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The Crystal Structure of the Phase § Mg:Al3*
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A determination of the crystal structure of the phase commonly referred to as § Mg:Al; has been car-
ried out and the structure has been refined by three-dimensional, least-squares techniques. The final
agreement index R is 0-061 for 1215 reflections. The crystals are cubic, space group Fd3m (O]) with
ay=28-239 £0-001 A. There are approximately 1168 atoms in the unit cell. These are distributed over
23 crystallographically different positions which, as a result of partial disorder, describe 41 different
polyhedra. An interesting feature of the disorder is that it results in an increase in the number of icos-
ahedra in the unit of structure, over that found in the idealized ordered model. The unit cube contains
672 icosahedra, 252 Friauf polyhedra, and 244 miscellaneous, more-or-less irregular polyhedra of

ligancy 10 to 16.

Introduction

The existence of the § phase in the magnesium-alumin-
um system was established by Riederer (1936). He pro-
posed on the basis of powder diffraction studies that
the structure is hexagonal with a=11-38 kX, ¢=17-99
kX, and eight formula units of MgsAlg per unit cell;
the measured density was gm=2:23 g.cm~3, Laves &
Moller (1938) concluded, again, from observation of
powder patterns, that the § phase is isomorphous with
Cu,Cds. Perlitz (1944, 1946) investigated a small frag-
ment of an alloy consisting of 38%; Mg and 629, Al by
weight, which he found to represent a cubic structure,
space group Fd3m (O}), with approximately 1166
atoms per unit cube of edge a,=28-22 A. He assumed
the composition Mg,Al; and used the density given by
Riederer to determine the unit-cell content. Although
the exact composition is still not known, the name
B Mg,Al; commonly used in the literature will be re-
tained.

A compound with structure apparently similar to
that of f Mg,Al; is NaCd,, which is cubic, space group
Fd3m (0]), cube edge a,=30-56 A (Samson, 1962).

Structure investigations of Cu,Cd;, NaCd,, and
B Mg,Al; have been under way here for some time.
Single crystals of Cu,Cd; were found to be cubic,
probable space groups F43m (T'3), F432 (0?) or Fm3m
(03), with approximately 1116 atoms per unit cube
of edge ay=25-87 A; the structure determination is
not yet completed. A fairly detailed but not complete
picture of the structure of NaCd, was reported recently
(Samson, 1962), and two reasonable trial structures
for f Mg,Al; were proposed (Samson, 1964), one of

* Contribution No, 3190 from Gates and Crellin Labora-
tories. This work was supported in part by a grant GP-1701
from the National Science Foundation and in part with a
terminal grant from the Office of Naval Research, Contract
No. Nonr-220(33).

which is identical with that of NaCd,. Up to that date
every effort to obtain single crystals of f Mg,Al; had
been unsuccessful; the crystals were always twinned.
Continued efforts have led to a solution of this problem
and to the detailed structure analysis described below.

Experimental
Composition and density

Since no information regarding the exact composi-
tion of f Mg,Als could be found in the literature a
partial phase-diagram study was carried out here.

‘Binary magnesium—aluminum alloys of various com-
positions were levitated, while molten, in a high-
frequency magnetic field inside a vertical glass cylinder,
which contained a water-cooled copper mold at the
bottom. As soon as the field was shut off the melt
dropped into the cooled mold and solidified instan-
taneously. During this operation the cylinder was
kept filled with argon gas that had been dried by passing
it slowly through an 8-foot length of pipe (2 inches in
diameter) filled with Linde molecular sieve. Each of
the very fine-grained and non-segregated alloys thus
obtained was annealed at 400°C in a small alundum
crucible inside an evacuated and sealed Pyrex tube.
It was then quenched in liquid nitrogen and investigated
metallographically as well as with X-ray powder techni-
ques employing crystal-monochromatized copper rad-
iation (Guinier-Héagg camera). The very clear and
sharp powder patterns permitted small amounts of
adjacent phases to be detected.

The density of each alloy was determined by the
method of Archimedes. To reduce possible inclusions
of gas bubbles, each specimen was crushed and kept
inside a small glass bulb that was suspended with a
hair attached to the balance. Three of the alloys, con-
fidently regarded as single-phase samples, were chemi-
cally analyzed at a commercial laboratory. The results
were as follows:
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Mg 37'830/0, Al 62'10%; ie. Mg2A12-96;

om=2249 g.cm=? (1)
Mg 37'47%, Al 62'49%; ie. Mg2A13.01;

om=2224 g.cm™3 (2)
Mg 36-23%;, Al 63-76%,; i.e. MgAlj.(7;

om=2229 g.cm=3 (3)

These results suggest that the § phase is of slightly
variable composition. The phase boundary at the
aluminum-rich end has not yet been established, but
it seems likely that the f phase can be still richer in
aluminum than sample No. 3; Riederer’s (1936) com-
position corresponds to Mg,Al;.2.

The metals used in these preparations as well as in
the subsequent experiments were of 99-9%; purity.

Single crystals

Initial attempts to obtain single crystals of the 8
phase were unsuccessful. Crystallites isolated from a
variety of slowly solidified melts of about 10 g each
and of approximate composition Mg,Al; were always
twinned, even after subsequent annealing of the ingots
at various temperatures. Although X-ray photographs
obtained from such crystallites were useless for the
collection of intensity data, they clearly showed the
presence of the cubic structure described by Perlitz
(1944, 1946).

A large ingot of about 200 g of approximately the
same composition as above was prepared. It was melt-
ed, solidified, annealed, and crushed several times but
again no single crystals could be found. Finally, some
small pieces of this alloy were placed in an alundum
thimble that terminated at the bottom in a sharp
conical tip ‘which rested on a cooling jacket. This as-
sembly was placed inside a resistance furnace that pro-
vided a steep temperature gradient, heated above the
melting point (> 500°C) of the alloy and then allowed
to cool slowly while water was passed through the
cooling jacket. The alloy, while heated, was kept in
dried argon gas at atmospheric pressure. The pieces
of alloy did not melt together, but formed beads of
roughly 4 cm or less in diameter. Many of the beads
contained needleshaped single crystals of excellent qua-
lity for the subsequent X-ray work.

Unit cell and space group

A single crystal was mounted with the needle axis
parallel to the axis of rotation. Laue, rotation and
heavily exposed Weissenberg photographs of layer lines
0 to 6 showed this axis to be the [011] direction of a
face-centered cube having Laue symmetry m3m. Only
reflections of the type

hkl: h+k, k+1, (I+h)=2n
Okl: (k,1=2n), k+!=4n
were present. Hence, the space group Fd3m was con-
firmed.

The cell edge was determined from a photograph
taken in a precision Weissenberg camera of 10cm
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diameter with the film placed in the asymmetric pos-
ition. Nickel-filtered Cu Ko« radiation was used and
the ambient temperature was 23°+1°C. A Nelson—
Riley plot gave a,=28-239+0-001 A (A= 1-5418 A).
The plot was practically horizontal.

The chemical analyses and measured densities of
the three samples quoted above give the following
unit-cell contents for a,=28-239 A:

Mgyss Al 7033 1178 atoms per unit cube €9)
Mg465 AI 699; 1164 (2)
Mgss; Al 7145 1165 3

The lengths of the cube edges were not determined
for these samples but a comparison of the clear and
extremely sharp powder photographs obtained with
the use of the focusing crystal monochromator did
not reveal any variation in the line spacings.

Intensity data

Since a thorough inspection of the Weissenberg pho-
tographs revealed neither a trace of twinning nor other
deficiencies, the crystal seemed well suited for the col-
lection of intensity data with counter techniques. In-
tensities were measured on a manually operated Gen-
eral Electric XRD 5 diffractometer equipped with a
G.E. single-crystal orienter, a copper-target X-ray tube
with nickel filter, a xenon-filled proportional counter
tube, and SPG-2 counter circuitry. All independent re-
flections up to 260 =160° were measured. The integrated
intensity was obtained throughout with the 26-f-scan
at a scanning speed of 0-2° per minute. The doublets
o, were always measured together in a single scan.
For each reflection the background was determined on
either side of the peak from the time required to ac-
cumulate 1000 counts with both counter and crystal
stationary.

The needle-shaped crystal had a cross-section of
40u x 60y and was 170y long; it was always completely
bathed in the X-ray beam. The integrated intensities of
the 066 and 088 reflections measured at y =90° showed
a maximum variation of 10%; at various settings of ¢.
This variation was expected on the basis of calculated
absorption effects. In order to minimize absorption
errors, the settings of y and ¢ were chosen such that
all reflections measured were in the same sector of the
sphere of reflection and that the variation in ¢ was at
a minimum.

The slow scanning speed was necessary because of the
low average intensity of the X-ray reflections. About
100 reflections were measured per day with the diffract-
ometer operated continuously, 24 hours per day, until
all 1215 intensity data were obtained.

Refinement of the structure

Two possible structural motifs for § Mg,Al;, and the
methods used in deriving them, were described in an
earlier paper (Samson, 1964). The motif shown in Fig.
6(b) of that paper gave rise to persistent, serious dis-
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crepancies between observed and calculated structure
factors and was rejected; for the other motif, the
NaCd, structure [Fig. 6(a)], however, promising agree-
ment was obtained and continued refinement led to
the ultimate structure.

The initial trial structure comprised 1192 atoms
distributed over the seventeen crystallographically dif-
ferent point sets indicated by asterisks in Table 1. As-
signment of magnesium and aluminum atoms to the
various sets on the basis of size led to a composition
Mg Alss; and a calculated density of 2-28 g.cm™3, in
near but not entirely satisfactory agreement with the
experimental values. For the initial structure factor
calculations differentiation between Mg and Al was
not significant since the scattering powers of the two
metals are nearly the same. The first stages of refine-
ment were carried out on a Burroughs 220 computer.
The structure-factor, least-squares program for cubic
space groups, which was written by Dr N. Webb
(Webb, 1964), is block-diagonal for the positional
parameters but full-matrix for individual isotropic
temperature factors and the scale factor. The quantity
minimized was Zw(F2— F2)? and the weighting system
proposed by Hughes (1941) was used. The scattering
factors listed on page 202 of International Tables for
X-ray Crystallography (1962) were employed. All re-
finement calculations were carried out with the origin
of coordinates placed at the center of symmetry.

