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The room-temperature crystal structures of CssBiCl,&) and CsK2BiC16(II) have been determined from 
X-ray single-crystal data. These compounds are both monoclinic, space group C2/c, with eight formula 
units per cell and cell parameters a = 27.017(17), b = 8.252(8), c = 13.121(10) A, fi = 99.70(11)“(I), a = 
25.653(13), 6 = 7.799(5), c = 12.874(9) A, p = 99.24(8)” (II). The crystal structures have been refined to 
final R values of 0.069(I) and 0.044(11) from 1706(I) and 2008(U) independent reflections and 93 variable 
parameters. The BiCls octahedra are slightly distorted (average da+ci = 2.699 A) and the alkaline 
cations are coordinated with eleven or eight chlorine atoms. These structures are better described 
using the notion of “layers of close-packed octahedra” and can therefore be easily compared with the 
A2EMX6 (elpasolite type), A,MX6 (cryolite type), and A2MX6 (K#tC& type) crystal structures. In these 
compounds, the “layers” of isolated octahedral MX6 entities (X = F, Cl, Br, 0) define “tetrahedral” 
and “octahedral” holes, entirely or partially occupied by the A and/or E cations. 6 19136 Academic 

Press. Inc. 

Introduction 

Recent structural and physicochemical 
investigations of A2BMC16 mixed chlorides 
(where A and B are alkaline metals and Ma 
trivalent element) have disclosed ferroelas- 
tic-type phase transitions at low (I) and 
high (2) temperature, as well as distortions 
of the cubic elpasolite structure (3). In this 
last work, it was shown from powder dif- 
fraction data that for almost all composi- 
tions , the room-temperature phase is 
strongly distorted, as compared to the high- 
symmetry, high-temperature phase. Only in 

* To whom correspondence should be addressed. 

the case of the Cs2KBiC16 composition is 
the ideal elpasolite structure retained down 
to room temperature. 

The phase-transition diagram of the 
Cs+,K, BiC16 (0 5 x 5 3) system has been 
recently reported (4). In the high-tempera- 
ture region, a continuous solid solution 
with the cubic Fm3m crystal structure ex- 
tends throughout the whole system. Two (X 
> 1) or three (x < 1) phase transitions occur 
as the temperature is lowered (except for x 
= 1: CszKBiC& composition) (Fig. l), some 
of these transitions probably being of the 
ferroelastic type (4-6). Cs3BiCls presents, 
at temperatures lower than T1 = 120°C 
(phase I), potential physical properties ac- 
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FIG. 1. Binary diagram Cs,BiC&-K3BiC16. 

cording to the observed remanent polariza- 
tion, although this phenomenon does not 
seem to have a ferroelectric origin (6). 

The only available structural data on 
Cs+,K,BiC16 phases deal with CszKBiCle 
(3, 5): this compound is isostructural with 
Cs2NaBiCls, which was assigned cubic 
Fm3m symmetry from single-crystal data 
(7). Clearly, more work is needed to under- 
stand the evolution of the structures and to 
establish some structural relationships as 
the composition or temperature is changed. 
The present paper deals with the first as- 
pect of this question: it describes the struc- 
tures of crystals with compositions corre- 
sponding to x = 0 (phase I) and x = 2 
(phase II’), which are stable at room tem- 
perature, and symmetrically located on 
each side of CszKBiClb. 

Experimental 

A transport method was initially consid- 
ered to take advantage of the large partial 
pressure of BiC13 at high temperature. In- 
deed, heating in a temperature gradient an 
evacuated sealed quartz tube containing 

mixture of chlorides led to the deposition of 
well shaped single crystals. Unfortunately, 
they stuck strongly to the quartz wall and 
could not be recovered without damage. 

An alternative method was therefore 
used: slow cooling (SC . hr-I) of a small 
amount (-500 mg) of a mixture of chlo- 
rides, from the congruent melting point to 
the ambient temperature, resulted in a thin 
transparent layer, from which small flakes 
could be recovered. The selected samples 
were roughly triangular with maximum 
lengths of about 150 and 250 pm for Cs3 
BiC& and CsKzBiCL,, respectively. 

