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vector s’ results from adding a vector —3b, to
s(=3b, + b,) of equation (8), then

s’ = s(—=3b, + b,) — 3b,
= (—4 +DIT10] + {001}, 9)

From equation (9) we have calculated that the shift
vector of the boundary structure along the boundary
plane is (—4 +1) [T10}, and that the step height is
3[001]. These two vectors are the same as those
obtained from the structure image in Fig. 5.

For the 2H structure, the Burgers vector of a GBD
was reported to be b,, and the step height to be [0011,,,
(Takata, Kitano & Komura, 1986). The basis vectors
of the DSC-lattice and of the CSL as well as the step
vectors of the CSL-pattern are also given in Table 1.
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Abstract

MnAl,.,,, M,/100=32.43, P6,/mmec, a=19-98 (1),
c=24-673 (4) A, V' =28525(9) A3, atoms/cell = 563
(average), D, =3-556 (2)gcem™3, A(Mo Ka) =
0-71069 A, u=53-05cm~', F(000)=28639, T=
296 K, final R = 0.053 for 1397 reflections with I > 20.
The structure is of interest with relation to quasicrystal
phases in the Mn-Al system. Parts of the structure
resemble that of ¢-Mn,Al,,. Neither complete Mackay
icosahedra (MI), nor 105-atom Bergman clusters are
present, but different fragments of MI occur. Most
interstices are octahedral, tetrahedral, or trigonal
prismatic. The Mn atoms have zero to two Mn atoms in
the first coordination shell and four to twelve Mn atoms
in the second shell. Of the Mn atoms 108 have
icosahedral coordination, two have CN9. Of the 453 Al
atoms 6-6% have icosahedral coordination, 35-8% are
coordinated by a pentagonal prism of Al atoms with
two Mn atoms at the poles, 26-5% have CN13, 25-6%
have irregular CN12 arrangements formed by parts of
icosahedra and pentagonal prisms, and the remaining
5-5% have other coordinations varying between 11 and

0108-7681/89/010013-08$03.00

15. Two Al positions are partly occupied. The distance
ranges are Mn—Mn 2-678-2-758, Mn—Al 2-359—
2.874, Al—Al 2.527-3.166 A (e.s.d. range: 0-002—
0-014 A). There are almost linear rows of atoms, which
center icosahedra or pentagonal prisms. Approximate
icosahedral symmetry is propagated in the direction of
these rows.

Introduction

A phase of assumed approximate composition MnAl,
exhibiting non-crystallographic (icosahedral) sym-
metry in its electron diffraction pattern, was discovered
by Shechtman, Blech, Gratias & Cahn (1984). This
phase was formed by extremely rapid cooling from a
melt. Subsequently, more non-equilibrium phases have
been discovered that exhibit orientational symmetry,
but lack periodicity in one or more dimensions; phases
of this kind have been called quasicrystalline. Possibly,
clues to the structure of a quasicrystalline phase may be
provided by the structure of an equilibrium crystalline
phase of similar composition. The crystal structure of

© 1989 International Union of Crystallography



14 #-MnAl,

MnAlg (Nicol, 1953; Kontio & Coppens, 1981) does
not seem to provide clues to the structure of the
icosahedral phase; none of its atoms is icosahedrally
coordinated. Models for the icosahedral Al-Mn phase
have been proposed (Elser & Henley, 1985; Guyot &
Audier, 1985; Audier & Guyot, 1986) that are based on
the Mackay icosahedron (MI) which occurs in the
crystal structure of a-(MnAlSi) of composition Mn,-
AlSi, 3 (Cooper & Robinson, 1966). The MI consists
of the first two shells of the icosahedral shell packing
described by Mackay (1962). It is a 54-atom unit
consisting of an inner icosahedron of Al atoms,
surrounded by an outer icosahedron of Mn atoms, with
additional Al atoms near the centers of the Mn—Mn
edges. Schaefer, Bendersky, Shechtman, Boettinger &
Biancaniello (1986) have shown that the quasicrys-
talline Mn—Al phase may be formed by rapid cooling at
a wide composition range, but that single-phase
icosahedral material is produced only at compositions
close to that of MnAl,. At higher Mn concentrations
and lower cooling rates a decagonal phase is formed.
There are two crystalline phases in the Mn—Al system
at approximate composition MnAl, (Murray,
McAlister, Schaefer, Bendersky, Biancaniello & Moffat,
1987), 4 and 4, both with large hexagonal unit cells. The
crystal structure of the u phase is the subject of the
present paper; that of the A phase is still under
investigation. Henley (1985) has suggested that crystal
structures with large unit cells, such as # and 4, may be
rational approximants of a (non-periodic) quasicrystal
structure generated by projection from six dimensions.
Bendersky (1987) studied the u phase by electron
diffraction, proposed the space group P6,/mmec, and
deduced from the similarities between the u-phase
patterns and those of the icosahedral and decagonal
phases that the u phase probably contains icosahedral
units, possibly of the MI type, with a twofold axis
parallel to the z axis. Dr Bendersky kindly sent us a
polycrystalline sample of y-MnAl,, from which a single
crystal could be isolated for the determination of the
structure by X-ray diffraction. A summary report of the
results has been published elsewhere (Shoemaker,
1988).