After several refinement cycles, apparent conver-
gence was reached; the R value was 0-16 for all obs-
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erved reflections. This value was far too high to be
acceptable in view of the anticipated quality of the
data, and two other features were disturbing: the
temperature factors for atoms Al(7), Al(14), Mg(19),
and Al(21) were considerably higher than those of the
other atoms, and the coordinate x of Al(21) had become
such that atoms related to one another by a center of
symmetry were too close together, about 2:1 A. The
difficulties associated with Al(21) were removed by
assigning a population factor of 0-5 to the point set
which also reduced the cell content to 1176 atoms, a
more reasonable figure.

The remaining three abnormally high temperature
factors aroused suspicion of disorder. Nevertheless,
several attempts were made to escape the acceptance
of a disordered structure with a search for an alterna-
tive, reasonable structural motif. If the thirteen posi-
tions, or even fewer, that had normal temperature fact-
ors, were assumed to be approximately correct, there
was very limited reasonable latitude for ordered atomic
arrangements to fill the remaining space. Several less
attractive but nevertheless reasonable ordered arrange-
ments were tested but each one of them had to be
rejected. Confidence was gradually established that the
proposed trial structure represented the closest ap-
proximation to the real structure of § Mg,Al, that could
be arrived at with ordered atomic arrangements.

The deviations from the ordered model were un-
covered with the aid of three-dimensional difference
maps. Since all atoms except Al(1) and Al(2) are repres-

Table 1. The final parameters of f Mg,Al,

The origin of coordinates is at 44 from the center (3m); see International Tables for X-ray Crystallography (1952) page 340.

Blank spaces in columns (@) and (b) indicate 100 % occupancy. The occupancies shown in column (a) and the temperature factors

in column B, correspond to the synthesized model Mgs43Al;29; in columns (b) and By are listed the values obtained by including
the occupancies as refinable parameters.

Atom Occupancy, %

No. Kind Point set (a) b

* Al 192(i) xyz, etc.

2% Al 96(h) 3, x, +—x, etc.

3% Al 96(g) xxz,etc

4% Mg 96(g) xxz, etc.

5% Al 96(g) xxz, etc.

6% Mg 96(g) xxz, etc.

7% Al 96(g) xxz, etc. 50-0 536%+19

8 Al 96(g) xxz, elc. 250  22:6+1:2

9 Al 96(g) xxz, etc. 16-7 12-1+0-9
10 Al 96(g) xxz, elc. 83 9-8+1-9
11* Mg 96(g) xxz, etc. 75-0 83-6+3-1
12 Al 96(g) xxz, etc. 250 15:5+29
13 Mg 96(g) xxz, etc. 500 47-5+22
14* Al 96(g) xxz, etc. 500 51-6+19
15 Mg 48(f) x00, etc.
16* Al 32(e) xxx, etc.
17 Mg 32(e) xxx, etc.
18* Mg 32(e) xxx, elc.
19 Mg 32(e) xxz,ete.t 500 443+ 136
20 Al 32(e) xxz, etc.t 250 45-1+13-8
21* Al 32(e) xxx, etc. 50-0 51:4+1-6
22¢ Al 16(c) &4, ete.
23* Mg 8(b) 143, etc.

Temperature factor (A2)

Ba By x y z
1-12(4) 1-10(4) 0-1468(1)  0-2149(1)  0-4214(1)
1-20(4) 1-19(4) —0-0117(1)

1-05(5) 1-02(5) 0-1465(1) 0-2179(1)
1:22(5) 1-22(5) 0-0681(1) 0:2025(1)
1:60(5) 1-:57(5) 0-2174(1) 0-4886(1)
1-66(6) 1-63(6) 0-0440(1) 0-3144(1)
1-86(10)  2:20(18)  0-2175(2) 0:6472(2)
2-80(26) 2-36(36) 0-1742(4) 0-7520(5)
1-72(26)  0-41(37)  0-2351(5) 0-8543(7)
1-75(61)  2-8(1-4) 0-2081(10) 0:6678(15)
1-80(10)  1-94(11)  0-1318(1) 0-4929(2)
1-50(21)  0-30(51) 0-1416(4) 0:4864(5)
2:74(14)  2-44(23) 0-1792(2) 0-5889(3)
1-10(8) 1-20(16)  0-1809(1) 0-5661(2)
1-50(8) 1-46(8) 0-1354(2)

0-97(7) 0-94(7) 0:2152(1)

1:25(8) 1-24(8) 0-3162(1)

1-54(9) 1-51(8) 0-3808(1)

0-11(30) 0-02(85) 0-4327(3) 0-4474(4)
0-40(34) 2:66(92)  0-4472(7) 0-4207(12)
0-75(13)  1-32(18)  0-6044(2)

1:19(9) 1-18(9)

1-55(17)  1-24(16)

* Positions are identical with those assumed for the initial trial structure.
T Notation 32(e) is used rather than 96(g) to indicate that these atoms are displaced from the diagonal xxx where they were

initially assumed.
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ented in the plane X=, the difference summation was
evaluated only in this section. The first map pointed to
a number of modifications to the structure: (1) the
population parameter of Al(7) should be reduced to
about 0-5; (2) two additional point sets of the kind
96(g), each with occupancy considerably less than 0-5,
should be incorporated [Al(8) and Al(9), Table 1];
(3) atoms Al(14) and Mg(19) should each be apportion-
ed to two point sets of the kind 96(g); the added sets
were those of Mg(13) and Al(20). The occupancy of
0-5 for Al(21) seemed to be correct.

Subsequent least-squares refinements of this revised
model led to an R value of 0-09. During these refine-
ments, additional adjustments of the population fact-
ors for the disordered atomic arrangement were made
as suggested by the shifts in the temperature param-
eters. A second difference map indicated that Al(10)
should be added with a low population factor and that
the atoms Mg(11) should be apportioned to two 96-
fold point sets; accordingly Al(12) was added to the
atom list (Table 1) which is now complete. Identificat-
ion of the kind of atoms in the disordered positions
was not made until later and at this stage was not
essential.

Since discrimination between population factors and
temperature factors, with the use of least-squares tech-
niques as applied above, was bound to be more-or-less
qualitative and each structure-factor, least-squares
cycle required approximately eight hours of computer
time on the Burroughs 220, further refinement was
postponed. The approximate structural parameters were
at this stage used as a basis for the synthesis of the
disordered model described in detail in a later section.
The most important arguments leading to that model
are as follows:

If the set of points assigned to Al(21) is only 50%;
occupied there is just sufficient space to accommodate
Mg(13) and Al(14) in such a way that the coordination
shell around each Al(21), which was initially irregular,
becomes a slightly distorted icosahedron. With this
most reasonable atomic configuration, the occupancies
of Mg(13), Al(14), Al(7), and Mg(19) must be 509,
(or less) to avoid unreasonably short bond distances.
Al(7) and Mg(19) then constitute four Friauf polyhedra
that occupy only half the number of centers described
by the point set 85, $33, efc.; around the other half the
coordination shells must be made up by Al(8), Al(9),
Al(10), and Al(20). Neither Al(9) nor Al(10) can fur-
nish a complete coordination shell of ligancy twelve, as
required by the space-group symmetry, without causing
unreasonably short distances between atoms of the
same set; both kinds of atom are located in ‘forbidden’
areas of the packing map (Samson, 1964). Of Al(9) no
more than six atoms may occur around a center, while
of Al(10) a maximum of only four is possible. A reason-
able packing that accounts for the approximately cor-
rect number of atoms per unit cube cannot be achieved
by placing a coordination shell of ligancy four, six, or
ten around any one center (334, etc.). It seems therefore
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necessary for at least three kinds of atom to be em-
ployed simultaneously for each of the four coordination
shells. The shell that yields the maximum number of
atoms was found to be the pentagonal prism with two
atoms at the poles and two atoms out from the centers
of two of the prism faces (see description of the dis-
ordered model). Four such prisms accommodated in
the unit of structure, each consisting of 6 Al(8), 4 Al(9),
2 AI(10), and 2 AIl(20), require that the population
factors of Mg(11) and Al(12) be 0-75 and 0-25, respect-
ively. The eleven occupancies thus obtained are listed
in column (a) of Table 1. It will be shown later (see
especially the last section) that these occupancies are
structurally very reasonable.

Assignment of magnesium and aluminum to the
various point sets was made on the basis of atomic ra-
dii. The model accounts for 1168 atoms per unit cube
and Qeale=2'235 g.cm3, in excellent agreement with
the experimental results. The composition corresponds
to Mgus Alsyp or Mg, Als.z.

The least-squares refinement was then continued with
the Institute’s IBM 7040-7094 computing system
(Webb, Duchamp & Marsh, unpublished; see also
Webb, 1964), which in the meantime had become oper-
ational. The quantity minimized was again Tw(F2—
F2)2; full shifts were used and weights and scattering
factors were the same as those employed before. The
eleven partial occupancies given in column (a) of Table
1 were introduced during the first six cycles, but they
were not included in the full matrix as refinable param-
eters. Convergence was rapid and resulted in an R index
of 0-061. The positional parameters, changed to place
the origin of coordinates at 3, &, & from the center of
symmetry*, are listed in Table 1 and the temperature
factors are given in column B, of that Table,

Three more refinement cycles with the eleven oc-
cupancies included as refinable parameters in the now
72 % 72 full matrix resulted in the occupancies given in
column (b) and the temperature factors shown in co-
lumn By of Table 1; the positional parameters came
out to be practically unchanged and R was now 0-059;
that is, insignificantly smaller.

Columns (a), (b), and B; and By in Table 1 confirm
the anticipated interactions between some of the pop-
ulation factors and the temperature factors. The oc-
cupancies for Al(9) and Al(12) have decreased, but
this reduction in scattering matter has been compensat-
ed by a drastic decrease of the temperature factors. A
similar effect, but in reverse direction, is observed for
Al(20); here, the occupancy has nearly doubled. No
structurally reasonable way was found to accommodate
more than eight atoms of Al(20).