Structure Determination 

Preliminary investigations of CsjBiC& 
and CsK2BiC16 had led to the hypothesis of 
a triclinic Pl unit cell (5), but the actual 
symmetry was proved to be C2/c from sin- 
gle-crystal studies (Ml with h + k = 2n and 
h01 with 1 = 2n). X-Ray patterns and the 
diffractometer data indicated that the CSJ 
BiCL, crystal was of poor quality: it was 
twinned and composed of two individuals 
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with slightly different orientations (about 
0.1” in 8, x, cp). This situation is probably 
due to ferroelastic transitions occurring 
during the cooling (4). Despite these trou- 
bles, we managed to collect the reflections 
from the bigger individual, which was al- 
most twice the volume of the other one. In 
addition, some superstructure reflections 
have been detected on Weissenberg pat- 
terns; taking them into account led to dou- 
bling of the unit cell. However, in view of 
their very low intensity (which was never 
larger than 1.5 times their standard devia- 
tion), they were not included in the refine- 
ment process. With the CsKzBiC& single 
crystal, neither twinning nor superstructure 
reflections were observed. 

Data collection was made using the Phil- 
ips PW 1100 four circle automated diffrac- 
tometer of the “Centre Commun de Mesure 
de 1’UniversitC des Sciences et Techniques 
de Lille.” The crystallographic data are 
given in Table I. Lattice parameters and 
their standard deviations were determined 
by least-squares refinement of the setting 
angles of 25 carefully centered reflections. 
The densities were not measured: from 
comparison with the cubic, elpasolite phase 
Cs2KBiC16, we assumed the existence of 
eight formula units per unit cell. The pa- 
rameters of these compounds suggest that 
they are isomorphic. 

The crystal structures were solved by the 
heavy atom method: Patterson synthesis, 
successive Fourier difference maps and 
least-squares refinements in the centrosym- 
metric space group C2/c. Refinement of the 
atomic parameters and isotropic thermal 
factors for all of the atoms led to the values 
R = 0.166 and R = 0.152 for Cs3BiC16 and 
CsKzBiC&, respectively. At this step, ab- 
sorption corrections were applied using the 
method described recently by Walker and 
Stuart (8), by means of a program written 
by one of us (9). The knowledge of crystal 
dimensions and linear absorption coeffi- 
cients is not required in this method, which 

TABLE 1 

EXPERIMENTALDATAAND STRUCTURE 
REFINEMENTPARAMETERSFOR Cs3BiC16 AND 

CsK2BiC16 

F0tITNla CssBiCb CsKzBiCIs 
System Monoclinic Monoclinic 
space group CL/c mc 
Lattice parameters u = 27.017 (17) o = 25.653 (13) 

measured at 294 b = 8.252 (8) b = 7.799 (5) 
K with 25 h&l c = 13.121 (IO) c = 12.874 (9) 

5” < 0 < 12” p = 99.70 (II) fi = 99.24 (8) 
Volumes (Ax) V = 2883 V = 2542 
Multiplicity Z=8 2=8 
Calculated density p = 3.78 g cm-’ p = 3.31 g cm-’ 
Data collection w-20 scan Philips PW 1100 diffractometer 

technique MoKZ radiation A = 0.7107 A 
Scan speed 0.06” SC’ 0.03” s-1 
Scan width 1.2” 1.2 
Standard reflections 622, 622, 621: .Il. 602, Sli 
Periodicity 60 “I” 120 “l” 
Recorded reflections 8964 4680 

(within a 2 < 0 < 24 (within a 2 < 0 < 25” 
sphere) half sphere) 

Observed reflections 
(I > 31) 6128 3727 

Independent retlec- 
lions 170% 2008 

R merging factor 0.114 0.050 
Absorption coeffi- 

cient p = 203 cm-’ p = 179 cm-’ 

Absorption correc- 
tion Walker and Stuart method (DIFABS) 

Refined parameters 93 93 
Reliability factors R = 0.069 Rw = 0.083 R = 0.044 Rw = 0.049 

(w= I) (w = 1) 

proved to be very useful with badly shaped 
crystals containing heavy atoms. Following 
absorption corrections, R indexes dropped 
to 0.098 for Cs3BiC& and 0.073 for 
CsKzBiClh; use of anisotropic thermal coef- 
ficients led to final R values of 0.069 (Rw = 
0.083) for Cs3BiC16, and R = 0.044 (Rw = 
0.049) for CsK2BiC16 (with w = 1 for all 
reflections). In the last cycle, the maximum 
parameter shift was lower than lop3 times 
the corresponding estimated standard devi- 
ation. The final Fourier difference maps 
were featureless. The scattering factors for 
Cs+, K+, Bi3+, and Cl- were taken from 
Cromer and Waber (IO), with anomalous 
dispersion corrections according to Cromer 
and Libermann (II). The positional param- 
eters are listed in Table II. 
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TABLE II 

