
171 

Acta Cryst. (1983). B39, 171-175 

Structure Analysis of the Disordered Cubic Phase of Rubidium Cyanide 

By K.-D. EHRHARDT AND W. PRESS 

Institut fffr Festk6rperforschung der Kernforschungsanlage Jfflich, D-5170 Jfilich, Federal Republic of Germany 

A N D  G. HEGER 

Institut fffr A ngewandte Kernphysik I des Kernforsehungszentrum Karlsruhe, D-7500 Karlsruhe, 
Federal Republic of Germany 

(Received 24 May 1982; accepted 4 October 1982) 

Abstract 

With neutron diffraction the orientational distribution 
of the CN-  group in the disordered cubic phase of 
RbCN is investigated at two different temperatures. 
The description of the orientational distribution func- 
tions includes a coupling between rotational and 
translational degrees of freedom. The influence of the 
thermal diffuse scattering is discussed. The results are 
compared with the findings in KCN and NaCN. 

I. Introduction 

At room temperature and down to T = 132 K RbCN 
has the cubic rock salt structure (Fm3m-O~) with a 
lattice constant of 6.84]~ (293 K). This structure 
implies cubic symmetry also at the sites of the CN-  
ions and, consequently, orientational disorder of these 
dumb-bell molecules. The molecular symmetry is much 
lower than the site symmetry which can only be 
assumed on average - namely by a random distribu- 
tion of the molecular orientations over several equiva- 
lent directions. Usually changes between these equiva- 
lent orientations occur on a time scale of the order of 
1 ps. Below 132 K RbCN is in a monoclinic phase with 
orientationally ordered CN-  ions (Parry, 1962). It is 
suggested that the CN-  groups are aligned along the 
[ 111 ] direction in this ordered phase. This is in contrast 
to NaCN and KCN which both have an orthorhombic 
structure below the orientationally disordered phase 
and molecular orientations along [110]. In this phase 
there is still disorder with respect to the 'head-tail 
ordering' of the CN-  groups (Kondo, Shoemaker & 
L/ity, 1979) which is removed - at least in KCN and 
NaCN - at another phase transition at lower tem- 
perature. As regards the details of these and other 
high-pressure phases, papers by Dultz & Krause 
(1978) and Dultz, Otto, Krause & Buevoz (1981) also 
report a generalized phase diagram of the alkali 
cyanides. 
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The main aim of the present study is the determina- 
tion of the orientational probability distribution func- 
tion (p.d.f.) of the CN-  ions in the orientationally 
disordered phase of RbCN. In order to obtain some 
insight into temperature effects, data were recorded at 
two temperatures, namely 150 and 293 K, that is close 
to the orientational order-disorder phase transition and 
far above it. The same temperatures were used for the 
measurements of phonon dispersion curves in the 
high-temperature phase I of RbCN which allows a 
direct comparison (Ehrhardt, Press, Lefebvre & 
Hauss/ihl, 1980; Ehrhardt 1981). We shall refer to 
these measurements in the last section of this paper. 
Structure analyses in the disordered phase of KCN and 
NaCN have been reported by Rowe, Rush, Vagelatos, 
Price, Hinks & Susman (1975). Their results will be 
used for comparison as well. 

The main problem in analysing orientationally 
disordered structures such as the high-temperature 
phase of the alkali cyanides is the proper description of 
the orientational p.d.f. In the present case a concept has 
been used which takes an angle-independent p.d.f, as a 
starting point. Deviations from complete disorder, that 
is a modulation of the density distribution, are 
introduced by symmetry-allowed surface harmonics 
(Kurki-Suonio, 1967; Seymour & Pryor, 1970; Press 
& H/iller, 1973; Dolling, Powell & Sears, 1979; Press, 
Grimm & H/iller, 1979; Kara, 1982; Kara & Kurki- 
Suonio, 1981). This choice is guided by the wish to 
select a model adapted to the dynamical properties of 
the crystal with a minimum number of variable 
parameters. In the following we shall adopt the notation 
of Press, Grimm & H/iller (1979). One interesting 
aspect concerns the coupling between translational and 
rotational degrees of freedom. Obviously the coupling 
between the orientation of the CN-  groups and the 
position of the Rb ÷ ions is of decisive importance for 
the ordering transition (Michel & Naudts, 1977). One 
may ask whether a rotation-translation coupling is also 
reflected in the structural properties. In other systems 
with rotating dumb-bell molecules, e.g. NaOH, KOD 
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(Bleif, 1978; Kara, 1982), rather similar questions 
arise. 