The slightly-higher-than-normal temperature factors
for AI(8) and Mg(13) are very likely due to small dis-

* While for this space group (Fd3m) all calculations in-
volving structure factors are most conveniently done with the
origin of coordinates placed at the center of symmetry, the
alternative origin, at 4, §, 4 from this center, is most convenient
for the description of the atomic arrangement.
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placements not accounted for in the model. Displace-
ment of Mg(13) is reflected in the rather short distance,
2:509 A, for Mg(13)-AlI(10) in Table 3. The packing
map (see later) suggests that the appropriate positional
parameters for this atom are 8%} of the time in between
those given for Mg(13) and Al(14), but no attempt was
made to resolve this problem with further refinements.
The synthesized model with occupancies according to
column (@) of Table 1 seems to represent the closest
approach to the real structure that can be obtained
with the data used; the exact distribution of the magne-
sium and aluminum atoms cannot, of course, be deter-
mined with certainty.
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Fig. 1. A Fourier section representing the (110) plane passing
through the origin of the cube. The number in parentheses
to the right of each peak is the atom number. The pairs of
atoms Mg(11)-Al(12), Mg(13)-Al(14), and Mg(19)-Al(20)
as well as Al(10) are marked out with crosses. The center
of the peak (22) represents the center of symmetry at 44 3.
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The calculated structure factors (origin of coordin-
ates at the center of symmetry) given in Table 2 are
those from the final least-squares cycle for the synthe-
sized model (occupancies according to column a). The
interatomic distances are listed in Table 3. A Fourier
section representing the (110) plane passing through the
origin of the cube (at %, 4, # from the center of sym-
metry) is shown in Fig. 1.

Description of the structure
The idealized ordered model

The predominating coordination polyhedron about
the magnesium atoms consists of two integral parts:
a truncated tetrahedron bounded by four triangles and
four hexagons [Fig. 2(a), (b)] and a regular tetrahedron
of atoms placed out from the centers of the four hexa-
gons [Fig. 2(c)]. This composite coordination shell of
16 atoms is the Friauf polyhedron (see also Samson,
1958, 1961, 1962). Five Friauf polyhedra of three
crystallographic kinds (1, F2 and F3) share hexagons
[Fig. 3(a)] to form a complex of 47 atoms, the VF poly-
hedron shown in Figs. 3(b) and 3(c). This polyhedron
has crystallographic mm symmetry; one of the two
mirror planes is seen to be perpendicular to the approx-
imate fivefold axis.

A packing map representing such a mirror plane,
the (110) plane passing through the origin of the cube,
is shown in Fig. 10, in which the origin of coordinates
(lower left star) is placed at %, &, & from the center of
symmetry.

Six VF polyhedra are arranged about the vertices
of an octahedron, producing four additional Friauf
polyhedra, F4, located at the vertices of a regular
tetrahedron and sharing hexagons with polyhedra F1.
The resulting 234-atom complex, comprising 34 Friauf
polyhedra and having symmetry Tg, is shown in Fig.4;
the twelve outer Friauf polyhedra are of the type F3
and the dark ones are of the type F4 (see also Fig. 10).

A second such T complex can now be meshed with
the first one as shown in Fig. 5; these two complexes
share hexagonal faces of the F2 polyhedra and are
related to one another by a diamond glide. Three more
Tg complexes can be added in a similar fashion. Each
T complex is accordingly connected with four others
that are arranged about the vertices of a regular tetra-
hedron (Fig. 7). As can be seen in Figs. 6 and 7, three
Friauf polyhedra F3, each of which belongs to a dif-
ferent Ty complex, have one edge in common on the
threefold axis passing through the dark hexagon of an
F4 polyhedron. The two vertices on this edge are oc-
cupied by the atoms Mg(18) and Mg(19), as can be
seen in Figs. 10 and 11.

Continued stacking of Tq complexes leads to an in-
finite three-dimensional network in which each Tg
complex of 234 atoms shares atoms with four others
so as to reduce the average number of atoms per Ty
complex to 144. The cubic unit of structure contains
eight T¢ complexes arranged about points of the set
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Table 2. Observed and calculated structure factors

Each group of three columns contains, from left to right, indices /, observed structure factors, and calculated structure factors.
The unobserved values are marked with < signs. The origin of coordinates is at the center of symmetry.

