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a rare-earth ion and of  W by Nb, (d) substitution of  W 
by Ti, and (e) substi tution of  W by Ta. A total  of  about  
40 such compounds  related to NasW309F 5 has been 
prepared and each has been shown to undergo a phase 
transit ion at which P~ vanishes and the ferroelas t ic-  
ferroelectric domain  structure disappears.  
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A b s t r a c t  

The crystal  structures of  Rb2ZnC1 n at 2 1 0 K  
[ incommensurate  structure, a = 7.253 (5), b = 
12.646 (9), c = 9.221 (7) A] and 115 K [threefold 
commensura te  superstructure,  a = 7 .230 (5), b = 
12.608 (9), c = 9.199 (7)/1,] have been investigated 
from X-ray  single-crystal diffraction data. The refine- 

0108 -7681/89/040370-09503.00 

ment  program R E M O S  was used. The final wR factors 
at 210 and 115 K are respectively 0 .045 and 0.041 for 
1073 and 1215 main reflections, and 0 .187  and 0 .136  
for 587 and 1065 first-order satellite reflections. The 
superspace groups are designated as P(Pmcn):(s,s,-1) 
and P(P2 ~cn):(1,s, 1) in the incommensura te  and lock-in 
phases, respectively. The modula t ion  is interpreted as 
rotat ions of  rigid ZnCI 4 te t rahedra  around two cristal- 
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lographic directions. Calculations of polarization con- 
firmed the choice of the superspace group in the 
incommensurate phase and showed a connection 
between the ferroelectricity of the crystal and structural 
elements of the threefold superstructure. The com- 
parison of the structural results of both structures 
outlines the continuous character of the lock-in 
transition. 

1. Introduction 

Rb2ZnCl4, in common with other compounds of the 
A 2BX 4 family, exhibits an incommensurate phase (INC) 
below T/= 302 K, which is characterized by its basic 
structure (Pmcn, Z = 4 )  and by the modulation 
wavevector qa = [ 1 / 3 -  fi(T)]c*. The cell structure of 
the high-temperature phase and of the basic structure of 
the modulated phase is shown schematically in Fig. 1. It 
consists of four symmetry-related groups of one ZnC14 
tetrahedron and two Rb atoms. Each atom is in special 
position 4(c), except C1(3) which is in a general 
position. A previous study (Hedoux, Grebille, Lefebvre 
& Perret, 1989) has shown that the temperature 
dependence of q changes with the method of the 
synthesis of the crystal. Consequently, the lock-in 
temperature T L is connected with the crystal-growth 
method, and varies in the best cases in the range 
182-190K and decreases and even cannot be 

observed for more defective samples. At T L, fi vanishes 
and the ferroelectric commensurate phase (C) is 
realized (P21cn, Z = 4). 

The structure of the INC phase has been described 
with a split-atom model in which the C1 atoms are 
divided into two parts (Quilichini & Pannetier, 1983). 
This model improves the structure refinement as it takes 
artificial account of the influence of the modulation on 
the intensities of the basic diffraction pattern, but it 
introduces additional parameters and does not allow 
modulated atomic positions to be determined. 

In order to understand the phase transitions at T~ and 
T L, and properly describe the structure of the different 
phases and the origin of ferroelectric properties of the 
compound, it was necessary to determine the 
modulated atomic positions in the INC and C phases of 
the crystal. Consequently, the multidimensional 
approach and superspace formalism (de Wolff, Janssen 
& Janner, 1981) have been used to describe both 
phases. In particular the use of the refinement program 
R E M O S  (Yamamoto, 1982) allowed us to simplify 
drastically the analysis and the descriptions of the 
modulated structures. 

2. Experimental 

Single crystals of Rb2ZnC14 were grown by slow 
evaporation from an aqueous solution. Spherical 
crystals ( d =  0.3 mm) were used to collect the data 
needed for the structure refinements of the INC and C 

phases. The integrated intensities were measured by the 
0--28 scan technique up to [(sin~/2]ma× = 0"995 A -~ 
(h=0-11 ,  k=0-20 ,  l=0-14 ,  m = + l ) ,  with an auto- 
matic four-circle diffractometer (Enraf-Nonius CAD-4) 
and Mo Ka radiation. The diffractometer was equipped 
with an N2-gas-flow low-temperature system, which 
keeps temperature fluctuations within +0.5 K. The cell 
constants of the average structures were determined by 
least-squares refinement of the Bragg angles of 25 main 
reflections. No intensity variation was observed for 
three standard reflections (400, 330 and 222) during the 
recording of the data. The data were corrected for 
absorption (the minimum and maximum correction 
factors, are 0.8446 and 0.9979, respectively, the 
average correction factor being 0.9244). Secondary- 
extinction corrections based on transfer equations 
derived by Kato (1976a,b)were applied. 