II. Experimental 

The crystal used in our study was a cube with 
dimensions 3.5 x 3.5 x 3.5 mm and a mosaic spread 
of about 0.35 °. As RbCN is very hygroscopic, the 
crystal was always kept and handled under argon gas. 
For the present measurements, in particular, the crystal 
was enclosed in a thin-walled aluminium container. 

The measurements were done with the automatic 
four-circle diffractometer P110 at the FR2 reactor of 
the Kernforschungszentrum Karlsruhe using a ver- 
tically focusing Cu(220) crystal as monochromator. 
The data were collected at an incident wavelength of 
0.92 A with the w-scan technique. For the measure- 
ments at 150 K the He continuous-flow cooling system 
of P l l 0  (Heger, Massing, Guth, Reimers & Paulus, 
1981) was used. The long-time stability of the experi- 
ment was examined by measuring the intensity of two 
standard reflections after every 40 reflections. 

At room temperature 160 reflections were measured, 
and at 150 K 180 reflections. These were reduced to 46 
independent reflections each.* At both temperatures we 
were able to observe reflections up to ninth order (i.e. 
scattering vector I QI ~ 9.25 A-~). An obvious feature 
of our data was the fact that the intensity of the ggg 
reflections (i.e. all Miller indices h, k, l even) decreases 
much faster with increasing momentum transfer than 
the intensity of uuu reflections (i.e. h, k, l all odd). 

III. Description o f  the orientational p.d.f. 

As indicated in the introduction we want to use a 
description of the orientational p.d.f, which includes a 
coupling between rotational and translational degrees 
of freedom (Press, Grimm & Hiiller, 1979; Kara, 
1982). The molecular groups are taken as rigid ions. At 
this point we must emphasize that in a diffraction 
experiment only the coupling between different degrees 
of freedom of a given molecule is observed. The 
coupling between the CN-  orientations and the motion 
of alkali ions, which leads to a softening of a transverse 
acoustic phonon mode (Haussiihl, 1973) and - in a 
measurement without energy analysis - to enhanced 
diffuse scattering ('critical scattering'), does not directly 
affect the orientation p.d.f. The density distribution p(r) 
of a rigid molecule can be written as follows (Press, 
Grimm & Hiiller, 1979): 

p ( r ) = f P r ( R ) P r o t ( r - R I R ) d R .  (1) 

* A list of structure factors has been deposited with the British 
Library Lending Division as Supplementary Publication No. SUP 
38153 (3 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 5 Abbey 
Square, Chester CH 1 2HU, England. 

This formulation accounts for both rotational and 
translational degrees of freedom which need not be 
independent and is particularly well suited for the 
description of molecules with little orientational 
localization. For an equivalent formulation adapted to 
pronounced orientational localization the reader is 
referred to the book of Willis & Pryor (1975) and 
references therein. 

In (1) PT means the p.d.f, for the position R of the 
molecular centre of mass and Prot(r - R IR) is the 
conditional probability of finding a scatterer at r - R, if 
the molecular centre of mass is at R. The vector d = r 
- R connects an atom within a molecule with its centre 
of mass. 

For translational displacements u = R - R 0 (R 0 
equilibrium position) a Taylor expansion of Prot (dl R) 
reads, up to second order, 

: Prot (d )  + Prot-  ) + ~UMrot, , + - - "  (2 )  Prot(dl R) (0) ^¢1).(d u 1..~.,(2) i'd~ u 

with 
(o) Prot(d) = Prot(dlR)lR=no (3a) 

[ ̂ (1)~(d) ] Pro~- l = -~ tprot (d lR) lR=no  (3b) 

(2) - -  Prot (dl R)IR=R0. (3C) [Pr°t(d)]lJ- c3R t ¢gRj 

As Prot(dl R) has the full site symmetry, all terms in the 
expansion given above have this symmetry, too. The 
first term (3a) refers to the standard expression in the 
absence of a rotation-translation coupling. Equations 
(3b) and (3c) give correction terms whose importance 
decreases with the order I of p(O. 

