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Abstract

Als 103(Fe,Cr), orthorhombic, Imm2, a= 1234,
b=1241, ¢=3071A, V =4701A3 atoms/cell=
305 (average), D, ~ 3.4gcm~3. A structural model of
the non-Fibonacci approximant O-AlFeCr with com-
position Als,p;(Fe,Cr) found in an Al,Fe,Cr alloy
has been derived from its high-resolution electron
microscopy images and the structure of the hexagonal
u-Al,Mn [Shoemaker, Keszler & Shoemaker (1989).
Acta Cryst. B45, 13-20], being isostructural to u-Al,Cr.
Among the 14 unique positions of transition metal (TM)
atoms, 13 are icosahedrally coordinated: five of these
icosahedra interpenetrate into each other, forming
icosahedral chains along [010], and the remaining
eight icosahedra with their twofold axis parallel to this
axis. This structural model describes a (010) layer
structure with a sequence P"FP(P"FP),, where a flat
layer F (a mirror plane) is sandwiched between two
puckered P and P™ layers, and (P™FP), is related to
P"FP through a body-centred translation. The inter-
atomic distances are 2.51-2.74 A for TM—TM, 2.38-
299 for TM—AIl and 2.41-3.18 A for Al—AIl
Simulated images and electron diffraction patterns
calculated based on this structural model are comparable
with the experimentally observed results.

1. Introduction

Most of the quasicrystal-related crystalline phases, or
approximants, belong to the Fibonacci type (Elser &
Henley, 1985; Ishii, 1989). In the case of Fibonacci
approximants of the two-dimensional decagonal quasi-
crystals (DQC) the orthogonal lattice parameters a and ¢
in the quasiperiodic plane perpendicular to the periodic
tenfold b axis can be calculated from

a=5"a, " /(14 ) (1)
c=5"2a,r" )

by substituting a ratio of Fibonacci numbers_for
r=(145"2)/2 =2cos36 . Here ap =4.0-4.1A is
the quasilattice constant or the edge length of the 36°
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and 72° rhombi (Zhang & Kuo, 1990; Hu & Ryder,
1994), and n and »’ are integers including zero.

Recently, we have reported a new type of decagonal
approximant, the orthorhombic O-AlFeCr in the
Al Fe,Cr alloy with lattice parameters a = 12.3,
b =124, ¢ =30.7 A (Sui, Liao & Kuo, 1995), where
¢ does not agree with any value calculated using (2). By
analysing its electron diffraction patterns (EDP’s) and
high-resolution electron microscopy (HREM) images
this compound is considered possibly to be a non-
Fibonacci decagonal approximant. A phase with similar
orthorhombic lattice parameters has also been found in
AlgyMn; Ni, (Singh & Ranganathan, 1994), Al-Cu-
Co-W (Liao, 1994) and AI-Cr-Ni (Rosell-Laclau,
Durand-Charre & Audier, 1996) alloys, although no
structural model has been given.

In the Al-rich AI-TM alloys there are a large number
of complex crystal structures. By single crystal X-ray
diffraction analysis some of these structures have been
determined, such as Al,Mn,Ni, (Robinson, 1954),
Al;Fe, (Black, 1955a,b), ¢-Al,¢Mn; (Taylor, 1959),
T;-(AIMnZn) (Damjanovic, 1961), Al ;;Co, (Hudd &
Taylor, 1962), «-AlMnSi (Cooper & Robinson, 1966),
a-AlFeSi (Cooper, 1967), p-AlMn (Shoemaker,
Keszler & Shoemaker, 1989), Z-Als,CusLi,qMg,, (Le
Bail, Leblanc & Audier, 1991), Al ;Cuq,-
Fe,, ,Cr,7,Si; (Kang, Malaman, Venturini & Dubois,
1992), 7-Al,Mn (Franzen & Kreiner, 1993), O-Al;;Co,
(Grin, Burkhardt, Ellner & Peters, 1994), ALkMn or
Y-Al,Mn (Shi, Li, Ma & Kuo, 1994) and Al;Pd
(Matsuo & Hiraga, 1994) etc. These crystalline phases
are structurally related to quasicrystals and one of the
common features is the icosahedral coordination of the
majority of TM atoms. Sometimes the structure of a
crystal with a smaller unit cell can even be a structural
subunit of a larger unit cell, such as the structure of the
hexagonal ¢-Al;\Mn; with a=7.543, ¢="7.898A
(Taylor, 1959), which can be found in hexagonal
u-Al,Mn with a = 19.98, ¢ =24.673 A (Shoemaker,
Keszler & Shoemaker, 1989). Structural models of
several highly complicated phases have been deduced
from previously solved structures. For example, a
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Table 1. Fractional atomic coordinates and occupancy
Sfactors for O-AlFeCr (TM = transition metal, Fe or Cr)