2.1. The INC phase 

A preliminary study of the INC phase (Hedoux et aL, 
1989) has shown that the modulation wavevector is 
pinned from T/down to a temperature T m, dependent on 
the crystal-growth method. On this plateau the profiles 

(al 

(b) 

O C! 
Rb(1) 

O Rb(2) 
• Zn 

Fig. 1. Representation of the average structure of Rb2ZnCI4: (a) in 
the ab plane, (b) in the ac plane. The tetrahedra drawn in thicker 
lines are in the plane located at z = 3/4, the others being in the 
plane located at z = 1/4. Atomic positions given in Table 1 are 
translated by y = 1/4. 
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of the main and satellite reflections are similar. Below 
T,n, the nucleation of a second incommensurate phase 
involves the coexistence of two satellite reflections over 
a rather large range of temperature (about 10 K). The 
satellites of the new INC phase are more widened than 
those of the first one, and this reflects the poorer 
crystalline quality of this phase. Consequently, the data 
collection was performed on the plateau just above T,,, 
where the intensity of the first-order satellite reflections 
is maximum, where the line widths of the satellites and 
of the main reflections are similar, and where only one 
INC phase is observed. In the ease of the sample used 
(Tm = 200 K), the measurements were performed at 
210K,  and the wavevector of the modulation was 
characterized by 6=0 .027  (q~=0.306c*). The cell 
constants of the average structure are: a = 7.253 (5), 
b = 12.646 (9), c = 9.221 (7)/~. 1073 main reflections 
and 587 first-order satellite reflections (with I > 3o) 
were measured. 

2.2. The lock-in phase  

The data collection was performed at T = 115 K. At 
this temperature, the misfit parameter 6 vanishes and 
the wavevector of the modulated structure is then c*/3. 
The cell constants were refined at this temperature: 
a = 7 . 2 3 0 ( 5 ) ,  b = 1 2 . 6 0 8 ( 9 ) ,  e = 9 . 1 9 9 ( 7 )  A. No 
intensity variation was observed for the three standard 
reflections. 1215 main reflections and 1065 first-order 
satellites (with I > 3a) were measured. 

3. Four-dimensional description of  a modulated 
structure 

A displacive INC structure corresponds to a distortion 
of a basic structure. Consequently, the atomic positions 
in the four-dimensional lattice are characterized by the 
modulated displacements from their average position in 
the basic structure. The coordinate of each atom is 
given by 

x f = ~ + u ~ '  ( i = 1 , 2 , 3 , 4 )  (1) 

where ~ '  is the coordinate in the basic structure and u~' 
is the displacement from ~' .  This displacement is a 
periodic function of the fourth coordinate ~ (internal 
coordinate), defined by the following relation: 

~" = q.x ~' + t (2) 

where q is the modulation wavevector and t an 
arbitrary phase. Therefore the components of the 
displacement of each atom can be expressed as an 
expansion of a Fourier series, which is called a 
modulation function: 

l 

ui(Ye'~4) = Z (a~',,cos2nn~f + b~',,sin2nn~) 
n = l  

(i = 1, 2, 3, 4) (3) 

where 

3 3 

a~, = ~. qia~,,, b~,, = Y qib~,, (4) 
i = 1  i = 1  

and n is the order of the Fourier term. 
In the present case, the modulation function is 

expanded up to the order 1= 1, because only the 
first-order satellites are significant and have been 
measured in both phases. The Fourier amplitudes are 
considered as structural parameters in the refinement. 
The number of these parameters can be reduced by 
superspace symmetry considerations. If two atoms,/~ 
and v, are symmetry-related by {R/V}  in the basic 
structure, then the corresponding superspace-group 
element {R, e/V, r} implies the following relations: 

3 

x}'= Z R0x~'+ Vi ( i = 1 , 2 , 3 )  
j = l  

x~ = ex~ + r -  q.V (5) 

where e = + 1 ifRij, q = eq. 
If the atoms ~ are located in special positions in the 

basic structure, the atomic modulation functions u i for 
these atoms verify the relations: 

4 

u~'(~) = Y Riju'][R4n(YC ~ - r)l. (6) 
j = l  

These relations involve a special form of the modulation 
functions (parity or nullity of different components of 
the function) of atoms localized in special positons. 

The form (3) of the modulation function is similar for 
an INC and a C structure; however, its meaning is 
different in each case. 

