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Mo6Ga31 is monoclinic and crystallizes in a new structure type: a=9.517 (3), b=16.067 (4), c= 
16.995 (5) A, ,8=95.09 (2) °, space group P21/c, Z=4, Dx=7"0 g cm -3 (single-crystal diffractometry, 
refinement by the least-squares method, R1~1>4~=6% ). The most important structural features are 
MoGal0 polyhedra arranged at the corners of distorted cubes and gallium layers penetrating the crys- 
tal structure in different directions. There are no Mo-Mo contacts, no Ga-Ga pairs but some very 
short Mo-Ga distances. Not all sites have full occupancy, suggesting that the 'MoGas-phase' has a 
range of homogeneity between the limits Mo6Ga31 and MovGa30. This crystal structure is compared 
with other complex structures of transition metal gallides and aluminides. In order to solve the crystal 
structure by use of direct methods renormalization of the structure factors was necessary. 

Introduction 

It is surprising still to find binary systems of metallic 
compounds on which practically no X-ray examina- 
tions have been carried out. Such is the case for the 
molybdenum-gallium system, whose phase diagram 
was only recently published (Bornand, Siemens & 
Oden, 1973). It gives the approximate stoichiometry 
and decomposition temperature for two intermetallic 
compounds: Mo3Ga and MoGas. Mo3Ga crystallizes 
with the fl-W type structure (A 15), which is a struc- 
ture of considerable interest for low-temperature phys- 
icists. Compounds with this structure have supercon- 
ducting transition temperatures that depend strongly 
on the valence electron concentration (v.e.c.) and range 
from < 1 up to 22°K, the highest value measured 
so far. 

The search for superconductors with high transition 
temperatures revealed the existence of a Ga-rich phase, 
which was first denoted 'MoGa4' (Matthias, Compton 
& Corenzwit, 1961) but corresponds to the MoGa5 
phase mentioned above. X-ray powder analysis sug- 
gested that this compound has a rather complex crys- 
tal structure. It was therefore surprising to find rela- 
tively high superconducting transition temperatures 
between 8 and 9°K. Of even greater interest however 
was the magnetic behaviour at low temperatures. 
MoGa5 is diamagnetic, having a critical field Hcz of 
74 kG (Fischer, 1972). Moreover, by dissolving very 
small amounts of 'magnetic impurities' like Mn in the 
crystal structure, anomalous values of the magnetic 
moment ('giant moments') of 7.5 B.M. per atom were 
observed and experimental evidence for the 'internal 
compensation effect' predicted by Jaccarino & Peter 
was obtained (Jaccarino & Peter, 1962; Fischer, Jones, 
Bongi, Frei & Treyvaud, 1971). In order to continue 
with theoretical calculations on these findings, the 
knowledge of the exact composition and the environ- 
ment of the transition element in this compound is of 
importance. It became, therefore highly desirable to 

solve its crystal structure. The reasons for such an 
investigation not having been carried out up to this time 
are the difficulties of obtaining single crystals suitable 
for X-ray examination and the very particular crystal 
structure of MoGa5 which has resisted standard meth- 
ods of X-ray structure analysis. The failure to obtain 
good single crystals was partly due to the absence of 
an accurate phase diagram indicating the temperature 
and composition range of the MoGas phase. 

It was therefore decided to perform a preliminary 
X-ray study on the entire Mo-Ga system in order to 
gain insight into the phase relations. 

Sample'preparation 

High purity gallium was added to molybdenum powder 
(< 10/lm) in compositions coveiing the entire range of 
the phase diagram. The samples were heated in alum- 
ina crucibles up to 1100°C under 1 atm of pure argon 
and held at this temperature until all the molybdenum 
powder was dissolved in the melt. Then the tempera- 
ture was slowly lowered until the melt solidified. Dur- 
ing this procedure, curious phenomena were observed 
with samples in the composition range between MoGa4 
and MoGa6. At temperatures of about 700°C, the melt 
suddenly increased substantially in volume, decompos- 
ing into a very fine and loosely-packed powder at 
lower temperatures. A similar observation seems to 
have been made in the Pt-A1 system (Edshammar, 
1966). In order to interpret this phenomenon, it is 
attractive to speculate on the formation of Mo-Ga 
clusters in the melt at temperatures close to solidifica- 
tion (see last paragraph). 

X-ray powder analysis 

The two prominent phases Mo3Ga and MoGa5 form 
very quickly and are readily recognizable on powder 
photographs. Mo3Ga (fl-tungsten type, A 15, a = 4.94 A) 
gives few and very sharp lines, whereas MoGa5 has a 
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very complex powder  pat tern characterized by many  
diffuse reflexion bands (Table 1). Guinier photographs  
suggested that  this phase might  have a homogenei ty 
range between MoGa4.s and MoGas.5. There was prac- 
tically no change in the powder  pattern over this range 
of  composit ion,  indicating that  substitution of  Mo and 
Ga  atoms in the crystal structure was probable  (rG, = 
1.41, rMo= 1.40 A).* 

Table 1. Powder  pattern o f  the MoGas  phase, Cu Ke, 
Ieal¢ contains the Lp fac tor  f o r  a Guinier camera using 

a quartz monochromator  

vw" very weak, w: weak, m: medium, s" strong, vs: very strong 
diff : diffuse. 