Experimental

A black metallic crystal flake of MnAl,, approximate
dimensions 0-20 x 0-05 x 0-40 mm, was used for
the data collection by Molecular Structure Corpora-
tion, College Station, TX, with a Rigaku AFC6R
diffractometer with graphite-monochromated Mo Ka
radiation. The w-scan technique was used, scan rate
16-0° min~!, scan width (0-73 + 0-30tan 6)°, 24,,,,
= 50-1°. The lattice parameters were determined with
25 reflections in the 40-3-48.8° 26 range. Stationary
background counts were recorded on each side of the
reflection. The ratio of peak counting time to back-

ground counting time was 2:1. Three standard reflec-
tions had an average intensity change of 1.4%, A total
of 2975 unique reflections was collccted, range h 020,
k 0-11, 10-29. Reflections observed: A,h,! I = 2n; the
highest-symmetry space group was chosen, leading to
satisfactory refinement.

Structure determination

The TEXRAY system of programs (Molecular Struc-
ture Corporation) was used at OSU for the structure
determination. There are many high E values, 135 are
> 2.0, the largest is 8- 1. Straightforward application of
direct methods (Gilmore, 1983) did not produce a
structure model that would refine to an R factor below
50%. All strong peaks in the Patterson function occur
in planes at z =0, 0-25, 4, and at z values approxi-
mately 0-06 and 0-09 from these planes. The strongest
peaks on z =0, 0-25 and 1 lie on a triangular grid (the
same for the three planes) with sides of the triangles
parallel to the x and y axes and with x and y values
multiples of about 0-12. This suggests an arrangement
of atoms on layers at z ~ 0.0 and } on a triangular grid,
presumably with only part of the nodes occupied. A
solution obtained from an E map, followed by
successive applications of the program DIRDIF
(Parthasarathi, Beurskens & Bruins Slot, 1983) showed
an icosahedron centered on the mirror plane at 4, 1, 1,
and an atom on 0, 0, z at 0-31. The atom at 0, 0, 0-31
had apparent coordination 16 (CN16) as occurs in
many tetrahedrally close-packed (t.c.p.) alloy struc-
tures (Shoemaker & Shoemaker, 1986). This contains a
Friauf polyhedron (Samson, 1968) defined by a planar
six-ring at 4, a triangle at 0-41 and three other atoms at
~ 0-32. This Friauf polyhedron is doubled by the mirror
at j, in the same way as observed in the C14 structure
type MgZn,. By successive electron density function
refinements this model could be expanded to about the
required number of atoms per cell, but the R factor did
not drop below 0-54. The model was modified by
moving the icosahedron at 4, 1, } from the mirror plane
and centering it on the twofold axis in the [110]
direction at §, §, 1. This gave a Friauf polyhedron
around 0, 0, z centred at z = 0-44 with a planar six-ring
at z = 4. It is now doubled by a symmetry center at 0,
0, 3, in the same way as observed in the C15 structure
type MgCu,. These atoms, the atoms forming the
icosahedron at i, 1, 1, plus some atoms at z =0-34,
generated from this set by vectors having strong peaks
in the Patterson function, were used as a starting set for
two DIRDIF runs. Successive cycles of least squares
and electron density maps then led to a plausible
structure that could be refined. (After the structure was
solved it appeared that one of the original £ maps had
peaks in the right positions, but with many misleading
peak heights which interfered with expansion and
refinement).
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Refinement

The model was refined by full-matrix least squares.
Parameters varied were scale, secondary-extinction
coefficient, positional parameters and multiplicities until
the Mn/Al assignment was clear. After that, isotropic
temperature factors were refined for all atoms, except
for AI(11) and AI(17) which appeared to be partly
occupied and for which the multiplicities were varied
with B fixed at 1-0 AL An experimental absorption
correction (Walker & Stuart, 1983) was applied which
reduced R from 0.12 to 0.10; correction factors on [:
0-84-1.32. Final R =0-053, wR =0.072, S =1-47,
1397 reflections with I > 20, 127 variables. (For all
2824 reflections, R =0-139, wR =0-079, S = 1.40).
Quantity minimized was ZW(E, — F)? with w™! = ¢%(F),
based on ¢%(F?) as determined by counting statistics
plus a contribution of (0-05F?)2 (4/0),, = 0-211 for
x[Al(32)], which was still oscillating, (4/0)nean =
0-003. Final 4p excursions —1-5 to +2-1¢e A-3 [near
the partially occupied Al(11) site]l. The scattering
factors and anomalous-dispersion corrections were
taken from International Tables for X-ray Crystal-
lography (1974). The final parameters are listed in
Table 1.* The largest (isotropic) secondary-extinction
correction was 35%.

