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Abstract. A detailed investigation of the Fourier space of several Al-Pd-Mn samples with composition Al-
72.6 at. %, Pd-22.9 at. %, Mn-4.5 at. % is reported. In the phase diagram of the Al-Pd-Mn ternary alloy, this
composition corresponds to the so-called £’ phase which was described as an icosahedral quasicrystalline
approximant. By re-examining the Fourier space by means of X-ray diffraction (powder patterns and single
crystal precession patterns), complex structures in close relation with the &-phase have been observed.
These long-range order complex structures are described as resulting from a periodic perturbation of the &’
structure along the c direction. Two states with periodicities ¢g/ (3 + 7) and ¢g/ (5 + 7) have been observed
in this study (7: golden mean). Structural models based on periodic arrangements of “defects” layers
separating layers of ¢ phase are proposed. These two states are certainly intermediate states between
the ¢’ phase and the metastable decagonal quasicrystalline phase.

PACS. 61.44.Br Quasicrystal — 61.10.-i X-ray diffraction and scattering — 61.10Nz Single crystal and

powder diffraction

1 Introduction

Since the discovery of quasicrystals and despite great ef-
forts in the growth of large single quasicrystals and de-
velopments of more and more sophisticated atomic struc-
ture models in high dimensional spaces, the agreement
between calculated and measured diffraction peak spectra
is still far from being satisfactory. In this paper, we choose
to study quasicrystalline approximants that are periodic
structures having many features in common with their
parent quasicrystalline structures.

In the rapidly solidified Al-Pd binary alloy, a crys-
talline Al3Pd phase was reported as an approzimant of a
decagonal phase and a transformation from the decagonal
quasicrystal to the AlgPd crystalline phase was observed
in electron diffraction experiments [1]. This crystalline
phase was defined as a quasicrystal approximant owing
to its close structural orientational relationships with the
decagonal quasicrystal. A few years later, Matsuo and
Hiraga [2] could obtain a small single crystal of AlsPd for
refining the structure (atomic arrangement) of this alloy.
Combining atomic structure and high-resolution electron
microscopy (HREM) images, they could characterize the
structure as a periodic two-dimensional arrangement (in
the (a, c) plane) of decagonal columns (radius of columns
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= 3.807 A and periodicity b = 16.59 A along the columns).
Moreover, the rapid quenched AlsPd decagonal quasicrys-
tal was studied by high-resolution electron microscopy and
the images show a quasiperiodic two-dimensional arrange-
ment of the same decagonal columns [3].

Not long after, a rapid quenched decagonal phase simi-
lar to the 2D decagonal quasicrystal Al3Pd with the same
periodicity along the columns could be observed in the
Al-Pd-Mn ternary alloy in the Pd rich (~ 25at. %) and
Mn poor (< bat. %) region [4]. More recently, large single
crystals (=~ lem?) of a periodic orthorhombic phase called
the £’ phase were obtained by several groups [5-7]. The
crystal structure of this £ phase was refined from X-ray
data collections [5,8]. In spite of different attributed space
group (Pn2;a and Pnma), the structures of AlsPd and ¢’
(composition Alzs 5 Pdas 4 Mny 1) were found very similar
with almost equal lattice parameters:

ag = 23541 A axpa = 23.36 A
be = 16.566 A baipa = 16.59 A
cer = 12339 A cappa= 12.32 A.

According to transmission electron microscopy results,
structural orientational relationships (epitaxy) were found
between the & phase and the Al-Pd-Mn icosahedral qua-
sicrystal phase [8,9]. Consequently, Klein et al. have
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proposed to describe the £ structure as an icosahedral
quasicrystalline approximant. It is worth mentioning that
the icosahedral phase is stable in a small composition re-
gion around the ideal composition Algg gPd21.7Alg 4.

A theoretical method to describe approximants as pe-
riodic crystals derived from quasicrystals consists in ap-
plying the “perpendicular shear method” to the high di-
mensional space of a quasicrystal. This method was first
proposed by Jaric and Qiu [10] and then later developed
by several others authors [11-13].

By applying this method to the Fourier space of a qua-
sicrystal, the Fourier space of the rational approximant
(position of periodic Bragg peaks and their approxima-
tive intensities) is easily obtained. Such studies for differ-
ent compounds were performed as well for icosahedral as
for decagonal approximants [14-18].