Only observed reflexions are included in 

h k 1 d(,~) 
0 2 3 4.62 
2 2 - 1  4.04 / 
1 2 3 4.04 f 
0 4 0 4-02 
1 0 - 4  4.00 
3 0 2 2.88 
1 4 - 4  2.83 
3 1 3 2.62 ] 
2 5 1 2.61 f 
2 4 - 4  2.55 
3 4 2 2"34 ] 
2 0 6 2"34 
0 5 5 2"33 
2 6 - 1  2"32 
1 6 3 2.32 [ 
3 2 - 5  2"32 
0 2 7 2'32 
1 5 - 5 2"30 
1 2 - 7  2"30 
4 2 - 1 2"28 
1 5 5 2'23 1 
4 0 2 2"23 f 
0 7 2 2"215 ] 
3 5 1 2.215 / 2 1 - 7  2.215 
3 3 4 2.213 
3 4 - 4  2-210 
1 4 6 2.206 | 
4 3 - 1 2.172 } 1 7 - 2  2.168 
4 3 0 2-167 
2 2 - 7  2"154 
3 5 - 3  2"140 / 
3 2 5 2"135 f 
2 6 3 2-122 
4 1 3 2-101 
1 5 - 6 2"099 
4 4 - 2 2"020 
2 4 6 2.019 
0 8 0 2.008 
2 0 - 8 2.000 
4 2 - 5  1.966 / 
1 8 0 1.965 / 

the list. 

lobs Ic.,c 
vw 100 

461 
vs 461 
s 220 
s 207 
s 326 
m, diff 452 
w, diff 118 

108 
m, diff 320 

263 
s 188 

127 
259 
192 

s 226 
167 
599 m 251 

m 241 
178 

m 364 
298 
131 

s, diff 102 
171 
219 
535 
187 

m, diff 205 
227 

w 299 
m, diff 245 

249 
vw 117 

89 
vw 91 

962 
vs 1000 
s 514 
s 397 

60 
vw 66 

A list of  the d values for most  of  the strong reflex- 
ions as well as their observed and calculated intensities 
is given in Table 1. Owing to overlap, accurate lattice 
parameters  could not be derived f rom powder  photo-  

* Metallic radii for coordination 12 compiled by Teatum, 
Gschneidner and Waber (Pearson, 1972). 

graphs. The following values were obtained f rom sev- 
eral single crystals measured on the automat ic  dif- 
f ractometer :  a = 9 . 5 1 7  (3), b =  16.067 (4), c =  16-995 (5) 
A, f l=  95.09 (2) °. The experimental density was meas- 
ured by displacement:  0 = 7 . 0  (1) g cm -3 

Preparation of single crystals 

Samples in the composit ion range between MoGa4 and 
MoGa6 usually do not contain single crystals large 
enough for X-ray analysis. This is a consequence of  
the previously described anomaly  of  the melt yielding 
a powder  of  an est imated average grain size of  a few 
microns. Anneal ing did not result in a substantial  in- 
crease of  this grain size, so that  we tried to obtain 
single crystals in more  gallium-rich samples. 

One such sample contained well developed needles 
suitable for single-crystal analysis. It is difficult to state 
exact experimental conditions for growing these crys- 
tals, since they probably  form only in a very restricted 
range of  concentrat ion ( ~  MoGas)  and of  tempera ture  
( ~  700°C). These single crystals have 2/m symmetry,  
the needle axis corresponding to a. Precession photo-  
graphs indicated the space group P21/c, the systematic 
extinctions being for hOl: l = 2 n + l  and for 0k0: k =  
2 n +  1. 

Data  collection 

Complete da ta  sets of  four  different crystals were col- 
lected with an automat ic  single-crystal diffractometer 
(Philips PW1100) using o)-20 scans and Mo Ks radia-  
tion (graphite monochromator ) .  The largest crystal 
(400 × 50 x 50 pro) was used for collecting very quickly 
most  intensities in the Mo sphere (about  13000 in- 
dependent  reflexions). Such a relatively large number  
of  da ta  were measured in order to find a sufficiently 
great number  of  strong reflexions necessary for success- 
ful application of  statistical methods.  Owing to the very 

• 9 t N(Z) .. 

., Mo6Ga3, 
l /_ ~ . ~  centnc 

i 
. 2  

i, 
0 , I ,2 ,2, .4  .5 .6 ,? B t 9 

z=lEI 2 

Fig. 1. Theoretical N(z) curves and experimental distribution 
of normalized structure factors for MoGas. 
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special distr ibution of  X-ray intensities of  MoGas,  an 
abnormal ly  large fraction of  reflexions had intensities 
too low for use by these methods.  