By a Fourier transformation and the assumption of a 
Gaussian probability density function Pr(R) with 
isotropic mean-squared amplitudes (i.e. a harmonic 
description of the translational motion which certainly 
represents an approximation in view of the large 
thermal amplitudes in the whole range of temperature) 
the structure factor F(Q) reads (Press, Grimm & 
Hiiller, 1979) 

F(Q) = exp [ -  W(Q)] exp (iQR0) Y Fk(Q). (4) 
k 

W(Q) is the Fourier transform of pr(R), and the Fk(Q) 
describe the influence of rotations and the coupling to 
the translations. One finds for F 0 and F 1 

Fo(Q ) = f,~(0) exp (iQd)dd J t"rot 

• ! I • 

= 4n  Y t Jr, (Qldl)Ct'm'Kl'm'(OQ) (5a) 
I ' m '  

F,(Q)= 4n ~ (-i) T M  <u2> el,l~,.Q 
I ' m '  

x Je, (Qldl) Kt,m,(.f'2O). (5b) 
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The j l , (Qld l )  are spherical Bessel functions with the 
argument QId), (OQ) denotes the polar angle of the 
scattering vector Q, and the Krm, ('O0) are symmetry- 
adapted surface harmonics. 

The contributions to F0(Q) are well known. Only 
surface harmonics which are invariant under all 
symmetry operations of the point group m3m need to 
be included: K01(~O), K41(,Q), K61(.Q), Ksl(f2), etc. 
Concerning the additional contributions we have to 
specify the dumb-bell character of the C N -  group 
somewhat better. Within a coordinate system rotating 
with the molecular ion ('molecular frame') one can 
define an asymmetric and a symmetric dumb-bell. In 
terms of the scattering-length density b(r) we can write 

b(r) = bsym(r ) + basym(r ) (6) 

with bsym(r)= ½(b N + b c ) { ~ ( r - d )  

+ 6(r + d)} (7a) 

and basym(r ) = ½(b N - bc) {~(r - d) 

--fi(r + d)}. (7b) 

Here + d denotes the positions of the C and N atom, 
respectively, in the molecular frame. We neglect that 
the centre of mass lies off the middle of the C N -  group, 
since we convinced ourselves that this approximation 
affects the structure factor by less than 0.005 I QI. 

Since only harmonics Kl, m, contribute to F l (Q)  
which transform like Q (that is like a vector) there is no 
such term for the symmetric part of the dumb-bell 
bsym(r ) which has inversion symmetry.  There is a 
contribution of the asymmetric part only. For F2(Q) 
the situation is reversed. For symmetry reasons there is 
a contribution of bsy m (r) only which reads as follows: 

F2(Q) = F~(Q) + Ffg(Q) + Fr2*(Q) (8) 

with 

F~(Q) = 4 (3 (u 2) --  ( u 2 ~ 2 Q  2) 

x [c (2)A;01 Jo~:r~d') + ct42)Aj4(Qd)K41 ('QQ) + • "] 

(9a) 

F2Eg(Q) = - 4 / 3  xQ2 (u2~2 [c~2)eJ2(ad) 

× {3[Kal(.QQ)] + 4/5} +. . .1  (9b) 

i t/ "~t = 4- + It "l 4. • - -  

I - - 0  1=1 1 - - 2  

Fig. 1. Schematic representation of an expansion of the orienta- 
tional p.d.f, of a dumb-bell in the symmetry-adapted surface 
harmonics. For cubic site symmetry only the term 1 = 0 is 
allowed (plus an additional term of order l > 4). The terms with 
l = 1 enters by a linear coupling ('asymmetric molecule') in the 
translation, the term with l = 2 by a quadratic coupling 
(symmetric molecule). 

F2r2*(Q) = 4zcQ 2 (u2) 2 [ c(2)r;41 .12 (Qd) 

x {[K41 ( I2Q)] -  2/5} + ...]. (9c) 

The expression for F2 eg is missing in the paper by Press, 
Grimm & H/iller (1979). 

At this point one may already suspect that the terms 
F~(Q) and F2(Q) represent rather weak corrections 
only. The scattering lengths are b c = 6.6484 and b N = 
9.36 fm. Consequently the term weighting F 2 is rather 
large as b c + b N = 16.0 fm. On the other hand it is a 
correcting term in second order of the translational 
displacements, only. F l, which is the lowest-order 
contribution to Prot(.(2), is weighted with the small 
difference b N - b c = 2.71 fm. It was not possible to see 
the influence of the F 1 contribution in the numerical 
calculations. A short interpretation of the physical 
meaning o f F  o, F l and F 2 is given in Fig. 1. 