In the first case (INC), there is at least one irrational 
component qj of the modulation vector q. In our case, 
q3 = 0.306. An atom/t  o in the origin cell, characterized 
by its average position x ~', corresponds by the transla- 
tion group of the crystal to all the atoms /~r, 
characterized by their average position x" + T, where T 
is a vector of the direct lattice. The argument q(x ~' + T) 
of the modulation function forms, modulo 1, an 
infinite and dense discrete set in the interval [0,11. And 
so, there is always one atom in the crystal which allows 
any possible value of the modulation function (3) to be 
reached. Thus, this modulation function represents the 
distribution of all the modulated atomic positions over 
all the cells of the crystal, and each atom, in the 
supercrystal representation, can be considered as a 
continuous string along the internal direction. The 
variations of the phase t in the range [0,1] in (2) 
describe, in one cell, all the modulated positions 
occupied in the whole crystal. The calculation of the 
structure factors is then obtained by a continuous 
summation over the internal coordinate. 

In the second case (C), all the components qi are 
rational. In our case q3 = 1/3 and the argument 
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Table 1. Positional (x 10 4) and equivalent isotropic 
thermal parameters (A 2 × 104) o f  the INC structure 

Rb(l)  

Rb(2) 

Zn 

ci(i) 

a(2) 

cl(3) 

Ueq ~- ( U I I  Jr- U22 "Jr" U33) /3 .  

R o a o a~ bl Ue,a 
x 2500 0 -112  (4) 82* 
y 4067 - 3  (1) 0 0 441 (5) 
z 6298 4 (1) 0 0 

x 2500 0 - 1 9  (4) 159 (3) 
y 8196 - 3  (1) 0 0 
z 4862 3 (1) 0 0 

245 (5) 

x 2500 0 31 (3) 98 (3) 
y 4217 2 (1) 0 0 
z 2240 - 2  (1) 0 0 

134 (5) 

x 2500 0 73 (13) 413 (10) 
y 4189 1 (3) 0 0 
z - 175 - 3  (3) 0 0 

389 (13) 

x 2500 0 549 (9) 68 (13) 
y 5851 - 3  (2) 0 0 336 (14) 
z 3204 6 (3) 0 0 

x 10 9 (3) - 1 9 7  (6) 48 (6) 
y 3410 - 1 0 ( 3 )  279(4) - 1  (6) 
z 3139 - 7  (3) 136 (6) -101 (6) 

* N o t  refined to fix the  phase  origin.  

363 (18) 

q(x" + T) can only take the values q.x ~', q.x" + 1/3 and 
q.x" + 2/3, modulo 1. There are only three particular 
possible values of the modulation functions, which 
describe three modulated positions periodically oc- 
cupied in all three cells. The structure factors are then 
calculated, with the contribution of these three values of 
the phase t in the range [0,1], by a discrete summation 
over the internal coordinate, and in the supercrystal 
representation, there are only three points of the 
preceding continuous string which represent real atomic 
positions in the crystal. 

4. Refinement of  the struetures 

The refinement of both structures was performed using 
the R E M O S  program (Yamamoto, 1982). It minimizes 
the reliability factor wR: 

wR = Ziwi(Foi -  Fei)2/ZiWlFoi 2, 

where w i is a weighting factor, and Foi and F~i are the 
observed and calculated structure factors. Unit weights 
were used for all reflections. The atomic scattering 
factors were taken from International Tables for  X-ray 
Crystallography (1974).* 

4.1. The INC phase 

Dielectric constant measurements (Hamano, Ikeda, 
Fujimoto, Ema & Hirotsu, 1980; Hamano, Sakata & 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 51784 (42 pp.). 
Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 5 Abbey Square, Chester 
CHI 2HU, England. 

Ema, 1985) present a very weak anomaly at T/. Studies 
of the permittivity constant (Fousek & Kroupa, 1987) 
and spontaneous polarization (Shuvalov, Gridnev, 
Prasolov & Sannikov, 1988; Sawada, Shiroishi, 
Yamamoto, Takashige & Matsuo, 1977) also tend to 
confirm that the point group of the basic structure of 
the INC phase is nonpolar and is the same as the group 
of the high-temperature phase, Pmcn. Taking into 
account the extinction rules observed for the diffraction 
pattern (de Wolffet al., 1981): 

m = 2 n  for (0, k , / ,m)  

l + m = 2n for (h, O, l, m) 

k + l = 2n for (h, k, O, m), 

the superspace group is designated as P(Pmcn):(s,s,i) 
in accordance with de Wolff's notation (de Wolff et aL, 
1981) and as (2v+b _1_ 2c, me+a, md) in accordance with 
WPV notation (Grebille, Weigel, Veysseyre & Phan, 
1989). The superspace-group elements are: 

{E/(0,0,0),0} {I/(0,0,0),0/ 
{ax/(½,0,O),½1 IC2x/(½,0,O),½1 

1 1 1 1 1  1 {a,/(0,~,0,~l {c2/(0,~,~,),~/ 
1 1 1 1 1 1 {a/(~,~,9,0} {C2/(~,~,0,0}. 