b - 23 17 11§ 26 23 -23 F33 29 2 [ 67 66 ]2 Q8 12 25 24 -25 g 13 <12 -l 28 <0 -7
oot 5% 35 28 28 28 % 31 s Q27 & O 6,158 27 Al -9 15 <13 10 g 8 12,18,¢ LATL
- 3¢ 1,21,2 0 < 9 315,10 29 <2 A 29 27 -18 |17 28 26 17 <1b -1k
10 -1 e » @ 8 (TN 31 20 ~17 J1% 200 8 351 <5 10 19 Qb -1 10,18, 4 18 W =37 Qs
b0 -13 s 10,18,1 19 Q3 -6
8 25 27 3 1 -nfar 22 12 13 Q2 12 3 78 -13 J18 Qb -1 2 <Ak 2 20 29 -8 8,1 Q3 .2
12 111 108 s 1 ol e az -1 2,16,2 15 22 .21 12 23 21 18 30 -~29, 1,292 23 Ah -6 g a3k 136 f22 Q3 -0 23 <l 8
16 55 se b7 <7 sd2 <1 -1l 17015 17 fak 2 -1 st A e 25 A s hla du a2 % nl g0 6
B - 16 1 ot lig b1 w6 16 3 7 22 B Ly 1p2rQay 6 - 26 2y 20
20 8 Q9 327 v o 9 47 2 22 19 -7 § 26 27 13 15
2 < Y EEEE B B ER S B Pl B B B B
28 2235 -213 13 @ T 2> 29 -31 f25 <k -10 f 20 <b 9 Q15 «w3 -1z Ja6 A3 2 23 43 -l [ n <o 1026 61 58 15,19,1
» 3 15 16 -15 1,23,2 22 2b 25 a5 24 -2u fee b -3 §17T Q3 28 L 3% Y25 a2 133 L8 <« 4 12,20,
% T 76 Q171 Q1 -3 2 53 52 o7 14 10 4 of19 b 1M)l» 22 26} 271 <0 b —_as 1o Q3
19 <2 7fes 18 22 2 16 -5 fog z2 -20 |26 155 w7 g2l o @ 8l 8 -5 911,48 10,20,2 20 QA3 =202 a2 8
ozt 21 <3 -5fes «w -] 2 W 95l 1.1 2y'Qk 1 2 Q2 6 k% 27 ok
s a ;g Qb2 e 2] Rw 3l» b8 ® oo <;: 53 §.16,4 L2l - R S R
ee
6 24 -20 §27 A4 - 1,2 15,4 29 26 16 20 20§21 16-11 §15 <3 -12 26 24
B S 3] b 2,18, 22l oy |5 < H)e 2 als sy B Blk S S e L2t
PRl EP A ] BRI B IS E i S5 e R B o R
-1 3 - - 22 <0 -0 23 35 -16
0 20 <Ay 2 19 <l 16 15 -1 15,2 2k 23 24 23 QA+ -1
AT =2 z w8 PRt I q% T 152:2" 6 a2 -2 17,25,8 2 Qu O == 2 30 Bhas <
15¢ a 8 sgf @ 23 20 o s -9 28 Al -1 27 a3 -1 f22 Qu 13 Y P
}): <0 ?.51 _L' b 22 23] 26 50 Eg 25 a3 T flee s -6 T b 90 o 2623 6 M2l 2f2u 16 1B 12,241 15,23, 2
5 <6 6] s 1 awof 28 13 27 ~35 fab s -7 fi9 2 26 25 <9 -1l u -6 < S o< 6] 18 22
ol T <7 -3 8 < % 25 - fes uooiy ey Tfa. 2 -a 6,181 3 <7 2
. . 9 B 3f 10 58 -6 2202 31 128 22 12 g; qL§ '1; 125,48 10,24,¢ 13,130 16,16,1
7 1 13 13{ 12 108 110 220, 0 - 18 51 -4 213,12
8 sl 2 28] W a0 -2 3,17,4 R @ 2f21 Q2 -lfg 25 <% 4 o 62 59 13 53 s2 L
12 17 <6 |15 <1 2§ 16 25 -26f 20 A 9 29 15 -0 022 ai -5 o 15 25 24 B - ]1'3 55 5
16 8 9fir @2 3f 18 2 &b 18 12 17 20 17 4,162 3109 3l a3 b 2 15 Q35 11,11, 17 54 .52 | 20 1
20 <3 TRy 23 2k 20 W1 /) 2 A2 19 5 b — 26 Q2 -10 7 Q2 19 & b5l % 29
aab ufa w2 18 -16 :g 11.2, ~i-§ 2; <;: -ﬁ 16 25 27 S1LL 28 11 -1 fé 5 i‘sl 1 2 2in o021 n 65 ok a1 1
LR 21 Ak -12 -
29 3]z e Bl 88 25 120 109 Elua 2] 7 °le o a]s % =8 8 52 8518 2 .
> 7] 8 as i 2,02,1 27 20 2 Ll o2 6,20.2 w2y a1 fes 16 <5 a7 a7 6 8 2 &
061 HARIINY BRI == 29 w0 T2 S A a2 2=t 16 233 223027 w a3 Qg 2 -xfos 3 3% 6,18,
a2 n w2 o afsn a2 |l S Bh 2t uleo o 2 2fa <y asfal av o m o1 - 16,18,¢
6 21 25083 a0 gf » <0 s < 7 % s ® 2l 282 16 15§31 9 7805 5 1B Q3
10 ol % g 3 26 <0 -1 2,194 v 27 a1 7la is 15 |22 15 67 2% @ er| 13351 2N
W 13 8 241 28 16 <17 2 1.9' 3z <0 sfae a [ <o 9,15,4 5 5 - 2 <2
18 -2 571 T pa 4 no» Bl s a7 |es o 2 g sl & afa om oW
b T & v By 2L 5 97 ¢ 4,182 19,1 6,22,1 §3 priied Iririing [E SRR Rl I
R Z 5,19;
22212 338 R PANCIIN Y B Pl 2 ale & e 20328 8] wew 5% | e
131 12 101 -99 29 9 60 qn w1 2 W Q2 a1 -0 2y Qv Wl gy o o 25 @2 Ll o 28
8t 15 %2 -0 :;2 éi = P13 o1t 2L 58 56 gg 19 -5 4 26 13 -3 8,10,¢ g; 2 Y s uf 2@ iz & o
17 13 12 2 . -7 29 55
818 sadi9 a3 -10f 18 6 W) 3 % -2 28 16 216 |21 16 37 6,248 wa |2 v o)yl o
12 k1 w21 20 1) 20 u w9 e el E R e ra )% 9 T]a o n| LBAL! 16,22,¢
16 @2 1 | 23 8 22 Qb 10 ; a 23 g; :3 'ij 21,1 26 <9 N 1 25 Qs -3 =
g ;g % ;_s{ :g -ﬁf;‘ 22 5; —Zé 10 ey K P 4,20,0 a2LL 26 <t -T116 20 20 2172 25 o4 23] 17 l’; -1 k22 55 48
_ == 2 19 16 1
RN ] ER PRI EREREE USRS e e - yowou D& AR a s o
0 22 Q3 -0 fa5 24 2 22 A4 15 23 QA2 -5
0,10,1 33 Q0 -l )i I 12 i; % 5 2231 g; ;z _hli 2?, > ; ; lf‘;g ’;’;Z 28 Qu -7 g; ég -15 w15, 25 q(.; : 17 -3
—=n B <9 - 26 < -1 7 19 Q3
0 21 2 19¢ S w2z 28 <3 2 £3.1 1 2w 10lzmaas 2§25 2 -8R o35 6] 29 9 9fa 1 s
2 a3 w |2 EnlE54 sl EREEIER S ER R EE s R LN
rIRTEnS o] I 27 so i . bt fesan a2 MR o D D REL e o na |8 oo 2
' ‘| -7 25,1 25 <9 o b 2 Qv 2
2 | B s oa R 2 22,0 2 a2 unizxn ¢ nly & 8,12,4 23 <y 3] 19 29 29 a9
2015 Q2 4 3. L a1 12 21 2719 270 9,19,2 2% Q> . 22 a2 1
0 2 25 o <9 -70 33 22 252 <1 =2 5 1
S 3|8 e fle »2|B 20 %Sz samt |23 e 2], 5 g2 AR [ O el
21 <1 i: B 3 by T - 25 o R wlz2 = B oo 27 12 13 P
0,12,4 7 Bt 5 25 -17 3 2 3
==L A LS Lo20 -20 a2l e gg f; ek s 28R 17,0 5 2 22
20 L - - 662 20 27 - 3
ﬁ $ é 271 18 17 22 Qi ’f 5 Z - 3 2 _2 24 26 3 - 22 q’l{ FE B ] 1321, 17,21,¢
g el ofa w o] 1S Slwoessem |2 8 BLs ue o w 73 2 oy 8|2 60 a0l o s os
2oy g2 ¥ Bl g x oasfemoas 8 &8 - 26 16 -18 21 s a1l 33 Qo 2fR 9 o-n
8 ay =202 < 28 o9k 3 Qo 3w 27 15 2L 10 100 98f 9 H Bl a2 1w 9:20,2 2 18 9 25 g i e 16 26
B <9 - » W sy a1 5[ 2 -2 1226 26f LAl THhw 16 26 2% QL -9
Lilg ﬁ Z -8l oslwam sz F o3pn o2 2 <§ e & 2 ;; T2l 2 % 3| e 18,18,
0,1h,4 n o2 13 19 -22 0 19 187 12 | 20 T 16 39 -39 -
DR 9 8 8F¥wy a3 2f37 -3 B, 2 25 Qo -2 - 38 —
1 gk gy | 12 = 28t a2 120 D wsfo |y o] = e o] mae 7T ah
B < 5 2k s = 2 0¥ T ¥es 26 26 |1 w3 e wiousf2d ©-9)woa 1,182 22 Qo -1
2 23 2k 17 23 23 8 2v a8 o7 ;,2 i 28 a3 J15 AW 6 Fok 26 2 50 -hof 16 32 33 23:2 19 207 -196 2 15 -15
% 2 av 10 3 3000 -13 3 23 22 (17 19 P26 19 =225 QU AYg QL 21 3 0f w58 55
% 6 6 21 Qv 8% 12 35 23 2 o1 83 J19 W2 1% 028 2k 22| 27T A3 oo ab s |2 51 Qa2 2l 6 3y B 18,20,
ool a Wl R e]d v owia s 0 20 2[2 1528 ng-nyla 26 2§25 32 270 15 qu -3
0,161 25 17 19016 Q2 -8 % 15 18 2y kg -9 %2 15 a6 N <1 6o 21 22 21 <9 A4 20 202 21 25
ponl E -] P w e R BB S Aae S s e, | B2 N|E 24
18 266 2 - bt - 24 12 -13
4 a9l o2 a s o 29 Q3 1 st Lyt ER TR tY [EURESERE % N o
2, 4 s | > ¢ W Qa2 2 7 @ a 8 13 13 g 21 2 9 of <2 -Lpaa 15 -8f o5 13 16 18,22,1
28 1 6 . 26 15 Y o 5 o 26 b §35 12 -5 8 b 16 ;1 2—32 o Wy 82y 12 -2l 3 8 x; =
2 17 a1 134 a’g P oold o nle M a s 0031 A £ 8,16, ® iﬁ 2 Z g =2 22 2k <16,
< - = o 4
0,184 13 6L 58 a oal? 2 B)s 3 o ot A -7 51 osof 20 A -1 . bt 19,19,
= o028 260 % ah wl g g Glia |7 B-mlw oW owlls A 5pas 8 )2 B - n23 16 19 21
B o g B -2 N Blo o e 1018 21 a7 2 4 -U g0y 3| ® 56 50 18 Qs 6 19 ¥ o37
2 oqy 5L 2,30,¢ 21, Qb 22 i 3 Q20 oz 162622 ofee qn 582 Q3 Bl 9 2 w5l 9 6
22 312 »-n 53 Ssfa o a w8l 2] Q- b Roay sy wpf28 Qw2 3Fos oy nfloaqy 2§25 @ -0
o s o2 % BYw o9 alZ Gy Tl v s fB on oofa 28 pfc W Sfos 26 5P B - 2 15 17
2 qlﬂ sl 3 %033 qr o8 ofi7 13 1Bfas v P 2 V)3 %) 32 28 -2 12.12,¢ 26 QA0 -9 19,212
0,204 7 Q3 13 Qb sl Qu oo [0 17 a6 [19 QW U R NV H» w0y === 8 3 1
sl FEE FEEI EE S FREEL B B EE R B pes e o oy =< s
- - 7 83 - 6
2 B® o )2 2 29 % 2@ ALY B al 1 8,184 1210 -106 5 s I Lot 20,20,¢
2 1 -1 -
et Paatl L 51 BT e e I R e R E S K EE I PR
26 21 -2 9 20 -
0,224 ii 29 a9 2 2 25 8 21 2 58 % vawn)id 8lzw slx &5 2 AL 2 Roule g 3
T QA -5 3 9 10 0 Jl10 15 -13 = Ny 2 Q2 12 28 W ek 1 .2
22 e 21 0 02 B3O oo B 1 Q0 -1 2 » 3 qlS Ul 2% ]l » 26 20 21
26 Q0 6§22 39 u ﬁ 1;; :é <1 -5 :’}, < E 291 % ® :23 > ab -?r 8 < sz 32 3:3 28 29 28 b 7
2o 8 o EE S R el EE BT B E ] .
aut 1% % w BN e SRl 2wl s s ox » 0 71 B Fukout
a » o1 & & e E e bz ozl 212 8% e B Mt 0 16 12
1013 L 2 o1 -4 §§ <’1_; 0 :2 2: S ¥37 2 m |26 2 22 B4 ’g 3 20,24 ,1 i'g lg j’ 2L
e 2T 23 2 2 hig a3 6|8 a3 -1z 1.15,1 56 58§ S 5 hid
LT, 16 <13 a1 fe7T 22 -20 128 Q3 10 §i7 of B ah 29 260 ., o o8 2 -9 < 2
108 -1 1B 17 152 Q3 -9 % a2 -0 3 H " 26 <0 -2 2 <1900 Qi 8
< 1 e 8 feo <an 4 2 26 v Q. 22 S0 b MY Ty T B 1905 9 2ol we
H 21 5 s ol 25 ay -5 |® 22 afirab 7 B 23 262 18 6] T
HIR ] FASTIRY ) Rl Rl FiO v 9 8,22, 0 -7 @ a2 i o
; 3 Bl Se 1; % b % 31 5,008 23 20 17 82321 21 b -9 £ 2 <ai # u 1f% 2.8
10 23 -19f25 19 28 19 16 a < 1 23 B 82, el it B
v op ol » o foa ifuna o1l ossos B @R %ﬁ o 221 v O B T 5 15,15,¢
R BT LU F Ry b g BRI B EAC A1 RN BRI Woolll Iayws
SAR] e |2 BEBISEEE g 2|2 B P Bl ER 201 ES- T
23 1B -20 1 Qs bjal 2 -7 f2o db -8 i? éze 2,; Si <ﬁ i; 1274 2 3 29016 4 us §o v 1 22 qso S?
25 < -0l av B f16 23 Qi -1 fe2 b 17 o3 8 s 18 2 18 39 362 B B 5 35
27 31 22 Qb -7 J18 <& <12 |25 145 -1k gab 23 .20 % a B 13 13 17 <Ab 5 a1 20 <k s -V U 25 <1 7
29 a8 arfa < -7 Jo 2 - far 2B 26§ Sl Efd PP 19 b9 2 v B A oy 6
3ioss urfas @2 13 fa2 b Yo 16 -n f8 19 I G My g sl s 3 oan sfaaqy 6% 9 -3lag 1009
3 12 v -5l 2 it el» 2 230 s <as Sl 682 12 -ix 232




The calculated valences are listed in Tables 4, 5, 8 and 9. The standard deviation in the distances involving AI(10) is ~0-05 A;

Kind of
Atom

AlT)

Al(2)

AL(3)

Mg(4)

Al(5)

Mg(6)

d
@)

(b)

d
@)

or

and

or

or

(b)

(a)

(b)