Data  sets for the other crystals of  smaller size (25 x 
25 x 200/zm) were collected with higher precision and 
kept for later refinement of  structure parameters.  IFI 
values and  their s tandard deviations were calculated 
as usual and  small intensities were treated as follows: 

if  IFI2< a,F,z, IFI z was replaced by ½(IFI z +a,r ,2) • 

Correction for absorpt ion (/tMoGas=370 cm -1) was 
made  applying the analytical method  (de Meulenaer  
& Tompa,  1965) and using a computer  program written 
by Tompa  & Alcock (1969). The t ransmission factors 
varied between 0.27 and 0.18. 

The IFI 2 synthesis for MoGas 

A three-dimensional  IF[ 2 synthesis was calculated for 
250 000 grid points using 4500 independent  reflexions. 

It was surprising to find that  despite the large number  
of about  150 atoms per unit cell, this m a p  nevertheless 
revealed interesting features useful for the structure 
determination.  Besides two prominent  Harker  peaks 
at (0, 0.26, 0.5) and (0.87, 0.5, 0.30) about  60 peaks 
had heights that  were greater than 10 % of  the origin 
peak. This can only be explained by the presence of a 
large number  of equal interatomic vectors in the crys- 
tal structure. About  ha l f  of  all strong peaks were lo- 
cated on, or very close to, positions that  could be at- 
t r ibuted to a cubic cell with a = 5.76 A. This cell was 
especially well visible in the four zones {102}, {301}, 
{872}, {872} corresponding to the directions of  the 
body diagonals in this cube. Approximate  threefold sym- 
metry is visible in these sections, but not so in upper 
layers. This cubic cell can therefore be only a very 
crude approximat ion  to the substructure of MoGas.  
Furthermore,  many  high peaks in the IFI z m a p  still 
remained  uninterpreted and it finally turned out to be 
impossible to proceed any further by use of  Patterson 
methods alone. Current  methods like superposit ion 

Table 2. Atomic fractional coordinates (×  104), occupancy factors and their least-squares values d( × 102), an 
thermal parameters (×  10 z) with their standard deviations in brackets, for Mo6Ga31, space group P21/c (No. 14) 

All atoms are in equipoint 4(e) except for Ga(31) in 2(a) and Ga(32) in 2(c). 

x y z Occupancy B(/~ 2) 
Ga(1) 180 (8) 2456 (5) 122 (5) 1.0 102 (4) 85 (15) 
Ga(2) 7234 (8) 2008 (5) 194 (4) 1.0 102 (3) 111 (14) 
Ga(3) 6992 (9) 28 (6) 418 (5) 0.9 90 (3) 158 (15) 
Ga(4) 6273 (6) 3844 (6) 471 (3) 1.0 101 (3) 75 (12) 
Ga(5) 4592 (9) 850 (5) 735 (5) 0"9 91 (3) 141 (15) 
Ga(6) 2812 (9) 2562 (6) 913 (5) 1.0 100 (3) 102 (16) 
Ga(7) 9106 (7) 3791 (6) 1073 (4) 1.0 99 (3) 100 (13) 
Ga(8) 9508 (8) 1218 (6) 1077 (5) 1.0 99 (3) 90 (13) 
Ga(9) 5643 (9) 2488 (6) 1381 (5) 1.0 99 (3) 78 (14) 
Ga(10) 1669 (7) 3845 (6) 1836 (4) 1.0 99 (3) 73 (12) 
Ga(ll) 2223 (8) 1351 (5) 1927 (4) 1.0 100 (3) 94 (16) 
Ga(12) 8439 (9) 2416 (5) 2041 (5) 1.0 102 (4) 64 (16) 
Ga(13) 8907 (9) 33 (5) 2091 (5) 1.0 101 (4) 75 (15) 
Ga(14) 6580 (6) 3841 (6) 2400 (4) 1.0 103 (2) 97 (11) 
Ga(15) 5026 (9) 1309 (6) 2486 (5) 1.0 98 (3) 89 (13) 
Ga(16) 4014 (9) 2955 (5) 2748 (5) 1.0 100 (3) 121 (15) 
Ga(17) 4044 (8) 4702 (5) 2813 (5) 1.0 101 (3) 106 (14) 
Ga(18) 1066 (9) 2566 (6) 2875 (5) 1.0 98 (4) 79 (15) 
Ga(19) 1563 (9) 204 (5) 3035 (5) 1-0 100 (3) 96 (15) 
Ga(20) 7954 (8) 1210 (6) 3086 (4) 1.0 100 (3) 81 (14) 
Ga(21) 4396 (8) 203 (5) 3641 (5) 1.0 99 (3) 80 (14) 
Ga(22) 8222 (8) 2859 (5) 3663 (5) 1.0 98 (3) 98 (15) 
Ga(23) 7986 (8) 4729 (5) 3681 (4) 1.0 101 (3) 102 (14) 
Ga(24) 707 (9) 3804 (6) 3983 (5) 1.0 100 (2) 90 (11) 
Ga(25) 5686 (9) 1959 (4) 4019 (5) 1.0 102 (3) 95 (11) 
Ga(26)* 5641 (9) 3846 (6) 4022 (5) 1.0 98 (2) 121 (10) 
Ga(27) 740 (8) 1328 (5) 4049 (5) 1.0 97 (3) 91 (14) 
Ga(28) 7317 (9) 51 (5) 4200 (5) 1.0 97 (3) 75 (15) 
Ga(29) 3271 (7) 2971 (5) 4341 (4) 1.0 104 (3) 103 (13) 
Ga(30) 3459 (7) 1224 (6) 4890 (6) 1"0 99 (3) 72 (12) 
Ga(31) 0 0 0 1.0 96 (4) 62 (23) 
Ga(32) 0 5000 0 0.9 90 (4) 166 (27) 
Mo(1) 1848 (6) 1131 (4) 403 (3) 1.0 100 39 (9) 
Mo(2) 4247 (5) 3839 (4) 1409 (3) 1.0 98 (2) 24 (7) 
Mo(3) 7000 (6) 1109 (4) 1566 (3) 1.0 98 (2) 10 (10) 
Mo(4) 9378 (5) 3819 (4) 2619 (3) 1-0 97 (2) 20 (8) 
Mo(5) 3092 (6) 1585 (4) 3395 (3) 1.0 97 (2) 43 (10) 
Mo(6) 8299 (6) 1489 (4) 4606 (3) 1.0 97 (2) 44 (11) 