Sites x v : Occupancy
T™(1) 2(a) 0.0 0.0 0.1459
TM(2) 4c) 0.3242 0.0 0.2385 1.0
TM(3) 2(b) 172 0.0 0.0 1.0
TM(4) 2(b) 172 0.0 0.2907 1.0
TM(5) 2(a) 0.0 0.0 0.8541 1.0
TM(6) 4(c) 0.3242 0.0 0.7615 1.0
TM(T) 2(h) 12 0.0 0.7093 1.0
TM(8) Hd) 0.0 0.1091 172 1.0
T™M(9) X 0.0 0.1953 0.7160 1.0
T™M(10) Hd) 0.0 0.1953 0.2840 1.0
T™M(11) 8(e) 0.1775 0.1910 0.0453 1.0
T™M(12) 4d) 172 0.1936 0.4280 1.0
T™M(13) Hd) 172 0.1990 0.8536 1.0
TM(14) Hd) 172 0.1936 0.5720 1.0
Al(1S) 2(u) 0.0 0.0 0.2923 1.0
Al(16) 2a) 0.0 0.0 0.5790 1.0
Al(17) o) 0.1151 0.0 0.4386 1.0
Al(18) 4(¢) 0.1325 0.0 0.0 1.0
Al(19) 4(¢) 0.1916 0.0 0.0898 1.0
AlQ20) 40) 0.1813 0.0 0.1815 1.0
Al(21 4¢) 0.3062 0.0 0.3278 1.0
Al(22) A(c) 0.3869 0.0 0.1510 1.0
Al(23) Ad) 172 0.0392 0.0766 0.4240
Al(24) 2(b) 172 0.0 0.4374 1.0
Al(25) 2y 0.0 0.0 0.7077 1.0
Al(26) A(c) 0.1864 0.0 0.5291 1.0
Al(27) 4(c) 0.1836 0.0 0.9069 1.0
Al(28) 4¢) 0.1813 0.0 0.8185 1.0
Al(29) 4(0) 0.3062 0.0 0.6722 1.0
Al(30) 4(c) 0.3869 0.0 0.8490 1.0
Al(31) 4(c) 0.3500 0.0 09514 0.6720
Al3D) 2b) 172 0.0 0.5626 1.0
Al33) Hd) 0.0 0.1018 0.0724 1.0
Al(34) Ad) 0.0 0.1174 0.2090 1.0
Al(3S) 8(e) 0.1151 0.1174 0.3537 1.0
Al(36) 8(e) 0.1790 0.1173 0.2632 1.0
Al(37) 8(e) 0.3467 0.1042 0.0267 0.6720
Al(38) 8(e) 0.3062 0.1157 0.4090 1.0
Al(39) 8(e) 0.3848 0.1196 172 1.0
Al(40) Hd) 172 0.1031 0.2156 1.0
Ala1) Ad) 12 0.1149 0.3543 1.0
Al(42) 4(d) 0.0 0.1018 0.9276 1.0
Al(43) 4d) 0.0 0.1174 0.7910 1.0
Al(44) 8(e) 0.1151 0.1174 0.6463 1.0
Al(45) 8(e) 0.1790 0.1173 0.7368 1.0
Al(46) 8(e) 0.3062 0.1157 0.5910 1.0
Al(47) 4d) 172 0.1031 0.7844 1.0
Al(48) Hd) 172 0.1149 0.6457 1.0
Al(49) 4(d) 172 0.0969 0.9200 0.4240
Al(S0) Ad) 0.0 0.2037 0.0 1.0
Al(ST) Hd) 0.0 0.1872 0.4283 1.0
AlS2) 8(e) 0.1150 0.1910 0.1354 1.0
Al(53) 8(e) 0.1790 0.1911 0.4831 1.0
Al(54) 8(e) 0.3107 0.1846 0.1091 1.0
Al(SS) 8(e) 0.3128 0.1890 0.1925 1.0
Al(56) 8(e) 0.3848 0.1850 0.2814 1.0
AlST) Hd) 172 0.1931 0.9941 0.4240
Al(58) 8(e) 0.1821 0.1850 0.9555 1.0
Al(59) 8(e) 0.1013 0.1760 0.5655 1.0
Al(60) 4(d) 112 0.1999 0.1344 1.0
Al61) 8(e) 0.1150 0.1910 0.8646 1.0
Al(62) &(c) 0.3188 0.1846 0.8965 1.0
Al(63) 8(e) 0.3128 0.1890 0.8075 1.0
Al(64) (e) 0.3848 0.1850 0.7186 1.0

structural model for O-AlFeCr has c¢=30.71 A,
which is shorter than the parameter b’ = 34.61 A of
u-Al,Mn by a length of the shorter diagonal of the
thin rhombus, Fig. 2(b). In reconstructing the unit cell
of O-AlFeCr, a is reduced to half the original
parameter ¢’, therefore, the ¢ glide mirror is lost.

