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The Refinement of the Crystal Structure of the Intermetal l ic  Phase  A14Mo 
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The crystal structure of A14hlo has been refined by means of two-dimensional difference syntheses 
using visually estimated X-ray intensity data. The space group is Cm. The unit cell has lattice 
parameters a =5-255, b = 17.768, c=5.225 A, and fl = 100 ° 53' and contains 30 atoms arranged in 
sets of almost close-packed puckered planes. Isomorphism with A14W is confirmed. 

Introduction 

The refinement of the structure of the phase AlcY[o 
forms a further par t  of the detailed work on the 
crystal structures of the aluminum-rich binary alloys 
with transit ion metals carried out under the general 
direction of Dr W . H .  Taylor in a s tudy of the 
mechanism of cohesion in transition metals and their 
compounds. Related theoretical studies have been 
reviewed recently by Mott (1962). 

Numerous studies of the A1-Mo system have been 
made. Recent contributions are those of Sperner 
(1959), Schubert, Bahn, Burkhardt ,  Gohle, Meissner, 
PStzschke & Stolz (1960), Clare (1961), Forsyth & 
Gran (1962), Schubert, Meissner, PStzschke, Rossteut- 
scher & Stolz (1962) and PStzschke & Schubert (1962). 
Their results have been incorporated in a modified 
phase diagram published by Walford (1963, 1964). 

Structural  information about AlaMo was first given 
by Schubert et al. (1960) who published lattice 
parameters, and suggested, from a comparison of 
relative intensities, tha t  the substance was iso- 
morphous with A14W, of which the space group (Cm) 
and structure had been determined by Bland & Clark 
(1958). Another isomorph AlaTe is now known 
(Alte da Veiga & Walford, 1963). 

E x p e r i m e n t a l  
Crystals 

The single crystals used were very generously 
supplied by Dr K. Schubert of the Max-Planck- 
Ins t i tu t  ~fir Metallforschung in Stuttgart .  The method 
of preparation is described in the paper by PStzschke 
& Schubert (1962). The crystals occur as thick plates 
with the y axis perpendicular to the plate. No evidence 
for twinn~ug was observed, although it  is very prom- 
inent in the related triclinic phase )daRe (Alte da 
Veiga, 1963). 

Unit cell 

The accurate value of b was found by the method 
of Farquhar  & Lipson (1946). Those of a, c and fl 

were determined by Miss K. M. Adams by the method 
of Weisz, Cochran & Cole (1948) using a Geiger 
counter spectrometer. The values are- 

a =  5-255 _+ 0.005, b= 17.768 _ 0-005, 
c=  5-225 _+ 0.005 A; fl= 100°53 ' _+ 4'. 

These values show close similarity to the corre- 
sponding values for A14W. The discrepancy between 
these values and those published by Schubert et al. 
(1960) has been removed by more accurate measure- 
ments, (PStzschke, 1963). 

Dr S. R. Nockolds, of the Department  of Mineralogy 
and Petrology, kindly arranged for spectroscopic 
examination of a few of the crystals. No transition 
metal other than molybdenum was found in more 
than trace amounts. The density, measured by the 
displacement of bromoform, was 4.35_+0.15 g.cm-3, 
which agrees with the calculated value, 4-26 g.cm -3. 

Intensity measurements 
Consideration of the A_laW structure showed tha t  

the [001] and [101] projections would suffer least from 
overlap of atoms. Intensi ty  data were determined 
from zero-layer normal-beam Weissenberg photo- 
graphs, two five-film packs being used for each 
projection. The intensities were measured by  visual 
comparison with a standard scale. The use of filtered 
Mo K s  radiation, for which Al~Io has a theoretical 
linear absorption coefficient of 52 cm -1, and an 
approximately cubic crystal of maximum linear 
dimension 0-01 cm enabled serious absorption effects 
to be avoided; when/~R=0.5  the difference between 
the transmission coefficients at  0=0 ° and at  0---90 ° 
is only about 8% (Evans & Eckstein, ]952 - -  spherical 
approximation). This is less than the accuracy of the 
method of measurement of the intensities. Lorentz 
and polarization corrections were calculated on 
EDSAC 2. 