In the basic structure, the cell is generated by six atoms 
(given in Table 1). Of these, five are located in special 
positions on the mirror plane o x. 

The seventh atom of group 1 is generated from the 
atom C1(3) (which is in a general position) by the 
symmetry operation o x. The three other groups in the 
cell are generated from the group (i) by: 

1 1 1 {o/(0,~,~),~ } (group ii) 
1 1 1 {az/(~,~,~),0} (group iii) 
1 1 {CEx/(~,O,O),~} (group iv) 

The expansion of the modulation function up to the 
order 1 gives 54 positional parameters, the first-order 
harmonic being described by its real (cosine) and 
imaginary (sine) parts. The restrictions (6) were applied 
to the five atoms located on the mirror plane. 
Consequently, the first average coordinate and the 
second and third coordinate of the Fourier terms are 
fixed to 0. The number of positional parameters is then 
reduced to 29. Only zero-order harmonics of the 26 
anisotropic thermal parameters are considered; a total 
of 55 parameters were used to describe the INC 
structure. The final wR factors were respectively 0.045 
and 0.187 for the main and satellite reflections, and 
0-060 for all the reflections. The fitted values of the 
parameters are given in the Table 1. 

From (3) and the fitted values of the positional 
parameters, three modulation functions (depending on 
the internal coordinate) were calculated and 
schematically drawn (Fig. 2). They represent the atomic 
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displacements from the average positions for t in the 
range [0,1 ]. They can be described in a single cell by an 
elliptic 'trajectory' (Fig. 3) which has no physical reality 
for one particular atom, but corresponds to real 
displacements reached in the different cells of the whole 
crystal by all the equivalent atoms. 

Table 1 and Figs. 2 and 3 show that the incommen- 
surate distortion is essentially due to the atomic 
modulation of C1 atoms. The variations of interatomic 
distances Zni-C1 i and Clt-CI ~ as a function of the 
phase t (Fig. 4) show that the ZnC14 tetrahedra can be 
treated, to a good approximation, as rigid bodies. 
Consequently, the displacements of Zn and C1 atoms 
from their average positions were reduced to a global 
translational movement and to three independent 
rotations around the crystallographic directions, by a 

(a)-1°"2" I i ~ I zm''= 
I ~ 1, I 

t o V3 2/3 
I t  

51o~ Ct(~ • 

x 

CK1) • 
(b) o, 

ct(3) • 

_5:10--2 
• , , 

0 1/3 2/3 --  t 

Fig. 2. Atomic displacement modulation functions along the x axis 
of (a) Zn and Rb atoms and (b) C1 atoms in the INC structure. 
The discrete points represent the corresponding displacements in 
the lock-in structure. 

Clz. 
CI4 

oi c,2 ~ t c , 2  

O1 O] Ct3 Ct 3 - '~ 

c b 
(a) (b) 

Fig. 3. Representation in the ac plane (a) and the ab plane (b) of the 
different possible positions of one tetrahedron in the INC phase. 
The Z n - C I  bonds are drawn for the three modulated positions of 
the tetrahedron in the superstructure (----, t = 0 ;  - - ,  t =  1/3; 
---,  t = 2/3). The atomic displacements are doubled to give a 
better observation. 

least-squares refinement program. These calculations 
have pointed out two significant rotations around the b 
and e directions; the maximum values reached by the 
rotations are 5.1 and 10.2 °, respectively. These results 
are in agreement with the rotations symbolized by the 
elliptic trajectory drawn in Fig. 3. The modulated 
rotations Ry and R~ are shown in Fig. 5 as function of 
the phase t. 

The rotations of the four tetrahedra of a cell are 
symmetry-related. In order to characterize these 
rotations, they have been schematically drawn in two 
planes perpendicular to the two rotation axes (Fig. 6) 
and interatomic C1-C1 distances have been calculated 
between two neighbouring tetrahedra (Table 2). It is 
clear that the most important rotation is around the e 
direction, the rotations of the tetrahedra around this 
axis being in phase. In the plane a c  no evident 
connection of phase has been observed between the four 
tetrahedra rotations around the b direction. 

Table 2 shows that shorter interatomic distances 
present the weaker variations. This finding outlines the 
physical coherence of the refinement results. 

To determine an eventual correlation between the 
rotations of the tetrahedra and the modulated displace- 

d(~) 

23 

ql 

2~ 

I I 
I I 

; ! 

(a) 

9 

Zn-Cl(2) • 
Zn.Q~) • 

Zn-C((1) • 

I 
~ ~ ~ ~ ~ ~ ~ l [ C l ( 1 } _ C l ( 2 ) O  

Fig. 4. Interatomic Zn-CI distances (a) and CI-C1 distances (b) as 
a function of the internal coordinate. The discrete points 
represent the variations of these interatomic distances in the 
superstructure. 

