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The structure of CaMo& was refined from single crystal X-ray data at 298 K (space group Rj, a = 
6.5146(5) A, (Y = 89.63(l)“, R = 0.032 for 720 reflections withI > 3a(Z) and 25 parameters). Comparison 
with isoelectronic &ZMo& (M = Yb’+, Err’+, Sr*+, Bar’) confirms the matrix effect predicted by J. D. 
Corbett (J. Solid State Chem. 39, 56 (1981)). As the cell volume increases across this series the Mo6 
cluster contracts along its ternary axes by 0.021(l) A. The strengthening of the MO-MO intracluster 
bonds correlates with a weakening of the MO-MO and MO-S intercluster bonds. o 1988 Academic press, 

Inc. 

Introduction 

The elongation of the octahedral MOM 
cluster along its ternary axis in rhombohe- 
dral Chevrel phases MMo6X8 (M = metal, 
X = chalcogen) was rationalized in terms of 
both electronic and geometrical factors. 
The electronic factor was found to originate 
from partially filled, overlapping energy 
bands (1) and to lead to a decrease of the 
cluster elongation by a gradual filling of 
MO-MO bonding states due to charge trans- 
fer (2). The correlation between charge 
transfer as expressed by the cluster-valence 
electron concentration (VEC) and the clus- 
ter elongation indicated an average contrac- 
tion of about 0.05 A per transferred elec- 
tron (3). This effect was further studied 
in the pseudoternary selenides (Me, 
Mar-J&e8 (Me = Ru, Re) for which the 
geometrical factor was assumed to be equal 
(4). The geometrical factor was investi- 
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gated by Corbett (5) and found to originate 
from a combination between strong MO-S 
intercluster bonds and S2--S2- closed shell 
repulsive interactions (“matrix-effect”), 
According to this effect a release of repul- 
sive S-S interactions is partly transferred 
to the Moe cluster via the network of MO-S 
intercluster bonds thus leading to a de- 
crease of the cluster elongation. The exis- 
tence of this effect was confirmed from a 
study of sulfides MMo& containing di- 
valent metal cations M = Eu2+, Sr2+, Ba2+ 
for which contributions due to the elec- 
tronic factor could be assumed to be equal 
(6). The results showed that the Mo6 cluster 
elongation of the compound containing the 
biggest cation (r(Ba2’) = 1.35 A (7)) was 
smaller by about 0.01 A than those contain- 
ing the smaller cations (r(S?‘) = 1.18 A, 
r(Eu2+) = 1.17 A). The purpose of the 
present work was to study a compound 
containing a relatively small cation such as 



STRUCTURE OF RHOMBOHEDRAL CaMo& 189 

Ca2+ (r = 1.00 A) in order to confirm this TABLE I 
trend and to arrive at a more quantitative EXPERIMENTALCONDITIONSAND 
estimate of the matrix effect. AGREEMENTFACTORS 

A sample of nominal composition Ca 
Mods8 was supplied by R. Baillif. Its syn- 
thesis and physical properties were de- 
scribed previously (8). The crystal chosen 
for the X-ray examination had an average 
radius of 15 pm. All reflections could be 
indexed with the rhombohedral unit cell 
and no reflections indicating a supercell 
were found. Integrated intensities were col- 
lected on a CAD4 four-circle X-ray diffrac- 
tometer. Cell parameters were determined 
by least-squares refinement of 25 measured 
Bragg angles in the region 28” I 28 I 44”. 
Absorption effects were corrected by 
spherical absorption correction. The struc- 
ture was refined by the XRAY program sys- 
tem (9) by minimizing the function Cwi(lFrli 
- IFJi/ki)2 with wi = l/$‘(Fc)i. The starting 
values for the atomic coordinates were 
those re_ported for EuMo&& (6) (space 
group R3, rhombohedral setting). Conver- 
gence was considered complete when the 
refined parameters did not vary by more 
than lo-‘. Atomic scattering factors and 
anomalous dispersion factors were taken 
from the “International Tables for X-ray 
Crystallography” (10). The cell parame- 
ters, conditions of measurements, weights, 
absorption and extinction coefficients, 
number of parameters refined, and agree- 
ment indices at convergence are summa- 
rized in Table I. The results of the refine- 
ment are summarized in Table II. Selected 
interatomic distances and angles are listed 
in Table III. Final electron density differ- 
ence maps for observed reflections showed 
features which did not exceed ?3eiA3. 
Refinements based on variable site occu- 
pancy factors gave no indication for the 
possible occurrence of defects. Diffraction 
experiments at low temperature confirmed 

Space group 
Lattice parameters” 

&h [Al: 
a ["I: 

vrh [A’]: 

ahex [Al: 

Chex [Al: 

vh,, [A’]: 