The layering of the structure is so strong tha t  
marked ridges of intensity occur perpendicular to y* 
in reciprocal space. 
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Ref inement  of the s tructure  

The [001] project ion was refined s tar t ing from the 
coordinates of A14W. For the [101] projection the  
( x - z )  coordinates of Al4W and the refined y coor- 
dinates  from the [001] projection were used. Com- 
puta t ions  were performed on E D S A C 2 ,  using a 
program wri t ten  b y  Dr M. Wells to calculate Fourier  
and  difference syntheses and, at  the predicted atomic 
sites, the observed electronic dens i ty  and its curva- 
tures and the difference dens i ty  and  its slopes. 

Observed s t ructure  factors out to sin O/A= 1.3 A -1 
were scaled in groups by  comparison wi th  the corre- 
sponding groups of calculated values. E ight  ranges 
equal ly  spaced in sin 9' 0/A e were used, giving about  
28 independent  reflexions per group for the [001] 
project ion and 22 for the [101] project ion af ter  
e l iminat ion  of those reflexions suffering from extinc- 
t ion or too weak to be observed. This method of 
correcting Fo for the effects which are smooth func- 
t ions of sin 0/2 (small absorption, (%1(%2 resolution 
and  focusing) has been discussed by  Black (1955a). 
The atomic scattering factors were calculated from 
the ana ly t ic  approximat ion  of Forsyth  & Wells  (1959) 
wi th  the values given in their  Table 4 for Mo+ and  A10. 
The real parts  of the dispersion corrections for molyb- 
denum (Dauben & Templeton,  1955) and a luminum 
(Cooper, 1963, pr ivate  communicat ion)  were applied. 
The effect of the imaginary  par ts  was shown to be 
negligible for AlsMo3 (Forsyth & Gran, 1962) and  is 
even smaller  for Al4Mo. 

Isotropic tempera ture  factors of 0.4 /~2 on Mo and  
0.75 A e on Al (compared with 0.27 and 0.90 respec- 
t ive ly  for the elements  at  the same temperature)  
were found to give the f la t tes t  difference maps  and 
an Fo to Fc scaling factor which was near ly  in- 
dependent  of s in0/A at high angles where c¢1~2 
resolution is complete. These numbers  are reasonable 
but  t hey  cannot be in terpreted direct ly  as atomic 
vibrat ions  in  the sense of the Debye-Wal l e r  approxima- 
t ion because of other smaller  uncorrected 0-dependent 
effects which modify  the observed intensit ies.  Both 
absorpt ion and  focusing act in  opposition to the 
tempera ture  effect. The values quoted are therefore 

lower l imi ts  to the t rue isotropic tempera ture  factors 
a t  room temperature .  

Those reflexions which were not observed a l though 
not  sys temat ica l ly  absent  were excluded from the  
calculations. The corresponding calculated s tructure 
factors were checked to ascer ta in  tha t  t hey  were 
always very  small .  The t r ea tmen t  of reflexions 
weakened by  ext inct ion is discussed later.  For the 
purposes of the calculations these reflexions were 
t rea ted  as having  an observed value equal  to the 
calculated value except in the calculat ion of s tandard  
deviations.  The va l id i ty  of ignoring inaccura te ly  
observed reflexions has been discussed by  Lipson & 
Cochran (1957, page 307). Cruickshank (1960) has 
shown tha t  the  s t andard  devia t ion  of an atomic 
coordinate is proport ional  to (u -v) -½ where u is the 
number  of independent  reflexions used in the cal- 
culat ion and  v is the number  of independent  para- 
meters  being determined.  In  the present  example  the 
omission of t h i r ty  reflexions would cause the s tandard  
devia t ion of a parameter  to be increased by  about  5%, 
assuming tha t  the reflexions ignored are as accurate 
as those used. 

