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Direct 3D Imaging of Al70.4Pd21Mn8.6 Quasicrystal Local Atomic Structure
by X-ray Holography
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Inverse x-ray fluorescence holography was used to explore the local atomic order of a nearly perfect
quasicrystal with composition Al70.4Pd21Mn8.6. We have demonstrated the possibility of direct 3D imag-
ing of the atomic decoration in a quasicrystal. We have obtained the average 3D environment of selected
coordination shells around the Mn atoms. These results open the way to obtaining further and more
complete information about the various coordination shells in complex materials by measuring multiple
energy x-ray holograms at different sites.

PACS numbers: 61.44.Br, 42.40.– i, 61.10.– i
Besides the crystalline and amorphous solids, the qua-
sicrystals are a new type of space filling form of matter.
These intermetallic compounds are stable and exhibit a
specific long range order together with an orientational
order associated with symmetry properties which are
forbidden in periodic crystals [1]. Among quasicrystals
the icosahedral AlPdMn system is considered as a model
system [2]. For this system, fivefold axes are observed in
diffraction patterns obtained using neutron [3], x-ray [3,4],
or electron beams [5–7]. These diffraction data are the
experimental basis of the accepted models, which describe
the atomic decoration of the quasicrystalline structure
[3,8]. In fact, for all discovered quasiperiodic structures,
determination of atomic decoration remains a central is-
sue. Recently, high resolution electron microscopy images
[9,10] of the 2D AlNiCo quasiperiodic structures have
been quantitatively analyzed using a single 2D decorated
cluster of atoms [11].

In general, the structure of nonperiodic systems like
amorphous materials cannot be exactly described by a fi-
nite set of parameters. A striking feature of quasicrystals is
that in spite of the fact that they are also nonperiodic in 3D
space, their structure can still be characterized by a mini-
mal set of parameters in the six-dimensional superspace,
similar to “normal” crystals in 3D real space. This periodic
6D structure can be projected on 3D space to obtain a per-
fect idealized quasicrystalline structure [2,12,13]. Starting
from these models, one obtains not only long range order
but also evidence for a high local order with respect to
distances and orientations. In particular, this description
implies a finite set of local atomic structures around the
Mn atoms.

Hard x-ray holography using an inside reference point is
a local method capable of imaging the environment of se-
lected atoms in 3D with no a priori model [14]. The capa-
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bilities of this method have been demonstrated in previous
experiments [15–20]. In the last few years the technique
has been developed to a level that makes its application
practical. The measuring time was decreased to the hour
range, and the real space resolution was significantly im-
proved [18], both in absolute value and in directionality.
The high statistical accuracy and the rigorous control of
experimental conditions allowed even the imaging of light
atoms [21]. Up to now x-ray holography has been used in
model crystals with simple atomic decoration.

The combination of x-ray holography with quasicrystals
opens two unique experimental opportunities. First, we
can demonstrate the efficiency of this new technique in
the case of a complicated structure with different local
environments. For the first time x-ray holography can be
tested on a noncrystalline solid. Second, this experiment
can directly visualize the average neighborhood of one type
of atom (Al, Pd, or Mn). This will be the first time that the
atomic positions in quasicrystals can be observed in direct
space and in 3D with no prerequisite atomic model and
no necessity for a sophisticated extension of the classical
crystallography to a six-dimensional space.

In spite of the above improvements in the technique, the
measurement of quasicrystals is not without difficulties.
In the following we outline the most important problems.
First, holography needs, at the present technical stage, a
large flat sample in which, besides the short range order,
there is also orientational order. Nowadays, the growth
technique of quasicrystals is perfected to a level that large
ideal quasicrystals could be produced [22]. Their superb
quality was proven by the observation of dynamic effects
such as the Bormann effect [23] or the fine structure of
x-ray standing wave lines (XSWL) [24,25]. The orien-
tational order is an inherent property of the quasicrys-
tals. However, in these samples selected atoms can have
© 2000 The American Physical Society 4723
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FIG. 1 (color). Mn fluorescence versus incident beam direc-
tion. The gray part corresponds to the range of u angle inacces-
sible due to practical constraints. The inset is a sketch of our
experimental setup.