Crystal radius [mm]: 
Absorption coefficient p [mm-‘]: 
Wavelength [A]: 
[sin(e)/A],,, [A-‘]: 
Scan type 
Scan speed [“/min] 
Range of hkl 

h: 
k: 
I: 

Standard reflections: 
Max intensity variations of 

standard reflections: 
Internal consistency factors 

Rint (Rw,int): 

Ratio of max L.S. shift to error: 
Number of measured (independent) 

reflections: 
Agreement indices: 

R = CI(& - Fc)IJCJF,,li 
R, = (Cw,( F. - F,.)jlCo;lF,,lf)“’ 

Goodness of fit: 
Weights: 
Extinction coefficient (.10e4), [“I: 

R3 
Experimental and Results 

6.5146(5) 
89.63(l) 
276.46(7) 
9.1832( 14) 
11.3561(15) 
829.38(21) 
0.015 
8.31 
0.71069 
0.99 
0 - 28 
3.5-5.56 

1 to 11 
-8 to 9 
-9t08 
i3i,iiT 

2.9% 

4.5% (4.7%) 
<lo-’ 

2166 (720) 

3.2% 
2.4% 
0.87 
w = l/(r(Fo2) 
0.28(l) 

a ESD’s are given in parentheses. 
* Depending on prescan intensity: Ifinal > 33g, preacan and 
t < 60 sec. 

a structural phase transition as suggested 
from measurements of physical properties 
(8). 

Discussion 

The structural response of the [MO&&] 
units to M atom substitution and in particu- 
lar that of the Moe clusters can be studied in 
Fig. 1 in which the lengths of the two 
MO-MO intracluster bonds ( [MO-MoIA, 
[MoA-MO&]), the MO-MO intercluster bond 
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TABLE II 

ATOMIC COORDINATES AND ANISOTROPIC 
THERMAL PARAMETERSO U, (X 100, A*) 

OF CaMo& 

Space group R3, rhombohedral setting. 
The expression of the temperature factor is: 

exp[-2a2{h2a*2Ull + k2b*‘U22 + 12c*2U~~ 

+ 2hka*b*Uf2 + 2hla*c*U,, + 2klb*c*U2,}1 

Ca in la [O, 0, 01 
UII 2.23(6) 
u,2 -0.74(6) 
Ulb 2.96 
u,, 0.76 

‘MO in 6f [x, y, z; etc.1 
x 0.22568(7) 
Y 0.41774(7) 
Z 0.55977(7) 
UII 0.50(Z) 
u22 0.45(2) 
u33 OSl(2) 
u12 0.00(l) 

u13 -0.03(l) 
u23 -0.04(l) 

Sl in 6f [x, y, z; etc.] 
X 0.3783(2) 
Y 0.1269(2) 
Z 0.7445(2) 
UII 0.89(5) 
u22 0.54(5) 
u33 0.83(5) 
u12 -0.13(4) 
u13 0.07(4) 
u23 0.09(4) 

S2 in 2c [x, x, x; etc.] 
X 0.2391(2) 
u,, 0.89(4) 
7Jl2 -0.25(3) 
Ulb 1.13 
YIP 0.40 

’ ESD’s are given in parentheses. 
b Values perpendicular and parallel to the ter- 

nary axis as obtained from the diagonalized 
matrix. 

([MO-Mo]i,ter), and the MO-S intercluster 
bonds ([Mo-S]i”t3 are plotted as a function 
of cell volume for isoelectronic MMo& (M 
= yb2+ Ca2+ E$+ Sr2+ 

the cell ‘volume increases 
and Ba2+). As 

he MO-MO and 
MO-S intercluster bonds expand by up 
to 0.19 and 0.06 A, respectively, whereas 

one of the MO-MO intracluster bonds 
([Mob-MoJ) contract by up to 0.02 A. 
The other MO-MO intracluster bond 
([MO-Mo]J remains practically constant. 
Since these compounds all have the same 
cluster-VEC (22e- per Mo6 cluster) the ap- 
parent contraction of the MOM octahedron 
along its ternary axis as a function of cell 
volume can be attributed to the matrix ef- 
fect postulated by Corbett (5). According to 
his analysis an expansion of the structure 
due to incorporation of larger cations M 
should lead to a release of S2--S2- closed 
shell repulsions which in turn should lead to 
a loosening of MO-S and MO-MO interclus- 
ter bonds and thus to a contraction of 
MO-MO inrracluster bonds. In the present 
sulfide series the magnitude of the contrac- 
tion corresponds to about 0.0013 A per A3 
increase in cell volume. A different value 

TABLE III 

INTERATOMIC DISTANCES 
AND ANGLES’ 

Distances [A] 
MO-MO a: 

b: 

MO-S f;; 

e: 
f :  

;j 

Ca-S i: 
‘. 