Although the s tructure does not possess a centre of 
symmet ry ,  the l ine-projection on the y axis does. 
In  accordance wi th  expectat ion,  i t  was found tha t  
more rapid  convergence was obtained by  doubl ing the 
calculated shifts paral lel  to x but  not those paral lel  
to y. This t r ea tmen t  differs s l ight ly  from tha t  sug- 
gested by  Shoemaker,  Donohue, Schomaker  & Corey 
(1950) and by  Buerger  (1960, page 593). 

The f inal  values of the re l iab i l i ty  index R = 
ZIFo-Fc[/Z]Fo[ were 0.063 for the [001] project ion 
and  0.075 for the [101] projection. None of the  
features in  the f inal  difference syntheses is s ta t is t ical ly  
significant,  a l though the shape of the contours around 
the posit ion of the a tom Mo(0) in  the [101] projection 
suggests a s l ight ly  anisotropic vibrat ion.  This effect 
does not occur in  the [001] project ion and  is p robably  
the result  of ignoring certain reflexions (cf. Lipson & 
Cochran, page 307). There was no evidence for atomic 
disorder, par t i a l  occupation of sites or s y m m e t r y  
debasement .  

Table 1 shows the f inal  atomic coordinates, along 

Table 1. Atomic coordinates 
The asymmetric unit chosen was 0 _< x _< 1, 0 _< y _< ~, 0 _< z <: 1 

Al(7) as originally chosen had to be moved out of this unit; hence the apparently large difference between 
initial and final x coordinates 

Type of 
position 

and point 
Atom symmetry Initial x Final x g(x) Initial y Final y g(y) Initial z Final z a(z) 
Mo(0) 2(a)m 0 0 0.0002 0 0 - -  0 0 0.0003 
Mo(1) 4(b)l 0.336 0 - 3 5 1 4  0.0002 0.137 0.1368 0.0001 0.331 0.3452 0.0003 
AI(1) 2(a)m 0.125 0 . 1 6 1 1  0.0012 0 0 J 0.491 0.5103 0.0018 
Al(2) 2(a)m 0.494 0 . 5 1 1 7  0.0015 0 0 - -  0.129 0 . 1 4 8 1  0.0020 
Al(3) 4(b)l 0.674 0.6753 0.0013 0.076 0 . 0 7 6 7  0.0004 0.687 0 . 6 9 5 1  0.0018 
AI(4) 4(b)l 0.824 0.8322 0.0013 0.118 0.1180 0.0004 0.213 0.2246 0.0018 
Al(5) 4(b)l 0.181 0.2067 0.0016 0.129 0.1218 0.0004 0.809 0.8267 0.0020 
Al(6) 4(b)l 0.682 0 . 7 0 8 7  0.0015 0.232 0 . 2 3 5 1  0.0004 0.583 0 . 6 0 5 7  0.0019 
Al(7) 4(b)l 0.005 0.5414 0.0013 0-245 0 . 2 4 9 7  0.0004 0-090 0.0818 0.0018 
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with the initial values for comparison, and the 
standard deviations. These were estimated by the 
first of the methods given by Lipson & Cochran 
(1957, page 308) for non-centrosymmetric structures. 
No allowance has been made for the centre of sym- 
metry  in the projection onto the y axis (so tha t  a(y) 
has been overestimated) nor for the effects of special 
positions (cf. Cruickshank & Rollett, 1953). The 
standard deviations are all greater than the corrections 
applied in the final cycle of refinement. 

The final Fourier and difference syntheses are 
shown in Figs. 1 and 2. 
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Fig.  1. (a) F i n a l  F o u r i e r  s y n t h e s i s  [001] p r o j e c t i o n .  T h e  
c o n t o u r s  a r o u n d  t h e  Me a t o m s  a re  a t  i n t e r v a l s  of 40 e . ~  -2. 
T h e  c o n t o u r s  a r o u n d  t h e  AI a t o m s  a re  a t  i n t e r v a l s  of 
20 e . ~  -~'. D a s h e d  c o n t o u r s  a re  a t  ha l f  t he se  in t e rva l s .  
(b) F i n a l  d i f f e r ence  s y n t h e s i s  [001] p r o j e c t i o n .  T h e  c o n t o u r s  
a re  a t  i n t e r v a l s  of 2 e .A-2 ;  t h e  zero  c o n t o u r  is o m i t t e d .  
T h e  s t a n d a r d  d e v i a t i o n  of t he  e l e c t r o n  d e n s i t y  is 1.8 e .A -2. 
N e g a t i v e  c o n t o u r s  a re  d a s h e d .  