Attempts at applying this shear method to the icosa-
hedral Al-Pd-Mn quasicrystal in order to obtain the the-
oretical &' phase, have been published [8,9,19]. However
the authors have experienced several difficulties. The first
is the absence of group-subgroup relation for the transfor-
mation from the icosahedral quasicrystalline phase to the
orthorhombic &' approximant. The second is the absence
of a selective point in the 6D cell of the icosahedral qua-
sicrystal giving the b basic vector of the ¢ approximant
(the modulus of the 6D vector corresponding to the ex-
isting node in the 6D cell of the icosahedral quasicrystal
being two times larger). With such a 6D vector, a su-
perstructure two along the b direction is expected. The
questions are as follows: is the orthorhombic symmetry
the right symmetry of the £ phase and does a 2b super-
structure exist or not? In the case of negative answers,
another explanation has to be found. For example, owing
to the similarities between Al3Pd and &’ structures, a de-
scription in terms of a decagonal quasicrystal approximant
could be also considered and although the decagonal phase
with a 16 A periodicity was not yet found as a stable but
metastable decagonal quasicrystal in the Al-Pd-Mn alloy,
it would be interesting to apply the shear technique to this
decagonal quasicrystal [20].

The Al-Pd-Mn system is one of the few systems for
which large single grains of icosahedral quasicrystals and
approximant crystals are available. It is an ideal system
for the comparison of structural and physical properties
between approximant periodic crystal and non-periodic
quasicrystal. It is therefore important to perform a com-
plete Fourier space analysis in exploring the Fourier space
by means of X-ray diffraction technique in order to answer
these questions. Such a study is the subject of this current

paper.

2 Sample description

Samples of Al-Pd-Mn with composition around
Al-72.6 at.%, Pd-22.9 at.%, Mn-4.5 at.% corresponding
to a nominal composition of the £ phase were elaborated
at the Institut fiir Festkorperforschung in Jiilich, using
Bridgman crystal growth method. Samples called 1, 2 and
3 have volumes estimated at V; = 1.3 cm?, V5 = 1.2 cm?

and V3 = 1.5 cm?® and their density measured by picno-
metric method is equal to 4.89 g/cm?®. In order to identify
the single grain parts of these samples, v-ray diffraction
(collaboration with P. Bastie, ILL, Grenoble) were
performed. The rocking curves were measured around
the a, b and ¢ directions for the three samples. Samples
1 and 2 have shown the same type of curves: several
grains distributed on nearly 3 degrees with a particularity
for the curve measured around the b direction. This
particularity consists of a “rough plateau”, the better
the quality of the crystal around the a and ¢ direction,
the less the “rugosity” of the “plateau” was. Such a
particularity was not observed on the sample 3. Single
grains K1, K2 with typical dimensions 3 x 3 x 3 mm?
were taken from samples 1 and 2 respectively and their
mosaic spread were tested again.

3 X-ray diffraction experiments
3.1 X-ray powder diffraction study

Up to now, no powder X-ray diffraction patterns have
been presented in the literature for the £ phase. Powder
diffraction experiments were carried out, on a diffractome-
ter installed on the beamline W22 located on a wiggler of
the Laboratoire pour 1'Utilisation du Rayonnement Syn-
chrotron (LURE, Orsay, France). Three powder samples
were prepared from small pieces of samples 1, 2 and 3.
Their powder diffraction patterns were obtained by 6 — 26
scans using a wavelength A = 0.688 A. The diffracted in-
tensities were also recorded on imaging plates, in order to
check the spatial homogeneity of diffraction rings, i.e. the
absence of texture effects.

The X-ray powder patterns are given in Figures la, 2a,
3a for the three samples. We proceeded in the following
way in indexing our spectra: the X-ray powder diffrac-
tion pattern was first calculated from the published &’
structure [5,8], then compared to our data. Surprisingly,
their superpositions on measured spectra only give a good
agreement for (h k0) reflections, slight shifts of (h k1) re-
flections with ¢ # 0 being observed for the three powder
samples.