ATOMIC COORDINATES AND ANISOTROPIC THERMAL PARAMETERS~.~ 

Cs3BiC1, Bi(1) 
Bi(2) 
Wl) 
WV 
Cs(3) 
W) 
cK4 
C](3) 
Cl(4) 
Cl(S) 
‘36) 

CsKzBiC& Bi(1) 
Bi(2) 
CS 

K(1) 
K(2) 
W) 

cm 
Cl(3) 
Cl(4) 
W) 
CK6) 

X 

f 
0 

4%(l) 
1614(l) 
3462(l) 
2492(3) 
3235(2) 
3269(4) 
572(4) 

-583(4) 
576(4) 

f 
0 

512(l) 
1622(2) 
3432(2) 
2503(2) 
3275(2) 
3267(2) 
f+W) 

-589(2) 
64x3 

Y 

a 
7835(2) 
7444(4) 
8133(3) 
1863(3) 
3890(11) 
4548(13) 
549(14) 

5536(12) 
7739( 16) 

10263(12) 
1 

77856(l) 
7363(l) 
8129(5) 
1906(5) 
X’W6) 
4665(7) 
274(7) 

5405(6) 
7653(6) 

10310(5) 

9317(2) 
2982(2) 
8546(2) 
6871(7) 
4639(8) 
5813(g) 
1815(g) 
641(7) 

1928(9) 
t 
1 

930;(l) 
3004(3) 
8756(3) 
6939(6) 
4708(4) 
5771(5) 
1845(3) 
600(3) 

1991(4) 

Ull 

W3 
233 
57(3) 
W3) 
39(3) 
43(3) 
W’) 
W’) 
51(7) 
51(7) 
39(7) 
W) 
26(l) 
42(l) 
39(3) 
45(3) 
W3) 
520) 
580) 
55(3) 
420) 
39(3) 

W) 
26(l) 
8263 
38(l) 
33(l) 
40(5) 
54(6) 
56(6) 
46(6) 
90(8) 
476) 
29(l) 
22(l) 
52(l) 
36(2) 
3X3 
47(2) 
W) 
62(3) 
46(2) 
61(3) 
W) 

u33 

23(l) 
20(l) 
W) 
52(z) 
41(2) 
35(5) 
40(6) 
46(6) 
476) 
2W) 
58(7) 
29(l) 
22(l) 
43(l) 
72(2) 
63(2) 
W2) 
75(3) 
WV 
4X3 
31(2) 
56(2) 

u12 

-3(l) 
0 

15(l) 
-l(l) 

3(l) 
-34 

-29(6) 
2’36) 
9(4) 
3(6) 
l(4) 

-2(l) 
0 
5(l) 
5(l) 

1 l(1) 
-9(l) 
-6C.9 

5(2) 
5(l) 
l(l) 

-11(l) 

fJl3 

7(2) 
7(2) 

19(2) 
wa 
5(2) 

10(3) 
230) 
9(5) 

16(5) 
3(3) 

16(5) 
WI 
8(l) 
8(l) 
WI 

1 W 
15~) 
lO(3) 
8(3) 
8(l) 
2(l) 

18U) 

fJ23 Be, 

2(l) 2.0 
0 1.9 

24(2) 5.0 
-3(l) 3.3 
-3(l) 3.0 
-4(4) 3.1 
-3(5) 4.4 
12(5) 4.4 

-6(5) 3.8 
-2(5) 4.4 
17(5) 3.8 
5(l) 2.21 
0 1.84 

11(l) 3.61 
4(2) 3.9 

-3(l) 3.8 
-7(2) 3.8 
25(2) 5.0 
35(3) 5.4 
-42) 3.8 
-l(2) 3.5 
1X2) 3.4 

a Atomic parameters x 104 and vibrational coefficients x 103. 
b The anisotropic thermal parameters are relative to T = exp[-2&(h2a*2U,l + k2b*2U22 + ~*c*~CJ~~ + 

2hka*b*Uf2 + 2hla*c*U13 + 2klb*c*Udl. 