(b) 

, I i 

36 CI(~-Ct(3) • 

3 , I : 
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ments along the a direction of the Rb atoms, inter- 
atomic distances Rb(1)-C1 and Rb(2)-C1 were 
calculated (Table 3). These calculations show that the 
variations of Rb(2)-CI distances are weaker than those 
of Rb(1)--CI distances, which tends to confirm that 
Rb(2)--C1 bonds are more rigid than Rb(1)--C1 bonds. 
This result is in agreement with the fact that the Rb(2) 
atoms are situated in smaller C1 cages than the Rb(1) 
atoms. So, Rb(1) atoms have more space to move, 
which can be also related to the stronger values of the 
temperature factors. The same effect was observed by 
Quilichini & Pannetier (1983). 

Rz 

0; "" 

g. 
40 

l ~ i i i=_ 
0 1/3 2~ t -  

Fig. 5. Rotational angles around the three crystallographic 
directions as a function of the internal coordinate. The discrete 
points represent the three possible rotational angles of one 
tetrahedron in the superstructure. 

o 

2 (iv) 2(ili) 

a 

(a) 

0 . _ _ . . _  ~ ~ c . ,  2 c  , .  3 c  

(b) 

Fig. 6. Schematic representation of ZnCl 4 rigid-body tetrahedra. (a) 
[n the ab plane; t takes the values 0, 0.125, 0.250. The arrows 
represent the modulated displacement of Rb atoms. The 
tetra~edra drawn in thicker lines are localized in layers normal to 
¢ at about z = 3/4. The others belong to the layers localized at 
about z = 1/4. Atomic positions given in Table ! are translated 
by y = 1/4. (b) In the ac plane; t takes the same values (0, 0.125, 
0.250) in three successive cells along c. To clarify the drawing 
the modulated displacements are doubled. 

Table 2. Interatomic C1--C1 distances (A) between two 
neighbouring tetrahedra 

dmax d,,I. Ad 
CI (41)-Cl( 1 ~) 4.312 3.805 0.507 
C1(4J)-C1(4 ") 5 -498 4.795 0" 703 
C1(41)-C1(2 m) 4.044 3" 851 0.193 
C1(41)-C1(2 l~) 4-104 3.825 0- 279 
C1(4~)-C1(3 ~) 3" 676 3" 604 0" 072 
CI(I")-CI(I "i) 4.252 4.104 0.148 
CI( I")-C1(2 j") 5-093 4.099 0-994 
CI( 1")-C1(3 t") 4.670 4.291 0.379 
C1(2~)-C1(2 j~) 5.859 4.896 0.963 

Table 3. Interatomic Rb-CI  distances (A) 

dmax drain Ad 
Rb( I I)-Cl( I l) 3.268 3-250 0-018 
Rb(P)-CI(2 ~) 3-661 3.635 0-026 
Rb(P)-CI(3 ~) 3.714 3.374 0.340 
Rb(I~)-CI(I ~) 4-352 4.336 0-016 
Rb(I~)--CI(3 ") 4.414 3.536 0-878 
Rb( 1 ~)-C1(2 ~) 3.964 3.348 0.616 
Rb( 1 ~)-Cl(3~v) 4.148 3.308 0- 840 
Rb(2t")-Cl(4 i ) 3.349 3.266 0.083 
Rb(21")---Cl( 1 ") 4.245 3.461 0.784 
Rb(21v)-Cl(4 ") 3.375 3.316 0-059 
Rb(21~)-Cl( 1 "t) 3.335 3.309 0.026 
Rb(21v)--Cl(2 i") 3.333 3.316 0.017 
Rb(2J')-CI(2 ~') 3.356 3.335 0.021 

Fig. 6 suggests that the modulated displacement 
along a of Rb(2 iv) is connected with the rotation around 
e of the tetrahedra ZnCI~ ~, the modulation functions of 
Rb(2 iv) and C1(2 i") atoms being nearly in phase along a. 
Moreover, Fig. 6(a) indicates also that the displacement 
of Rb(1 ~) along a could be connected with the rotation 
around e of the tetrahedra ZnCli4 v. In the plane ac (Fig. 
6b), no evident phase relation between tetrahedra 
rotations and displacements of Rb atoms has been 
observed. 

The average atomic positions given in Table 1 are 
similar to those determined by Quilichini & Pannetier 
(1983) in the average structure of the INC phase. But 
the split-atom model presents several imperfections: 

(a) The Rb atoms are fixed in their average positions 
and, consequently, the role of these atoms in the 
incommensurate behaviour and also in the realization 
of the physical properties is neglected. 