There are ten Mn sites and 32 Al sites. The
occupancy factor for atom Al(11) indicates that there
are 5-09 (12) atoms on a site of multiplicity 12. Figs.
1(a) and 2(a) show that the two positions for Al(11)
cannot be simultaneously occupied. The Al(17) site of
multiplicity 12 is occupied by 8-06 (14) atoms; com-
plete occupancy would result in somewhat short but
acceptable distances. The total number of Al atoms is
thus 453 (which could be increased to 458 with highest
possible occupancies), and the total number of Mn
atoms is 110, leading to the formula MnAl,.,.

Description of the structure

The structure is shown in Fig. 1 in layers perpendicular
to the z axis. The layer at z =} is located in a mirror
plane and therefore planar; the one centered at z =1
is almost planar, although not required to be so by
symmetry. The layers centered at 0-325 and 0-425 are
considerably puckered. The layers centered at z =
0.575,0:675 and 3 (not shown) are generated from the
layers centered at z = 0-425, 0-325 and }, respectively,
by the operation of the twofold axis at z = } in the [110]
direction. Since the layer at 0-425 has a pseudo-twofold
axis in that direction, the layer at 1 is a pseudo-mirror
with respect to its adjacent layers.

* Lists of structure factors and interatomic distances have been
deposited with the British Library Document Supply Centre as
Supplementary Publication No. SUP 51285 (14 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.

Table 1. Positional parameters, B., values and
occupancy factors for i-MnAl, |,
Site x y z B, (A Occ.
Mn(l)  2(b) 0 0 i 0-74 (13)
Mn(2) 12(j) 0-24315(16) 0-0023] (18) ) 0-99(5)
Mn(3) 12(¢)  0-37826 (15) —0-00123 (17) i 0-81(5)
Mn(4)  6(h) —0-62081(23) 0-62081 1 0-87(7)
Mn(5) 6(h) 0-50630(23) 0-25315 H 0-80(7)
Mn(6) 12(k) 0-41538(15) 0-20769 0-33787(9) 0-75(4)
Mn(7) 12(k) 0-07909 (17) —0-07909 0.41225(9) 0-78(5)
Mn(8) 12(k) 0.45976 (17) —0-45976 0-41286 (9) 0-80(5)
Mn(9) 12(k) 0-25404 (16) 0-12702 0-49840(9) 0.77(5)
Mn(10) 24(/)  0-49545(10) 0-36903 (10) 0-49795 (7) 0-67(4)
AlI1) 12()) 0-13345(71) 0-04238 (66) i 1-0 0-424 (10)
Al(12)  6(h) 0-12167(50) —0-12167 3 1-29(14)
Al(13) 12()  0-12891(33) 0-49139(32) i 1-09 (10)
Al(14)  6(h)  0-51015 (42) -0-51015 i 0-83(13)
Al(15) 12¢)  0-37677(32) 0-12434 (28) E 0-80(9)
Al(16)  6(h) 0-61909 (45) —0-61909 i 0-77(14)
Al(17) 12(k) 0-04315 (44) —0-04315 0-32664 (29) 1.0 0.672 (12)
Al(18) 24()  0-18052(21) 0-20495(22) 0-34061 (15) 1-29(7)
Al(19) 12(k) 0-26302 (31) 0-1315] 0-30657 (19) 0-87(9)
Al{20) 24()  0-33588(20) 0-05052 (19) 0.34360 (14) 0-87 (6)
Al21) 24() 0-10759 (21)  0-36195(22) 0-30753 (13) 1-07(6)
Al(22) 12(k) 0-25491 (34) —0-25491 0-30781 (21) 1-15(10)
Al(23) 12(k) 0.57088 (30) 0-28544 0-34688 (21) 1.07(9)
Al(24) 24())  0-49104 (21) 0-1306] (22) 0-30761 (13) 0-95(7)
Al(25) 24())  0-02882(20) 0-44214 (20) 0-34077 (14) 0-98 (6)
Al(26) 12(k) —0-58834 (31) 0-58834 0-34024 (19) 0-82(9)
Al2T)  4(f) 4 - 0-33971 (36) 0-89(16)
Al(28)  4(e) 0 0 043376 (36) 1-12(17)
Al(29) 24())  0-23620(22) —0-00056 (25) 0-4425) (13) 0-93(6)
Al(30) 12(k) 0-15636 (35) 0-07818 0-40420 (20) 1-05(9)
Al(31) 12(k) 0-31601(30) 0-15800 0-40936 (19) 0-92(10)
Al(32) 12(k) 0-15687(30) --0-15687 0-40280 (21) 1-09(10)
Al(33) 24(/) 0-15748 (22) 0-46151 (22) 0-40260(14) 1.03(7)
Al(34) 12(k) -0-61573(33) 0-61573 0-44306 (20) 1-05(10)
Al(35) 24())  0-38466 (20) —0-00201 (23) 0.44333 (14) 0-82(6)
Al(36) 24(]) 0-45985 (22) 0-15706 (22) 0.41052(13) 0-86(7)
Al37) 12(k) 0-61805(33) —0-61805 0-44247 (20) 1-02(10)
Al(38) 12(k) 0-53926 (35) —0-53926 0-40681 (18) 0-86 (9)
Al(39) 12())  0-12651 (24 0 3 0-94 (10)
Al(40) 24())  0-10969 (22) 0-36518(22) 0-49580 (14) 1-04(7)
Al(41) 12(k)  0.25446 (32) —0-25446 0-49544 (20) 0-90(10)
Al42)  6lg) ) 0 ! 1.00 (14)

