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Abstract 

The syntheses, crystal growths and crystal structures of the (Rb,Cs) n_ .,Mo3,Tea,+ 2 (n = 4, 5, 6, 8) compounds are reported. 
They crystallize in the space group R-3 for even n and in P6.+/m for odd n. The Mo-Mo distances within the different Mo3n 
clusters observed in the tellurides and the analogous sulfides and selenides synthesized previously are compared. Single c~ ta l  
resistivity measurements on Cs2Mot2Tel4 show a metallic behaviour in the 2-300 K temperature range. @ 1997 Elsevier 

Science S.A. 

K~,ywo.Js: Condensed clusters; Tellurides; Molybdenum 

I. Introduction 

In the large field of the ternary reduced molybdeo 
hum chalcogenides based on octahedral Mof, or 
trans.face°sharing condensed octahedral Mo~, (n ~ 3, 
4, 5, 6, 7, 8 and 10) clusters, very few tellurides have 
been synthesized. For instance, the only examples 
known to date are the MxMo~Tes (M + Fe, Co, Ni) 
compounds containing octahedral Mo~ clusters [1,2] 
and the quasi.one.dimensional MzMo~Te~, (M 
Alkali metals, TI, In) compounds with infinite linear 
chains of trans.face-sharing Mo6 clusters [3,4]. In 
particular, contrary to sulfides and selenides, no tel+ 
lurides based on isolated condensed octahedral clus- 
ters have been reported up to now. 

We present here the syntheses, crystal structures 
and physical properties of the (Rb,Cs)n= zMo~,,Te~,, : 
(n ~4, 5, 6, 8) compounds which are isostruetural 
with the analogous selenides or sulfides [5+7]. 

* Corresponding author. 
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2. Experimental 

2.1. Synthews 

The two members of the series, (Cs,gb)~Mo,~T¢++ 
(n~4)  and Cs~MolsTelT, (n ~5), have been obo 
tained as single phase powders from stoichiomotric 
mixtures of (Rb,Cs)2Mo~,Te~, and Me,Tea (or MoTe~ 
and Me) heated either in evacuated silica tubes 
at 1500 K (n = 4) or in sealed molybdenum crucibles 
in the 1600-1800 K temperature range for 24 h 
(n = 5). Attempts to prepare pure powders of 
(Rb,Cs).o 2Mo~.Te~.+.~ with n ~ 6 and 8 wore unsuc- 
cessful and led to mixtures of Mol, and Mo2+ cluster 
compounds. The (Rb,Cs)2Mo~Te~ compounds were 
prepared by cationic exchange between In:Moc, Te~, 
and alkali metal chloride at 1000 K in silica tubes [4]. 
Above 1800 K, decomposition occurs leading to con- 
siderable alkali metal telluride and teiluride leakage 
through the molybdenum crucible. 

Single crystals were obtained by prolonged anneal- 
ing in sealed silica tubes at 15~ K in a vertical 
furnace having a natural temperature gradient in the 
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Tab,~e 1 
C~stallographic data for Cs, :Mo~(l'e~,, : 

Cs, M at :Te t,~ Csa Mot sTe 2, Cs, Mo,4Te2, Cs~ Me 15Tel7 

R-3 R-3 R-3 P63 / m 

10.251( 1 ) 10.1(:}6( 1 ) 10.180(2) 10.194(1) 

25.~2(3) 39.32(1) 53.130(2) 21,622(1) 

2315 .~7) 3540(2) 4768(4) 1946( 1 ) 
3 3 3 2 

S~ce  group 
Hexagonal lattice: 

aa (.~) 
c. (~) 
v. (W) 

Rhom~hedral  lattice 

0~ (A) 

Crystal dimension (mm) 
linear ( c m  ~ t ) 

Absorption correct ion 
A~min 
A ~ a s  
O range 
Measured reflections 
lade~ndcnt  reflections wit h i > 2 ,r (!) 
R).) (%) 
R(%) 
R~(%) 
GDE 

10.326(2) 14.36~ 1) 18.659(2) 
59.44(2) 41.466(5) 31.660(5) 
0.14×0.06×0.05 0.22 x 0.10 x 0.08 0.22 x 0.10 x 0.09 0.11 × 0.04 × 0.04 

199.1 196.8 195.6 lqS.3 
DIFABS DIFABS DIFABS none 

0.9()8 0.7343 0.877 
1.1053 1.0919 1.0887 

6) ~ 35" 6) s; 30 ° O :g 350 6) ~< 35" 
2453 2503 4989 621 I 
1525 1685 2414 967 

2.1 6.3 2.6 3.9 
3. I 6.0 4.8 4.6 
3.5 7.() 4.9 4.3 
1.568 1,0O,l 1.807 ! .(X)4 

following way: the pellets of the starting mixtures 
were wrapped in a molybdenum foil in order to 
minimize the attack of the silica tube by alkali metals. 
and a molybdenum wire on which the single crystal 
gn~n was placed above the ~llets. 