(b) The displacements of the CI atoms from their 
average positions are calculated as average displace- 
ments which are similar for all equivalent C1 atoms. In 
reality, these displacements are modulated and the 
modulated displacement depends on the localization of 
each atom in the crystal. 

However, the positions of these C1 atoms, determined 
from the split-atom model, are relatively coherent with 
our results, and give an approximate description of the 
incommensurate behaviour and of the amplitudes of the 
modulated displacements. 

4.2. The lock-in phase 

The physical measurements, quoted in §4.1 have 
shown the realization of the ferroelectric state at 190 K, 
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with a spontaneous polarization along the a axis of the 
paraelectric phase. The point group of the basic 
structure is the polar group P2~cn and the superspace 
group is P(P21cn):(i,s,i) in de Wolff's notation and 
2nvb/mc+a, i v in the WPV notation; it contains the 
following four elements: Rb(l) 

{ (E/O,O,O),O }; Rb~2) 
1 1 { ( C2x/~,o,o),~ }; 
I I I {(ayl0,~,9,~}; z, 

l l I {(azl~,~,~),0}. 
In this phase, all atoms are located in a general ct¢i) 

position and the unit cell is generated by seven atoms. 
The structure is described by 63 positional parameters c~(2) 
(zero and first order of Fourier terms) and 42 
anisotropic thermal parameters (zero order of Fourier 
terms). The data were treated by the R E M O S  c~(3) 
refinement program. The final R factors are 0.041 and 
0.136 for 1215 main reflections and 1065 first-order 

c1(4) 
satellite reflections, respectively, and 0.0587 for all 
reflections. The fitted parameters are given in Table 4 
and the results are shown schematically in Figs. 2-5 by 
discrete points or lines. These values define three 
particular modulated atomic positions occupied in three 
consecutive cells, which generate the whole crystal. 

4.3. Comparison of  the structures 

Given the description of both phases with the 
four-dimensional concept, the two structures can be 
directly compared. A comparison of Tables 1 and 4 
shows a decrease of thermal parameters and an 
increase of modulated displacements in the lock-in 
phase in agreement with theoretical considerations. 
However, the thermal parameters of Rb atoms can be 
considered as abnormally large [Rb(1), in particular] 
with the same ratio in both phases. This can be 
interpreted by a distortion still stronger than the one 
described by the modulation function, or which is not 
correctly described by only one order of Fourier 
modulation terms. 

In Figs. 2 and 3, the three particular modulated 
positions [determined from (3) and corresponding to 
the lock-in value c*/3 of the modulation wavevector] of 
each atom are compared with the atomic displacement 
modulation function. These figures compensate for the 
weak increase of the distortion below T~ and show the 
agreement between the two structures. 

The weak variations in interatomic distances (CP- 
C1 i and Zni-C1 i) observed in Fig. 4 mean that three 
orientations of the tetrahedra around b and c (out of an 
infinite number occupied in the INC phase) are 
possible, and we can always describe the displacements 
of the ZnC14 tetrahedra as rigid-body motions (Fig. 5). 

The striking difference between the two phases is the 
relative shift along a of the average positions of the 

Table 4. Positional (X10 4) and equivalent isotropic 
thermalparameters (A 2 x 10 4) of  the superstructure 

Ueq = (Ull  -t.- U22 + U33)/3.  

Ro ao a l  bl U~q 
x 2500 -6*  -116"  123 (3) 
y 4067 - 8 ( 1 )  15(4) 46(4) 289(!1) 
z 6298 - 9  (1) - 1 7  (4) 14 (5) 

x 2500 - 7 6  (7) -21  (3) 202 (2) 
y 8196 - 5  (1) -13  (3) 5 (3) 153 (8) 
z 4862 14 (1) 12 (4) - 1 2  (4) 

x 2500 - 5 4  (8) 35 (2) 108 (2) 
y 4217 --1 (1) 5 (4) -21  (3) 779 (9) 
z 2240 -12  (1) - 3  (5) 14 (5) 

x 2500 --93 (12) 100 (10) 503 (8) 
y 4189 17 (2) --59 (7) - 4 4  (8) 220 (21) 
z -175 -19  (2) - 1 3  (8) 57 (9) 

x 2500 - 6 0  (9) 647 (6) 86 (10) 
y 5851 - 1 0  (2) 8 (8) - 3 3  (5) 169 (20) 
z 3204 28 (2) 4 (10) 9 (7) 

x 10 - 7 0  (9) -249 (9) 69 (8) 
y 3410 - 3  (5) 341 (7) - 1 8  (5) 215 (23) 
z 3139 - 3 7  (6) 208 (8) - 114 (7) 

x 4990 -81  (9) -244 (9) 44 (8) 
y 3410 --48 (4) -321 (7) - 9  (5) 204 (23) 
z 3139 - 1 4  (6) -126 (8) 115 (7) 

* No t  refined to fix the origin. 