NON-FIBONACCI APPROXIMANT IN Al ,Fe,Cr

On the other hand, a body centre has been found by
electron diffraction analysis (Sui et al., 1995).
Therefore, the constructed structural model agrees
with the space group Imm2. In the structure of u-
AlLMn the flat layer F at x' =0 is a mirror m,
whereas the next two (at x' ~1/16 and ~1/8) are
puckered layers. These two puckered layers can be
treated as one compound (P). Thus, the structural
model of O-AlFeCr derived from the structure of wu-
AlLMn can be described in terms of these layers
stacked along the b axis in a P"FP(P™FP), sequence,
where the P™ layer is related to the P layer by a
mirror reflection and (P"FP), is related to P"FP by a
body-centred translation.

4. Description of the structure model
4.1. Atomic sites

The atomic sites for O-AlFeCr (Table 1) were
derived from those of the u-Al,Mn phase given by
Shoemaker, Keszler & Shoemaker (1989). Only those
atoms of u-Al,Mn in the subunit shown in Fig. 2(b)
and located on the layers at X’ =0, ~1/16 and ~1/8
[see Figs. la-c in Shoemaker (1993)] were used.
However, a few atoms in the neighbourhood of the
junction of these two subunits were slightly adjusted
or even removed in order to avoid too short a distance
between the two atoms. There are 266 Al and 50 TM
positions in a unit cell of O-AlFeCr (see Table 1).
Among these, several Al positions are not fully
occupied. In u-AlMn, with Al/Mn ratio 4.12,
Al(11), has an occupancy factor of 0.424. We have
used the same occupancy factor for Al(23), Al(49)
and Al(57) in our model of O-AlFeCr. For the same
reason, Al(31) and Al(37) have an occupancy factor
of 0.672, as does Al(17),,. Therefore, the Al/TM ratio
is not 266/50, but 255.15/50 = 5.103, yielding a
composition of Alg 53 TM.

4.2. Layer structure

The three unique layers perpendicular to the pseudo-
tenfold [010] axis of the structural model of the
O-AlFeCr phase at y =0 (F layer), ~0.11 and ~0.19
are shown in Fig. 3. The flat layer at y = 0 (Fig. 3a) is a
mirror, while the other two are puckered layers. In the
flat layer, two Al(18), two Al(19), two Al(22), two
Al(27) and two Al(30) form a decagon with TM(3) at its
centre. Al(16), two Al(17) and two Al(26) form a
pentagon surrounded by a large decagon consisting of
Al(15), Al(21), Al(24), Al(25), Al(29) and Al(32). The
puckered layer at y >~ 0.11 is mainly composed of Al
atoms (Fig. 3b) and the only TM atom is surrounded by
an Al decagon. In the puckered layer at y ~ 0.19 (Fig.
3¢) there are also pentagons and decagons.

The O-AlFeCr phase can also be treated as a
layered structure perpendicular to the [100] axis,
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Fig. 3. The atomic layers of the structural model of O-AlFeCr
perpendicular to the pseudo-tenfold [010] axis at (@) y =0,
(h) y~0.11 and (¢) y ~0.19, in which the filled circles are
transition metal (TM) atoms (Fe or Cr) and the open circles
Al atoms. The layer at y =0 is a flat mirror, while the other
two layers are puckered.
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which corresponds to the ¢ axis of the hexagonal u-
Al,Mn. The (0001) layer structure has already been
discussed in detail by Shoemaker, Keszler &
Shoemaker (1989).