The layers centered at § and § are very similar and
show the triangular arrangement expected from the
Patterson function, but with large apparent holes. The
holes are of two kinds. The threefold symmetry of the
larger holes is perfect on the layer centered at z = 1, but
approximate on z = . The smaller holes have a twofold
axis in the direction of their long axes on z ~ 1, and a
mirror perpendicular to their long axes on z = §. Both
apparent holes are partially filled in by atoms (at a
distance of about 0-06¢ from the plane of the hole) in
the puckered layers above and below. On both layers
three atoms from above and below a threefold hole
form a trigonal prism, and two atoms from above and
below the smaller hole form an octahedron with two
atoms surrounding the hole (e.g. atoms 14 and 16 on
z=14).

There is a strong resemblance of parts of the
structure with the structure of ¢-Mn;Al,, (Taylor,
1959), which has the same space group, a = 7-543 (1),
c=7-898 (1) A. The outline of the repeat unit for the
layers at z~0, { in the ¢ phase (Pearson, 1972) is
indicated by dashed lines on the u layer at z ~ 0-425,
and for the ¢ layer at z = } on the u layer centered at .
The resemblance continues on the next layer above. The
apparent holes in the ¢ layer in the mirror plane are all
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of the threefold type and three atoms above and below
the plane form a trigonal prism, which in this case is
also empty. The Co,Al; structure (Newkirk, Black &
Damjanovic, 1961) differs from the ¢ phase in that the
trigonal prism is filled with a transition-metal atom.

In the ¢ phase the atoms surrounding the atom at a
cell corner [corresponding with atom Mn(08) on the x
layer at 0-425] lie on almost perfect concentric circles
(disregarding the small differences in z), but in the u
phase these circles are elongated in the [110] direction
and centered between atoms Mn(08) and Al(38). (The
inner circle is formed by atoms 37, 36, 35, 33, 34, 33,
35, 36.) A similar chunk of modified ¢ phase may be
recognized on the u layer at § and adjacent layers. The
resemblance here is even stronger: there are elliptical

rings of atoms on z ~ 0-325, centered between atoms
Mn(06) and Al(20) (less regular where the ring comes
close to the origin of the unit cell) but there are also
circular rings of atoms, as in the ¢ phase. surrounding
Al(27) (again neglecting the small difference in z of the
atoms).

A recurrent feature on the layersatz =land ~ lisa
group of six atoms, three Mn atoms forming a large
triangle and three Al atoms with centers slightly outside
the sides of this triangle. In all these cases there are
three Al atoms, above and below. forming two
octahedra with the three Al atoms in the plane. In three
cases another Mn atom in the following layer com-
pletes a large tetrahedron with as base the three Mn
atoms in the layers at z = 1 or z ~ J. These tetrahedra

Fig. 1. Layers in the x#-MnAl, ,
crystal structure perpendicular
to the z axis (adapted from Fig.
I of Shoemaker, 1988). Other
layers are generated by the
operation of the mirror plane at
z = } perpendicular to the z axis,
and the twofold axis at z = § in
the [110] direction. Layers cen-
tered at 0-325 and 0-425 are
considerably puckered. Small
circles, numbered from 01 to 10,
represent Mn atoms; large
circles, numbered from 11 to 42,
represent Al atoms. (a) Layer in
the mirror plane at z =1 (b)
Puckered layer at z=
0-325 + 0-025. Atoms at } are
shown unconnected and un-
numbered; their numbers can be
found on (a). (¢) Puckered layer
at z =0-425 + 0-025. Atoms at
~0-325 are shown unconnected
and unnumbered; their numbers
can be found on (b). () Almost
planar layer at z=0-500
+0-005. Atoms at =~0-425
are shown unconnected and
unnumbered; their numbers can
be found on (c).
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have Al atoms of one of the octahedra mentioned above
slightly outside all six edges. They are formed by Mn
atoms 3, 3, 4, 8 and Mn atoms 1, 2, 2, 7 (base on z =},
top on 0:425), and by Mn atoms 10, 10, 9, 6 (base on
z ~ 1, top on 0-325 or 0-675). The arrangement of the
atoms near the origin is distorted, in particular the
octahedron formed by atoms 17, 18, 18 and 11, 11, 12
inside the tetrahedron 1, 2, 2, 7 (see below). The
tetrahedra with their base on } are doubled by the
operation of the mirror plane. The triangle formed by
atoms Mn(5) on z = } has no Mn top on z ~ 0-425, but
instead a triangle formed by atoms Al(37).