The~ compounds crystallize in the space group 
Ro3 for even n and / ~ / m  for odd n. Their lattice 
p~|rameter~ are reported in Table 1. For Rh~ Mo)~Tc)4. 
the c~stals were systematically twinned with the fol° 
lowing unit cell parameters in the hexagonal setting: 
a ~ 10.15~1) ~ and c -= 25.55{1) ~. 

22 Stawtural studies 

The intensity data of the different single crystals 
were collected on a CAD4 ENRAFoNONIUS 
diffractometer equip~d with a graphite-monochro° 
matized MoKa radiation (h ~0.71073 /~) by 0=20 
man metht~. The atomic ct~)rdinates of the selenium 
analogous compounds were taken as initial values and 
fu!l..matris least square refinements on F of the ~_)si° 
lional and ani~tropic displacement parameters for all 
attmls ted to the final R values rera~rted in Table l 
along with the experimental and refinement coitdi- 
t~ons. Final ~sitional and i~m'op~e ,,-,i,.,~a~nt dis° 
placement parameters are listed in Table 2. All ealcu° 
lations were ~rformed with the MotEN [,8] package 
on a Digital MicroVax 31()0. 

3. Results 

The~ structures are characterized by networks of 
Moa,Te~,,: (n ~, 4. 5, 6 or 8) cluster units resulting 
front successive trans-face-sharing condensations of 
Mo,~Te~ units (Fig. I ). 

As shown in Fig. 2 and Fig. 3. the stacking of the 
cluster units i~ diffcrenl in the Iwo structural m~lels: 

in the space group R°3, they delimit channels, 
running along the three rhombohedral axes with 
inter.unit voids filled up by two, four, or six alkali 
cations in nine or 10 Te environments. Among the 
latter, six Te atoms t~cupy the apices of a trigonal 
prism and the remaining ones cap three or four 
faces; 
in ~ , / m ,  on one hand, the cluster units form 
linear channels parallel to the c axis in which the 
Ca I) ions, in 4e position, are coordinated to nine 
Te atoms at the apices of a tricap~d trigonal 
prism. Otl the other hand, cavities are formed 
~tween the cluster units, where the Cs(2) ions. in 
2c ~sition. are surrounded by II Te atoms 
forming a tribamal prism, the five faces of which 

" "S' . . . .  '~S are capped. All Cs-Te tit. tance, fall in the range of 
3°76~4.04 A-as usually observed. 

In Table 3, we have compared the Mo-Mo dis- 
tances within the different Mo~,, clusters observed in 
the sulfides, selenides and tellurides. One can notice 
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Fig. 1. Mo;.Te~,, ~ : cluster unils. 
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Fig. 2. Projections of tile crystal structures of the even-membered compounds on the hexagonal (1 !-20) plane. 
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Tabl~ 2 
P¢~itional and equivalent isotropic displacement parameters for 
Cs._ 2 Mo~ffc ~. ~ • 

Atom Position x y : Bcq (iX:) 

Mol of 
Mo2 6f 
Tel 6f 
T¢2 6f 
Te3 2c 
Csl 2c 

0.15786(7) 0.13901(7) 0.13588(2) 0.6(XI) 
0.01325(7) 0.157~i6(7) 0 .~18(2)  0.56(I) 
0.37067(5) 0.37[)59(5) 0.20312(2) 0.795(95 
0.32772(5) 0.29686(6) 0.04697(21 0.810(95 
0,0 0.0 0.22395(3) 0.88(I) 
0.0 0,0 0.377~5) 1.9.~ I) 

Cs)Moi~Tet7 
Mol !2i 
Mo2 12i 
Mo3 6h 
T¢I 6h 
T¢2 12i 
Te3 12i 
T¢4 4f 
Csl 
Cs2 2c 

0.826,4(2) 0.4732(2) 0.0375(15 0.56(4) 
0.810412) 0,31811(2) 0.1436(1) 0.520) 
0,8250(3) 0.4744(45 0.25 0.54(55 
0,3320125 t).0367125 0.04306(85 ().61~31 
0,3705121 0,36g1121 I).1430~8)0.71(31 
(),3302(3) 0.0367(3) 0.25 O.ql(5) 
0,3333 0,~)67 0,4336(I) 0.71(3) 
0.0 0.0 0.141~21 1.77(5) 
0.3333 0.6667 0.25 1.65(71 

