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The Structure of the p-Phase  Co7Mo6 
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The #-phase structure of Co,Me 6 has been confirmed by making single-crystal measurements. The 
atomic parameters show some significant changes when compared with those in/~F%W s, and the 
interatomic distances in CoTMo 8 are compared with those in other transition-metal phases. The 
distribution of atoms in the available sites appears to be completely ordered. 

1. Introduct ion 

The coba l t -molybdenum system has been invest igated 
by several workers. The phase diagram in the range 
0-50 at. % Me was de termined by  R a y d t  & T a m m a n n  
(1913), Takei  (1928), Sykes & Graft (1935) and 
Haschimoto (1937). Two intermedia te  phases were 
found in this  range:  Co3Mo at  25 at. % Me and Co7Mo6 
at 46.15 a t .% Me. Takei  detected the phase Co2Mo3 
at 60 at. % Me, which was later confirmed by Sykes & 
Graft (1935) and H a m  (1950). Co,Me3 has a a-phase 
structure (Summers-Smith,  1951; Goldschmidt,  1951). 

Henglein & Kohsok (1949) showed tha t  the inter- 
mediate  phase CoTMos was isotypic with FeTW6 by  
comparison of their  X- ray  powder photographs.  The 
structure of the la t ter  phase had  been de termined by  
Westgren (1936) using Arnfel t ' s  (1928) data.  

The present work is concerned with the ref inement  
of the structure of Co7Mo6. 

2. Materia l  

The crystal  used in this work was prepared by  heat ing 
pressed compacts of the two meta l  powders. The 
composition of the compacts was 58.25 wt .% Me 
(i.e. 46-15 a t .% Me) and  each compact  was melted in 

* On leave of absence f rom Centre  of Studies  of ~ u c l e a r  
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an a lumin ium boat  under  10 -5 mm.  t tg  pressure using 
an induct ion heater. 

Some diff iculty was experienced in f inding a suf- 
f iciently large single crystal  and three melts  had  to be 
prepared. A few crystals of reasonable size were 
obtained, the habi t  being plate-like, with the Chex-aXis 
perpendicular  to the plate. X- ray  examina t ion  showed 
tha t  every crystal  was twinned;  however, one of these 
crystals was successfully used for the ref inement  of 
the structure.  

3. U n i t  cel l  and space group 

Accurate latt ice parameters  were determined by  the 
method of Fa rquha r  & Lipson (1946). The values 
obtained are compared with those of Henglein & 
Kohsok in Table 1. 

Pre sen t  inves t iga t ion  

ahex 4 . 762±  0.001 A 
Chex 25"615 +_ 0"005 
arh 8"970 
a 30 ° 47' 

Table 1. The lattice parameters of Co7Mo6 

i e n g l e i n  & Kohsok ' s  values  
^ 

Alloy at Co rich end 
58.4 wt.% Me of composition range 

4.767 _+ 0.005 A 4.725 + 0.05 A 
25.65 _0"01 25.42 +_0.02 

8.980 8.873 
30 ° 48' 30 ° 53' 

Laue and Weissenberg photographs were consistent 
with the space group R32, R 3 m  and R-3m. The last  
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space group was chosen by Westgren (1936) for 
Fe~W6 and has been used for Co7Mo6. The subsequent 
refinement of CoTMo6 has justified this choice. 

4. Co l l ec t ion  of  i n t e n s i t i e s  

Reflections of the form Oh.1 were collected using 
normal-beam, zero-layer Weissenberg photographs, 
and packs of five films. The radiation used was 
MoK~. Reflections out to sin 0/2 = 1.1 A -1 were 
measured by visual comparison with a scale obtained 
using the 02.1 reflection. The linear absorption co- 
efficient is #=283  cm.-~. Absorption factors were 
computed for each reflection using the program 
devised by Wells (1960). The intensiSies were then 
corrected for Lorentz and polarization factors and 
allowance was made for the resolution of the a l ~  
doublet by scaling Fo to F~ in regions of sin 0/A. 

Reflections from both obverse and reverse forms of 
the rhombohedral cell occurred, those from the reverse 
component of the twinned crystal being stronger. In 
order to resolve the superimposed reflections--those 
with h a multiple of 3--,  46 non-superimposed reflec- 
tions from the obverse form were measured and their 
intensities compared with those of the corresponding 
reflections from the reverse form. The twin ratio so 
obtained (1:6"7 in intensity) was particularly insen- 
sitive to any error in the absorption corrections as 
only 14 of the reflections had absorption-factors which 
differed for the two forms. 

5. R e f i n e m e n t  of  the  s t r u c t u r e  

The refinement was carried out by means of Fo-F~ 
Fourier syntheses on the [10.0] projection using 
reflections from the reverse form. 