The noncentrosymmetric C2 space group 
was also checked, but no significant im- 
provement was observed in the R values. 
Furthermore, anisotropic thermal coeffi- 
cients for two of the Cl atoms became nega- 
tive, indicating correlation effects; thus 
both structures are described in the C2/c 
space group. 

The higher R value for Cs3BiCls, com- 
pared with CsKzBiC&, is likely due to the 
poor quality of the crystal, as mentioned 
previously. Furthermore, since superstruc- 
ture reflections have been neglected, 
atomic coordinates for CssBiC& describe a 
“mean structure” (probably phase II) and 
not the actual one (phase I). The impor- 
tance of this superstructure must not be un- 
derestimated: since the mean structure 

(phase II) is centrosymmetric, the rema- 
nent polarization at T < TI (phase I) on one 
hand, and the dielectric anomalies at TI on 
the other hand (6), may be related to the 
existence and the disappearance of this su- 
perstructure, respectively. 

Atomic parameters are very close in 
these structures (Table II), confirming that 
these phases are isostructural. Thermal 
motion factors for K and Cs in CsK2BiCb 
(Table II) were refined to reasonable values, 
in agreement with their ordered distribution. 

Structural Results 

The characteristic bond lengths and an- 
gles are reported in Table III. As in a num- 
ber of chlorides, the 6s2 nonbonding pair of 
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TABLE III 

INTRAANIONIC DISTANCES (A) AND ANGLES (“) WITH 
ESDs IN Cs3BiClh and CsK2BiC& 

CsxBiC1, CsKZBiC16 

Bi( 1)-Cl( 1) 2.713(9) 2.725(4) 
Bi(l)-Cl(2) 2.709(8) 2.681(T) 
Bi( l)-Cl(3) 2.702(11) 2.691(5) 
Bi(2)-Cl(4) 2.695(11) 2.707(T) 
Bi(2)-Cl(5) 2.672(9) 2.663(4) 
Bi(2)-Cl(6) 2.719(11) 2.714(S) 

(2.702) (2.697) 
Cl(l)-Bi(l)-Cl(Z) 90.7(5) 89.0(3) 
Cl(l)-Bi(l)-Cl(3) 91.0(5) 91.6(3) 
Cl(2)-Bi(l)-Cl(3) 84.4(5) 86.7(3) 
Cl(4)-Bi(2)-Cl(5) 87.6(5) 88.4(2) 
C1(4)-Bi(2)-Cl(6) 92.3(5) 89.9(2) 
Cl(T)-Bi(2)-Cl(6) 92.7(6) 94.8(2) 

Bi3+ does not induce a significant distortion 
of the octahedral symmetry in BiCli-: the 
angles are close to 90” and the Bi-Cl dis- 
tances range from 2.672(11) to 2.719(11) A 
and from 2.663(5) to 2.725(S) A in Cs3BiCls 
and CsK2BiC16, respectively. These values 
are in fair agreement with the accurate dis- 
tance of 2.676(2) A recently calculated in 
CszNaBiClb (12). 

The anionic framework is built up of two 
kinds of BiC16 octahedra exhibiting differ- 

ent orientations (Fig. 2). The coordination 
polyhedra of Cl atoms around the alkaline 
cations are quite irregular in both struc- 
tures: in Cs3BiC&, Cs(1) is surrounded by 
llC1 atoms (as Cs in CsK2BiCLJ, while 
Cs(2) and Cs(3) are surrounded by 8 Cl at- 
oms (as K(1) and K(2) in CsK2BiClb), (Ta- 
ble IV). The Cs * . * Cl distances range from 
3.37(l) to 4.28(l) A in Cs3BiC&, and from 
3.508(6) to 4.119(5) w in CsK2BiC16 (com- 
pared with 3.820(2) A in CszNaBiC&(l2)); 
the K * . * Cl distances range from 2.996(7) 
to 4.006(7) A. 

It is worthwhile to notice that, starting 
from the ideal cubic phase Cs2KBiC16, the 
same deformation occurs when substituting 
K by Cs (Cs3BiCLJ or Cs by K (CsK2BiCle). 
This behavior may be due to the fact that 
these crystal compositions are “equidis- 
tant” from the cubic compound. 