2.7239(7) 
2.6669(7) 
3.2217(7) 
2.5103(14) 
2.4523(14) 
2.4470(14) 
2.3989(5) 
2.5629(13) 
2.7150(7) 

s-s lir 
3.0795(13) 
3.9192(19) 

1: 3.4398(15) 
m: 3.4921(14) 
n: 3.4244(18) 

Angles [“J 
MO-S-MO (Y: 78.84(4) 
S-MO-S p: 101.16(4) 

Y: 88.20(5) 
8: 170.32(5) 
E: 92.21(4) 

S-Ca-S 5: 72.13(3) 
7): 68.98(3) 

a For bond labels see Fig. 2 in Ref. 
(6); ESD’s are in parentheses. 
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d(A)1 I 

3.40 . 

3.20. 
Xec. 

x o-g-.-. [MO,- MO,] 
2.70. . 

2.60. 

2.50 - 

275 280 205 290 v(X3) 

FIG. 1. Intercluster [MO-MO] (bond label c), intra- 
cluster [Mob-MoA] (a), [MO-MO],,@), and inrercluster 
[MO-S] (h) distances as a function of rhombohedral 
cell volume. Data points for MMo6Sa are taken for M 
= Yb from Ref. (13) (crosses) and (12) (filled spots), 
for M = Ca from this work, for ELI, Sr, and Ba Ref. 
(6, Z3), and calculated values for Ba from Ref. (14) 
(triangles). 

may be characteristic for the corresponding 
selenides. In the CaMo& the shortest S-S 
distances occur between the peripheral S( 1) 
atoms (S(l)-S(I) = 3.42 A, bond label II in 
Fig. 2c of Ref. (6)) rather than between the 
axial and peripheral S atoms as in the other 
members of this series. The graphs in Fig. 1 
show that the matrix effect in that com- 
pound is similar to that in the Yb compound 
as revealed from single crystal X-ray data 
(22). Significantly different data on the lat- 
ter compound, however, were reported by 
high-resolution neutron powder diffraction 
(12). The latter method also yielded values 
for BaMo& (14) which differed signifi- 
cantly from those reported (6) from single 
crystal data. The reason for these differ- 
ences are not known at present. Finally the 
displacement amplitudes of the Ca atom 

perpendicular to the ternary axis (U, = 
0.0296 A*) are the highest among the M 
atoms in the alcaline earth series ( UI = Eu: 
0.0174 A* (6), 0.0186 A2 (13); Sr: 0.0166 A2 
(6); and Ba: 0.0140 A2 (6) and are compa- 
rable to those of Yb (U, = 0.0272 A2 (II), 
0.0342 A2 (12)). As expected from the 
strong M-S(2) bond parallel to the ternary 
axis, the displacement amplitudes of S(2) 
follow this trend. 

Acknowledgments 

We thank Dr. R. Baillif far suppyling the sample. 
This work was supported by the Swiss National Sci- 
ence Research Foundation under Contract 2.035-0.86. 

References 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

0. K. ANDERSEN, W. KLOSE, AND H. NOHL, 

Phys. Rev. B 17, 1209 (1978). 
K. YVON AND A. PAOLI, Solid State Commun. 24, 
41 (1977). 
K. YVON, in “Current Topics in Material Sci- 
ence” (E. Kaldis, Ed.), Vol. 3, p. 53, North-Hol- 
land, Amsterdam (1979). 
W. HBNLE, H. D. FLACK, AND K. YVON, J. Solid 
State Chem. 49, 157 (1983). 
J. D. CORBETT, J. Solid State Chem. 39,56 (1981). 
F. KUBEL AND K. YVON, Acta Crystallogr. C 43, 
1655 (1987). 
R. D. SHANNON, Acta Crystallogr. A 32, 751 
(1976). 
B. LACHAL, R. BAILLIF, A. JUNOD, AND J. 

MULLER, Solid State Commun. 45, 849 (1983). 
J. M. STEWART, P. A. MACHIN, C. W. DICKIN- 

SON, H. L. AMMON, H. HECK, AND H. FLACK, 

“The XRAY’76 system,” Technical Report No. 
TR-446, Computer Science Center, University of 
Maryland, College Park, MD (1976). 
J. A. IBERS AND W. C. HAMILTON, Eds. “In- 

ternational Tables for X-ray Crystallography,” 
Vol. IV, Kynoch Press, Birmingham, England 
(1974). 
0. PERA, P. GOUGEON, M. SERGENT, AND R. 

HORYN, .I. Less-Common Met. 99, 225 (1984). 
J. D. JORGENSEN, D. G. HINKS, D. R. NOAKES, P. 

J. VICCARO, AND G. K. SHENOY, Phys. Rev. B 27, 
1465 (1983). 
0. PEAA, R. HORYN, C. GEANTET, P. GOUGEON, 

J. PADIOU, AND M. SERGENT, .I. Solid State 
Chem. 63,62 (1986). 
J. D. JORGENSEN AND D. G. HINKS, Physica B 
136, 485 (1986). 