(c)
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Table 3. Interatomic distances and bond numbers

all other standard deviations vary between 0-005 and 0-025

Distance

A Bond
Ligancy A No.n
1TAL(1) 2.725 0.415
1 A1( 1) 2.719 0.425
1 A1(2) 2.705 0. 448
1 AlL(3) 2.696 0. 464
1 Mg( 4) 3.235 0. 092
1 Mg( 4) 3.200 0. 105
1 Al ( 5) 2. 754 0.372
1 Mg( 6) 3.174 0.116
1 Mg(15)  3.240 0. 090
1 Mg(17) 3. 268 0. 081
1 Mg(18) 3.038 0.195
1 Mg(11) 3.127 0.139
12, icosahedron (1a)
1Al1(Q12) 2.773 0. 345
12, icosahedron (1b)
2 A1 (1) 2.705 0. 448
2 Mg( 4) 3.232 0.093
2 Al ( 5) 2.1755 0. 370
2 Mg( 6) 3.150 0.127
1M (11) 3.061 0.178
1 Mg(13) 3.143 0.130
1 Al(14) 2.735 0. 400
1 Mg(1l) 3.061 0.178
12, icosahedron (2a)
1Al ({2) 2.862 0.246
12, icosahedron (2b)
2A1(1) 2.696 0.464
2A1(3) 2.853 0. 254
1 Mg(4) 3.161 0.122
2 Mg( 4) 3.139 0,132
2 Mg(15) 3.190 0.109
1 Al (16) 2.746 0. 383
1 Mg(17) 3.150 0.127
1 Al (22 2,761 0.362
12, icosahedron (3)
2A1(1) 3.235 0,092
2AlL(1) 3.200 0.105
2AlL(2) 3. 232 0.093
1 Al( 3) 3. 161 0.122
2A1(3) 3.139 0.132
2A1(5) 3.181 0.113
1 Al (22) 3.156 0.124
2 Mgf 4; 3.318 0,104
1 Mg( 6 3. 303 0.110
1 Mg(15) 3.314 0. 106
16, Friauf polyhedron F2
2 Al 1; 2.1754 0. 372
2A1(2 2.755 0, 370
2Mg(4) 3.181 0,113
1AI(5) 2.601 0.668
2 Mg( 6) 3.060 0.179
1M (15) 3.192 0.108
1 Mg(1l) 3.424 0. 044
1 Mg(13 3.215 0. 099
12, icosahedron (5a)
1 Mg(11)  3.424 0. 044
1Al (14 2.628 0.603
12, icosahedron (5b)
1 A1(12) 3.031 0.128
1Al (14 2.628 0. 603
12, icosahedron (5¢c)
2A1(1) 3174 0.116
2 Al § 2) 3.150 0.127
2 A1 (5) 3,060 0.179
2A1(17) 3.200 0.105
2 Al (14} 3.271 0. 080
1 Mg(18)  3.540 0,044
1/3 Mg(19) 3.868 1/3:0.013
2/3 Mg(19) 3,413 2/3+0.072

Distance

Kind of . Bond
Atom Ligancy A No. n:
1 Mg( 4) 3.303 0.110
1 Mg( 6) 3.516 0.049
2 Mg(l1) 3.088 0. 251
16, Friauf polyhedron F3
Mg(6) 2A1(1) 3.1714 0.116
2A1(2) 3.150 0.127
1 Mg( 4) 3.303 0.110
2A1(5) 3.061 0.179
1 Mg( 6) 3.516 0. 049
2 Mg(13)  3.399 0.076
1 Mg(18)  3.540 0.044
and
(a) 2 Mg(11 3,088 0.251
1A1(20) 3.021 0.-208
14, polyhedron F3a
or
(b) 2 A1(8) 3.440 0.042
2 Al (12) 3.142 0.131
15, polyhedron F3b
(c) 1A1(9) 2573 1,162
T _2.Mg(11) 3.088 0. 251
14, polyhedron F3c
or .
(d) 2AL(8) 3.440 0. 042
1AL(9) 3,289 0.074
2 Al (12 3.142 0.131
16, polyhedron F3d
AlT) 2Mg( 6) 3.200 0. 105,
. 1AI(7) 2,598 0.676
2A1(7) 2.807 0. 302
2 Mg(11) 3.126 0.139
1 Al (14) 2,715 0.432
2/3 Mg(19)  3.305 2/3.0.070
2/3 Mg(19)  3.046 2/3.0.189
2/3 Mg(19) 2,785 2/3.0.515
1 Al'(21) 2,872 0.236
_1Mg(23) 3.181 0.112
12, icosahedron(7)
Al(8) 2 Mg( 6) 3.440 0. 042
2 Al1( 8) 2,948 0.177
1A1(9) 2728 0.411
1 Al 512) 2.648 0. 558
2Mg(13)  3.170 0.118
1 Mg(18) 3.738 0,013
1 Mg(23) 3.026 0. 204
and
1A1(9 2.728 0.411
@ a6 E7E 0 L3
12, icosahedron (8a)
(b) 1 AI(8) 3.104 0. 097
11, polyhedron (8b)
Al(9) 1 Mg( 6) 3.289 0.074
1 Mg( 6) 2,573 1.162
2 Al ( 8) 2,728 0.411
1 AL(9) 3.568 0.016
1 Al (10)  3.048 0.120
2 Mg(11)  3.396 0. 049
2 Mg$13) 3.304 0.070
1 A1(20) 2.562 0.776
1 Mg(23) 3.005 0. 221
12, polyhedron (9)
Al(10) 1A1(8) '2.736 0, 398
2AlL(9) 3,048 0.120
1 Al (10) 3.345 0.039
2 Mg(11) L 211 0. 100
1 Mg(13)* (2.509) 0.951)
2 Mg(13)  3.480 0.036
2 A1 (20) 2.694 0. 468
1 Mg(23) 2.862 0. 383

12, polyhedron (10)

*See text regarding possible displacement of
Mg(13).

Distance

Kind of . Bond
Atom Ligancy A No.n
Mg(11) 2AI(1) 8,127 0.139

2 A1(2) 3.061 0.179
1 Al(b) 3.424 0. 044
2 Mg( 6) 3. 088 0. 251
1 Mg(18) 3.203 0. 160
and
(@) 2A1(9) 3.396 0.049
2 Mg(13) 2.914 0.490
1 Al (14) 2. 851 0.400
13, polyhedron (11a)
or
(b) 1A1(9) 3. 396 0.049
1 Al (10) 3. 211 0.100
2 Mg(13)  2.914 0. 490
1 Al (14) 2,851 0.400
1 Al (20) 2.97 0.252
14, polyhedron (11b)
or
(€) 2A1(17) 3.126 0.139
1 Mg(13) 3. 307 0. 109
2 Al.(14) 3.151 0.126
1/3 Mg(lQ) 2,878 1/3.0.562
2/3 Mg(19) 3.346 2/3.0.093
1A1(21) 3. 333 0,040
15, polyhedron (11c)
Al(12) 2 AI'( 1) 2.7713 0. 345
2Al1(2) 2862 0. 246
1 A1 (5) 3,031 0.128
2 Mg( 6) 3.142 0.131
1 AI( 8) 2. 648 0. 558
2 Mg(13)  3.158 0.123
1 Al (14) 2,745 0.385
1 Mg(18) 3.114 0. 146
12, icosahedron (12)
Mg(13) 2Al1(2) 3.143 0.130
1 Al(5) 3,215 0.099
2 Mg( 6) 8.399 0.076
1 Mg(11)  3.307 0.109
2 Mg(13)  3.610 0.034
2 Al (14) 3.164 0.120
1 A1{21) 3.020 0.134
and
(@) 2A1(8) 3.170 0.118
2 Al (12 3.158 0.123
15, polyhedron (13a)
or
(b) 1 Al (10)* (2.509) (1, 485)
2 Mg(11 2.914 0,490
14, polyhedron (13b)

*See note under Al (10) above,

() 1A1(8) 3.170 0.118
1A1(9) 3.304 0.070
1 Mg(11) 2.914 0.490
1A1(12) 3.158 0.123

15, polyhedron (13c)

or
“(d) 1AL(8) 3.170 0.118
1Al(9) 3.304 0.070
1 Al (10)  3.480 0.036
1 Mg(11) 2,914 0. 490
1A1(12 3.158 0.123
16, Friauf polyhedron F7

Al(14) 2 Al? 2) 2,735 0.400
1A1(5) 2.628 0. 603
2Mg(6) 3.211 0. 080
1TAI(7) 2,715 0.432
2 Mg(l11)  3.151 0.126
2 Mg(13) 3,164 0.120
g 1 AI'(21) 2,652 0, 550
(a) 1 Mg(11 2,851 0., 400

12, icosahedron (14a)

or

(b) _1 A1(12 2.745 0. 385

12, icosahedron (14b)
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Table 3 (cont.)

Kind of Distance  pong | Kind of Distance  pong | Kind of Distance  p,ny
Atom Ligancey A No.n Atom Ligancy A. No.n Atom Ligancy A No.n
Mg(15) 4A1(1) 3,240 0. 090 or" Al21 BAL(T) 2.872 0.236

4 A1(3) 3,190 0.109 (b) 3 Mg(11) 3.206 0.160 @ 3 Mg;ll% 3.333 0. 040
2A1(5) 3.192 0.108 1 AI(20) 2.880 0. 358 3 Mg(13)  3.020 0,134
g&lgélg; §§?2 8' }(z)g 14, polyhedron (18b) 3 AL(14) 2652 0. 550
- : T 12, icosahedron (21
2 Mg(17)  3.288 0.117 (©) 3AI(8) 3.738 0.013 , Icosahedron (21)
16, Friauf poiyhedron F1 3 Al (12 3.114 0.146
16, Friauf polyhedron F6 Al1(22) g 1%[1 ( 2; g 'llgé 8 i’gg
AL(16) 3AL(3) 2.746 0.383 12 lcosahedrt;n (22) '
8 Mg(15)  3.163 0.120 | w19 1Mg(6) 3.868 0.013 ’
3AL(16)  2.778 0. 339 2 Mgl 6) 3.413 0. 072
SAMUTL 3118 0145 2AL(T) 2785 0515 | Mg(2g) 12A1(7) 3188 0.112
12, icosahedron (16) 2 21 E Z; 3.305 0.070 4Mg(is) 3072 0. 267
2 Al 3.046 0.189 i
1 Mg(l11l) 2.878 0. 562 16, Friauf polyhedron F5
Mg(17) g ﬁl E B g zgs 0. osg{ 2 Mg%lé; 3. 346 0. 093
1 . 150 0.12 1 Mg(1 2.799 0. 762 . .
g Al ({g) g ;ég g 1?3 1Mg(23) 3.072 0.267 | Ms(23) g ﬁ% ( g; gggg g %g‘li
M . .1 . .
e ST G . ponedon (19 ihay B i
16, Friauf polyhedron F4 1a ' 5
A1(20) 1 Mg( 6) 3.021 0. 208 » polyhedron (23)
2AI(9) 2.562 0.776
Mg(18) 6AI(1) 3.038 0.195 2 Al (10) 2694 0.468
3 Mg( 6) 3.540 0. 044 1 Mg(11)  3.754 0.013
1Mg(17) 3158 0.192 2 Mg(11) 2,971 0. 252
d( ) 1 Mg(18) 2.799 0.762 lMg%g) g.ag{g o 1oy
a € . 1 Mg(23) 0 0.167
3Mg(11) 3.206 0.160 10, polyhedron (20)
14,"polyhedron (18a)

8(a), 000, etc; accounting for 1152 atoms. Eight more
atoms Mg(23) have to be added, each of them at the
center of a Friauf polyhedron F5 that can be recogni-
zed on the packing map Fig. 10; each F5 polyhedron
shares edges with twelve 3 polyhedra and lies at the
center of a sphere as is shown in Figs. 8 and 9. With the
addition of 32 more atoms, 32 Al(21), out from the
centers of the triangles of eight such F5 polyhedra
(see Fig. 10), the entire complement of 1192 atoms in
the ordered structure is accounted for.