According to the solubility diagram (13), 
Cs3BiCls can also be prepared from an hy- 
drochloric solution (14% in mass) saturated 
with a 3CsC1/1BiC13 mixture at 25°C. In- 
deed, slow evaporation provided colorless 
platelet-shaped single crystals. An X-ray 
diffraction study disclosed an orthorhombic 
symmetry, space group Prima. This result 
suggested that this phase is very likely iso- 

FIG. 2. Perspective drawing of CsK2BiC16 (monoclinic C2k) showing the numbering scheme. Ther- 
mal ellipsoids are drawn at the 50% probability level. 



TABLE IV der spectrum identical to the Cs3BiC16 
CATIONIC SURROUNDINGS WITH ESDs IN CsSBiC16 monoclinic pattern. This orthorhombic 

AND CsK2BiC16 (A) form will be hereafter labeled phase IV. Its 

CsSBiC16 CsKzBiCls 
unit-cell parameters are a = 26.593(9), b = 
8.290(4), c = 13.129(7) 1$, V = 2894 A3 (2 = 

Cs(l)-Cl(4) l/O01 3.61(l) cs 3.573(4) 8) in the Pmcn space group (after bca per- 
Cs(l)-Cl(6) 2102 1 3.61(l) 3.642(5) mutation to facilitate comparison with the 
Cs(l)-Cl@) l/O01 3.64(l) 3.508(6) monoclinic phase II (Table I)). The struc- 
Cs(l)-Cl(6) 41020 3.70(l) 3.552(5) 
Cs(l)-Cl(3) 7/001 3.71(l) 3.546(6) 

ture of this phase was not redetermined and 

Cs(l)-Cl(2) 7lOOl 3.88(l) 3.640(5) 
the atomic coordinates of Rb3BiBr6 were 

Cs(l)-Cl(4) 21011 3.89(l) 3.772(5) used in the representation (Fig. 3) (25). 
Cs(l)-Cl(S) 2102 1 3.98(l) 3.893(5) The two structures, monoclinic (phase 
Cs( l)-Cl(6) l/O01 4.12(l) 4.119(5) II) and orthorhombic (phase IV), essen- 
Cs(l)-Cl(4) 41010 4.13(l) 3.894(5) 
Cs(l)-Cl@) 21011 4.28(l) 3.918(5) 

tially differ by the a parameter, which im- 
plies a modification in the relative disposi- 

Cs(2)-Cl(6) 3.40(l) K(1) 3.140(6) tion of BiC& octahedra in these two cells 
Cs(2)-Cl(3) 6/001 3.42(l) 3.077(7) with identical contents. The point groups 2/ 
Cs(2)-CI( 1) 4loii 3.42(l) 3.241(7) m (phase II) and mmm (phase IV) are sub- 
Cs(2)-Cl(l) 61011 3.43(l) 3.215(7) 
Cs(2)-Cl(5) 3/000 3.58(l) 3.452(7) 

groups of that of the prototype cubic phase 

Cs(2)-Cl(2) 61011 3.63(l) 3.385(6) 
m3m. A relation between all of these 

Cs(2)-Cl(4) l/O00 3.66(l) 3.442(6) phases can be found by computing the 
Cs(2)-Cl(2) 7/000 3.72(l) 3.741(7) 

Cs(3)-Cl(4) 6/001 3.37(l) K(2) 3.173(7) 
Cs(3)-Cl(2) 4/010 3.39(l) 2.996(7) 
Cs(3)-Cl(5) 5loi 1 3.51(3) 3.220(6) 
G(3)-Cl(l) 7loil 3.53(l) 3.367(6) 
Cs(3)-Cl(l) l/O00 3.54(l) 3.434(6) 
Cs(3)-Cl(6) 61011 3.65(l) 3.466(7) 
Cs(3)-Cl(3) 4/000 3.69(l) 3.186(S) 
Cs(3)-Cl(3) l/O00 3.70(l) 4.006(7) 
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Coding of equivalent positions 
1 x, Y, z 5 f + x, t + y, z 
2 x,y, z 6 f-x,+-y,; where subscripts c, m, and o referring evi- 
3 x, y. 4 - z 7 4 - x, 4 + y, g - z 
4 x,F,f+z 8 f + x, + - y, 4 + z 