* The site Ga(26) in MoTGa30 is probably occupied by molybdenum. 
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minimum functions, image seeking or vector verifica- 
tion all suffer from the annoying presence of multiply 
superposed peaks and often fail to solve hypersym- 
metrical crystal structures at all. Therefore, an at- 
tempt was made to use statistical methods. 

Calculation of normalized structure factors 

Owing to the presence of building blocks in the struc- 
ture of MoGas, many regions of sin 0/2 had abnor- 
mally high intensity averages. This had been recognized 
on powder patterns where many of the strongest in- 
tensities are grouped around d values of 2 and 4 A, 
It was therefore difficult to derive scale and tempera- 
ture factors flora a Wilson plot. An overall tempera- 
ture factor of B= 1.0 A 2 was finally used for calcula- 
tion of the normalized structure factors and the scale 
factor was fixed by imposing the condition (E2kz)= 
1.0. An N(Z) plot (Fig. 1) revealed that the distribu- 
tion of structure factors for MoGa5 is 'hypersymmetric' 
(Rogers & Wilson, 1953). 

Renormalization 

Several attempts to use this original set of ]El values 
for statistical methods failed to yield the correct struc- 
ture. This was due to the presence of the previously 
mentioned building blocks. Such sub-units usually give 
rise to a non-Gaussian distribution of structure factors 
and violate the assumption of randomness under which 
probability formulae of sign determination are derived. 
From inspection of the IFI 2 synthesis it was concluded 
that the most likely structure of these sub-units might 
correspond to the atom arrangement in the NiHg4 type 
[space group Im3m, 2Mo in (a), 8 Ga in (c): Bauer, 
Nowotny & Stempfl (1953)]. 

In order to account for these sub-units, renormaliza- 
tion of the IEI values was necessary (Hauptman & 
Karle, 1959; Hauptman, 1964). This was done by 
subtracting the contribution of the subcell from the 
observed intensities and by recalculating normalized 
structurefactors with this new set of corrected inten- 
sities. The final set of renormalized structure factors 
used in the symbolic addition method contained 336 
IEI values greater than 1.5. 

Symbolic addition 

After generating about 4000 triple-product sign rela- 
tionships by use of the computer program LSAM 
(Main, Woolfson, Germain, 1972) three reflexions 
were chosen in order to define the origin in the unit 
cell accordingto the known selection rules. Owing to the 
presence of building blocks in the structure, care had 
to be taken not to select more than one reflexion out 
of the subset of structure factors corresponding to the 
cubic, cell used for renormalizing the IEI values. The 
following reflexions were used: 

1,2,13, 3,13,5, 146 (origin) 
5,4,~,  5,17,3, 10,6,T, 4,17,]-7 (symbols a,b,c,d). 

