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Abstract The atomic structure of the Zn
6
Mg

3
Ho icosahedral quasicrystal has been

studied by high-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) with Z-contrast (Z: atomic number). We dem-

onstrate that in particular Z-contrast imaging is quite powerful for specify-

ing heavy atom positions in the quasicrystalline compound, as shown by a

comparison with high-resolution phase-contrast imaging. It is confirmed

that the observed Z-contrast images are fairly well explained by the pro-

jected potential of only the Ho atomic arrangement, which was recently

proposed by X-ray diffraction analysis; Ho occupies an even-body-center

site of the 3-dimensional Penrose lattice. Consequently, the present direct

structural observation strongly supports the validity of the proposed Ho

site.
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Introduction

The discovery of a metallic phase with symmetries forbidden
to ordinary crystals and without any translational order in
1984 [1], referred to as a quasicrystal, was a revolutionary
event for crystallography, because the translational order had
been believed to be essential to generate the diffraction
pattern composed of a set of �-function peaks. This led to a
redefinition of the term crystal to mean ‘any solid having an
essentially discrete diffraction diagram’, which was declared
by International Union of Crystallography (IUCr) in 1991.
Now quasicrystals have been firmly established as one of the
well-ordered states of a solid. The central issue has been where
atoms are in such a complex, non-periodic structure. Unlike
the structure determination of crystals, for quasicrystals it is
quite difficult to give a conclusive solution based solely on the
diffraction intensity method because several quasiperiodic
structural models which differ in local atomic arrangements
can generate a quite similar intensity distribution [2] (in the
case of crystals, this is known as homometric structures). This is
due to the local isomorphic nature of a quasilattice con-
structed by a set of multiple unit cells, which is a structure
fundamental to describe the quasiperiodic translational order.
Therefore, a direct structural observation is essentially

required for quasicrystals to converge a convincing atomic
structure.

Atomic-resolution transmission electron microscopy is a
powerful tool for investigating non-periodic structures in a
real space, and, thus, it has been applied quite effectively for
quasicrystal structures [3]. Recently, a high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) with finely focused electron probe (< ~2 Å)
has become of great interest as a kind of atomic-resolution
imaging, by which the relatively heavy atom positions emerge
out with highlighted contrast in the image due to the Z
(atomic number)-contrast nature [4]. This is useful for struc-
tural analysis of quasicrystals, since most are formed as inter-
metallic compounds with a well-ordered arrangement of
different Z atoms. In fact, Z-contrast imaging successfully
showed the local symmetry of the Al-Ni-Co quasicrystalline
compound [5,6], and further proved a detailed atomic struc-
ture of the Al-Ni-Co quasicrystal by a combination with phase
contrast, which reveals the total electrostatic potential, includ-
ing relatively small Z elements [7]. In the present paper, we
describe the structure of the Zn

6
Mg

3
Ho icosahedral quasicrys-

tal by focusing on the Ho arrangement, which is the heaviest
element in the compound, based on the atomic-resolution Z-
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contrast STEM. The major bright spots in the Z-contrast
images are shown to be interpreted fairly well by the Ho sites
recently proposed by X-ray diffraction analysis [8,9].

Zn
6
Mg

3
Ho icosahedral quasicrystal

The Zn
6
Mg

3
Ho quasicrystal has a 3-dimensional (3D) quasipe-

riodic structure of icosahedral symmetry. This quasicrystalline
phase is thermodynamically stable and is known to be one of
the best samples, which possesses a good long-range quasipe-
riodic order. Figures 1a-d show the electron diffraction (ED)
patterns obtained from a powder specimen prepared by crush-
ing a single-grained Zn

6
Mg

3
Ho quasicrystal (about 0.5 cm3

grown by Bridgeman method [10]). In Figs 1a and 1c, one can
see a large number of sharp diffraction peaks which form 10-
fold and 2-fold symmetries, respectively, without any signifi-
cant peak shift from the ideal quasiperiodic positions. (A peak
shift occurs when a considerable amount of linear-phason
strain is introduced, which reduces the long-range quasiperi-
odic order.) Figure 1b is a convergent-beam ED pattern taken
along the same zone axis as that of (a), clearly showing a 5-
fold symmetry as indicated by arrowheads. These confirm the
good quality of the Zn

6
Mg

3
Ho quasicrystalline phase with

icosahedral symmetry (m ). We note that three major direc-
tions along the 2-, 3- and 5-fold axes all appear in the 2-fold
diffraction pattern.