Mol 6f 
Mo2 6f 
Mo3 6f 
Tel 6f 
T¢2 hf 
T¢3 6f 
T¢4 ~¢ 
(M 2¢ 
C~2 2¢ 

0.158~2) 0.0186(2) 0,14611(4) 0.5iK2) 
0.143~1) 0,15~XI) 0,08730(4)0.47(2) 
0.15~11 0 ,01~ i )  0.02064(4)0,4~21 
0 .2~11  0,3342(11 0,143(~3)0,67(2) 
0.330~ 1) 0,0342(11 0,i188.1~3) 0,7(X2) 
0,295~1) 0,33~1) 0,02t~')8(3)0,7~21 
0,0 0,0 0,20202(51 0,76(2) 
0,0 ( ) , 0  0,3013~¢)) 13v,(3) 
0,0 IL l )  0,4236~(g) 2, IIX4) 

Mol of (LIS~I )  11,1t!O2tl) 1},15121~21 0=~1121 
Mo2 of 0,144211) 11,1~9~(1) I)~lO?q~2)i1,~5(21 
Mo] of (),lSq,~(l) 11,01~(I) 0,0f~(XK~=)IL~7(~) 
Mo4 ¢ff il,13q~l) 11,1¢d)1(I) 0,1)213,1(2)11,5~12) 

T ~  t~f l),3313~91 0.()3543(9) 0,1()~1(2~) l),7~(1) 

T~4 61 0,33~lq~q) 0.O437(I) 0,1)219.~2) 0,~K2) 
Te5 ~¢ t),O 0,0 11,1934~3) ().7~2) 
C~I 2¢ o,0 0,o (i.2~3214) 1.62(2) 
C~2 2c 0,i) 0,o O.3~51X115) 2.72(3) 
C~,3 ~¢ 0,0 11.i) 0,447,1 !(4) 1,9~.~,) 

the homogeneity of the intra-triangle distances and 
the increa~ of the inter-triangle and inter.cluster 
distances when going from sulfides to ~'lenides and 
tellurides. The inter-cluster distance increase is due 
to the steric effect of the chalcogcnides while the 
inter°triangle distance increase is mainly due to an 
etectroni¢ effect, resulting from the increasing cova° 
lent character of the metal-ligand bonding from S to 

and Te atoms. This leads to a mol'e important 
contribution of the chalcogen p orbitals to the con- 
duction band and theretbre to a decrease of the 

, Mo eTe e Cs 

Cs3MolsTel7 

Fig, 3. Projection of the crystal structure of the odd-membered 
coml~)und. Cs ~ Mot ~T¢t ~. on the hexagonal ( I 1-20) plane. 
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Fig, 4, l"¢mpcraturc vatiatmn of the oormalizcd clccmcal tcsisliv° 
ity of Cs:Mot:Tcta. 

electronic density on the Mo clusters, reflected by the 
slightly larger Mo-Mo distances. 

3.1. ResistiviO, measure)writs 

Electrical resistivity measurements were carried out 
on a Cs,Mol,Te~ (Fig, 4) single crystal in a standard 
four probe configuration ovel" the 2~3{X) K tempera° 
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Table 3 
Selected Mo-Mo distances for Co,._, Moa.Te.~ n + z compounds 

Intra-triangle Mo-Mo Inter-triangle Mo-Mo Inter-cluster Mo-Mo Inter-plane 
distances (A) distances (,,~) distances (,~) distances (A) 

Cs: Mol:Sel. ~ Mol-Mol 2.656(1) Mo|-Mo2 2.758(1) A(I)-A(2) 2.309(I) 
2.796(I) 3.317(I) 

Mo2-Mo2 2.682(I) Mo2-Mo2 2.682(I) A(2)-A(2) 2.192(I) 

Cs: Moi,Tel4 Mol-Mol 2.651(I) Mol-Mo2 2.771(I) A(1)-A(2) 2.332(1) 
2.820(I) 3.700(2) 

Mo2-Mo2 2.688(I) Mo2-Mo2 2.733{I) A(2)-A(2) 2.250(I) 

Cs3 Mot.~Sel7 

C% Mo I sTe 17 

Mol-Mol 2.658(2) Mol-Mo2 2.737(1) A(I)-A(2) 2.282(1) 
Mo2-Mo2 2.670(1) 2.767(1) 3.310(2) 
Mo3-Mo3 2.667(i) Mo2-Mo3 2.707(!) A(2)-A(3) 2.235(1 ) 