The symbolic addition procedure resulted in multiple 
solutions of which the ones with the highest figures of 
merit were used for calculating [El maps. One of them 
(the fourth best) contained essentially the correct struc- 
ture. This was not immediately realized, however, for 
the following reasons. Firstly, the exact number of 
atoms expected in the asymmetric unit was not known, 
since the specific gravity of MoGa5 could only be meas- 
ured with low accuracy. Secondly, the amplitude ter- 
mination effects (Burgi & Dunitz, 1971) in ]El maps 
of hypersymmetrical crystal structures result inevitably 
in 'ghost-peaks' making it often difficult to sort out 
correct atom positions. The third and most discourag- 
ing difficulty was the fact that the conventional R values 
calculated for all the different solutions obtained from 
the statistical methods were practically identical and 
always very close to the theoretical values of a 'com- 
pletely wrong' structure. Even during the initial refine- 
ment of the correct structure model by Fo syntheses, 
this R value did not drop significantly, so that con- 
siderable computational effort was necessary to recog- 
nize which set of [El values gave a refinable electron- 
density map and which did not. This was finally 
achieved with set 4 at an R value of 55 %. Successive 
refinement by electron-density methods resulted in the 
recognition of 38 atomic sites per asymmetric unit. 
Throughout this procedure weighted Fourier coef- 
ficients were used (Woolfson, 1970). 

Refinement of the structure 

Refinement of the structure by Fo and AF syntheses 
was slow and did not reduce the convential R value 
below 20 %. Least-squares methods gave better con- 
vergence by comparison, but suffered from the presence 
of strong parameter correlations and from partially 
occupied sites. Therefore, occupancy factors and posi- 
tional as well as thermal parameters had to be refined 
in separate stages. The full-matrix least-squares pro- 
gram ORXFLS3 (Busing et al., 1971b) was used and 
correction for extinction and anomalous dispersion 
was made (g'  = 0.0003; Ga: Af' = 0.2, Af" = 1.7; Mo: 
A f ' =  - 1.7, A f " = 0 . 9 ) .  

Atomic scattering factors were taken from Internatio- 
nal Tables for X-ray Crystallography (1962). The weight- 
ing scheme w= 1/a z was applied and refinement was 
considered complete when the last shifts of the param- 
eters were 0.1 of their estimated standard deviations 
(e.s.d.). The final 184 parameters and their e.s.d.'s are 
listed in Table 2. The residual R=YAFo/~IFol is 6 % 
for 1500 reflexions with IFI >4a  and 10% for 3200 
reflexions with IF l>a .  A list of observed and cal- 
culated structure factors is given in Table 4. A final 
difference electron-density map revealed no abnormal 
features and confirmed the partial occupancies of the 
four atom sites. 
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C o m p o s i t i o n  o f  M o G a s  

Refinement of  the occupancy factors for the 38 differ- 
ent atomic sites revealed that  at least 6 of  them are 
occupied by molybdenum atoms and that  many  sites 
have more  or  less pronounced  defect character.  Espe- 
cially one site (x,y,z=--0.564, 0.385, 0.402), originally 
identified as an Mo atom,  had an occupancy that  cor- 
responded to a gallium a tom rather  than to a partially 
occupied Mo. This assumption is supported by the in- 
teratomic distances f rom this a tom to those coordinat-  
ing it. They are significantly larger than the M o - G a  
distances observed in other  coordinat ion shells and 
correspond ra ther  to G a - G a  distances (Table 3). 

Table 3. Interatomic distances and coordination number 
(a) Interatomic distances (A), with e.s.d.'s, for Mo6Ga31. In 
cluded are all Mo--Ga distances less than 4 A. 

Mo(1)-Ga(24) 2.559 (12) Mo(4)-Ga(24) 2.541 (11) 
Ga(31) 2.579 (7) Ga(13) 2.563 (11) 
Ga(6) 2.596 (13) Ga(12) 2.587 (11) 
Ga(8) 2.596 (11) Ga(18) 2.588 (12) 
Ga(ll) 2.607 (11) Ga(19) 2.609 (11) 
Ga(3) 2.629 (13) Ga(7) 2-617 (10) 
Ga(5) 2.661 (12) Ga(10) 2.654 (9) 
Ga(l) 2.672 (12) Ga(14) 2.656 (8) 
Ga(23) 2.735 (11) Ga(22) 2-661 (11) 
Ga(29) 2.758 (11) Ga(23) 2.752 (10) 
Mean value: 2.639 Mean value: 2.623 

Mo(2)-Ga(21) 2.547 (11) Mo(5)-Ga(15) 2.544 (11) 
Ga(9) 2.548 (12) Ga(21) 2-561 (11) 
Ga(6) 2-566 (12) Ga(11) 2.584 (10) 
Ga(4) 2.607 (9) Ga(18) 2.585 (12) 
Ga(28) 2.609 (11) Ga(30) 2.600 (10) 
Ga(10) 2.620 (9) Ga(27) 2.619 (11) 
Ga(30) 2.626 (9) Ga(16) 2.644 (12) 
Ga(14) 2.665 (9) Ga(25) 2.667 (12) 
Ga(16) 2.709 (11) Ga(19) 2.694 (12) 
Ga(17) 2.781 (11) Ga(29) 2.744 (11) 
Mean value: 2.628 Mean value: 2.624 