The disordered model

The disordered model is obtained by replacing every
other F5 polyhedron and the four associated Al(21)
atoms with a centered pentagonal prism [Mg(23)+
4A1(9) +4A1(8) +2A1(10)] that has two atoms Al(8) at
the poles and two atoms Al(20) out from the centers
of two prism faces; this complex of 15 atoms will here
be called a CPP (a few additional adjustments are
required; see below). With the origin chosen as in the
packing maps (Figs. 12-17), four CPP’s are centered
at}i3, 331, #41, and 233; the F5 polyhedra are at 004,
010, 100, and 111, Only the CPP at 113 and the F5

444
polyhedra at 00% and 11} are shown in these Figures.

The space group symmetry* is effected through a
random occurrence of the six orientations of the
CPP’s shown in Figs. 12-17 and through random inter-

* It should be emphasized that a careful inspection of the
Weissenberg photographs revealed no reflections that violated
the space group symmetry. No diffuse reflections of small
disordered domains were found and the measured intensities
apparently correspond almost entirely to coherent interference,
as is indicated by the good R index; concealed twinning is
also unlikely.

change of the set of four F5 polyhedra [+4 Al(21)] and
the set of four CPP’s in the individual unit cells.

In a similar fashion as each F5 polyhedron is shared
between twelve F3 polyhedra, each CPP is shared be-
tween twelve modified Friauf polyhedra, namely 2F3a,
2F3b, 4F 3¢, and 4F3d, which are described in the next
section.

The T complex shown in Fig. 4 has now to be modi-
fied. Of any two diametrically opposed V'F polyhedra
in this complex, one remains unchanged while the
other contains, instead of two F3 polyhedra, two mod-
ified Friauf polyhedra; these are either 2F3a, 2F3b,
or F3c+ F3d. In the three-dimensional network of the
altered 73 complexes each second sphere of the kind
shown in Fig. 9 will then have a CPP (15-atom com-
plex) at its center instead of the F5 polyhedron with
the 4 Al(21) (21-atom complex). Since there are four
spheres of each kind per unit of structure, the total
number of atoms is 1192 —4(21 —15)=1168.

Replacement of four F5 polyhedra by four CPP
groups requires that 24 of the originally assumed
96 Mg(11) atoms be replaced by Al(12) atoms which

are smaller. In Figs. 12-17 each point of the set reserved
for Mg(11) or Al(12) is represented with a dot if oc-
cupied but with a small circle if vacant. In Fig. 12, for
example, in which the CPP is oriented with its penta-
gonal axis perpendicular to the drawing, there is ample
room for one Mg(11) atom on either side (the blank
area is partially overlapped by Mg(13) atoms not shown
here); in Fig. 13, however, in which the pentagonal
axis is horizontal in the plane of the drawing, the pre-
sence of Al(8) requires that the two Mg(11) atoms be
replaced by Al(12) at slightly different positions. The
dotted circular disc around each Al(8) at the extended
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(a) (b) (c)

Fig. 2. (@) (b) The truncated tetrahedron.
(¢) The Friauf polyhedron,

(a) (b) (¢)

Fig. 3. (a) Five truncated tetrahedra about a fivefold axis of symmetry. (b) The VF polyhedron. (¢) A formal representation of
the VF polyhedron. For the sake of perspicuity, the atoms out from the centers of the hexagons are not indicated.

Fig. 4. The 234-atom complex formed by six VF polyhedra
which are arranged around the vertices of an octahedron
of T4 symmetry. In the disordered model six of the twelve
outermost Friauf polyhedra are distorted; see text.

[To face p. 408




ACTA CRYSTALLOGRAPHICA, VoL. 19, 1965—SAMEON PLATE 5

Fig. 5. A second 234-atom complex inserted into the one shown in Fig. 4.

Fig. 6. Three 234-atom complexes forming part of the aggregate
shown in Fig. 7.
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Fig. 7. Four 234-atom complexes arranged about one such complex. The four complexes are at the vertices of a regular tetrahedron.
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Fig. 8. Continued stacking of the 234-atom complexes leads to the configuration shown above. The sphere shown in Fig. 9 can
be recognized here. Its center is located about two-thirds up the vertical center line of this figure.
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Fig. 9. Twelve VF polyhedra (4 x 3) form a sphere around each one of the eight points 004, ere. Six additional VF polyhedra are
arranged about the vertices of a second kind of T octahedron, that can be made out on this Figure. The Friauf polyhedron
F5. which is shared between these VF polyhedra, is at the center of this sphere.
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Fig. 12 Fig. 13

Fig. 10. Packing map of the idealized ordered model of f Mg>Al;.
Fig. 11. Auxiliary map for the identification of the crystallographically different atoms on the packing maps. The number near
each circle represents the same atom number as in Table 1. Heavy circles: Mg, light circles: Al. The atoms incorporated in
the CPP have been left out.
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Fig. 16 Fig. 17

Figs. 12 to 17. The six packing maps of the disordered model showing the different orientations of the 15-atom complex, the
centered pentagonal prism with two atoms, 2 Al(8), at the poles and two atoms, 2 Al(20), out from the centers of two prism
faces. The filled circle of each of the two pairs Mg(11)-Al(12) and Mg(13)-Al(14) respectively represents the member of each
pair that is present at the instant of time. Alternatively the six packing maps represent a single orientation of the CPP projected
on the six (110) planes that intersect at the point }1{.
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pentagonal axis (pole) has a radius corresponding to
2-65 A, an average Al-Al distance; it is seen that the
disc overlaps the small circle [Mg(11)j but not the dot
[AI(12)]. In Figs. 14 and 16 Mg(11) is present on the
left side and AI(12) on the right side of the CPP,
while in Figs. 15 and 17 Mg(11) is on the right side and
Al(12) on the left side. Each CPP is accordingly sur-
rounded by 6 Mg(11) and 6 Al(12) and the four CPP
groups per unit cube account for 24 Mg(11) and 24
Al(12). The remaining 48 Mg(11) atoms, which lie
near z=4 in Figs. 12-17, are unaffected by the disorder.

Mg(13) and Al(14) are represented in the six figures
in accordance with the same principle. Al(14) is always
associated with the Friauf polyhedra F3 while Mg(13)
belongs to the modified Friauf polyhedra F3a, b, c, d.
The possible additional displacement of Mg(13) sug-
gested in the refinement section is easily recognized in
Fig. 13.

Finally, only one half of the set of 32 points assigned
Mg(19) in the ordered model remain as vertices of F3
polyhedra. Of the other sixteen points, eight are unoc-
cupied and eight are located out from centers of prism
faces of the CPP groups (two points per CPP), and
can only be occupied by small atoms [Al(20)], slightly
displaced from the diagonals (xxx, efc.). The positions
of these AI(20) atoms for the six different orientations
of the CPP can be seen in Figs. 12-17; it is also seen
that the sixteen Mg(19) atoms are slightly displaced
from the diagonals (xxx, etc.), where they were origin-
ally assumed.

Some interesting features of the disorder as revealed
through detailed analysis of the coordination polyhedra
will be discussed in the final section.

Discussion of the coordination polyhedra

As a result of the disorder, the 23 crystallographically
different atoms produce 41 different polyhedra. Ac-
cordingly, some atoms have more than one set of lig-
ands, the maximum number of sets per atom being
five for Mg(6). The ligands and the center-to-vertex
distances of these polyhedra are listed in Table 3.

The polyhedra of ligancy 10, 11, and 12

All except 24 of the 720 aluminum atoms in the unit
of structure have ligancy 12. Of these 24, sixteen have
ligancy 11 and eight have ligancy 10. Of the polyhedra
providing ligancy twelve, 672 are icosahedra and 24
are irregular,

In this structure, as in most other intermetallic com-
pounds, the icosahedra are somewhat distorted. The
672 icosahedral shells observed here are of sixteen dif-
ferent kinds; the first thirteen kinds (Table 4) have be-
tween 9 and 11 crystallographically different atoms and
between 12 and 19 parameters each, while the remain-
ing three incorporate between 2 and 4 different atoms
and between 4 and 8 parameters each. Since in a cubic
crystal no more than four threefold axes can intersect
at one point, at least six of the ten threefold axes of
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the icosahedron must be non-crystallographic. In fact,
only the last three isosahedra in Table 4 have one
crystallographic threefold axis each; the others have
none.

Table 4. Some metrical data on the icosahedra
observed in B Mg,Al;

1D =identification number (see Table 3), N=number of
icosahedra per unit cell, E=average length of the thirty edges,
D=average value of the twelve center-to-vertex distances,
Mg, Al=number of respective atom at the vertices, v=cal-
culated valence of central atom.

1D N E D DIE Mg Al v
la 144 3-165 2:990 0-945 7 5 294
15 48 3132 2961 0:945 6 6 3-15
2a 72 3-144 2:974 0-946 5 7 2:96
2b 24 3112 2-957 0-950 6 6 3-03
3 96 3-131 2:965 0-947 6 6 291
Sa 48 3-166 2-994 0-946 5 7 299
5b 24 3-115 2:945 0:946 6 6 349
S¢ 24 3-075 2913 0-947 5 7 3-58
7 48 3-128 2977 0-952 7 ) 3-07
8a 8 3-238 3-:060 0-945 6 6 2-67

12 24 3-101 2951 0-952 5 7 291

14a 24 3-129 2:957 0-945 5 7 3-44

146 24 3-119 2:949 0-946 6 6 3-43

16 32 3113 2951 0-948 6 6 296

21 16 3-132 2-969 0-948 6 6 2-88

22 16 3-122 2-959 0-948 6 6 2:92

672

The radius of the magnesium atoms as calculated
on the basis of Pauling’s (1947) paper is about 149,
greater than that of the aluminum atoms, if allowance
is made for the ligancies observed here. Since the radius
of the central sphere of a regular icosahedron is only
about 10% smaller than the radius of the twelve contig-
uous spheres at the vertices, it is not surprising that
in each icosahedral shell observed here about half the
vertices are occupied by magnesium atoms and the
other half by aluminum atoms ( columns 6 and 7,
Table 4). This distribution of atoms, which in part ac-
counts for the deformation of the icosahedral shells,
provides a very efficient packing around each central
aluminum atom. The variation in the values of E
(average edge) and D (average center-to-vertex distance)
given in Table 4 probably arises to some extent from
the fact that each icosahedral shell has to comply not
only with the coordination requirements of the central
atom but also with the coordination requirements of
the atoms at the vertices. Thus the successive decrease
in the values of E and D for the icosahedra 5a, 5b, and
5¢, Table 4, appears to be due to a successive increase
of the number of icosahedra that in turn interpenetrate
each of these coordination shells. The polyhedron 5a
has five icosahedral aluminum atoms at the vertices,
while 56 has six and 5¢ has seven. Of the remaining
atoms at the vertices of each of the three isocahedra,
five are surrounded by Friauf polyhedra or modified
Friauf polyhedra and the rest by irregular polyhedra
of ligancy 15, as in the icosahedron 5a, or ligancy 14,
as in the icosahedron 5b. Each of the polyhedra 3, 16,
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and 22 (Table 4) are interpenetrated by six icosahedra
and six Friauf polyhedra. The icosahedron 8a (Table 4)
has only one interpenetrating icosahedron; it also has
the largest volume.