Fig. 2. Some coordination polyhedra for u-MnAl,.,,. (@) Trigonal
prism of Al, with half occupied AI(I1) sites outside the
quadrangular faces, for Mn(l). () CNI13 coordination for
Al(38). Other atoms in Table 4 have similar coordination. (c)
Friauf polyhedron plus three Al(30) atoms outside planar
six-membered rings for Al(28). Another Al(28), outside the
Al(39) six-membered ring, is at a larger distance and is not
shown. (d) CN 14 (distorted t.c.p. CN16) polyhedron for Al(30).
(e) Irregular CN12 polyhedron for Al(34). (/) Irregular CN12
polyhedron for Al(32). Other atoms in Table 5 have similar
coordination.

Table 2. Number of near neighbors (N) and distances in
A (<32 A) for atoms with icosahedral coordination

The ranges of estimated standard deviations (in A) in the distances listed
in this table and following tables are: Mn—Mn 0-003-0-007, Mn—Al
0-002-0-008, Al—Al 0-004-0-014 [for distances involving Al(11) the
standard deviations are 0-012).

N Mn N Al
Mn(2) 1 2735 11 2.452-2.812
Mn(3) 1 2.7135 11 2.408-2-846
Mn(4) 2 2.748 10 2.436-2-759
Mn(5) 2 2678 10 2-417-2.713
Mn(6) 1 2:678 1 2.434-2.747
Mn(7) 1 2.758 I 2.451-2.819
Mn(8) 2 2-703 10 2.445-2.761
Mn(9) I 2758 11 2-416-2-874
Mn(10) 2 2-703,2-707 10 2-440-2.760
Al(15) 5 2-523-2.605 7 2.559-2.731
Al(39) 4 2-543-2-566 8 2-527-3.010
Al{42) 6 2.562-2-573 6 2-671-2-678

Atomic coordinations

Although there are 42 kinds of atoms per cell, only a
limited number of coordination types occur.

Mn coordinations. The Mn atoms occurring at the
corners of the triangular and tetrahedral clusters
described above are coordinated by icosahedra (see
Table 2). The atoms at the base of the tetrahedra have a
twofold axis parallel to z, the atom at the apex a
threefold axis. Mn(l) does not have icosahedral
coordination, it is surrounded by a trigonal prism of Al
with three of the six disordered Al(11) atoms outside
the rectangular faces (see Fig. 2a). Table 6 shows that
all vertices of the Mn(l) polyhedron are partially
occupied. The distances for Mn(l) are the shortest
[2-359 (12) A] and insignificantly different from the
next-shortest [2-409 (7) A] Mn—Al distances in the
structure. Short Mn—Al distances have been reported
before: in the a-(AIMnSi) phase (Cooper & Robinson,
1966) the shortest Mn—Al distance is 2-:27 (3) A. In the
recently redetermined structure of MnAlg (Kontio &
Coppens, 1981) the shortest Mn—Al distance is
2-455 (1) A.

The Mn atoms have from zero to two Mn atoms
(average 1.4) in their first coordination shell and from
four to twelve Mn atoms (average 7-0) in their second
coordination shell at distances from 4-336 to 5-145 A.

Al coordinations. The coordinations of the Al atoms
depend on the number and the location of the Mn
atoms in their first coordination shell. Three Al atoms
with between four and six Mn near-neighbors have
icosahedral coordination and are listed in Table 2. They
are on the long axes of the small holes on layers }
[AI(15)] and 4 [Al(39) and Al(42)]. (This last atom and
its surrounding icosahedron were used in the derivation
of the structure.) The other Al atoms have between two
and three Mn neighbors and their coordination poly-
hedra are either bicapped pentagonal prisms, or a
combination of icosahedra and pentagonal prisms.