Mo(3)-Ga(15) 2.568 (11) Mo(6)-Ga(1) 2.562 (11) 
Ga(9) 2.569 (12) Ga(28) 2.565 (11) 
Ga(12) 2.595 (11) Ga(7) 2.583 (11) 
Ga(8) 2.603 (11) Ga(4) 2.583 (9) 
Ga(13) 2.607 (11) Ga(27) 2.598 (11) 
Ga(3) 2.612 (12) Ga(20) 2.614 (11) 
Ga(5) 2.617 (12) Ga(25) 2.704 (12) 
Ga(20) 2-666 (10) Ga(22) 2.720 (11) 
Ga(17) 2.720 (11) Ga(2) 2.834 (11) 
Ga(2) 2.769 (11) Ga(32) 2.933 (7) 
Mean value: 2.633 Mean value: 2.670 

Ga(26)*-Ga(23) 2.751 (13) 
Ga(29) 2-752 (13) 
Ga(2) 2.759 (14) 
Ga(17) 2.806 (14) 
Ga(16) 2.923 (15) 
Ga(14) 2.972 (12) 
Ga(22) 3.031 (13) 
Ga(25) 3.032 (13) 
Ga(3) 3-166 (15) 
Ga(5) 3.197 (15) 
Ga(5) 3.257 (15) 
Ga(3) 3.348 (14) 
Mean value: 3-000 

* The site Ga(26) may also be occupied by molybdenum. 

Table 3 (cont.) 
(b) Coordination number (CN) for the Ga atoms in Mo6Ga31 
and number of Mo and Ga atoms (nMo, nGa) within a sphere of 
3-5 A around each Ga atom. The shortest Ga-Ga contact, 
d~in(Ga-Ga) (/~), is given for each polyhedron. 

CN nMo nca dmin(Ga-Ga) 
Ga(l) 10 2 8 2-680 
Ga(2) 12 2 10 2"739 
Ga(3) 14 2 12 2.732 
Ga(4) 10 2 8 2.759 
Ga(5) 14 2 12 2.732 
Ga(6) 10 2 8 2.693 
Ga(7) 9 2 7 2.660 
Ga(8) 10 2 8 2.664 
Ga(9) 10 2 8 2.739 
Ga(10) 9 2 7 2.660 
Ga(ll) 10 2 8 2.693 
Ga(12) 10 2 8 2.696 
Ga(13) 10 2 8 2.664 
Ga(14) 13 2 11 2.837 
Ga(15) 10 2 8 2.752 
Ga(16) 13 2 11 2.810 
Ga(17) 12 2 10 2.789 
Ga(18) 10 2 8 2.773 
Ga(19) 9 2 7 2.661 
Ga(20) 10 2 8 2.696 
Ga(21) 10 2 8 2-753 
Ga(22) 13 2 11 2.821 
Ga(23) 13 2 11 2.751 
Ga(24) 10 2 8 2.710 
Ga(25) 13 2 11 2.797 
Ga(26) 12 - 12 2.751 
Ga(27) 9 2 7 2.661 
Ga(28) 9 2 7 2.707 
Ga(29) 12 2 10 2.752 
Ga(30) 9 2 7 2.707 
Ga(31) 10 2 8 2.710 
Ga(32) 8 2 6 2.785 

Analysis of  the single crystal by a microprobe* in- 
dicated a composi t ion of  MoGas.l_+0.1, which is in 
good agreement  with the formula  Mo6Ga31. It is how- 
ever likely that  MoGa5 has a domain  of  homogenei ty  
between Mo6Ga31 and  Mo7Ga30, and tha t  the change 
in composit ion over this range is condit ioned by grad- 
ually replacing one molybdenum a tom by one gall ium 
atom. 

In order to find evidence for this assumption,  da ta  
sets of  different crystals were refined, in the hope tha t  
the occupancy factor  of  the site with occupational  dis- 
order [Ga(26)] might  change. The result, however,  was 
negative. This is certainly related to the fact that  large 
needles form peritectically only in a small concentra-  
tion and temperature  range at the Ga-r ich limit of  the 
phase, and therefore always have the composi t ion 
Mo6Ga3x. 

There is, however,  one additional detail wor th  men- 
tioning" compar ison of  the powder  diffraction pat-  
terns of  samples Mo6Ga31 and Mo7Ga30 with the cal- 
culated intensities (Yvon, Jeitschko & Parthd, 1969) 
revealed some small discrepancies. This indicates tha t  

* These analyses were carried out by M Burri, Institut de 
Physique Exp6rimentale, Universit6 de Lausanne and M Ber- 
trand, D6partement de Min6ralogie, Universit6 de Gen6ve. 
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the crystal structure of a Mo6Gaat single crystal has 
slightly different parameters from those observed with 
MoGa5 in powder foim. 