The a and b lattice parameters have been deduced
from (hkO0) reflections. Their values a = 23.574 A and
b = 16.610 A of the powder sample 3 are found slightly
larger than the values a = 23.531 A and b = 16.580 A
of the powder samples 1 and 2. Indexing the peaks (h k1)
with £ # 0 has required a strong increase of the ¢ parame-
ter value. It takes the values: ¢ = 57.120 A for the sample
3 and ¢ = 81.832 A for the samples 1 and 2. Selected parts
(the more intense regions) of indexed diagrams together
with intensities arising from their related ¢ diffraction
peaks are shown in Figures 1b-d, 2b-d and 3b-d for the
1, 2 and 3 powder samples respectively. In this procedure,
we have only considered the peaks of the £’ structure hav-
ing intensities > 0.01 I1, where I; is the intensity of the
strongest peak of the £ structure.

By analysing some HREM images of references [8,21],
we have been able to locally observe periodicity cg (2 + 7)
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Fig. 1. X-ray powder diffraction pattern (6 — 20 scan, A = 0.688 A) of sample 1. # — 26 scan is measured with a 6 step equal
to 0.005°. The lines drawn are lines connecting data points. (a) The whole spectrum. The indexed spectrum in the following
regions: (b) 9° < 6 < 13°, (c) 17° < 8 < 19° and (d) 19° < 6 < 22°. The weak peak which appears at 20 = 9.935° can be
attributed to the (0 1 20) reflection (calculated 26 = 9.936°). It is not reported in (b) because it is arising from the (0 1 3)

reflection of the &’ structure (intensity = 0.004 I).

where 7 is the golden mean. Regarding the c¢ lattice pa-
rameters measured in our high resolution X-ray pattern,
we can define ¢ = 57.120 A as cg/(3+7) and ¢ = 81.832 A
as ¢g/ (5 + 7). In the following these states will be called
the &' _3 and the £'_5 state respectively.

These X-ray powder diffraction results indicate that
none of studied powder samples has the &' structure
[5,8] but their structures are very close to it. In fact,

the height of diffraction lines that we have attributed to
each (hkl) measured peak (straight lines together with
their indices in Figs. 1b—d, 2b—d and 3b—d) corresponds
to the intensity that we have calculated from the pub-
lished &' structure [5,8], providing we transform the in-
dices | = 0,1,2,3,5,6 of the & phase into the indices
¢=0,7,13,20, 33,40 of the &'_5 state (see Figs. 1b-d and
2b—d) or into the indices £ = 0,5,9, 14,23, 28 of £’_3 state
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Fig. 2. X-ray powder diffraction pattern (6 — 20 scan, A\ = 0.688 A) of sample 2. § — 26 scan is measured with a 6 step equal
to 0.005°. The lines drawn are lines connecting data points. (a) The whole spectrum. The indexed spectrum in the following
regions: (b) 9° < 6 < 13°, (c) 17° < 8 < 19° and (d) 19° < 6 < 22°. The weak peak which appears at 20 = 9.935° can be
attributed to the (0 1 20) reflection (calculated 260 = 9.936°). It is not reported in (b) because it is arising from the (0 1 3)

reflection of the &’ structure (intensity = 0.004 I).

(Figs. 3b—d). It is therefore easy to understand why in-
dexing such diffraction patterns is not a simple routine
operation.

Because the intensity of measured peaks in the ¢’ 3 and
&'5 states are in close qualitative relation with the peak
intensities calculated from the &’ structure, it is tempting
to describe the ¢’5 and £’ 3 states as “perturbed” states

of the £ structure. The structural perturbation is one-
dimensional, lies along the c direction and is coherent over
large distances (the width of diffraction peaks being as the
same experimental resolution).

It is interesting to note that the very weak calculated
peaks (h kl): h+¢ = 2n+1 seem to be absent of the diffrac-
tion patterns. In order to learn more about this structural
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Fig. 3. X-ray powder diffraction pattern (6 — 26 scan, 6 = 0.688 A) of sample 3. 8 — 20 scan is measured with a € step equal
to 0.005°. The lines drawn are lines connecting data points: (a) The whole spectrum. The indexed spectrum in the following
regions: (b) 9° < 6 < 13°, (c) 17° < 6 < 19° and (d) 19° < 6 < 22°. The weak peak which appears at 26 = 9.95° can be
attributed to the (0 1 14) reflection (calculated 26 = 9.961°). It is not reported in (b) because it is arising from the (0 1 3)

reflection of the &’ structure (intensity = 0.004 I).