THE S T R U C T U R E  OF THE ~ - P H A S E  Co,Me s 

The asymmetric unit chosen was half the monoclinie 
cell derived from the hexagonal unit cell by the matrix 

Y 0 2 
1 0 0 
i i ,  1 

3 3 

The atomic positions in the rhombohedral cell of 
CoTMo6 are as follows" 

0ol l(a) 
Co~. 6(h) 

Mo~ 2(c) 
Mo~ 2(c) 
Me8 2(c) 

0 ,0 ,0  
X0, X0, Z0; X0, Z0, T0; Z0, 2;0~ 2;0; 
X0~ 2;0, Z0; X0~ Z0~ 2;0; Z0~ X0~ 2;0 
Xl, Xl~ 2;1; Xl~ Xl, Xl 
X2~ X2~ 2;2 ; X2~ 2;2, 2;2 

X3~ X3, 2;3; X3~ X3~ X3 

The atomic scattering factors were generated from 
the analytical constants for Co 2+ and Mo + proposed 
by Forsyth & Wells (1959). Both curves were corrected 
for anomalous dispersion by including the contribution 
- / I f ' ,  as calculated by Dauben & Templeton (1955). 
The imaginary components of the scattering factors 
made no signifcant contribution to the magnitudes 
of the structure factors and this correction was not 
included in the calculations. The final (Fo-Fc) syn- 
thesis was recalculated with the small phase shifts 
introduced by the imaginary components but there 
was no significant change in its appearance. 

Initially, structure factors were calculated for a unit 
cell in which Co and Me had the same coordinates 
as Fe and W in the structure of Fe~W6 proposed by 
Westgren. The resulting R-factor for the reflections 
out to sin 0/2=0.5 A-1 was 0-20. The corresponding 
Fo-Fc synthesis showed that  the most significant 
shifts were associated with the Mo atoms. The refine- 
ment was continued until all 165 non-zero reflections 
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Fig. 1. F ina l  Fo and  -Fo--Fc [010] Four ie r  projec t ions  of the  monoclinic a symmet r i c  unit .  (a) -~o. The contours  are a t  equa l  
a rb i t r a ry  intervals.  (b) (.Fo--.Fc). The contour  intetwals are one-eighth those  of the  Fo m a p ;  negat ive  contours  are shown as 
b roken  lines. Squares  m a r k  the  a tomic  sites. 



J .  B.  F O R S Y T H  A N D  L. ~ .  D ' A L T E  D A  V E I G A  545 

out  to sin 0/2= 1.1 j~-i had  been included and  the  
final R-factor  was R = 0 . 0 6 5 .  Tabula ted  values of 
Fo and  Fc will be available elsewhere (da Veiga). 
The final Fo-Fc projection, which includes the  phase 
changes due to anomalous dispersion, showed no 
significant features and  is i l lustrated together  with 
the  final 2'o synthesis in Fig. 1. There was no evidence 
t h a t  even the strongest  reflections are affected by  
extinction, nor did the  final difference synthesis 
indicate any  anisot ropy in the  thermal  vibrat ions of 
the  atoms. The initial and  final atomic parameters  
are listed in Table 2; their  s t andard  deviations were 
es t imated  from the final Fo and  (Fo-Fc) Fourier  
syntheses by  the method  suggested by  Lipson & 
Cochran (1953). 

Table 2. Initial and final atomic parameters 
in Co7Mo6 

Standard 
Parameter Initial Final deviation 

x 0 0.09 0.0895 0.0002 
z 0 0.59 0.5895 0.0002 
x 1 0.167 0.1655 0.0003 
x 2 0-346 0.3483 0.0003 
x a 0.448 0.4518 0.0003 

6. D i scuss ion  

The # phase is known to exist in the  Co-Me, Co-W, 
Fe-Mo and  F e - W  systems.  I t  is s t ruc tura l ly  related 
to several other  phases which occur between two or 
more t rans i t ion meta ls :  the  ~ phase (Fe-Cr,  Co-Cr 
and  m a n y  other  systems),  the  P phase (Mo-Ni-Cr,  
Mo-Ni -Fe) ,  the  delta phase (Mo-Ni), the  R phase 
(Mo-Co-Cr) and  the  • phase (a-Mn, Mo-Fe -Cr  etc.). 
The most  obvious s imilar i ty  between these phases 
lies in the  occurrence of 12-, 14-, 15-, and  16-fold 
coordination polyhedra.  The l inkage of these poly- 
hedra  (i l lustrated for the /~  phase in Fig. 2) is discussed 
by  Shoemaker,  Shoemaker  & Wilson (1957), F r a n k  
& Kasper  (1958, 1959) and  Komura ,  Sly & Shoemaker  
(1960). 