Description of the structure and discussion 

The most prominent features of this crystal structure 
are its 28 building blocks. Each Mo atom is surrounded 
by 10 Ga atoms, forming different MoGa~0 polyhedra 
of very similar shape and size [Fig. 2(a)]. Such TB10 
polyhedra (T = Transition metal, B = A1, Ga) are com- 
mon in B-metal-rich transition-metal compounds 
(Table 5) and represent a compromise between two 
different tendencies in these structures: the tendency 
of forming TBx2 icosahedra and of forming TB8 cubes. 
In fact these TBt0 polyhedra consist of exactly one half 
of an icosahedron and one half of a cube, reflecting 
exactly therefore the 'structure equation':  

1TBx2 + ½TBa= TBI0. (1) 

These building blocks in Mo6Ga3~ are arranged in such 
a way that the molybdenum atoms at the centres oc- 
cupy vertices of a cubic lattice that is monoclinically 
distorted. The arrangement of TBx polyhedra on a 
b.c.c, lattice is not uncommon in complex intermetallic 
phases containing A1 or Ga. In fact, the structures of 
CrGa4 and MoAll2 contain building blocks that form 

• G a  ~ f 

(a) (b) 

Fig. 2. (a) Coordination polyhedron TB10 for Mo(l), Mo(2), 
Mo(3), Mo(4), Mo(5) and Mo(6). (b) Coordination polyhe- 
dron (T,B)B~2 for Ga(26). 

precisely a b.c.c, structure. In the case of CrGa4 the 
building blocks are simple Ga cubes, centred on Cr, 
and in MoA112 the building blocks are A1 icosahedra, 
centred on Mo atoms. The same structural principle 
may be found in even larger structures like 
Mg32(Zn,AI)49 (Bergman, Waugh & Pauling, 1957), 
where complex arrangements of Friauf polyhedra of 
composition TxBlla-x also occupy the sites of a b.c.c. 
lattice. 

Table 5. List o f  structure types of  intermetallic com- 
pounds containing TBs, TB10 and TB12 polyhedra 

(T= transition metal, B=A1, Ga.) 
Excellent drawings of many of these structure types can be 
tound in Schubert (1964) and Pearson (1972). Only undis- 
torted TB8 and TB~0 polyhedra are included. Many TB com- 
pounds exist with twisted TB8 coordination like that in 
CuAI2 related structures, or in Pt3Ga7 (RuaSu7 type) or in 
Ni2Ala. Distorted TBl0 polyhedra also occur, like those in 
V2Gas (Mn2Hgs type). 

TB8 
CrGa4 
MoaAla 
Ti2Ga3 
Ni3Ga4 
Os2Ala 
OsAl2 } 
PtA12 

Schubert et al. (1960a, b) 
P6tzschke & Schubert (1962a) 
P6tzschke & Schubert (1962b) 
Ellner et al. (1969) 
Edshammar (1965) 
Schubert (1964) 

TB~0 
Mn4Alll Bland (1958) 
MnA16 Nicol (1953) 
WA14 Bland & Clark (1958) 
FeAl3 Black (1955) 
PtaA121 Edshammar (1966) 
Fe2Als Schubert & Kluge (1953) 
Mo6Ga31 This work 

TB~2 
MoAIIz Adam & Rich (1954) 
VAll0 Brown (1957) 
vTm145 Brown (1959) 

In the case of MoGas, however, there exists a pecu- 
liar singularity among the MoGal0 polyhedra: one 
polyhedron [Fig. 2(b)] is distorted to such an extent 

, ~ Q )  , 

/ • 

0 

Fig. 3. Stereo drawing of Mo6Ga31. The centre atom Ga(26) of the TB12 polyhedron is marked by an asterisk. 

A C 30B - 2* 
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that two more Ga atoms join the shell surrounding the 
centre atom. In this polyhedron the centre atom is 
12-fold coordinated and the atoms are approximately 
cubic close packed. It is the same polyhedron that has 
probably a gallium atom at its centre, replacing the 
expected Mo atom and offering some explanation for 
the domain of homogeneity in the MoGa5 phase. An- 
other structural feature worth mentioning is well 
developed layers consisting of squares of Ga atoms. 
They form in many different directions but do not 
penetrate the entire unit cell, as can be seen in the 
stereo drawing in Fig. 3, made using the computer 
program of Johnson (1965). It is interesting to see 
how these Ga layers themselves build up cages con- 
taining several MoGal0 polyhedra. 

All these features, but especially the very tightly 
packed Ga cages around the Mo atoms, can be useful 
in the interpretation of the anomalous magnetic be- 
haviom of this superconductor. They may also give 
some clue to the interpretation of the curious behaviour 
of the melt at temperatures close to the solidification 
point. In fact it is quite conceivable that MoGa~o 
clusters form already in the liquid and that the change 
to the lower coordination number decreases the density 
of the melt. X-ray diffraction on the melt should allow 
this point to be clarified. 

Interatomic distances in Mo6Ga31 
The interatomic distances for the seven independent 

building blocks of Mo6Ga3~ are listed in Table 3 [com- 
puter program: ORFFE3,  Busing et al. (1971a)]. 