Full  details of scaling factors and observed and 
calculated structure factors will be included in a 

thesis to be submitted to the University of Cambridge 
by the present author. 
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Fig.  2. (a) F i n a l  F o u r i e r  s y n t h e s i s  [101] p r o j e c t i o n .  T h e  
c o n t o u r s  a r o u n d  t h e  Me a t o m s  a re  a t  i n t e r v a l s  of  40 e .A  -2. 
T h e  c o n t o u r s  a r o u n d  t h e  A1 a t o m s  a re  a t  i n t e r v a l s  of  20 
e .A  -9". D a s h e d  c o n t o u r s  a re  a t  ha l f  t he se  i n t e r v a l s .  

a '  = ac s in  f i / I / (a  9 + c 9" -- 2ac cos fl) . 

(b) F i n a l  d i f f e r ence  s y n t h e s i s  [101 ] p r o j e c t i o n .  T h e  c o n t o u r s  
a re  a t  i n t e r v a l s  of 2 e .A-~ ;  t h e  zero  c o n t o u r  is o m i t t e d .  
T h e  s t a n d a r d  d e v i a t i o n  of t h e  e l e c t r o n  d e n s i t y  is 2.2 e . A  -~. 
N e g a t i v e  c o n t o u r s  a re  d a s h e d .  

E x t i n c t i o n  

Reflexions suffering from extinction were identified 
by the fact tha t  the calculated structure factor was 
consistently greater than  the (scaled) observed value. 
As secondary extinction is a function of intensi ty it  
was assumed tha t  above a certain value of diffracted 
intensity extinction effects in this crystal would 
cease to be negligible. 

If only secondary extinction occurs Darwin (1922) 
showed tha t  a graph of I~/Io against Ic would be a 
straight line (cf. Pinnock, Taylor & Lipson, 1956). 
Fig. 3 shows the strong reflexions from both projec- 
tions plotted in this way. That  both sets are satisfied 
by the same straight line shows tha t  there is no 
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Table 2. Interatomic distances 
The figures in square brackets give the number of bonds of that type when greater than one 

Atom Neighbour Length 

Mo(0) Al(3) 2.504/~ [2] 
AI(4) 2.635 [2] 
AI(1) 2.640 
Al(2) 2.653 
Al(5) 2.657 [2] 
Al(2) 2.818 
AI(1) 2.844 
Mo(1) 3.362 [2] 

Mo(1) Al(3) 2.489 
Al(5) 2-684 
Al(4) 2.702 
Al(7) 2.727 
Al(6) 2.731 
Al(4) 2.738 
Al(5) 2-776 
Al(7) 2.786 
AI(1) 2.825 
Al(6) 2.826 
Al(2) 2.830 

AI(1) Al(5) 2.706 [2] 
AI(2) 2.881 
AI(4) 2.938 [2] 
Al(3) 3-016 [2] 
Al(3) 3.201 [2] 

Al(2) Al(4) 2.671 [2] 
AI(3) 2.995 [2] 
AI(5) 3.008 [2] 
Al(3) 3.135 [2] 

Al(3) Al(3) 2.726 
Al(5) 2.797 
Al(4) 2.829 
Al(4) 2.834 
Al(5) 2.861 
AI(6) 2.864 