Fig. 1 Electron diffraction patterns of the Zn
6
Mg

3
Ho icosahedral quasicrystal taken along the (a), (b) 5-fold and (c), (d) 2-fold symmetry axis.

Convergent beam electron diffraction of (b) confirms 5-fold rotational symmetry of the corresponding zone axis.
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The fundamental structure of the icosahedral quasicrystal is
known to be explained well based on the 3D Penrose lattice
constructed by two types of rhombohedra. A projection
method is widely used for structural analysis of quasicrystals,
by which the 3D Penrose lattice can be described with refer-
ence to a 6D analogue of a cubic lattice [11]. Since the diffrac-
tion peaks of the Zn

6
Mg

3
Ho quasicrystal are indexed by a 6D

face-centered cubic lattice, it is classified as an F-type order,
resulting in sublattice ordering of the 3D Penrose lattice
according to the even-odd parity [12], as shown in Fig. 2. This
sublattice ordering causes the appearance of superlattice
reflections along the 3- and 5-fold directions, some of which
are indicated by arrowheads in the enlarged 2-fold pattern of
Fig. 1d. It is noted that no superlattice reflections appear in
the 5-fold pattern (Fig. 1a). Although the atomic structure of
the Zn

6
Mg

3
Ho icosahedral quasicrystal has not been fully

determined, recent powder [8] and single-crystal [9] X-ray
diffraction analyses based on the projection method have indi-
cated that the Ho atoms sit at the even-body-center site of the
3D Penrose lattice (or the 6D face-centered cubic lattice). In
particular, the latter analysis [9] has been made via model-
free, ab initio method since there has been no approximant
crystalline phase to deduce directly a local atomic structure for
the Zn

6
Mg

3
Ho quasicrystalline phase [13]. (The approximant

crystal is generally composed of multiple-shell atomic clusters
with icosahedral symmetry [11], which are currently believed
to be a building block of icosahedral quasicrystals.) It is also
noteworthy that the Zn

6
Mg

3
Ho quasicrystal revealed interest-

ing short-range spin correlations that should originate from
the 4f magnetic moments localized on the Ho sites [14].
Therefore, knowing the Ho structure is important for further
understanding the origin of the magnetic short-range order,

and, thus, the validity of the proposed Ho sites needs to be
checked by a direct observation of the real atomic structure.

Atomic-resolution Z-contrast imaging

Figure 3 illustrates a principle of atomic-resolution Z-contrast
STEM. During scanning the finely focused electron probe
of atomic dimensions (< ~2 Å), the atomic columns are
illuminated one by one as the probe moves, and the atomic
resolution image is a result of 2-dimensional mapping of
the intensities at the annular detector. Since the intensities of
electrons scattered at high angles (> ~50 mrad at 200 kV) are
almost proportional to the square of atomic number (Z2-
contrast) due to a Ratherford scattering or thermal diffuse
scattering [4,15], the image contrast (intensity) is very sensi-
tive to the column compositions, highlighting the columns
enriched by heavy atoms. To a first approximation, it is known
that the image contrast is given by a simple convolution
between the projected potential (ideally weighted by Z2 of

Fig. 2 Three-dimensional Penrose lattice projected along the 2-fold
symmetry axis. Black and grey dots represent a decoration of the lat-
tice according to the even-odd parity, showing the F-type sublattice
ordering. For the P-type Penrose lattice derived from a 6D primitive
cubic lattice, the black and grey lattices are equivalent.

Fig. 3 Schematic illustration showing the principle of the HAADF-
STEM. When the scanning probe is small enough to be in an atomic
dimension, the atomic resolution Z-contrast imaging is achieved. The
projected atomic columns always appear as bright spots whose
contrasts (intensities) strongly depend on the composition of the
corresponding atomic column.
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Fig. 5 (a) Fourier-filtered Z-contrast image of Fig. 3a. (b) Ho atomic positions projected along the 5-fold axis and (c) the corresponding projected
potential. (d) High-resolution phase-contrast image obtained by a 400 kV TEM (JEM-4000EX) with a resolution of 1.7 Å. This image was taken
from a thin region (< ~50 Å) of the cleavage grain under nearly the Sherzer defocus, revealing the total projected atomic positions as dark
regions. (e) Line profiles across the X-Y for both the observed Z-contrast and the calculated projected potential.

Fig. 4 Atomic-resolution Z-contrast images of the Zn
6
Mg

3
Ho icosahedral quasicrystal taken along the (a) 5-fold and (b) 2-fold symmetry axes.

The corresponding Fourier diffractograms are inserted in the both images.
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relevant species in each column) and the probe intensity pro-
file-function [4].

In applying the Z-contrast method to the Zn
6
Mg

3
Ho quasi-

crystalline compound, the Ho (Z = 67) has a remarkably larger

atomic number than that of others, Zn (Z = 30) and Mg (Z =
12). Assuming an ideal Z2-contrast condition, Ho contributes
to the contrast by about 5 and 30 times stronger than Zn and
Mg do, respectively, so that the Ho-rich columns are expected

Fig. 6 (a) Fourier-filtered Z-contrast image of Fig. 3b. (b) Ho atomic positions projected along the 2-fold axis and (c) the corresponding projected
potential. (d) High-resolution phase-contrast image obtained by a 400 kV TEM (JEM-4000EX) with a resolution of 1.7 Å. This image was taken
from a thin region (< ~50 Å) of the cleavage grain under nearly the Sherzer defocus, revealing the total projected atomic positions as dark
regions. (e) Line profiles across the X-Y for both the observed Z-contrast and the calculated projected potential.
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to be significantly highlighted (selective imaging).