“perturbation”, we decided to perform X-ray diffraction
experiments on single crystals.

3.2 X-ray single crystal diffraction study

A thin platelet (0.15 mm x 3 mm X 3 mm) was cut
off from the K1 sample. Monochromatic X-ray preces-

sion diffraction patterns were obtained (Laboratoire de
Physique des Solides, Orsay, France) for different orienta-
tions of the platelet. The incident wavelenght A = 1.542 A
(CuKa) was selected using the (0 0 2) reflection of a py-
rolytic graphite monochromator.

A series of precession films giving the patterns of re-
ciprocal planes containing (0k¢), (1k¢), (2k¢), (h0¢)
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Fig. 4. (a) Monochromatic X-ray precession diffraction pat-
tern of the K1 sample showing the equatorial reciprocal plane
(1 0 0). (b) Analysis of the diffraction pattern — open circles
give the positions of all observed (0k¢) diffraction peaks, the
lattice parameters b = 16.700+0.030 A and ¢ = 82.61£0.37 A
= ¢¢/ (5 + 7) allow indexing all peaks, — for comparison black
dots give the calculated diffraction peak positions of the &’
structure (the lattice parameters b = 16.700 A and ¢ =
12.482 A are used in the calculation). The series of straight
lines allows to easily deduce the selection rules of the &’ 5 struc-
ture. Note that the observed peaks of £'5 are all very close to
the calculated peaks of the & structure. Due to the long expo-
sure time, note the presence of few very weak peaks with half
integer indices due to the presence in the X-ray incident beam
of a very slight contamination by \/2.

and (hk0) reflections have been taken. Figures 4a, 5a,
6a show the results obtained for the three equatorial re-
ciprocal planes (1 0 0), (01 0) and (0 0 1). Positions of all
the observed diffraction peaks (hollow circles) are given
in Figures 4b, 5b and 6b. All the diffraction peaks can be
indexed with the following orthorhombic cell parameters:

a=23.547+0.050 A, b = 16.700 £ 0.030 A,
c=82.61+0.37 A.
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Fig. 5. (a) Monochromatic X-ray precession diffraction pat-
tern of the K1 sample showing the equatorial reciprocal plane
(0 1 0). (b) Analysis of the diffraction pattern — open circles
give the positions of all observed (h0/) diffraction peaks, the
lattice parameters a = 23.547+£0.050 A and ¢ = 82.61+0.37 A
= ¢/ (5 + 7) allow indexing all peaks, — for comparison black
dots give the calculated diffraction peak positions of the &’
structure (the lattice parameters a = 23.547 A and ¢ =
12.482 A are used in the calculation). The series of straight
lines allows to easily deduce the selection rules of the &5 struc-
ture. Note that the observed peaks of £'5 are all very close to
the calculated peaks of the & structure. Note that the addi-
tional peaks are due to a slight contamination by a very small
crystallite.

The reflections (0k¢) and (h0¢) are located on the
layers ¢ = 0,6,12, 14,20, 26, 28, 32, 34, 38,40,52 and ¢ =
0,1,6,7,12,13, 14, 19, 20, 21, 26, 27, 32, 33, 34, 39, 40, 41,
46,47,52, 53 respectively and the reflection conditions are
as follows:

(0kl), I =2n
(hOL), b+ 1 = 2n.

The (hk0) reflections conditions are identical to the re-
flection conditions observed in the &’ structure, i.e.:

(hk0), h = 2n
(h00), h = 2n
(0k0), k = 2n.