Al(4) Al(7) 2-757 
AI(7) 2.817 
hi(6) 3.034 
Al(5) 3.124 
Al(5) 3.379 

Al(5) Al(6) 2.793 
Al(7) 2.861 
AI(7) 3.024 
Al(6) 3.329 

Al(6) AI(6) 2.680 [2] 
Al(7) 2.724 
AI(7) 2.768 
Al(7) 2.804 

Al(7) Al(7) 2.628 

Already quoted C.N.* 

12 

Mo(0) 12 2.789 

Mo(0)[2], Mo(1)[2] 13 2.903 

Mo(0)[2], Mo(1)[2J, 13 
Al(1) 

Mo(0), Mo(1), Al(1)[2], 12 
A1(2)[2] 

Mo(0), Mo(1)[2], Al(1), 12 
Al(2), AI(3)[2] 

Mo(0), Mo(1)[2], A1(1), 
Al(2), A1(3)[2], A1(4)[2] 

Mo(1)[2], Al(3), Al(4), 11 
A1(5)[2] 

[2] Mo(1)[2], Al(4) [2], 
A1(5)[2], A1(6)[3] 

* C.N. = coordination number. 

Mean 

2.773 A 

2.895 

2.854 

2.872 

13 2.938 

2.839 

11 2.775 

s t rongly preferred or ien ta t ion  for the  mosaicity.  
The failure of the  regression line to pass th rough  
Ic/Io=l when I c = 0  may  be caused by the  presence 
of p r imary  ext inc t ion  or by  observat ional  errors. 

I n  view of the  large number  of high-angle da ta  
available,  i t  was not  considered worth while to use 
this graph to determine the amoun t  of ex t inc t ion  
occurring for each reflexion and  hence a corrected 
value of Fo for use in the  syntheses.  

Descript ion of the s tructure  

The coordinat ion of each a tom is described in turn .  
Then a discussion of how these a toms fi t  together  
to form the  complete s t ructure  is presented.  

Individual atoms 
Table 2 lists the  independent  in te ra tomic  distances 

less t h a n  3.40 A and Table 3 gives the  s t andard  
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Fig. 3. Graph of Ic/Io against Ic for reflexions suffering from 
extinction. 

O ---- reflexions in the [001 ] projection; 
× = reflexions in the [101] projection. 

deviations for the different types of bond, estimated 
from those for the atomic coordinates. These are 
upper limits because of the overestimate of a(y) 
discussed above. The maximum length, 3.40 J~, was 
selected to include the Mo-Mo distance, which is 
almost equal to that  found in AlsMos, and also because 
it occurred in a gap of about 0.1 J~ in the otherwise 
almost continuous distribution of A1-A] distances. 
This distribution has peaks close to those lengths 
which would correspond to interatomic distances in 
a cubic close-packed material with the same mean 
atomic volume. I t  makes it difficult to describe the 
coordinations systematically without carrying out the 
very lengthy calculations demanded by the criterion 
of Frank & Kasper (1958). These have not been 
attempted. The mean interatomic distances to each 
atom and of each type in the complete structure are 
also shown in Tables 2 and 3 respectively. In the 
terminology of Cruickshank & Robertson (1953), 
the mean value of the Mo-A1 distances is shorter 
than the sum of the Goldschmidt radii by a 'highly 
significant' amount. Because of the nearly continuous 
distribution discussed above, the mean A]-A1 distance 
has little meaning. However about 70% of the A1-AI 
contacts are less than 3.0 J~ and these have a mean of 
2.79 A. In the element it is 2.86 _~. 

Table 3. Bond types 
Standard 

Bond type Mean length deviation* 

Mo-Mo 3-36/~ 0.002/~ 
Mo-A1 2- 71 0.009 
A1-A1 2.89 0.012 

* For an individual bond, not for the mean. 

The contraction of the transition-metal-A] bond 
length especially in transition-metal-A]-transition- 
metal sequences with an interbond angle near 180 ° 
is a well-known feature of these structures (Brown, 
1959). I t  is illustrated in this structure by the sequence 
Mo(0)-AI(3)-Mo(1) where the lengths are 2.50 /~ and 
2.49 J~ respectively and the angle is 168 °. Similarly, 
in structures of this type, transition-metal atoms 
tend to avoid each other as first neighbours. Here 

I N T E R M E T A L L I C  P H A S E  A14Mo 

the closest approach is 3"36 J~. The relationship of this 
distance to the short transition-metal-A] distances is 
discussed in geometrical terms in the next section. 