The s t ructure  of the  # phase is shown in Fig. 3. 
The diffract ion d a t a  are consistent wi th  perfect 
ordering of the a toms on the  various sites; the  smaller 
cobalt  a toms occupy the  two sites wi th  12-fold 
coordination and the  molybdenum atoms occupy the  
14-, 15- and 16-fold sites. 

A detailed discussion of the  in tera tomic  distances, 
which are listed in Table 3, mus t  awai t  the  s t ructure  
ref inement  of the  other  two b inary  phases, aCogMo3 
and Co,Me (Ni3Sn type).  This work is being under- 
t aken  in the  l abora tory  a t  the  t ime of writing. The 
mean  interatomic distances for CoTMo6 and  FeTW6 are 
given in Table 4; they  are ve ry  similar and are in 
good agreement  wi th  the  general ly accepted radii  of 
the  elements. There are, however,  two short Mo3-Mo 
contacts  of 2-469 and  2-651 /~ which result  f rom the 
in terpenet ra t ion  of the 14-fold Me8 coordination poly- 

Mo 3 

Mo 
2 

Mo 
I 

Co 
I 

~ ~  C o 2 

Fig. 2. Coordination polyhedra in COTM%; the atom at the 
centre of each polyhedron is named. The coordination 
polyhedra around the C%, Me 1, Mo~ and M% atoms form 
an interpenetrated chain rtmning parallel to the trigonal 
axis. The sequence is reversed in the top half of the unit 
cell by the operation of a centre of symmetry at z= ½. 

Fig. 3. The rhombohedral unit cell of C%Mo s. 
Q Me atoms, (~) Co 1 atoms, O Co9 atoms. 
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Atom 

Co 1 

Co 2 

]V[o x 

Mo 2 

1~¢Io 3 

THE STRUCTURE OF THE /~-PHASE CoTMo 6 

Table 3. Interatomic distances in CosMos, 
together with their standard deviations 

Neigh- Dis- Standard 
bout tance deviation Other neighbours 

6 Co~ 2.408 A 0"002 A 
6 iVIo~ 2.776 0 
4 Co~ 2.381 0-002 
1 Mo 1 2.647 0.003 
1 Mo 1 2.699 0.003 
1 Mo~ 2.731 0.003 
2 M% 2.865 0.002 
2 Mo a 2.605 0.002 1 C% 
3 Mo 1 2-750 0 
3 Mo a 3.002 0.001 
3 Mo 3 3.026 0.001 3 C%, 3 C% 
3 M% 2.854 0.001 
1 Mo 3 2-651 0"003 3 Co t, 3 Co 2, 6 C% 
1 Mo a 2.469 0"003 6 C%, 3 Mo 1, 3 M%, 

1 h'Io:~ 

Table 4. Mean interatomic distances in 
CoTMos and FeTW6 

Type Distance Type Distance 

Co-Co 2-386 A Fe-Fe 2.38 A 
Co-Mo 2.724 Fe-W 2.72 
Mo-Mo 2.858 W-W 2.88 

hedron with those above and  below it (Fig. 2). The 
same short  bonds exist for the Ws a tom in FeTW6, 
the  distances being 2.68 and 2.63 /~. The occurrence 
of this polyhedron in the ~ phase is also associated 
with the presence of short  bonds in the  same direc- 
tions. They occur between the a toms on the J site 
(Dickins, Douglas & Taylor,  1956); these a toms form 
a chain parallel to the z axis a t  approximate ly  c/2 
apar t .  A pre l iminary measurement  of the c dimension 
of aCo2Mo3 gives a value of 4"835/~ which means tha t  
the a tom occupying the J site must  make  two contacts 
whose average is 2.42 A. A complete s tudy  will be 
necessary before the proport ion Co:Mo in this site 
can be determined, but  in aNb~A1 (Brown & Forsyth ,  
1951) the J site is filled by  the larger niobium atoms 
giving N b - N b  distances of 2.614 and 2.572 /~ com- 
pared  with the diameter  of 2.85 Jk in the element. 

The molybdenum contents of the atomic sites in 
the R phase Mo-Co-Cr (Komura,  Sly & Shoemaker) 
increase from approximate ly  zero for coordination 12 
to approximate ly  100% for coordination 16. The 
average Mo-Mo distance between the completely 
o00upied ~ite~ i~ 2.861 A, in 01o~e agreement with the 
value in Co7Mo6; the Co-Mo and Co-Co distances 
cannot  be compared as the ordering of the Co and  Cr 
a toms in the  R phase was not  determined. 

This research forms par t  of a project supported by 
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