The black dots in Figures 4b, 5b, 6b indicate the positions
that the selective reflections of the &' structure should
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Fig. 6. Monochromatic X-ray precession diffraction pattern of
the K1 sample showing the equatorial reciprocal plane (0 0 1).
(b) Analysis of the diffraction pattern — open circles give the
positions of all observed (hkO) diffraction peaks, the lattice
parameters a = 23.547 4+ 0.050 A and b = 16.700 £ 0.030 A
allow indexing all peaks, — the open circles coincide with the
calculated diffraction peak positions of the & structure (black
dots). Due to the long exposure time, note the presence in (a)
of very weak peaks with half integer indices due to the presence
in the X-ray incident beam of a very slight contamination by
A/2. This harmonic arises from the monochromatisation of the
beam using the (0 0 2) reflection of pyrolytic graphite. We
have checked that all these peaks were excited by A/2. It is the
reason why, they are not shown in (b).

have. In these simulations we have used the cell parame-
ters deduced from our precession patterns: ag: = 23.547 A,
ber = 16.700 A, cer = 82.61/(5+ 7) A for the lattice pa-
rameters of the £’ structure. As it can be seen from these
figures, the measured diffraction peaks (0% ¢) and (h0¢)
(hollow circles) are located on layers taking integer values
1 on both sides of layers of black dots. This means once
more that the structure of the £’ 5 state is different from
the structure of the £’ phase, but not too much.

Fig. 7. Monochromatic X-ray precession diffraction pattern of
the K2 sample showing the equatorial reciprocal plane (0 0 1)
of the ¢ structure. Due to the long exposure time, note the
presence of very weak peaks with half integer indices due to
the presence in the X-ray incident beam of a very slight con-
tamination by /2.

From the precession films giving the patterns of recip-
rocal planes containing the (1k/¢), (2k¢) reflections, an
additional reflection condition

(hkt), h+ 0 = 2n

can be deduced. This confirms the absence of these diffrac-
tion peaks in powder diffraction patterns. The resulting
orthorhombic space group obeying all these selection rules
is the B2212 space group. This space group is equivalent
to the space group with the standard symbol C222; of
International Tables of Crystallography wvia a basis trans-
formation interchanging b and c.

A similar study has been performed on a platelet ex-
tracted from the K2 single grain. A series of precession
films giving the patterns of reciprocal planes containing
(h0£),(h1£),(h2£) and (0 k ¢) reflections has been taken.
In this sample, all the diffraction peaks can be inter-
preted as arising from the £’ structure with lattice pa-
rameters ag = 23.543 £ 0.050 A, by = 16.643 + 0.05 A,
cer = 12.37440.040 A and space group Pnma (or P2;ma).
The symmetry and lattice parameters of the & structure
of [5,8] being confirmed, the description of the & phase in
terms of icosahedral quasicrystal approximant cannot be
appropriate.

Figure 7 shows the diffraction pattern of the equatorial
reciprocal plane (0 1 0). No traces of the £'_5 state can
be detected in this platelet taken from the bulk of the
K2 single grain, contrary to the powder taken from the
surface of the extremity of the sample 2.

These results show that the sample 2 which was be-
lieved to be a single crystal of £ phase (at the beginning
of these studies), in fact contains several single grains and
at least two states, £ and &5, and that the greatest care
must be taken in measuring physical properties on such
big grains.
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Fig. 8. (a) Schematic representation of the &’ structure in the
(a, ¢) plane. (b) The two kinds of “defects” frequently observed
in HREM images.

4 Discussion: A geometrical model
for the £'n states

The experimental Fourier space obtained by several tech-
niques (X-ray powder diffraction, X-ray precession, elec-
tron diffraction [22]) reveals the existence of several states
in close relation with the ¢ phase. The &3 and the &5
states have been observed in this study.

High-resolution electron microscopy experiments along
the b direction indicate that the £ phase contains “de-
fects” [8]. We show in Figure 8a a tiling of squashed
hexagons as the £’ structure appears in the (a, c¢) plane of
HREM images. This tiling is obtained in joining centres
of decagonal columns. The periodicity along the column
is equal to the by lattice parameter and the edge length
of hexagons is equal to cg /7. Figure 8b shows the two
kinds of cluster “defects” (pentagon + nine-edge poly-
gon) observed in this phase and as they were described
by Klein [8,9] from their HREM study.

Figure 9a shows how the parameter ¢ = c¢/(1+7) can
be obtained from a periodic tiling of these “defects”. This
tiling only contains pentagons and nine-edge polygons.