The mean bond lengths to each atom show that  
the Mo atoms are on the whole smaller than the A1 
atoms. The mean atomic volume in this structure is 
16.0 _~8 per atom, which is appreciably smaller than 
that  calculated from appropriate proportions of the 
two elements, viz. 16.4 A s per atom, or 16-5 /~3 per 
atom if the atomic volume of molybdenum is corrected 
for the change from 8-fold to 12-fold coordination. 
The details of the variations of mean atomic volume 
with composition in the A1-Mo system have been 
given by PStzschke & Schubert (1962). The contrac- 
tion in volume has been related to the cohesive energy 
by Mort (1962). 

In the aluminum-rich compounds of metals oc- 
curring near the beginning of each transition series, 
the coordination polyhedron of the transition-metal 
is often a regular icosahedron, e.g. All0V (Brown, 1957). 
In this structure both Mo(0) and Mo(1) are 12-fold 
coordinated and have bonds whose directions corre- 
spond closely to those in regular icosahedral coordina- 
tion. However, as the bond lengths are not all equal, 
a distorted structure is produced but space is more 
efficiently filled. 

The correlations between the mean lengths of the 
different types of bond to a given type of atom are 
not significant in this structure (unlike A18Fe; Black, 
1955b), with the exception of the mean Mo-A1 length 
from an A1 atom. This increases as the number of 
Mo neighbours increases. 

The complete structure 
The structure is very like A14W and in particular 

the shortest bonds are in the same positions. 
As is to be expected from the geometrical properties 

of structures with high coordination described by 
Frank & Kasper (1958, 1959) and Kripyakevich (1960) 
and from the properties of transition-metal-A1 alloys 
in particular (Black, 1956), the principal feature of 
this structure is the layering. The most prominent 
layers are (080), (042) and (240) in decreasing order 
of planarity. There are three sorts of (080) layer, 
one on the mirror planes at y= 0 and ½ consisting of 
A] and Mo atoms, another at y = ~ and 3 consisting of 
A] atoms only and the third at y=~, -~, ~s and ~ con- 
taining A1 and Mo atoms and sharing an atom (Al(3)) 
with the layers at y-- 0 or ½. These have been described 
in detail by Bland & Clark (1958). There are two sorts 
of (042) layer and one (240) layer. The arrangements 
of the atoms in all the layers form nets consisting 
mainly of almost equilateral triangles. A few pen- 
tagons caused by the distortion occur in the (042) 
and (240) layers. The interplanar spacing in all cases 
is 2.2 • which is to be expected for close-packed 
planes in a close-packed structure of atoms of this size. 
These sets of planes all have very large structure 
factors and produce the very strong reflexions at 
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about sin 0/~=0.23 A -1, a phenomenon observed in 
most intermetallic compounds and interpreted by 
Jones (1934) in terms of the Brillouin zones and by 
Black (1955c) from the geometrical requirements. 

The close-packed planes are arranged in the struc- 
ture to intersect in six lines which would be expected 
to be the probable directions for the interatomic 
vectors. These directions correspond remarkably 
closely to the arrangement in cubic close-packing, 
as the stereograms in Fig. 4 show. Again, however, 
the distortions in the structure are such that  the 
environment of individual atoms is not recognizably 
cubic. 

(a) (b) 

Fig. 4. (a) Bond directions in cubic close-packing. (b) Direc- 
tions of the intersections of the close-packed planes in A14Mo. 

It  is interesting to observe that  the sequence 
Mo(1)-Mo(0)-Al(3)-Mo(1), in which the bond lengths 
are 3-36, 2.50 and 2.49 _~ respectively and the angles 
are 167 and 168 °, is roughly linear and has a total 
length (8.35 A) approximately equal to the sum of 
the Goldschmidt radii (8.46 Jk). The major distortions 
in the structure are thus concentrated around this 
row of atoms. Similar sequences exist in AlsMoa and 
AlaFe. 