The ratios D/E given in Table 4 deviate somewhat
from the value 0-951 calculated for the regular icosa-
hedron. This may beexpected on account of the deform-
ation. The only two coordination shells of ligancy
twelve that are not icosahedral (Table 5) correspond
to a radius ratio of nearly unity, (D —0-5E)/0-5 E~20-98.

Table 5. Irregular coordination shells of ligancy 12
and less

L =ligancy; all other column headings have a similar meaning
to those in Table 4.

ID N L E D D/E Mg Al v
8 16 11 3228 3124 098 6 5 196
9 16 12 3097 3075 0993 7 5 343

10 § 12 3078 3027 0983 5 7 322

20 8 10 3258 2919 08% 6 4 373

48

The atomic configurations around the remaining 48
aluminum atoms are as follows (Table 5):
8b: Ligancy 11. Similar to the icosahedron 8a, but
considerably distorted and with one vertex removed.
The distortion causes the coordination shell to remain
closed after removal of that vertex (atom).
9: Ligancy 12. Icosahedron, in which two vertices,
Al(9) and Al(20), have been shifted.
10: Ligancy 12. Distorted tetragonal prism in which
two atoms penetrate prism faces and two atoms penet-
rate edges that are parallel to the prism axis.
20: Ligancy 10. A cube that has been distorted so
as to permit two more atoms, 2 Al(10), to be in con-
tact with the central atom through two of the cube
faces. Out from the centers of two of the less distorted
cube faces are two more atoms, 2 Mg(6), at a distance
of 3-887 A from Al(20). These two atoms correspond
to the long-distance neighbors in the 42 structures and
are not included here as ligands.

The Friauf polyhedra

The unit of structure contains 252 Friauf polyhedra
[Fig. 2(c)] of seven different kinds (¥1-F7). For each
Friauf polyhedron the first twelve ligands listed in
Table 3 constitute the truncated tetrahedron [Fig.
2(a), (b)] and the last four ligands the surrounding
negative tetrahedron, except for F6 and F7, for which
this kind of listing is inconvenient. F6 is shown only
partially in Fig. 13 but it can be traced out easily. F7
can be made out with the aid of Figs. 11 and 14, if
the centers of the atoms around Mg(13) are laid out
on a tracing paper. One can then recognize a hexagonal
antiprism with one atom, Mg(11), out from the center
of one hexagon, and three atoms, —AIl(8), +Al(9),
and + Al(10), out from the center of the other hexagon.
This is an alternative description of the Friauf poly-
hedron. The atom —Al(8) out from the center of the
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pentagon of the CPP (see section on disordered model)
is not marked out in Fig. 14.

Except in the case of F5, each truncated tetrahedron
shares one or more hexagons with adjacent truncated
tetrahedra such that the number of different hexagons
totals fourteen. The planarity and regularity of the
fourteen hexagons are indicated in Table 6. The most
deformed hexagons are Hex. 5, 6, 10, and 11 (see be-
low). The four hexagons that form each truncated
tetrahedron are identified in columns 7 to 10 in Table
7; the dihedral angle between pairs of adjoining hex-
agons are given in columns 11 and 12.

Table 6. Planarity and regularity of the hexagons of
the truncated teirahedra
Column 2 gives the maximum deviation from each least-squares
plane; columns 3 and 4 give the smallest and largest interior
angle, and columns 5 and 6 the shortest and longest side of
each hexagon.

Max.dev. Interior angles Sides (A)

Hex. No. A min. max. min. max.
1 0-008 1183 122:0 2:601 2-853
2 0-021 1187 121-3 2-696 2-778
3 0-004 1184 121-2 2-601 2-755
4 0-007 117-8 120-9 2-696 2-761
5 0* 1140 123-6 2-598 2715
6 0126 116:4 123-6 2-705 3-038
7 0¥ 120-0* 120-0% 2:719 2:725
8 0-021 1187 121-3 2-696 2:778
9 0¥ 120-0* 120-0* 2-598 2:807
10 0-081 115-5 130-1 2:648 2:948
11 0-313 114-8 122-5 2-:509 3-164
12 0-000 109-0 130-6 2:509 3-019
13 0-202 110-5 124-5 2-652 2-754
14 0-132 111-4 128-3 2-573 2:060

* Required by symmetry.

It can be seen (Tables 6 and 7) that the shortest
and longest of the 18 edges of the truncated tetrahedron
of F1 are 2:601 A and 2-853 A, and that the dihedral
angles are very nearly tetrahedral. The regularity of
the truncated tetrahedra of F2, F4, and F5 is com-
parable to that of F1, while F3, F6, and F7 are
quite distorted.

Table 8 includes the atoms at the vertices of the
negative tetrahedron around each truncated tetra-
hedron; here, E is the average of the 18 +24 =42 edges
and D the average of the sixteen center-to-vertex dis-
tances. Columns 5 and 6 give the minimum and max-
imum of the six bond angles between the atoms at the
vertices of the negative tetrahedron and the central
atom. It is seen, again, that, with the exception of F3,
F6, and F7, these bond angles are nearly tetrahedral.

The atoms Mg(19), which form the negative tetra-
hedron around F3, are displaced from the diagonal as
has been pointed out earlier. The tetrahedral angles
of F5 are therefore omitted in Table 8. The calculations
for Hex. 6 (Table 6) were made with Mg(19) placed
at its average position; that is, on the body diagonal.

The truncated tetrahedron of F3 has the interesting
feature that two of its vertices, Mg(18) and Mg(19),
constitute simultaneously the sites of the atoms out
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Table 7. Metrical data and dihedral angles of the truncated tetrahedra

ID =identification number, N=number of polyhedra per unit cell, E=average length of the eighteen edges, D=average value
of the twelve center-to-vertex distances, a, b, ¢, d=the four hexagons (see Table 6) forming the truncated tetrahedron.

Central
ID atom N E D D/E
F1 Mg(15) 48 2:739 3-203 1-169
F2 Mg(4) 96 2-727 3-191 1-170
F3 Mg(6) 48 2776 3-235 1-165
F4 Mg(17) 32 2727 3-201 1-174
F5 Mg(23) 4 2-737 3-181 1-162
Fé6 Mg(18) 8 2-764 3-232 1169
F7 Mg(13) 16 2-800 3-268 1-167
252

Kind of hexagon Dihedral angles

a b c d ab cd
1 1 2 2 70-8 712
1 3 4 4 709 71-3
3 5 6 6 737 66-0
2 7 8 8 70-9 70-2
9 9 9 9 70°32'* 70°32'*
7 10 10 10 72-1 69-0
11 12 13 14 66-4 68:6

# Tetrahedral by symmetry requirements.

Table 8. Metrical data and bond angles of the
Friauf polyhedra

E=average length of the 42 edges, D=average value of the
sixteen center-to-vertex distances, v=calculated valence of
central atom. In columns 5 and 6 are given the minimum and
maximum of the six bond angles between the atoms out from
the centers of the four hexagons and the central atom

Tetrahedral angles

1D E D D|E min. max. v

Fl 2:989 3-227 1-080 107-1 110-3 1-70
F2 2-984 3-222 1-079 108-0 111-1 1-74
F3 3-001 3-238 1-079 106-9 112-0 1-97
F4 2973 3-214 1-081 108-3 110-7 1-85
F5 2913 3154 1-083 — — 2:41
Fé 3-045 3-285 1-079 106-0 112-8 1-93
F7 3-031 3-263 1-077 107-0 117-0 2:09

from the centers of the hexagons of F4 and F5, respect-
ively (Figs. 10 to 17). The two vertices are also at quite
a distance, about 3-5 A, from the center, Mg(6). A
similar feature is observed for one of the two Friauf
polyhedra in the y Mg;,Al;; structure (412 structure;
Laves, Lohberg & Rahlfs, 1934). The coordination
shells around Mg(18) and Mg(19) are also the same
as the one observed in y Mgj;Al;; (ligancy 14; see be-
low). This analogy was helpful for the synthesis of the
first model. It was believed, however, that each of the
five Friauf polyhedra F1, 2x F2, and 2 x F3 arranged
around the fivefold axis of symmetry would assume
nearly the same dihedral angle of 360°/5=72° and,
furthermore, that some irregularities would distribute
themselves evenly among all five polyhedra in the
course of the structure refinement. It is now seen, how-
ever, that the dihedral angles of F1 and F2 (a.b in
column 11, Table 7), are nearly tetrahedral and that
about 85% of the discrepancy (360°—5 x 70-5°=7-5°)
is accumulated in the two contiguous polyhedra F3.
Hence, there is tendency toward strict tetragonality
among F1, F2, F4, and F5, which results in a misfit
of the polyhedra F3.

The modified Friauf polyhedra

The four modified Friauf polyhedra are briefly des-
cribed as follows; see also Table 9.