Figure 9b shows how a periodic tiling with the lat-
tice parameter ¢ = ¢g/(2 4+ 7) can be obtained. This tiling
was observed in the so-called ¢’ phase in small regions of
HREM image [8]. It is worth noting that we were able
also to recognize such a tiling in small regions of HREM
image taken by Sun and Hiraga [21] in the AlzsPdoMns
alloy. It seems that there exists only one manner to obtain
a tiling with this lattice parameter. This does not remain
true for the states ¢’ n with n > 3 where the number of
different tilings is increasing with n. In the n = 3 and
n = b states, we should have to choose, among all the dif-
ferent possible tilings, the tiling possessing the symmetry
elements of the space group deduced from our diffraction
study, in particular the base B of the orthorhombic cell has
to be centred. Among all the tilings, obtained in mixing
layers of squashed hexagons and layers of “defects”, only
one is found obeying this condition, both for the n = 3
and n = 5 states. Figures 9c and 9d show these geomet-
rical models. One can see that the number of layers of
squashed hexagons is increasing with n whereas the num-
ber of layers of “defects” remains constant and equal to
2, Vn. These structures can be described as periodic ar-

b) n=2

a) n=1

c) n=3

.5

Fig. 9. Periodic tilings with the following lattice parame-
ters: (a) agr and cg (147), (b) ag and cer (247), (¢) agr and
cer(3+7), (d) agr and cer (5+7).

rangements of “defect” structures along the c¢ direction,
the “defect” density being decreasing with n increasing.
With n increasing, the layers of “defects” separating “an-
tiphase domains” of £’ structure can be regarded as a kind
of “antiphase domain boundaries”.

5 Summary and concluding remarks

The starting point of this work was the difficulty to de-
scribe the orthorhombic £ structure as a rational approxi-
mant structure derived from the 6D Al-Pd-Mn icosahedral
quasicrystal structure by applying a uniform shear to its
perpendicular space.

A complete Fourier space study, by means of X-ray
diffraction has:

— firstly confirmed symmetry and lattice parameters of
the & phase, definitively putting an end to the discus-
sion about the £ phase in terms of an approximant of
the Al-Pd-Mn icosahedral quasicrystalline phase;

— and secondly revealed complex structures in close re-
lation with the & structure.
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These complex structures with long range order have
been described as resulting from a periodic “perturbation”
of the &’ structure along the ¢ direction. This perturbation
with periodicities cg/ (3 + 7) and c¢/(5 + 7) have been ob-
served in this study and structural models based on peri-
odic arrangements of “defects” layers separating layers of
£’ phase have been proposed. They take into account the
symmetry deduced from X-ray diffraction patterns.

These complex structures certainly correspond to in-
termediate states between the £ phase and the decago-
nal phase with 16 A periodicity. By joining centres
of decagonal atom clusters observed in HREM im-
ages taken with the incident beam parallel to the ten-
fold axis in the rapidly solidified decagonal quasicrystal
AlzsPdyoMns alloy, Sun and Hiraga [21] have obtained a
tiling containing decagons, pentagons, squashed hexagons
and nine-edge polygons. By analysing their results in the
perpendicular space they shows that their observed tiling
arise from a quasiperiodic structure containing “random
phason strain or linear phason strain”. Among these four
kinds of polygons, only three are needed to describe the
tilings of intermediate phases and only one is present in
the £ phase.

Looking in details at the electron diffraction pat-
tern obtained by Sun and Hiraga [21] on the as-cast
Al75PdyoMns alloy, we were able to index it using the
lattice parameters of the £’ 2 structure. Sun and Hiraga
point out that the same kind of diffraction patterns was
also frequently observed in samples annealed to 720 °C
and 800 °C. This lets suppose that this “faulted” £’ phase
(€' 2) is stable at high temperature. It would be interesting
to determine the temperature and composition domains
where the &, £’ 2, 3and £’ 5 structures could be observed.

A last concluding remark is the observation of an im-
portant diffuse background in our powder diffraction pat-
terns (Figs. la, 2a, 3a) allowing us to conclude that sig-
nificant disorder coexists with long range order in the £'_3
and the &_5 structures. At the present time the nature of
disorder is not known. Diffuse scattering was observed and
interpreted in icosahedral quasicrystals [23-25], decagonal
quasicrystals [26] and complex Frank-Kasper phases [27].

We acknowledge P. Bastie, B. Grushko and M. Laridjani for
useful discussions. We also acknowledge M. Feurbacher for pro-
viding us the samples.
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