All Al atoms forming part of the tetrahedral clusters
are surrounded by ten Al atoms at the corners of a
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pentagonal prism with two Mn atoms of the tetra-
hedron on the prism axis. The direction of the fivefold
axes of the prisms is thus along the edges of the
tetrahedra. For the atoms in the layers } and ~1 this
direction is perpendicular to z; for the atoms on the
puckered layers this axis makes an angle of about 35°
with z (Table 3). For example, for atom Al(25) the
five-membered rings of the pentagonal prism are formed
respectively by atoms 26, 25, 38, 35, 33 and 13, 14, 24,
20, 21. The surroundings are different for the atoms
near the origin; atom Al(11) (occupancy about £ has an
irregular CN11, and atom Al(17) (occupancy about 2)
is surrounded by an icosahedron missing one vertex
(see Table 6).

Al atoms with CN13 are listed in Table 4. The atoms
with Schldfli symbols 3° (on the axes of the elliptical
rings of atoms described above) and 4233 (the pairs of
atoms filling in the smaller holes on layers 1 and 1) have
three Mn near neighbors, two of which are adjacent.
Their polyhedron has 13 triangular, three quadran-
gular and one pentagonal face, see Fig. 2(b). Atom
Al(19) with Schlifli symbol 3*5 has three non-adjacent
Mn neighbors and a somewhat different CN13 poly-
hedron with one vertex partially occupied.

Table 5 lists Al atoms that have an irregular CN12,
formed by part of an icosahedron and part of a
pentagonal prism. These atoms have two adjacent Mn
atoms in their first coordination shell, which accounts
for the icosahedral part of their CN. The polyhedron
has three quadrangular faces, two non-planar pen-
tagonal faces and eight triangular faces, as shown in
Fig. 2(f). The Schlafli symbol for these atoms is 32434.
Other atoms with this same symbol are the Al atoms of
the tetrahedral clusters on the puckered layers and have
already been listed in Table 3. Atom Al(34) has three
Mn neighbors and has a different irregular CNI12
shown in Fig. 2(e).

Some miscellaneous coordinations are listed in Table
6. The CN’s for atoms Mn(1), Al(11), Al(17) and
Al(34) have already been mentioned above. Al(27),
with symmetry 3m, is coordinated by a trigonal prism
with six atoms around the centre as in hexagonal close
packing. Atom AIl(28), shown in Fig. 2(c), is sur-
rounded by the t.c.p. CN16 polyhedron used in the
derivation of the structure, although the atom Al(28)
outside the six-membered ring at z = 1 is somewhat
farther away (3267 A) and not shown in the figure.
Atom Al(30), shown in Fig. 2(d), is connected to Al(28)
by a six-coordinated bond. It has CN 14, formed from a
t.c.p. CN16 by replacing one six-membered face of the
Friauf polyhedron and the atom outside that face by a
five-membered ring (atoms 18, 17, 17, 18, 19).

The shortest Al—Al distance in the structure is
2.527(5) A. The shortest Al—Al distance in the
a-(AIMnSi) phase (Cooper & Robinson, 1966) is
2-44 (4) A and in MnAl, (Kontio & Coppens, 1981)
2-539 (1) A.

4#-MnAl,

Table 3. Near neighbors and distances in A (< 3:2 A)
Jor Al atoms coordinated by a pentagonal prism of Al
atoms with two Mn atoms at the poles

Asterisks mark cases where the approximate fivefold axis of the pentagonal
prism is perpendicular to the z axis.

2 Mn 10 Al
Al{12)* 2 Mn(2): 2.452 2.805-3-166
Al(13)* Mn(3): 2-408. Mn(4): 2-436 2.753-2-965
Al(14)* 2 Mn(3): 2.448 2.797-2.965
Al(16)* 2 Mn(5): 2.417 2.772-2-905
Al(18) Mn(2): 2-486, Mn(7): 2-492 2:600-3-118
Al(25) Mn(8): 2.459. Mn(3): 2-489 2.706-2.937
Al(26) Mn(8): 2:445. Mn(4): 2-494 2.708-2-937
Al(3D Mn(9): 2.445, Mn(6): 2-463 2.697-2.884
Al(36) Mn(6): 2-434, Mn(10): 2-442 2:728-2.911
Al(40)* Mn(9): 2:416. Mn(10): 2-457 2.722-2.913
Al(41)* 2 Mn(10): 2-440 2.723-2-882

Table 4. Near neighbors and distances in A (< 3-2 A)
Jor Al atoms with CN13

Of the three Mn neighbors two are adjacent, except for Al(19) (see Fig. 2b).