dently to cubic, monoclinic and orthorhom- 

Cl(4) l/O01 means that Cl(4) is in position 1 trans- 
bit cells. Applying these operations, the 

lated by lc pseudo-cubic cells are for Cs3BiC16 (C2k): 
a = 11.687, b = 10.691, c = 11.290, (Y = 
88.30, p = 91.91, y = 86.32 (average a = 
11.313 hi); for CsK2BiC16 (C2/c): a = 
11.067, b = 10.702,~ = 10.748,~~ = 89.13,/3 

structural with Rb3BiBr6 (24), and consti- = 91.28, y = 87.48 (average Q = 10.839 A); 
tutes another allotropic form which does for Cs3BiC16 (Pmcn): a = 11.498, b = 
not appear in the Cs3BiC16-K3BiC16 equilib- 
rium diagram (4). Annealing of this phase in 

11.028, c = 11.452, (Y = 87.35, p = 92.51, y 
= 87.12 (average a = 11.326 A). These val- 

a sealed quartz tube at 350°C (60°C below ues must be compared to the parameter a = 
the phase II zs phase III transition (Fig. 1)) 11.086(5) A of cubic Cs2KBiC16 (5). The in- 
resulted in a room-temperature X-ray pow- verse matrices, which describe the cubic * 
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FIG. 3. Perspective drawing of Cs,BiC& (orthorhombic Pmcn). 

monoclinic and the cubic + orthorhombic 
transformations, can be written as 

These vectorial relations are illustrated in 
Fig. 4. With an ideal cubic cell parameter of 
11.320 A for CssBiCle, we obtain a, = 
26.547, b, = 8.004, c, = 13.863 A, p = 
100.02”, and a, = 26.141, b, = 8.004, c, = 
13.863 A. The differences from the experi- 
mental values arise from the extensive de- 
formations produced by the substitution of 
one K by one Cs atom (or vice versa). 
Moreover, these relationships are only 
based on the Bi * 9 * Bi distances and do not 
take into account the rotations of the BiC& 
octahedra, as compared to their primitive 
orientation in the cubic phase: clearly, this 
fact must be more precisely defined to un- 
derstand the relationships between all of 
the phases. 

Relations between Monoclinic, 
Orthorhombic, and Cubic Phases of 
CssBiCk 

Structures of halides of formulas A,BjY,, 
(ABX3, A2BX6, and A&X9) are generally 
described as resulting from compact stack- 
ing of AX3 layers, the B cations occupying 
totally or partially the octahedral sites de- 
fined by X atoms (26). Among the com- 
pounds containing isolated BXs anions, in 
elpasolite CszKBiC& cubic Fm3m, all of the 
octahedral sites are alternatively occupied 

FIG. 4. Orthorhombic and monoclinic cells derived 
from the prototype cubic cell. 
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b b 

FIG. 5. Cubic Cs2KBiC& structure: (a) projection of the “three BiC&, layers”; (b) diagrammatic 
elevation. 

by Bi3+ and K+ cations, whereas in KzPtCl, 
half of the octahedral sites are occupied by 
Pt atoms. This last compound is also de- 
scribed as an antifluorine structure in which 
the nearly spherical complexe ions PtCli- 
define “octahedral” and “tetrahedral” 
holes which can accommodate K+ cations 
(26). The first description assumes the exis- 
tence of AX3 layers which are planar, or 
very nearly so. The second one, consider- 
ing the BXe octahedra as entities, can de- 
scribe structures built of isolated octahe- 
dra, whatever their respective orientations, 
that is to say, even when the AX3 layers are 
no longer definable. 

In this manner, the cubic Fm3m proto- 
type phase (CszKBiCl& can be described as 
a compact stacking of “layers of close- 
packed octahedra (BiCl&” according to 
the ABC sequence characteristic of fee 
structures, in the direction of a body diago- 
nal of the cube (Figs. 5a and b). In such 
“layers,” all of the octahedra have a three- 
fold axis parallel to the stacking direction. 