IV. Results and discussion 

First the measured structure factors were fitted with the 
standard expression, i.e. only the term F 0 in (5a) was 
retained and the following parameters were introduced: 
a scale factor S, a parameter for correction of 
secondary extinction t, a mean-squared amplitude 
(U2b) for the Rb ÷ ion and a mean-squared amplitude 
(U2N) for the C N -  ion, the length of the dumb-bell 2d 
and the coefficients ,.(0) c(0) c(0) ic(0) 1 by ~ ' 4 1  ' 6 1  ' 8 1  ' t O0  = 

definition]. This is the same procedure as that used by 
Rowe et al. (1975) who included the expansion 
coefficients ct4 °) and ct6°l ). The best results were achieved 
at 150 K with c~ °) and Cl°l ) fixed at zero and at room 
temperature with cl °) fixed at zero and without 
corrections for extinction [the most intense reflection 
(200) was excluded from the refinement at room 
temperature in order to minimize the number of fitting 
parameters; i.e. avoiding correction for extinction]. The 
parameter values are given in Table 1, a comparison 
with the K C N  and N a C N  values (Rowe et al., 1975) is 
given in Table 2. Figs. 2 and 3 show the orientational 
probability distribution function in stereographic pro- 
jection. The maximum of this distribution is found to be 
along a [111] and the minimum to be along a [100] 
direction. It should be remarked that K C N  has the 
maximum probability in a [111] direction also, while 
N a C N  has the maximum in a [100] direction (Rowe et 
aL, 1975). It is obvious that the distribution function at 
room temperature displays considerably more modula- 
tion than that at 150 K. The same effect has been 
reported for K C N  and N a C N  where the distribution 
function is also more spherical near T c than far above it 
(Rowe et al., 1975). This result cannot be understood 
within the framework of a temperature-independent 
single-particle potential. A fit with ct4 °) also fixed at zero 

- i.e. an isotropic distribution - yields a weighted 
reliability factor 



Tab le  1. Parameters o f  the model refinements (dashes mean that the inclusion o f  this parameter did not improve 
the fit) 

150 K 150 K 293 K 293 K 

Scale factor 28.16 + 0.62 28.24 + 0.58 24.03 + 0.65 22.85 
Extinction 0.039 + 0.009 0.040 + 0.009 - - 
(u~b) (A 2) 0.0643 + 0.0007 0.0643 +_ 0.0007 0.0633 + 0.0008 0.0615 + 0.0004 
(U~N) (A 2) 0.0590 + 0"0013 0"0633 + 0"0010 0"0634 + 0"0011 0"0639 + 0"0005 
Half dumb-bell length (.~,) 0.5911 + 0.0015 0.5805 + 0.0025 0.5854 + 0.0015 0.5867 + 0.0008 
c~ °) -0.151 + 0.024 - -0.350 + 0.027 0-43 + 0-11 
c~°~ ~ - - 0.51 _+0.22 0.43 + 0.11 
cl °~ - -7.0 + 2.8 - - 
c~ 2)A (only columns 2 and 4) - 0.17 + 0.03 
c~ )A (only columns 2 and 4) - -2.16 + 0.26 
c~ 2)E (only columns 2 and 4) -0.64 +_ 0.11 - 
c~ 2)r (only columns 2 and 4) - - 
R w (%) 5.0 4.6 5.4 2.8 
g 2 2.0 1.8 2.9 0-77 

Tab le  2. C N  bond length (t~) and expansion 
coefficients 

11111 

R w =  

[~oo] 11101 

UFo ,- -2 
l 

y a- Fo 
1 

o f  a b o u t  7 %  [ ins tead o f  5 . 4 %  wi th  n o n - z e r o  c~°)]. Fot 
deno t e s  the  obse rved ,  Fct the  ca l cu la t ed  s t ruc tu re  
amp l i t ude  and  tr the  s t a n d a r d  devia t ion .  