Schiafli

symbol 3 Mn 10 Al
Al(19) 35 2.747.2.783 (2x) 2.685-3-034
Al2D) 3* 2.723.2.812.2.827 2.640-3.021
Al(24) 4-3* 2-713,2-746. 2-846 2-638-3-001
Al(29) 4°3'  2.760.2.785.2-819 2.615-2.988
Al(35) 43! 2.756.2-760. 2-761 2:-678-3.021
Al(38) 3 2.752(2x). 2-755 2.671-3.001

Table 5. Near neighbors and distances in A (< 3-2 A)
Jor Al atoms with irregular CN12

The two Mn neighbors are adjacent. Schlafli symbol for all atoms is 32434

(see Fig. 2/).
2 Mn 10 Al

Al(2D) 2-716.2-720 2.789-2.948
Al(22) 2.759 (2x) 2.753-2.948
Al(23) 2.638.2.699  2.849-2.905
Al(32) 2.647.2.701  2.860-2.946
Al(33) 2.699.2:706  2.822-2.946
AI3T) 2:703 2x) 2.825-2.914

Discussion

Contrary to expectations (Bendersky, 1987) no com-
plete MI is present in the structure, although there are
many areas where the atoms are arranged as in parts of
an MI with its center occupied by a Mn atom. The large
Mn triangles on layers § and ~ { with the associated Al
octahedra above and below occur in this MI. The Al
atoms inside such an MI are coordinated by pen-
tagonal prisms of Al atoms with two Mn atoms at the
poles. In fact, the double tetrahedron with common
base 3, 3, 4 and its associated Al atoms accounts for a
large part of the atoms in an MI [positioned with a
twofold axis parallel to z, as Bendersky (1987)
suggested for the icosahedral units], plus atoms beyond
its boundary generated by a vertical (pseudo-) three-
fold axis of the double tetrahedron. Some Al atoms of
the MI are replaced by Mn atoms in the u phase, where
Mn—Mn nearest neighbors, which are absent in
a-(MnAlSi) (Cooper & Robinson, 1966), do occur.
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Table 6. Coordination numbers, near-neighbor
distances in A (< 3:2 A) and coordination polyhedra

Sfor atoms with miscellaneous coordinations (see
Figs. 2a,c—e)
CN Mn Al Polyhedron
Mn() 9 — 9 Al: 2-359-2-409 Trigonal prism + 3, all vertices
partially occupied
Al(1D) 1T Mn(1):2-359 9 Al: 2.582-3-166 ~j occupied, irregular, 4 vertices
Mn(2): 2-683 { occupied
Al(17) 11 Mn(1): 2-409 9 Al: 2-582-3-036 ~% occupied, icosahedron minus
Mn(7): 2-451 one vertex, 6 vertices partially
occupied
Al(27) 12 3Mn(4):2.723 9 Al: 2.709-3-100 Trigonal prism + 6 (h.c.p.)
Al(28) IS5 3 Mn(7):2.788 12 Al: 2-802-3-036 T.c.p. CNI16, one vertex, Al(28),
at 3.267 A, 3 vertices partially
occupied
Al30) 14  2Mn(7):2.728 11 Al:2.729-3-034 Distorted t.c.p. CN16, 2 vertices
1 Mn(9): 2.874 partially occupied
Al(34) 12 2Mn(10):2-693 9 Al: 2-708-3-100 Irregular CN12, 10 triangular,
1 Mn(8): 2-716 3 pentagonal faces

The 105-atom cluster occurring in the crystal
structure of Mgy, (Si,Al),, and the isostructural
Al,CuLi, (Bergman, Waugh & Pauling, 1957), which
we will call the Bergman cluster (BC), has been used in
models of the quasicrystal phases formed at approxi-
mately the composition of the crystal phases by Henley
& Elser (1986) and Audier, Sainfort & Dubost (1986),
as well as in an alternative icosatwin model by Pauling
(1987). In the BC all interstices are tetrahedral and the
central icosahedron is interpenetrated by twelve ico-
sahedra. In u-MnAl, the largest concentration of
tetrahedral interstices is in the surroundings of the Al
atoms with icosahedral coordination. But even these
icosahedra are interpenetrated by at most six other
icosahedra, and therefore a BC does not occur in the g
phase.

There is an intriguing similarity between the arrange-
ment of some of the atoms in the u phase and the
high-resolution electron-microscope (HREM) images
along a twelvefold axis of a dodecagonal phase, recently
observed by Chen, Li & Kuo (1988). This phase is
formed by rapid solidification of V;Ni, and V;Ni,Si, is
periodic along the twelvefold axis and has about the
same composition as the t.c.p. ¢ phase (Bergman &
Shoemaker, 1954). The HREM images show circular
rings of spots surrounding a central hexagon, as
observed for the atoms in the ¢ phase on z ~0 and on
the 0-325 layer of the 4 phase, and also elliptical rings
of spots surrounding a double hexagon, as found for the
arrangement of atoms in both puckered layers of the u
phase. However, the similarity is fortuitous: in both
cases the patterns observed are tessellations of triangles
and quadrangles, but in the HREM images they are not
formed by near neighbors, but by second-nearest
neighbors, corresponding with the less-dense secondary
nets of a t.c.p. structure.