If we consider the monoclinic and 
orthorhombic phases, their common crys- 
tallographic axes b and c are both contained 

in a (111) type plane of the cubic prototype 
phase (Fig. 4). Projections of these two 
structures along the direction normal to the 
(b, c) plane, which is the stacking direction 
of the octahedra layers, show the existence 
of two types of layers: (i) layers similar to 
those observed in the cubic phase, contain- 
ing only octahedra viewed along a threefold 
axis (which will be labeled 0111 hereafter) 
(Figs. 6a and 7a); (ii) layers containing octa- 
hedra viewed along a twofold axis (labeled 
OZZ) (Figs. 6b and 7b), and oriented in two 
manners in the layer plane. These octahe- 
dra are obtained by a 45” rotation of an OZZZ 
octahedron around two of its three fourfold 
axes (Fig. 8). Lack of the third possible ori- 
entation is probably due to steric hin- 
drance. Although the OZZ layers are identi- 
cal in phases II and IV, the OZZZ layers are 
slightly different. The rows of octahedra 
parallel to c are all identical in phase II and 
also identical to the rows of the cubic phase 
(Figs. 5a and 6a). However, phase IV 
presents an alternance of two types of 
rows, differing by a rotation of the octahe- 
dra by about 60” (Fig. 7a). The structures of 
phases II (C2/c) and IV (Pmcn) can then be 
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FIG. 6. BiC& layers in monoclinic Cs3BiClb and CsK2BiC16: (a) OIZI layer; (b) 011 layer; (c) 
diagrammatic elevation of monoclinic CsK2BiC16, 12-layer sequence of BiC& layers; (d) cationic dispo- 
sition between 3 BiC& layers. 

FIG. 7. Orthorhombic CsSBiC& structure: (a) OIII layer; (b) 011 layer; (c) 4-layer sequence of BiC& 
layers. 
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FIG. 8.45” rotation of an octahedron around its four- 
fold axes. 

described by an alternation of layers OZZand 
OZZZ stacked along the direction normal to 
the (b, c) plane. There is a succession of 
four layers in the case of phase IV (Fig. 7c) 
and of twelve layers in phase II (Fig. 6~). 
This representation in “layers of close- 
packed octahedra” displays the filiation be- 
tween the phases stable at room tempera- 
ture and the prototype phase stable at high 
temperature. 

Despite the different stacking sequences 
(3, 4, or 12 layers), the alkaline cation sites 
are identical in all structures: they fill the 
octahedral and tetrahedral holes created 
between the BiC& octahedra. For example, 
in phase II, Cs(1) is in a tetrahedral site 
constituted by three OZZZ and one OZZ (Fig. 
9a); Cs(3) is also in a tetrahedral hole, but 
built with three OZZ and one OZZZ (Fig. 9b), 
whereas Cs(2) lies in an octahedral hole 

(Fig. SC). The different orientations of these 
octahedra explain the variations in the 
number of coordinating Cl atoms about cat- 
ions occupying similar sites: 11 around 
Cs(l), but only 8 around Cs(3) (Table IV). 

Metric relations between phases II and 
IV of CsSBiCls, phase II’ (CsK2BiCls) and 
the cubic phase (Cs2KBiCl,J are summa- 
rized in Table V, using the pseudohex- 
agonal cells, where the c axis has been cho- 
sen the stacking direction in order to make 
the comparison easier. 

The structure of phase III, which is inter- 
mediate between phase II stable at ambient 
temperature and the prototype phase, is un- 
known at present. It is therefore impossible 
to describe the complete transition se- 
quences. Nevertheless, by comparison of 
Figs. 5b and 6c, it is obvious that the rela- 
tive disposition of the octahedra layers re- 
mains unchanged, but some 011 must be 

a b 

FIG. 9. Cationic surroundings in monoclinic Csj 
BiC&: (a) three 0111 and one OfI around Cs(l); (b) 
three OII and one OIIl around Cs(3); (c) three 0111 and 
three 011 around Cs(2). 
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b 

FIG. 10. Monoclinic K,MoC& structure: (a) cationic disposition between 3 MoC& layers; (b) 64ayer 
sequence of MoC& layers. 

rotated to OZZZ; displacive phase transitions 
would thus be expected. 

Generalization to AJMX6, A&tfX6, and 
Ad4X6 Compounds 

It is possible to compare the Cs3BiC& 
phases II and IV crystal structures with 
other compounds of similar formulas. For 
example, KjMoCle has been described (17) 
in a monoclinic cell F2r/a (a = 12.160, b = 
7.534, c = 12.731 A, p = 108.66”). A projec- 
tion of this structure along the normal to the 
(a, b) plane reveals an alternation of OZZZ 
and OZZ layers with a six-layer sequence 
(Figs. 10a and b). 