The most striking result is the fact that this struc- 
ture, like many other complex alloy structures, does 
not exhibit characteristic values for interatomic dis- 
tances. On the contrary, Mo6Ga~l shows a great variety 
of next-neighbour distances, ranging from 2.54 to 2.93 
A for M o - G a  bonds and from 2.66 to 3.35 .~ for Ga-  
Ga contacts. Although these variations are quite im- 
portant, one nevertheless finds certain 'mean values' 
remaining remarkably constant. This is especially true 
fol the mean value of the M o - G a  distances within one 
polyhedron whose observed value is around 2.63 (2) A 
for all MoGal0 polyhedra in the structure. It is in- 
teresting, therefore, to try to compare this value with 
the one predicted by the resonating valence-bond theory 
(Pauling, 1951, 1960). 

The relation 

rcl ) - r~,) = 0"30 log n (2) 

allows one to correct the single-bond metallic radii for 
their respective bond number n in intermetallic com- 
pounds. In order to do this, one assumes that the 
electronic structure of the compound is closely similar 
to the structure of the two metals and one makes some 
assumptions about the valency of the ligand atoms. 
If one assumes molyl~denum to have a valency of 6 
in Mo6Ga3~, the 10 gallium ligands have bond number 
n=-}. The correction, - 0 . 6  log 3, is therefore equal 
to 0.133. This gives a total predicted bond distance of  

2.674 A, for the M o - G a  distances.* This value is higher 
than the observed mean value of 2.63/~. 

If one assigns molybdenum a valency of 7, one ob- 
tains 2.634 A as a predicted value, which comes very 
close to the experimental value. This should not be 
interpreted, however, as supporting a valency of 7 for 
Mo in this compound. More likely is an electron trans- 
fer affecting the Mo-Ga  distances. Present X-ray data 
do not permit one to detect such a transfer, although 
refinement of the occupancy factors (Table 2) seems 
to indicate that Mo may be an electron donor. This 
would contradict Raynor's hypothesis, transition 
metals absorbing electrons in aluminides (Pratt & 
Raynor, 1951). 

The Ga-Ga  distances are systematically longer than 
those between Mo and Ga or those observed in 
pure gallium. They vary over an even wider range, and 
no attempt was made to apply formula (2). It seems 
very unlikely at the moment that any theory of chem- 
ical bonding allows one to predict from first principles 
variations in interatomic distances of this magnitude, 
let alone other structural details of Mo6Gaal. 

The author thanks Professor E. Parth6 for his in- 
terest and stimulating criticism as well as Professor M. 
Peter for initiating this study. 

* rGa = 1 "245, rMo = 1"296 A. 
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The Co-rich part of the Sm-Co system has been investigated by X-ray diffraction, metallographic 
and thermoanalytic methods. The existence of five closely related compounds (Sm2Co7, SmCos_x, 
SmCos, SmCos+x and Sm2Co~7) has been confirmed. A tentative phase diagram of the Co-rich part 
of the Sm-Co system is presented. The practical difficulties encountered in the construction of this 
phase diagram are discussed. 

Introduction Experimental 

Since the discovery that permanent magnets with large 
coercivity, remanence and energy-product can be 
prepared on the basis of the SmCo5 intermetallic com- 
pounds, many versions of the phase diagram of the 
binary Sm-Co system have been presented (Lihl, 
Ehald, Kirchmayr & Wolf, 1969; Buschow & Van der 
Goot, 1968; Naastepad, Den Broeder & Klein- 
Wassink, 1973). Recently, however, two new phases, 
SmCo5_x (a phase variant of the CaCus-type structure) 
(Khan & Feldmann, 1973) and SmCos +x (of the TbCuv- 
type structure)(Khan, 1974), have been reported to 
exist in this binary system. Even in the most recent 
phase diagram of the Sm-Co system (Buschow & 
Den Broeder, 1973), these two phases are missing. 
Investigations were therefore carried out in order to 
amend the Sm-Co phase diagram. 

The alloys in the composition-range Sm2Co 7 to 
Sm2Co17 were prepared in two series. For the first 
series, the alloys (1-3 g) were arc-melted on a water- 
cooled copper hearth under an atmosphere of specially 
purified argon gas (10-15 ppm oxygen). The elements 
were supplied by HEK (Lfibeck) and had the reported 
purity 99.9 and 99.999 wt.% for Sm and Co respec- 
tively. The second series of alloys was prepared by 
casting the Sin-Co alloys (weighting about 100-150 g) 
in copper dies cooled by liquid nitrogen in a Balzer's 
medium frequency induction oven. The elements for 
this series were supplied by Th. Goldschmidt (Essen) 
and had the purity of 99-9 wt. % for both the elements. 

The alloys were investigated in the as-cast state as 
well as after annealing at temperatures between 500 and 
1400 °C (depending upon the composition of the alloy) 