2.722(1) 

Mol-Mol 2.666(4) Mol-Mo2 2.743(3) A(I)-A(2) 2.292(1) 
Mo2-Mo2 2.684(6) 2.785(3) 3.675(5) 
Mo3-Mo3 2.654(6) Mo2-Mo3 2.760(3) A(2)-A(3) 2.301(I) 

2.777(3) 

Cs4 M°I s Se2o a 

Cs4 MolsTe:~ 

Mo l-Mo I 2.642(2) Mo I-Mo2 2.740(!) A(1)-A(2) 2.288(1) 
Mo2-Mo2 2.672(2) 2.770(I) 3.343(2) A(2)-A(3) 2.214(1) 
Mo3-Mo3 2.658(2) Mo2-Mo3 2.686( 1 ) A(3)-A(3) 2.269( 1 ) 

Mo3-Mo3 2.735(2) 
MoI-Mol 2.651(2) Mol-Mo2 2.7t~2(2) A(1)-A(2) 2.312(1) 

2.794(2) 
Mo2-Mo2 2.683(2) Mo2-Mo3 2.728(2) 3.696(3) A(2)~A(3) 2.268(1) 

2.755(2) 
Mo3-Mo3 2.656(2) Mo3-Mo3 2.789(2) A(3)-A(3) 2.330(1) 

Cs, Mo:4S:, [~}]  MoI-Mol 2.649(I) MeI-Mo2 2.732(I ) A(I)-A(2) 2.2t~ 1) 
2.746( I ) 

Mo2-Mo2 2,t)71X I ) Mo2-Mo3 2,663( I ) A(2)= A(3) 2,18.~( I ) 
2.685(!) 3.181(2) 

Mo3-Mo3 2,663(I) Mo3oMo4 2,702(I) A(3)-A(.D 2,228(!) 
2.7l)9( I ) 

Mo,loMo4 2,t)5~X I ) Mo4-Mo4 2,6(}3( l ) A(4)= A(4) ~, l(,VK l ) 

Cs.Mo:~S¢:. l')l MoI-Mol 2 , ¢ ) 4 5 ( I )  MoI°Mo2 2,?,~t)(l) A(l)  A(2) 2,2~¢X I) 
2,753( I ) 

Mo2-Mo2 2.673(2) Mo2-Mo3 2.6~)4(I) ,~(2)~A(3) 2,224(1) 
2,716(I) 3,347(2) 

Mo3-Mo3 2 . t ~ 5 6 ( 2 )  Mo3.Mo4 2.734(I) A(3)~A(4) 2.262(I) 
2.743( ! ) 

M~I-Mo4 2 .6611(2)  Mo4-Mo4 2.700(I) A(4)=~,(4) 2,218(1) 

Cs, Mo:,ll"¢..~, Mol -Mol  2.651(2) MoI-Mo2 2.756(2) ,~(1)=~(2) 2.303(1) 
2.788(2) 

Mo2-Mo2 2.691(2) Mo2-Mo3 2.739(2) A(2)=A(3) 2,281(I) 
2.77(X2) 3.691(2) 

Mo3-Mo3 2,655( 'D Mo3-Mo4 2,776(2) ~(3)= A(4) 2,32(X I ) 
2.786(2) 

Mo4.Mo4 2.¢){)2(2) Mo4.Mo4 2.73~2) A(4)= A(4) 2,2t)~ I) 

"Picard, unpublished resulls. 

ture range. Ohmic contacts were made by attaching 
ultrasonically molten indium. The resistivity shows a 
linear decrease with the temperature and a smaller 
value ( PaT ~ 0.4 x 10 °3 1~ cm -I , PRT/P~g ~ 15) than 
those previously observed for the selenium corn- 
pounds ( PRT ~ 6 and 3 x 10 -'~ 11 cm ° i, PRT/P.~K = 4 

aad 3 for Cs2Mo12Se14 [5] and Rb~MoI~Sei~ (Picard, 
unpublished results), respectively) (Fig. 5). We think 
that this probably results from the increasing con- 
tribution of the p orbitals of the chalcogen at the 
Fermi level when going from selenium to tellurium. 

Finally, contrary to the selenides which become 
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Fig, 5, Temperature variation of the nt~rmalized electrical resistiv- 
ity of Cs~Mot~Sel4 and R b : M o t ~ t 4 .  

superconductors at 4.5 K and 2.5 K, respectively, no 
superconducting transition was observed down to 2 K 
for Cs, Mot:Tet4. 
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