The relationship of this structure to AlsMn and 
AlzzMn4 has been described by Bland (1958) and by 
Bland & Clark (1958). 

A final point is that  the atomic arrangement in 
the [101] projection fits into plane group Ccm quite 
closely. Using all reflexions out to sin 0/~t=l.3 and 
this symmetry group, a reliability index of 0-20 was 
obtained. 

Conc lus ion  

The structure of AlcMo has been shown to have 
many geometrical features typical of intermetallic 
compounds, especially the aluminum-rich binary alloys 
of transition metals. The isomorph A]dTc and related 
triclinic phase AldRe are being studied in this labora- 
tory at present. 
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The Structures  of Trioctahedral  Kaol in-Type  Si l icates  
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From an examination of the known, fully ordered structures of trioctahedral, kaolin-type silicates, 
four rules are obtained which govern the way in which the layers forming the structures are stacked 
together. All the possible structures which may be formed in conformity with these rules are then 
derived. A consideration of the nature of the rules shows that  the polymorphism in these silicates 
is unlikely to be caused by random slip occurring during the early stages of crystal formation, 
followed by growth around a screw dislocation. 

Recent  work on cronstedti te  by  S teadman  & Nut ta l l  
(1963, 1964) has revealed eight s t ructures  of this 
mineral  which differ f rom each other  principally in 
the  way  in which the  t r ioc tahedra l  kaol in- type layers 
are s tacked together.  Polymorphism of this kind had  
been known previously in other  minerals  of this class, 
such as amesi te  and  chrysotile, but  these did not  
show such an  ex ten t  of s t ruc tura l  var ie ty .  

The present  work was under t aken  as an a t t e m p t  
to discover general  principles underlying all these 
ordered s tructures ,  in the  hope t h a t  knowledge of 
this k ind  would assist in the discovery of fur ther  
s t ructures ,  and,  more impor tan t ,  would lead to an 
unders tanding of the way  in which the minerals are 

c(,cfl\o 'o o 
Fig. 1. The trioetahedral kaolin-type layer. The unit of struc- 

ture referred to in the text is shown bounded by a and 
b axes, of which the a axis is the shorter. The smaller open 
circles are hydroxyl groups. The larger ones at the base 
of the layer are oxygen atoms, and those within the layer 
may be oxygen or hydroxyl. 

formed. The first  purpose has a l ready  been fulfilled, 
and  details  are given in an  appendix.  

The trioctahedral layer 

The ideal s t ruc ture  of this layer  is shown in Fig. 1. 
No a t t e m p t  has been made  to show there the  depar-  
tures  f rom regular i ty  which real  layers  invar iab ly  
possess, since these v a r y  f rom one polymorph to 
another.  This paper  will not  be concerned with detai led 
var iat ions of the composition or geometry  of the layer,  
bu t  i t  m a y  be t h a t  such details  do influence the  
s t ructures  decisively; Newnham (1961), for example,  
has shown how the s t ructures  of the  dioctahedral  
minerals  kaolinite and  dickite appear  to be determined 
very  largely by  the  distort ion of the  layers.  

The octahedral  pa r t  of each layer  will be referred 
to as being above the  t e t r ahedra l  par t .  

Interlayer relationships 
In  all known structures,  the  layers  f i t  together  in 
such a manner  t h a t  the  oxygen a toms of one layer  
and the hydroxyl groups of the layer below are 
re la ted  in ways similar to those shown in Fig. 2(a) 
and (b). These again are ideal positions. The dist inction 
is made  there between the  s t ructures  in which oxygen 
atoms fall (a) in t r iangles of hydroxyl  groups which 
have no cation beneath  them and  (b) in t r iangles  
which do have cations beneath  them. The relat ionships 
of (a) and (b) (Fig. 2) will be referred to as c~ and  
respectively. 

In  the derivat ion of the  possible s t ructures  which 
m a y  exist,  the  s t ructures  will be regarded as being 
formed by  stacking layers together ,  each layer  suffer- 