Rb(1) atoms in the lock-in phase (Table 4) in relation to 
all the other atoms of the cell. 

5. Discussion 

Several other modulated structure determinations of 
A2BX 4 compounds have been performed by different 
authors: KESeO 4 (Yamada & Ikeda, 1984), 
[N(CH3)4]2CoC14 (Fjaer, 1985), [N(CH3)4]2ZnC14 
(Madariaga, Zufiiga, Prrez-Mato & Tello, 1987), and 
RbEZnBr 4 (Hogervorst & Helmholdt, 1988). Conse- 
quently, it is interesting to compare the common 
features of these structures in order to clarify the 
processes of the phase transitions at T/and T t. 

The most striking common feature is the rigid-body 
behaviour, to a good approximation, of the B X  4 
tetrahedra. This is outlined by the weak variations of 
the interatomic distances B - X  and X - X  of a tetra- 
hedron (Table 5), which are much smaller than the 
modulated displacements of the respective atoms. The 
comparison of these distances in the case of the ZnX 4 
tetrahedra (with X = C1 or Br) reveals common features 
and analogous geometries in the different structural 
refinements. The B-X(1)  distance is the shortest and 
the most rigid one. The atom X(3) is responsible for the 
larger fluctuations, and this can be correlated with the 
fact that it is the only atom in a general position with no 
symmetry restriction on its modulation functions. 

The modulated displacements of X atoms from their 
average positions are then treated as rotations around 
the crystallographic axes, the strongest being generally 
around the pseudo-hexagonal axis. The calculated 
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Table 5. Interatomic d&tances (A) inside B X  4 tetra- 
hedra for  A 2BX4 compounds 

ax, ax, ax, x,x, x,x3 x~x3 x,x4 
Rb2ZnCI4 
drain 2.228 2.247 2.234 3-763 3.651 3.571 3.604 
dm=~ 2.242 2.280 2-276 3.807 3.730 3.676 3-676 
% 0.6 1.5 !.9 1.2 2.2 2.9 2-0 

Rb2ZnBr 4 
d, , ,  2.368 2.384 2.368 3.992 3-888 3.806 3.850 
dm~ 2.377 2.415 2.421 4.031 3.949 3.884 3.911 
% 0.3 1.3 2.2 1.0 1-5 2.0 1.6 

TMA2ZnC14 
d,,~. 2.188 2.273 2.224 3.726 3.580 3.630 3.712 
d,,~ 2.191 2.287 2.296 3.737 3.667 3.680 3.741 
% 0. i 0.6 3.3 0.3 2.4 1.4 0.8 

values in our case, 10 ° around z and 5 ° aroundy, are a 
little larger than in other compounds. The pseudo- 
hexagonal axis (the e axis in Rb2ZnC14) corresponds to 
the sixfold screw axis of a latent hexagonal phase, by 
analogy with K2SeO 4. Based on the work of Katkanant, 
Edwardson, Hardy & Boyer (1986), the existence of 
this imperfect hexagonal symmetry should be the origin 
of the incommensurate behaviour. Our calculations of 
rotations of ZnCI4 tetrahedra are in agreement with 
their description of the incommensurate phase which 
consists in decomposing the transformation at T~ into 
two components similar to Ry and R z rotations, the 
strongest rotational displacements (Rz) costing no 
energy. This result and the phase relations between the 
rotations of tetrahedra are common for all the com- 
pounds studied except K2SeO 4 (Yamada & Ikeda, 
1984), where Ry = 7 and R z = 4 °. 

The rotations of the B X  4 tetrahedra are associated 
with a translational motion along the a direction. In 
Rb2ZnC14, the maximum translation of the rigid-body 
ZnCI 4 is 0.11 A; in the TMA system, the larger 
translation {0.21 A for [N(CH3)4]2CoC14} is certainly 
related to the larger size of the a parameter. 

Another common feature between the different 
studies is the similarity of the modulation and the 
structural description in the INC and C phases. The 
rotational angles of ZnC14 tetrahedra increase a little 
but a constant ratio is maintained between Ry and R z 
(Fig. 5). Thus at the lock-in phase transition there is no 
discontinuity with regard to the modulation-function 
amplitudes and the BX4 rotations. Nevertheless, the two 
compared structures have been refined at two very 
different temperatures, for which they are well charac- 
terized and for which the crystal periodicities of the 
basic lattice and of the modulation are defined with a 
long-range order (sharpness of the diffraction reflec- 
tions). The intermediate temperatures are characterized 
by the coexistence of different phases or by the 
appearance of domains and discommensurations. These 
are the result of the rapid evolution and of the 
discontinuity at T L of the modulus of the modulation 
vector. This involves a sudden shift of the internal 

phase, and hence a sudden displacement of the atoms 
near TL. 