Table 9. Metrical data on miscellaneous kinds

of polyhedra
The column headings have a similar meaning to those in
Table 7.
1D N L E D D/E v
lla 8 13 3-027 3-127 1-033 2-82
1156 16 14 3-060 3274 1-070 312
136 8 14 3-116 3-179 1-020 3-72
18a 16 14 3-126 3173 1-015 274
185 8 14 3-132 3-179 1-015 2-33
19 16 14 3-112 3172 1-019 3-48
23 4 14 2-875 3-004 1-045 3-21
F3a 8 14 3-054 3-223 1-055 2:01
F3c 16 14 3-059 3-191 1:043 2:96
F3b 8 15 3-060 3.273 1-070 1-65
11lc 48 15 3-013 3-171 1-052 2:27
13a 8 15 3-049 3:255 1-068 1-65
13¢ 16 15 3-050 3-248 1-065 2-06
F3d 16 16 3-060 3-274 1-070 1-72

196

F3a: Ligancy 14; see Fig. 12. Same as F3 except for
the following alterations: (1) The vertex Mg(19) has
been replaced by Al(20) which is still farther displaced
from the body diagonal of the cube such as to reduce
the center-to-vertex distance from about 3:5 A to
3021 A; (2) the two atoms, 2 Al(14), have been re-
placed by 2 Mg(13); (3) the two vertices, 2 Al(7), have
been replaced by 2 Al(10), which are at quite a dis-
tance, 3-8 A, from the center and are shielded by Al(20)
and 2 Mg(13). These two atoms are not regarded as
ligands of the central atom Mg(6).
F3b: Ligancy 15; see Fig. 13. Same as F3a except that
Al(20) has been replaced by 2 Al(8) and as a con-
sequence thereof, 2 Mg(11) have been substituted by
2 Al(12) to avoid interference. Compare Fig. 13 with
Fig. 12.
F3c¢: Ligancy 14; see left side of Figs. 14 and 16 and
right side of Figs. 15 and 17. Same as F3a except that
Al(20) now occupies a different corner of the small
equilateral triangle around the body diagonal of the
cube and therefore is at a distance of 3-89 A from the
central atom Mg(6). The atom Al(9) has taken over
its function as a ligand.

Al(20) remains always above the center of the prism
face of the pentagonal prism and flips from one corner
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of the equilateral triangle to the other as the pentagonal
prism changes orientation.

F3d: Ligancy 16; see right side of Figs. 14 and 16 and
left side of Figs. 15 and 17. Same as F3b except that
Al(9) has been added as the sixteenth ligand.

The remaining ten coordination shells

The ten coordination shells not yet discussed are
listed in Table 9 in sequence of increasing ligancy
together with the modified Friauf polyhedra just des-
cribed. A brief discussion is given below.
11a: Ligancy 13; see at z~2 in figures referred to
below. Pentagonal antiprism in which the two pen-
tagons are of different size. The small pentagon con-
sists of Al(14), +Al(2), and + Al(1) and the large
pentagon of Mg(18), +Mg(13) and + Mg(6) (Fig. 11).
Out from the center of the small pentagon is Al(5)
and outside the large pentagon are two atoms, + Al(9);
see Fig. 12.
11b: Ligancy 14; see at z~% in figures referred to
below. Same as 11a, except that there are three atoms,
+Al(9), —AI(10), and —Al(20), out from the center
of the large pentagon; see right side of Figs. 15 and
17 and left side of Figs. 14 and 16. In Figs. 14 and 17
we have —Al(@9), +Al(10), and + Al(20) but the co-
ordination polyhedron remains the same.
llc: Ligancy 15; see at z~3 in the figures referred
to below. Same as 115, but the two magnesium atoms
+ Mg(13) of the larger pentagon have been replaced
by + Al(14) that are at a larger distance from the
(110) plane such that now four atoms, + Al(7), Mg(19),
and Al(21) penetrate this pentagon and make contact
with the central atom. In the small pentagon, the alum-
inum atom Al(14) has been replaced by Mg(13). This
polyhedron is present in all six cases, Figs. 12 to 17.
and is most easily made out with the aid of Fig. 11,
132: Ligancy 15; see Fig. 12. Hexagonal antiprism
with one atom, Mg(11), out from the center of one
hexagon and two atoms, + Al(8), outside the other
hexagon. This polyhedron is a modification of Friauf
polyhedron F7.
13b: Ligancy 14; see Fig. 13. Hexagonal antiprism
with two atoms, Mg(11) and AI(10), at the poles.
13¢: Ligancy 15. The configuration is the same as
that of 13 but the atom + Al(8) has been substituted
by + Al(9) and one vertex of the hexagonal antiprism
is occupied by Mg(11) instead of Al(12); see right side
of Figs. 14 and 16 and left side of Figs. 15 and 17.
In Figs. 15 and 16 we have —Al(9) instead of + Al(9)
but the polyhedra are the same.
18a: Ligancy 14. Hexagonal antiprism with two at-
oms, Mg(19) and Mg(17), at the poles. These polyhedra
are at z~% in Figs. 12 to 17,
18b: Ligancy 14. Same as 18a except that Mg(19) has
been replaced by Al(20); see at z~Z in Fig. 12 and
left side of Figs. 14 and 16 or right side of Figs. 15
and 17. Opposite to each one of the polyhedra 185 in
the last four figures is the Friauf polyhedron Fé.
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19: Ligancy 14; see at z<% in Figs. 12 to 17. Hex-
agonal antiprism with two atoms, Mg(18) and Mg(23)
at the poles.

23: Ligancy 14. This polyhedron referred to as the
CPP has been discussed extensively in preceding sec-
tions.

The bond distances and packing of atoms

The interatomic distances are listed in Table 3 together
with the bond numbers » calculated with the use of
the equation D, =D, —0-600 log,,n and the single-bond
radii given by Pauling (1947). The calculated valences
are given in the Tables 4, 5, 8, and 9.

The shortest distances observed in this structure are
Mg(6)-Al(9)=2:57 A and Mg(13)-Al(10)=2-51 A. It
has already been pointed out (see section on refine-
ment) that Mg(13) is probably displaced part of the
time, and accordingly some of the distances involving
this atom cannot be evaluated properly. A second un-
certainty in the bond numbers arises from the difficulty
to determine by X-ray techniques the exact distribution
of the magnesium and aluminum atoms over the oc-
cupied positions; the possibility of partially random
occupancy by magnesium and aluminum has to be
kept in mind.

The values of E, D, and D/E in Tables 4, 5, 8, and
9 may serve as a guide for estimating the relative pack-
ing efficiencies. The icosahedra correspond to a radius
ratio of 0-90, the Friauf polyhedra to a radius ratio
of 1-16, while for the various miscellaneous polyhedra
listed in Table 9 this ratio varies between 103 and 1-14.

On the nature of the disorder

Although it appears from Figs. 2 to 9 that the Friauf
polyhedra are dominant in this structure, they are by
far outnumbered by the icosahedra. In recent years it
has become ever more apparent that, of the coordin-
ation shells of ligancy twelve, the icosahedron is the
one that corresponds to maximum stability if atoms
of slightly different sizes are involved. This coordin-
ation shell is present in almost every complex cubic
intermetallic compound, the complexity probably aris-
ing from the difficulty of fitting the polyhedra with
fivefold axes of symmetry into a crystal with cubic
symmetry (Pauling, 1964). The complexity is here en-
hanced because the closest possible packing apparently
requires that each icosahedral shell is made up of
atoms of two different sizes (see under polyhedra
above), the larger atoms in turn requiring a ligancy
greater than twelve.,

The disorder observed here seems to be the result
of the tendency towards the formation of the maximum
number of icosahedral coordination shells that is com-
patible with the coordination requirements of the mag-
nesium atoms. Eighty-eight of the coordination shells
that in the idealized ordered model were more-or-less
irregular have been transformed into the icosahedra
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12, 14a, 14b, and 21 (Table 4), forty-eight of the orig-
inal ninety-six icosahedra around Al(7) have been lost
(50%; occupancy), and eight icosahedra (8a) have been
added. There is accordingly a gain of forty-eight
icosahedra per unit of structure, and the apparent re-
quirement of having about half the vertices occupied
by magnesium atoms and the other half by aluminum
atoms is fulfilled through the splitting of the atoms
Mg(11) and Al(14) into the pairs Mg(11)-Al(12) and
Mg(13)-Al(14) respectively. While the idealized or-
dered model* contains 280 Friauf polyhedra, 624
icosahedra, and 288 more-or-less irregular polyhedra,
the disordered atomic arrangement corresponds to 252
Friauf polyhedra, 672 icosahedra, and 244 more-or-less
irregular polyhedra of ligancy 10 to 16, of which 48
are modified Friauf polyhedra.

No definite statement can be made whether the dis-
order is static or dynamic.

Another interesting feature of this structure is the
pronounced tendency towards the formation of five-
fold axes, not only those of the icosahedra, but also
those of the V'F polyhedra. This striving towards pen-
tagonality is also reflected in the Fourier section shown
in Fig. 1.

I thank Professor Linus Pauling for his great inter-
est in this work and Dr R. Marsh for valuable sug-

* The structure of NaCd; contains 624 icosahedra instead
of 528 as was erroneously stated in the paper of Samson (1962);
the atoms 96gs in Table 1 of that paper have icosahedral
coordination.
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Neutron Diffraction Study of Chemical Order-Disorder in PtMn;*

By S.S.SipHU, K.D. ANDERSON AND D.D. ZAUBERIST
Argonne National Laboratory, Argonne, Illinois, U.S.A.

(Received 10 December 1964)

A neutron study of the chemical order-disorder in PtMn3 was made by utilizing the nuclear properties
of Mn and Pt nuclei. The bya=-0:36 x 10-12 cm and the bpt=0-95 x 10-12.¢cm. In a disordered crystal
structure of the stoichiometric PtMn; alloy, the manganese atoms scatter thermal neutrons 180° out
of phase with those of platinum. As a result the structure becomes a nuclear null-matrix, and no dif-
fraction peaks appear in its neutron pattern; however, when even a partial ordering takes place in the
structure, diffraction peaks do appear in the pattern, and since their intensities depend upon the degree
of ordering, they permit a precise determination of the disorder parameter. Numerical values of the
disorder parameter of an ordered and a disordered sample of PtMn; were determined. The technique
of using a nuclear null-matrix to study chemical order-disorder phenomena is described.

Introduction

The crystal structure of the PtMn; alloy is cubic with
4 atoms per unit cell and g,=3-84 A. It is similar to

* Work performed under the auspices of U.S. Atomic
Energy Comission.

1t The paper was presented at the Annual Pittsburgh Dif-
fraction Conference, November 4-6, 1964, Mellon Institute,
Pittsburgh, Pennsylvania.

that of AuCu; which has been extensively used to study
order-disorder phenomena for this type of structure.
The main feature of the X-ray diffraction pattern of the
disordered state is that only the all-odd and all-even
Miller-index reflections appear, whereas in the ordered
state, in addition to the above reflections, mixed Miller
indices or the so-called ‘super-structure’ reflections ap-
pear. This follows from the fact that the structure factor
for the disordered state is