Other quasicrystal phases have been discovered in
systems at compositions close to stable t.c.p. phases
(Kuo, 1986; Kuo, Zhou & Li, 1987). We have

proposed that the propagation of icosahedral sym-
metry that must be essential for the formation of an
icosahedral phase, may be related to the occurrence of
rows of interpenetrating icosahedra in the t.c.p. phases
(Shoemaker & Shoemaker, 1987). In the u phase on
layers centered at z = § and } there occur almost linear
rows of atoms in the directions of the cell edges (and
[110]). These atoms center icosahedra (twofold axes
parallel to z) or pentagonal prisms, which inter-
penetrate by sharing five-membered rings of atoms. The
pentagonal prisms introduce octahedral interstices in
the structure, common to structures containing a large
number of Al atoms. Most of the atoms of these rows
are part of the triangular clusters mentioned above.
Although these rows are not quite linear, approximate
icosahedral symmetry is propagated in their average
direction.

We wish to thank Dr C. L. Henley for suggesting the
problem and Dr L. A. Bendersky for providing the
sample. The X-ray facility at Oregon State University
was established with funds provided by the US National
Science Foundation (CHE-8604239) and by the Four-
sight! program of the OSU Foundation.
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Abstract

Three thermotropic phase transitions have been detec-
ted in Cs,CdBr,: a second-order orthorhombic to
incommensurate transition at 7, = 252 K, a first-order
incommensurate to monoclinic transition at 7T, =
237K and a second-order monoclinic to triclinic
transition at T,, = 156 K. The incommensurate phase
of Cs,CdBr, has been studied by single-crystal X-ray
diffraction. Main reflections and first-order satellites
were measured at 245 K. Based on extinction rules for
the diffracted intensities, the superspace group could be
determined unambiguously. The modulation vector
could be precisely measured as q=0-170 (3)a*. The
incommensurately modulated structure is charac-
terized by a rotation of the CdBr, tetrahedra around a
in addition to a slight translational component along b.
In the monoclinic phase the rotation of the tetrahedra is
‘locked’ and the structure analysis shows the existence
of two twinning domains. Crystal data: dicaesium
tetrabromocadmate, Cs,CdBr,, M, = 697-9. At 245K :
PPima g =10-205 (4), b= 7-887 (3), c = 13.925 (7) A,
MCu Ko)=1.5418 A, R =0-054 for 578 reflections.
At 200K: P2,/n, a=10-200 (3), b=7-844 (4), ¢
=13-958(9)A, a=90-0(1)°, A(MoKa)=0-71069A,
R =0-042 for 1739 reflections.

1. Introduction

The room-temperature phase of Cs,CdBr, is iso-
morphous with f-K,SO, (orthorhombic space group
Pnma) with a=10-228(7), b=7-931(4) and ¢ =
13.966 (8) A and four formula units per unit cell

T Permanent address; Departamento de Fisica, Universidade
Federal de Minas Gerais, 30161 Belo Horizonte, Brazil.

0108-7681/89/010020-07$03.00

(Altermatt, Arend, Gramlich, Niggli & Petter, 1984).
With decreasing temperature the crystal undergoes a
displacive-type structural phase transition at 7, =
252 K into an incommensurate phase as evidenced by
the presence of satellite reflections on diffractograms.
Two additional phase transitions take place at T,
= 237K, a first-order phase transition, and at T,

= 156 K, a second-order phase transition:
P2,/n PT

Pnma __Incommensurate
I; a¥> [,
LTI LT2

HT ' INC

Studies based on *'Br nuclear quadrupolar resonance
measurements (Plesko, Kind & Arend. 1980) revealed
the existence of the above phase-transition sequence.
Their results were also in agreement with the symmetry
detected by X-ray diffraction for the normal and
commensurate phases. No ferroelectric phase occurs
for Cs,CdBr, as it does in other 4,BX,-type com-
pounds like K,SeO, (Izumi, Axe & Shirane, 1977) and
Rb,ZnCl, and Rb,ZnBr, halides (Sawada, Shiroishi,
Yamamoto, Takashige & Matsuo, 1978: Arend,
Muralt, Plesko & Altermatt, 1980) for example. Studies
by Maeda, Honda & Yamada (1983) showed that by
lowering the temperature, the intensity of the satellite
reflection 0311 behaves like Joc(7,—7)? with f=0.29.
In addition, they detected a linear decrease of the g
value from 0-15 to 0-20 with decreasing temperature.
The superspace group of the INC phase discussed by
other authors seemed to be controversial (Maeda et al.,
1983; Altermatt et al., 1984).

No structural study of the incommensurate phase of
this compound has been performed. The small value of
q causes the satellites to be very close to the main
reflections. This fact together with the low intensities of
the satellite reflections and the high absorption
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