In A2BX 4 compounds, the incommensurability is 
connected with the ferroelectric properties of the 
crystal. 

Several studies based on polarization measurements 
in Rb2ZnC14 have shown the existence of a polarization 
along the a direction which is reduced to zero above T L 
(Sawada et al., .1977; Shuvalov et al., 1988). Conse- 
quently, calculations of polarization were performed 
from the structural results of the INC and C phases. 
We have considered that the electric charge +2e is 
localized at the centre of the Rb(1)-Rb(2) ionic pair 
and - 2 e  at the centre of gravity of the respective 
tetrahedra (which is theoretically the Zn atom). These 
calculations have pointed out a local polarization in one 
cell (Fig. 7), its average over three cells being almost 
but not exactly reduced to zero. Other calculations were 
performed using the structural results of a refinement in 
a noncentrosymmetric superspace group P(P21cn): 
(l,s,l). They resulted in a strong polarization 
(0.5 laC cm -2) larger than the calculated one for the C 
phase and in disagreement with all the polarization 
measurements. Consequently, the hypothesis of a 
centrosymmetric group in the INC phase is confirmed 
in spite of the weaker values of final wR factors 
obtained in the noncentrosymmetric hypothesis. 

In the lock-in phase a spontaneous polarization was 
determined along the a direction. Its value 
(0.391aCcm -2) corresponds approximately to the 
measurements performed by Hamano et al. (1980) and 
results from the shift of the average positions of Rb(1) 
atoms (Table 4). These results are in agreement with a 
similar study of K2SeO 4 (Yamada, Ono & Ikeda, 
1984). They show the particular role of Rb(1) atoms 
which have anomalously large thermal motions in the 
INC and C phases. This effect, which is certainly due to 
the large cage of C1 atoms around Rb(1), is observed in 
Rb2ZnBr 4 (Hogervorst & Helmholdt, 1988) and 
KzSeO 4 (Yamada & Ikeda, 1984) and shows that the 
ferroelectricity essentially depends on average atomic 
positions. 

p ~c/~2 

0025. 

O' 

-0025 
0 05 t ~  

Fig. 7. Local polarization as a function of the internal coordinate in 
one cell (full curve) and averaged over three cells (dashed curve). 
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Yamada & Hamaya (1983) have compared two 
groups of A2BX4 compounds: A2ZnX4 materials (A 
= K, Rb, NH4; X = C1, Br) and (TMA)2MCI 4 materials 
[TMA = N(CH3) 4, M =  Zn, Cu, Co, Fe, Ni] which 
present different INC-C successive phase transitions. 
In the first group, the temperature range of the INC 
phase is relatively wide and the incommensurate 
wavevector decreases as the temperature decreases, and 
locks into q = 1/3. In the second group, the modulation 
wavevectors tend to increase with decreasing tem- 
perature, the lock-in wavevectors take several values 
(2/5, 1/2, 1/3) and the temperature range of the INC 
phases is reduced. With an EXAFII  model, Yamada & 
Hamaya (1983) have shown that A2ZnX4 compounds 
are characterized by relatively small second- and 
third-neighbour interactions, opposite to observations 
of (TMA)2MC14 compounds. These results are in 
agreement with the fact that R b - C I  interatomic 
distances and their variations are very similar to the 
Rb--Br ones (Hogervorst & Helmholdt, 1988), given 
the difference between the ionic radii of CI and Br 
atoms, and the INC phases of these two compounds are 
really isostructural. In contrast, the TMA-C1 distances 
and their variations are relatively stronger than the 
R b - X  ones, whereas the M-C1 distances in a tetra- 
hedron are similar in both groups. These results may be 
related to the difference between the cell parameters of 
the two families and may explain the existence of two 
different types of INC structures and of two different 
INC-C phase-transition processes. From these con- 
siderations, the hypothesis can be made of two families 
of isostructural A2BX4 compounds, which must be 
confirmed by further structural studies. 
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Abstract 

Molecular volumes, surfaces and packing coefficients 
are calculated, starting from known crystal structures, 
for a number of neutral metal-carbonyl clusters by 
applying the method of intersecting caps widely used in 
organic solid-state chemistry. The problem of an 
appropriate atomic radius attribution is discussed. The 
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results of the packing analysis are used to investigate 
the relationship between packing efficiency and occur- 
rence of dynamic processes in the solid state, as well as 
many structural properties of metal-carbonyl clusters. 

Introduction 

Although the concept of molecular shape has been 
diffusely applied to the analysis of transition-metal 
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