. 5. The structur-
al parameters related to the monoclinic phase are very
close to those already obtained for higher concentrations
x, and the structural parameters describing the rhom-
bohedral phase are given in Table II. The most important
result is the orientation of the (CN) ion, which is found
to be perpendicular to the c hexagonal axis ([111]direc-
tion in the cubic lattice). All other (CN) orientations
give a much larger R factor (R„„sh„q of the order of 20).
The atomic distances are within the usual limits. The
large B factors shown in Table II, combined with the re-
quirements of the space group for equivalent positions (see
note after Table II), are only consistent with almost com-
plete disorder of the (CN) ions in the basal plane. This
result can also be seen by derivation and inspection of the
Fourier map, which reveals an almost circular distribution
of orientations of the (CN) ion in the basal plane around
the mean crystallographic of the ion center at 00—,'.

Using this solution to the observed pattern at 17 K, the
data obtained at 100, 105, and 110 K were refined with
the mixed-phase program. The refinements for these data
were much worse than that obtained for 17 K, mainly as
a result of the increased overlap of the peaks arising from
the monoclinic and rhombohedral phases. This overlap
led to great difficulty in the determination of the lattice
parameters for the two phases, and the fits were often un-
stable. In order to overcome this problem, the lattice pa-
rameters for the two phases were determined from a sub-
set of well-resolved lines, and the values found were then
fixed in the subsequent refinements. In all cases, the best
results were obtained with the atomic positions deter-
rnined at 17 K and given in Table II. The lattice parame-
ters a„and c„obtained for the rhombohedral phase by
this procedure are shown in Fig. 6. For comparison,
a„&6, which is the value that c„would have if the lattice
were cubic, is also shown. As can be seen from the figure,
c„ is always less than a„&6, indicating that this axis is
compressed compared to its value in a cubic lattice, i.e. ,
the body diagonal of the cubic lattice is compressed. This
distortion of the cubic cell favors (CN) orientations per-
pendicular to this axis. The distortion is a monotonic
function of the temperature, decreasing to zero as the
transition is approached from below, apparently in a con-
tinuous manner. The rhombohedral lattice can be de-

&.70—

~. t 5—ct (E, l

g —1'I.4
~c

———--0 c„(E)
a„Vb (8, )

b )
—11.0 ac

—10.6
4. 55, I s i a I a, , g I

i0 50 &00 &i5 &50
T (K)

FIG. 6. Temperature dependence of the lattice parameters a„
and c, of the rhombohedral phase. The cubic equivalents are
also shown for comparison.

scribed as a distorted cubic lattice, with three equal T2~
shears. The value of this shear determined from the
present results decreases from 3%%uo at T = 17 K to 0.3%%uo at
T =100 K. This latter value should be compared to the
value of 3% at T =97 K quoted in Ref. 7.

IV. DISCUSSION

The results for the cubic structure, which are well
reproduced using only Gaussian line shapes, are in good
agreement with earlier results. Whatever the fitting pro-
cess used, the temperature factors start increasing with de-
creasing temperature at about 50 K above the transition
temperature. The corresponding mean-square displace-
ment of the atoms is increased over its minimum value by
a factor of approximately 2 when the temperature T, is
approached. The present experiment was not performed
with adequate temperature control to explore the diver-
gence of the mean-square displacements in a detailed
fashion as T, is approached, but the agreement of the
present results with previous measurements and calcula-
tions gives added weight to the conclusions of Ref. 9.

Below T, the mixed phase (monoclinic and rhom-
bohedral) gives rise to the following comments. (i) The R
factor could be easily improved by using a resolution
function (full width at half maximum) with a more com-
plicated 0 dependence than the usual one, which is ex-
pressed as I = Utan 0+ Vtan0+8'. Indeed, the com-
parison between observed and calculated reflected lines
shows a discrepancy for I which may be related to an an-
isotropy in the crystalline quality of the sample. In addi-
tion, some observed reflections have shoulders characteris-
tic of strong strains in the lattice, and for these reflections
the Gaussian shape is not well suited. (ii) Within the
diffractometer resolution and the accuracy of the tempera-
ture (the powdered sample, in a 5-cm-high cylinder, is in
a temperature gradient of the order of 1 K), the rhom-
bohedral phase is never observed alone in the present
study, i.e., without the monoclinic structure, in contrast
to the results of Knorr et al.

Although it is impossible to state definitively the origin
of the discrepancy between our observation of only mixed
monoclinic and rhombohedral structures, and the obser-
vation of a single rhombohedral phase in Ref. 9, we be-
lieve that this may be related to the different state of
strain in our samples than in those used in the x-ray stud-
ies. There is direct evidence from the observed diffraction
patterns of strains in our samples, and it is well known
that such effects have a strong influence on the phase
transitions in alkali cyanides and alkali-cyanide —alkali-
halide mixtures. Additional support for this hypothesis is
contained in the work of DeRaedt et al. , where it is
shown that there are terms in the Hamiltonian that de-
pend explicitly on the sample size and shape. These
terms will have little effect on the dynamic or structure
above T„but will play an important role in the formation
of the low-temperature structures. However, since the
present sample was not well characterized with respect to
concentration and concentration gradients, it is also possi-
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ble that these e6'ects may also be responsible for the ob-
served discrepancies. In spite of these caveats, we believe
that the structure derived here for the rhombohedral
phase in a mixed-phase region is representative of that in
the actual equilibrium single-phase region. In particular,
the orientation of the (CN) ion, which is totally orienta-
tionally disordered in a plane perpendicular to the three-
fold axis, should not be strongly affected by the mixed-
phase nature of our samples. This structure reveals yet
another possibility for orientational disorder of (CN)

ions, and illustrates again the richness of detail to be
found in the alkali-cyanide —alkali-halide systems.
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