4.3. Icosahedral coordinations

Since the structure is derived from the u-Al,Mn
phase (Shoemaker, Keszler & Shoemaker, 1989), most
of the coordinations in the present model are similar to
those in the 1-Al,Mn phase. Among the 50 TM atoms,
almost all have icosahedral coordination, except two
TM(3) atoms which originate from the Mn(1), position
in the p-Al,Mn phase. For the TM(9), TM(10),
TM(12), TM(14) and TM(8) atoms (altogether 20 in
number) the pseudo-fivefold axis is parallel to the b
direction of the O-AlFeCr phase. Fig. 4(a) shows an
icosahedral chain along the pseudo-tenfold [010] axis,
in which the right and left chains are of the same
structure, but highlight different icosahedra to demon-
strate the four interpenetrating icosahedra or four
pentagonal antiprisms (PAP) with two pentagonal
prisms (PP) at the two ends. In the [010] direction,
four PAP’s and 1 PP yield a b period of
~2.95+235x 4=1235A, quite close to 1241 A.
Similar constructions also existed in the structure of
w-Al,Mn (Shoemaker, Keszler & Shoemaker, 1989)
and Al;Mn (Hiraga, Kaneko, Matsuo & Hashimoto,
1993; Shi, Li, Ma & Kuo, 1994) with the 12.4 nm
period along the pseudo-tenfold b direction.

For the other TM atoms the twofold axis, rather than
the fivefold axis, is parallel to the [010] direction. Fig.
4(b) shows such an icosahedral coordination of TM(13)
(with [010] perpendicular to the paper) linked with an
icosahedral coordination of TM(10), whose fivefold
axis is parallel to [010]. The 2 x Al(62) and 2 x Al(63)
atoms are located at the same level as TM(13), which
can also be seen in Fig. 3(c). Below this there is a
rhombus consisting of Al(47) and Al49) in Fig. 3(b)
and 2 x Al(30) in Fig. 3(a). Above this there is a
rhombus consisting of Al(15) in Fig. 3(a), 2 x Al(35) in
Fig. 3(b) and AI(51) in Fig. 3(c). The Al coordinations
are also similar to those in the u-Al,Mn phase. As seen
in Fig. 4(a), Al(47) have icosahedral coordination, as
do Al(33), Al(40) and Al(42). All these 16 Al atoms are
located at centres of icosahedra aligned with their
pseudo-fivefold axes parallel to the [010] direction of
O-AlFeCr.

The atomic distances calculated from Table 1 are:
TM—TM 2.51-2.74, TM—AI 2.38-2.99 and Al—Al
2.41-3.18 A. The shortest distance for AlI—TM 2.38 A
is between TM(3) and the partially occupied Al(31). In
the structure of j1-Al;Mn the shortest Al—Mn distance
is 2.36 A. Such shorl Al—TM distances have also been
reported before in the structure of the T;(AlMnZn)
phase (Damjanovic, 1961) and the a(AlFeSi) phase
(Cooper, 1967). In the structure of a(AIMnSi) (Cooper
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along [010] and [100] orientations are comparable with
the experimental results.

We propose here that O-AlFeCr has Imm2
symmetry, being different from the Immm reported
in a previous study (Sui, Liao & Kuo, 1995). As
mentioned previously (Sui, Liao & Kuo, 1995),
superstructure ordering frequently occurs in the O-
AlFeCr phase. This ordering induces streaks occur-
ring between the 00/, 01/, 02/, ... rows of spots in
the ¢* direction in the [100] EDP and sometimes even
causes diffuse scattering in the high-order diffraction
spots. Such an ordering will create microdomains
with (001) as a mirror plane. If an electron beam is
incident on such a region, the convergent-beam
electron diffraction pattern might show a mirror
symmetry parallel to (001). Moreover, in our model
most of the atoms are located at the position with
almost Immm symmetry, except for a few atoms at
z>0 or 0.5, which are the junction of the two
subunits shown in Fig. 2(b). Some atomic clusters in
the model can be rotated through 180" along the [010]
orientation, causing only small changes in nearest-
neighbour relations. For example, if the icosahedral
cluster around TM(8) and the cluster around TM(3)
are rotated through 180° along the [010] axis, there
are almost no changes in the atomic nearest-neighbour
environments. Similarly, the atoms TM(13) and
Al(60), and TM(11) and AI(58) could also be
interchanged. If both orientations were present, a
mirror would be introduced perpendicular to ¢. Thus,
the crystal might show an apparent space group of
Immm. This possibility will be further investigated.

Among the 14 unique TM atoms in an O-AlFeCr
unit cell 13 have icosahedral coordination; five of the
13 icosahedra are aligned with their pseudo-fivefold
axis parallel to the pseudo-tenfold axis [010] and the
other eight have their twofold axes parallel to [010].
For the four unique Al atoms with icosahedral
coordination their pseudo-fivefold axes are all parallel
to the pseudo-tenfold axis [010]. As suggested by
Wen, Chen & Kuo (1992) for u-Al,Cr, the
combination of the pseudo-fivefold and the twofold
symmetries of these TM icosahedra will result in a
pseudo-tenfold axis parallel to [010]. This also applies
to the present case.
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