In  the  next  s tep the  con t r i bu t i ons  F 2 were  intro-  
d u c e d  as well.  P r ac t i ca l l y  this does  no t  affect  the  R~  
va lue  in the  150 K case ;  for  the  m e a s u r e m e n t  at  T = 
300  K it r e d u c e d  the  R w index  f r o m  5 . 4 %  to 2 . 8 % .  But  
this i m p r o v e m e n t  is p r o b a b l y  insignif icant ,  as the  m o d e l  
is fit ted to  a d a t a  set w h i c h  is no t  c o r r e c t e d  for  t h e r m a l  
diffuse sca t t e r ing  (TDS) .  T h e  F 2 con t r i bu t i on  is 
p r o p o r t i o n a l  to  (u2~ 2, i.e. one  needs  a r a t h e r  la rge  
m e a n - s q u a r e d  d i s p l a c e m e n t  ( u 2 )  in o rde r  to get  a 
s izeable  con t r ibu t ion .  Yet  a large  t h e r m a l  amp l i t ude  
( u 2 )  causes  a la rge  T D S  c o n t r i b u t i o n  to the  B r a g g  
intensi t ies  as well.  O n  the  o the r  h a n d ,  it is ve ry  difficult  
to  p e r f o r m  a c o r r e c t i o n  for  T D S  for the  m e a s u r e d  
intensi t ies  in c rys t a l s  such  as R b C N .  S u c h  co r r ec t i ons  
have  no t  been  a t t e m p t e d  in the  p resen t  case.  Severa l  
r e a s o n s  m a y  be given:  e.g. the  re la t ion  b e t w e e n  the  
p h o n o n  w a v e  vec to r  and  the  f r e q u e n c y  is no t  l inear  in 
the  re levan t  t e m p e r a t u r e  r a n g e  and  the re fo re  a cor rec -  
t ion  c a n n o t  s imply  be b a s e d  on  the  elast ic  cons t an t s .  
T h e  so lu t ion  o f  this p r o b l e m  shou ld  be the  top ic  o f  
fu r the r  inves t iga t ions .  T w o  a p p r o a c h e s  a p p e a r  to be 
possible .  O n e  cons is t s  in a c o n v o l u t i o n  o f  k n o w n  

[111] 

7" 2d c~ o, c~o~ 

RbCN a 293 K 1.172 (3) -0.151 (24) - 
RbCN = 150 K 1.172 (5) -0.350 (27) 0.51 (22) 
KCN b 295 K 1.175 (4) -0.132 (22) 0.23 (18) 
KCN b 180 K 1.190 (4) -0.018 (22) 0.22 (14) 
NaCN b 295 K I- 189 (2) 0.192 (8) 0.31 (6) 

References: (a) This work; (b) Rowe, Hinks, Price, Susman & Rush (1973). 

Fig. 2. Density distribution function at 293 K in stereographic 
projection in relative units (20 means the density of the isotropic 
case) using the parameter values given in column 3 of Table 1. 

I1001 - II10] 

174 T H E  D I S O R D E R E D  C U B I C  P H A S E  O F  R U B I D I U M  C Y A N I D E  

Fig. 3. Density distribution function at 150 K in stereographic 
projection in relative units using the parameter values given in 
column 1 of Table 1. 
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phonon dispersion with the resolution of a two-axis 
spectrometer. An alternative approach consists in 
measuring TDS-free data, as proposed, for example, by 
Jex, Milliner, Knoth & Loidl (1980) for KCN using 
M6ssbauer diffraction or alternatively using a spin- 
echo triple-axis spectrometer with an extremely good 
energy resolution (Hayter, Lehmann, Mezei & Zeyen, 
1979). The important influence of TDS on the 
measured intensities may also be concluded from the 
fact that the values of (u 2) found in this paper are only 
about half the values derived from the lattice dynamical 
model mentioned above (Ehrhardt, 1981). It is well 
known that the intensity of high-indexed reflections is 
increased due to TDS and this causes values of (u 2) 
which are systematically too low. 

There is another remark concerning the mean- 
squared amplitudes: they change little between 300 and 
150 K and hence considerably less than expected from 
the normal behaviour, namely (u 2) _ T. This is in 
agreement with investigations on KCN and with the 
predictions of the lattice dynamical model (Ehrhardt, 
1981). The probable origin of this finding is the 
behaviour of the soft elastic constant c44, which 
decreases with decreasing temperature and gives 
increasing mean-squared amplitudes. It should be 
remarked that the method used gives reliable CN bond 
lengths (see Table 2). 

The authors are indebted to S. Haussilhl who kindly 
supplied us with the RbCN single crystal and they 
thank K. H. Michel for discussions. 
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Abstract  

The room-temperature electron density distribution in 
LiBO2 has been studied by X-ray diffraction experi- 
ments up to s - 1.08 A -l. Conventional structure 
refinements both with HF scattering factors for the 

neutral atoms and with the monopole parts of 
generalized scattering factors (GSF) calculated from 
the diatomic-molecule wavefunctions of LiO and BO 
yielded R~ v = 0.0251 and --wRGsr = 0.0192 for 1266 
observed reflections. The data were also used for 
high-order refinements with various cut-off angles in 

0567-7408/83/020175-11501.50 © 1983 International Union of Crystallography 