neighbors not in a single but in a few distinct orientations.
Since in the hologram all the possible orientations appear
at the same time, the separation of these require additional
information. This can be obtained from chemical consider-
ations or from comparing the experimental data to existing
models. The second problem is connected to the diffrac-
tion peaks, which densely fill the reciprocal space down
to low Q values. Two sources of these photons can be
distinguished: (i) elastic scattering of the incident beam
(normal Bragg scattering) and (ii) elastic scattering of the
fluorescent radiation excited by the incident beam (Kossel
lines) [26,27]. Since the intensity of both of these is much
larger than that of the holographic signal, they have to be
removed. The first one can be filtered out by a crystal
analyzer placed before the detector and set to the fluores-
cent energy of the central atom. The Kossel lines are sharp
and do not contribute to the low spatial frequency compo-
nent of the hologram [28].

After discussing the special problems connected to holo-
graphic imaging of quasicrystals, we briefly describe the
experimental conditions. The Al70.4Pd21Mn8.6 icosahedral
quasicrystal sample was grown by the Czochralski method.
A 20 mm diameter circular wafer with 1 mm thickness was
cut from the bulk. The orientation of its large flat surface
was chosen to be perpendicular to a fivefold axis. The
experiments were done at the ID22 undulator beam line
of ESRF. The experimental setup was a slightly modi-
fied version of the one used in our earlier measurements
[29]. There were two independent vertical coaxial rota-
tions �u, u0� and a horizontal one �w� holding the sample
with its large flat surface perpendicular to this axis (see in-
set of Fig. 1). The changes included the analyzer crystal
and mechanical drivers [29]. The diameter of the “crystal
analyzer ribbon” was decreased, which allowed the use of
a more compact mechanics. This led to higher stability and
a shorter beam path reducing the air absorption. Therefore
4724
FIG. 2 (color). The hologram around the Mn atoms. It has
been obtained by first, extending the data of Fig. 1 to the full
solid angle based only on the symmetries of these data (i.e., only
intrinsic information has been used), and second, removing the
standing wave pattern by low frequency filtering.

we could avoid the He beam path even at low fluorescent
energies (as Mn Ka? � 5.89 keV). The energy of the in-
cident beam was 16 keV with a bandwidth of about 2 eV.
Data were collected in the so-called inverse mode [16,17]
in which the atoms serve as detectors of the interference
field of the direct and scattered waves. The Mn atoms were
chosen as reference points.

FIG. 3 (color). Real part of the reconstructed wave field. The
bright yellow spots represent the atomic positions. Other small
intensity spots might come from other atoms or they are artifacts
intrinsic to the single energy reconstruction. Further experimen-
tal data are required to sort out these features. The yellow lines
connect the most intense atomic sites of the model.
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The intensity variation of the Mn fluorescence is shown
in Fig. 1 as a function of the incident beam direction. The
number of photons was measured up to u � 70± (see inset
of Fig. 1 for definition of the angles). The rough data were
normalized with the incident beam monitor, corrected for
the flat specimen absorption [17]. The image clearly shows
the fivefold symmetry and also several threefold axes and
mirror planes characteristic of the generalized crystallo-
graphic group of the icosahedral quasicrystal �Pm-3-5�.
Sharp lines are also visible; they can be identified as the
x-ray standing wave line pattern. In principle, reconstruc-
tion could be done at this point. However, one cannot ex-
pect a good quality 3D image of atoms. The cause of it is
that a substantial part of the hologram could not be mea-
sured because of the flat specimen geometry [18]. The
missing information (see gray part in Fig. 1) causes spu-
rious oscillation and a strongly degraded resolution in the
direction perpendicular to the crystal surface [17]. This
would result in the appearance of high intensity spots even
at those places where atoms are not expected. To circum-
vent this problem, the effect of the missing part has to be
compensated. This was done by extending the experimen-
tal data to the full sphere using the symmetry elements
found in the measurement itself [17]. The result is shown
in Fig. 2. We applied the Helmholtz-Kirchhoff integral
transform on this hologram. The real space reconstruc-
tion is depicted in Fig. 3. The interpretation of this picture
is not as trivial as the interpretation of the results in the
case of normal crystals. Therefore a more detailed discus-
sion is appropriate here. Two features are striking at first
sight: (i) The twelve highest intensity spots are located
in the corner of an icosahedron. (ii) The distance of these
spots from the central atom is about 4.6 Å. It is clear from
considerations on the chemistry and the material density
that these points cannot be the first atomic neighbors. The
question arises: How is it possible? In all fluorescence
x-ray holography experiments done so far, first neighbors
could be seen, and usually they had the highest intensity. In
order to understand these observations, we turn to models
of the atomic decoration of this quasicrystal [3]. We tabu-
lated the atoms according to their distance from the Mn
atoms (see Table I). The most important characteristics,
such as the number of sites, the type of atoms, and the
weighted occupation of the different coordination shells
are also shown. We can use this table to estimate the visi-
bility of atoms in the reconstructed real space image. In
inside source holography the expected weight of an atom is
proportional to ��� f�u��r���2. Here r stands for the distance
from the central atom and f�u� for the average scattering
factor of the site under question. In first approximation
f�u� �

P
z�

i pi , where zi and pi are the atomic number
and partial occupation of component “i,” respectively.

Taking into account the values in Table I, it is clear that
the highest intensity spots are a combination of the 5th
coordination shell of Pd, the third of Al, and the first of
Mn. According to the table, we should also see 30 sites
at 4.8 Å with 25% reduced intensity (see the red lines
in Fig. 3). However, these spots are not easily recog-
nized. This is explained by the cancellation of the real and
twin images, which depends on the distance of the object
from the central atom and the wavelength of the hologram-
forming wave [15,16]. In our case this effect reduces the
intensity of the atoms in the 6th coordination shell to about
one-sixth of that of the 5th one. Therefore the atoms of the
6th shell cannot be clearly imaged at the present statisti-
cal level of the measurements. Further, it is interesting to
note that closer shells are much less occupied, and as a
consequence they cannot be seen at all. These findings are
the first direct evidence, which experimentally gives the
average 3D atomic decoration for selected shells. The re-
sults are in good agreement with well established models
of quasicrystal structure [3,7].

This experiment opens the way to the application of
atomic resolution holography to solids with orientational
order in the absence of periodicity. Furthermore, x-ray
holography is still efficient in the presence of a high mo-
saicity, which affects the alignment of symmetry axis from
place to place in solids. On this basis, new problems can
be tackled, such as the first stage of organization of ill or-
dered matter (proteins, etc.).
TABLE I. Average scattering factor and distances for the first ten atomic shells about the
central Mn atoms according to one of the existing models of this quasicrystal [3].

Coordination Number of
shell sites Distance (Å) Elements

P
z�

i pi

1 20 2.57 Al1 1 Pd1 4.98
2 12 2.82 Pd2 0.18
3 30 2.96 Al2 1 Pd3 2.12
4 20 4.15 Pd4 2.48
5 12 4.56 Al3 1 Mn1 1 Pd5 20.53
6 30 4.80 Al4 1 Mn2 1 Pd6 18.78
7 60 5.44 Al5 1.04
8 60 5.64 Al6 0.16
9 12 5.64 Al7 0.013

10 60 6.62 Al8 1 Mn3 1 Pd7 10.24
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To conclude, we point out future possibilities. Al-
though the imaging of the local atomic environment in
quasicrystals is among the first applications of hard x-ray
holography, the result clearly shows the power of this
method. It gives structural information in direct space
without presuming a prerequisite model. This cannot be
directly obtained by other techniques. With further im-
provements of the experimental conditions and evaluation
procedure the continuation of these experiments will lead
to definite improvements of our knowledge on the local
structure and defects in quasicrystals. Indeed, collection
of data at many energies would extend the range of imag-
ing, and we could show evidences for the inflation prop-
erties, or define more precisely atomic environments in
the first 5–6 coordination shells. An extended analysis
by comparing the experimental data with the

P
z�

i pi val-
ues further ascertains the validity of the different models.
These will contribute significantly to the understanding of
the quasicrystals. Ultimately the mapping of 3D atomic
decorations in various types of these fascinating materials
becomes reality.
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