Cryolite Na3AlF6 has the monoclinic 
symmetry P2,,, (18) (a = 5.46, b = 5.61, c 
= 7.80 A, p = 90.11”). The similarity of this 
cell to that of cubic elpasolite (19) implies 

TABLE V 
PSEUDO-HEXAGONAL CELLS IN Cs-K-Bi MIXED 

CHLORIDES: PARAMETERS (A AND “), L NUMBER OF 
BiC& LAYERS, AND d INTERLAYER DISTANCE 

0 b c ~(3 L. d 

CszKBiCk (Fm3m) 15.678O 15.678’ 19.20 120 3 6.40 

Cs,BiCk, (Pmcn) 15.56 IS.53 26.593 122.3 4 6.65 

CqBiCk GYc) 16.50 15.50 78.894 122.2 12 6.66 

CsKrBiCk VZ2k) 15.60 15.05 75.96 121.2 12 6.33 

a Doubled parameters. 

that [2a + c] is the stacking direction for a 
three-layer disposition; in each layer, the 
AlF6 octahedra exhibit a “rotational distor- 
tion,” as termed by (20) (Fig. 11). 

We have gathered in Table VI some sig- 
nificant examples of compounds with gen- 
eral formulas A3MX6, A#MXe, and AzMXb, 
where the anionic network consists of iso- 
lated MXh octahedra, as in the compounds 
that we have studied. These examples are 
illustrated in Fig. 12. In Table VI, we have 

FIG. 11. Orientation of the AIF octahedra in cryo- 
lite Na,AIFG. 
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FIG. 12. (a) 34ayer sequence and cationic disposition in K,LiAlF,. (b) 6-layer sequence and cationic 
disposition in Cs2NaCrF6. (c) 3-layer sequence and cationic disposition in K*TeBr,. (d) 2-layer se- 
quence and cationic disposition in CszBkC&. (e) 2-layer sequence and cationic disposition in LiCaAlF+ 
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TABLE VI 

Compound 
Space 
group 

Number 
of layers 

Sites occupied 

Octahedral Tetrahedral References 

Cs2KBiClG 
K2LiAlF6 
CsZNaCrF, 
CsK,BiC& 
(NfU3FeF6 
NajAlF6 
Ca,U06 
Cs,BiC& 
K,MoC& 
Cs3BiC& 
KzPtCl, 
KtTeBrh 
CszBkC16 
LiCaAlF$ 

Fm3m 3L 
P3ml 3L 
R jrn 6L 
C2lc l2L 
Fm3m 3L 
P2,ln 3L 
m 3L 
Pnma 4L 
P2,la 6L 
c2ic 12L 
Fm3m 3L 
P2,ln 3L 
e3mc 2L 
P31c 2L 

1K 
lLi/3,2K/6 

1cs 
IK 
INH4 
INa 
1Ca 
1cs 
IK 
ICS 

1cs 
ICa 

2cs (3) 
2Li/3,4K/6 (21, 2.2) 

lCs,lNa (23 ) 
lK,ICs (“) 
2NH4 (24 ) 
2Na (18) 
2Ca (25 ) 
2cs (“, 14) 
2K (17) 
2cs (“I 
2K (26 ) 
2K (27) 
tcs (28) 
“1Li” (29) 

a This work. 
b A borderline case in this representation as the Li+ cation and the central Al atom 

of the AlF, octahedron are located at the same altitude (Fig. 12e). 

voluntarily omitted all the structures result- Acknowledgments 
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Some compounds containing only Li+ or 
Na+ cations cannot be described by using 
the notion of “layers of close-packed octa- 
hedra.” The small size of these cations en- 
ables them to occupy centers of X6 octahe- 
dra and therefore, it is no longer necessary 
to use sites between the &IX6 layers. This is 
the case for Li3AlF6 (Pna2J (RI), Li3VF6 
(C2/c) (41), NatScF6 (P321) (42), and Liz 
MoF6 (P42,2) (43). Nevertheless, in most 
cases it is possible in this way to describe, 
and rationally explain, many crystal struc- 
tures which seem at first sight to be com- 
pletely unrelated. 
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