For HAADF-STEM imaging, we used a 200 kV field-
emission transmission electron microscope (Jeol JEM-2010F)
equipped with a scanning unit. An objective lens was designed
as an ultrahigh resolution type pole-piece (spherical aberra-
tion C

s
 = 0.5 mm), providing a minimum probe of approxi-

mately ~1.5 Å with a convergence angle of ~10 mrad [16].
The annular detector is set to collect the electrons scattered at
angles between 60 and 120 mrad, which are high enough to
achieve the incoherent imaging condition.

Figures 4a and 4b show the HAADF-STEM images taken
along the 5- and 2-fold axes of the Zn

6
Mg

3
Ho icosahedral

quasicrystal. In Fig. 4a, one notices an arrangement of bright
spots along the 10-fold direction as indicated by arrows, and a
Fourier diffractogram of the image reproduces well the pro-
jected 10-fold symmetry. In Fig. 4b, there appears a non-
periodic arrangement of the bright spots for every direction, in
which there exists a significant intensity difference between
the spots. Now we consider these characteristic appearances of
the bright spots in terms of Ho concentration of each projected
atomic column. We simply compare the observed contrasts
with a projected potential of Ho atoms. For calculating the
projected potential, a 100 Å�thick region was cut out from the
3D quasiperiodic Ho arrangement model proposed by X-ray
diffraction analysis [8,9]; the even-body-center site of the 3D
Penrose lattice is occupied by Ho. This assumption of thick-
ness is reasonable because the images of Fig. 4 were obtained
from a near-edge of cleavage grains so that the specimen
thickness is assumed to be up to ~100 Å.

Figure 5a is a Fourier-filtered image of Fig. 4a, obtained by
applying a low-pass filter mask to remove the background
noise contributed from frequency region > ~0.45 Å–1. Figures
5b and 5c show the Ho positions and the corresponding poten-
tial map of the model, projected along the 5-fold axis. By com-
paring the observed image (a) and the calculated projected
potential (c), one immediately notices that these are in good
agreement about appearances of the bright spots. Note the
characteristic 10-fold symmetry contrasts as exemplified by
the circles with a diameter of about 15 Å, and also pentagonal
arrangements of the spots as shown by dotted lines. For
comparison, Fig. 5d shows a high-resolution structure image
formed by phase contrast, revealing the total potential where
the projected atomic positions appear as dark regions. It is evi-
dent that the Z-contrast of Fig. 5a selectively highlights the
projected atomic columns which are composed of a number of
Ho atoms.

A well-ordered quasiperiodic structure can be seen. That is,
the bright dots in Figs 5a and 5c form the lattice planes which
are arranged according to the quasiperiodic translational order
with two characteristic intervals, represented as S = 1.68 Å
and L = 2.72 Å where L = �S (� = (1 + �5) / 2; golden ratio).
Further, the observed array of the dots in plane X-Y is well
reproduced by the calculated potential, as shown in Fig. 5e.
These confirm that the proposed Ho site [8,9] explains well
the Z-contrast image taken along the 5-fold axis.

Figures 6a–e are the results for the 2-fold axis, which are
arranged with the same manner as those of Figs 5a–e. In the
Z-contrast image of (a), there exists a significant difference in
brightness between the spots. As mentioned earlier, the F-
type ordering is recognized in the observation along this direc-
tion (the superlattice reflections are visible in the correspond-
ing diffraction pattern in Fig. 1d). Because of the sublattice
ordering of Ho atoms, the apparent atomic site density pro-
jected along the 2-fold axis is lower than that projected along
the 5-fold axis (Figs 5b and 6b). From the comparison
between the observed Z-contrast and the projected potential
of Fig. 6c, one notices that the arrangement of the brightest
spots is well explained by the Ho arrangement; for example,
see the rhombic arrangements of the brightest spots shown by
dotted lines. Further, the lattice planes composed of the arrays
of the brightest spots indicated by white lines in Fig. 6a, which
occur for the 5-fold symmetry planes, are arranged quasiperi-
odically with intervals of S = 2.86 Å and L = 4.62 Å, where L
= �S. This feature is reproduced well in the projected potential
of the Ho atoms (Fig. 6c). The array of the brightest dots
within the plane is also in good agreement with the calculated
potential, as shown by the X-Y line profiles in Fig. 6e. We note
in particular that even the relative intensity is quite similar
between the observation and calculation profiles, strongly
supporting validity of the proposed Ho sites.

Although we have discussed Z-contrast image focusing on
the major bright spots, weak bright spots also appear in Fig.
6a. These weak spots are considered to be attributed to the Zn-
rich columns because Zn is the second heaviest atom in the
compound, and thus the dark regions (or extremely weak
spots) correspond to the Mg-rich columns. It should be
remembered that the bright spots in Fig. 6a are not pure ele-
ment columns but actually composed of more than two ele-
ments, namely, mixed columns. This may explain the minor
discrepancies between the X-Y profiles in Fig. 6e, observed Z-

Fig. 7 A representative local Ho configuration in the Zn
6
Mg

3
Ho icosa-

hedral quasicrystal. Atomic projections along the 5-fold and 2-fold
axis are shown. For the latter, the Ho atoms at the same level with
respect to the projection axis are only denoted as solid balls.
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contrast and the calculated projected potential of only Ho
atoms, including relative intensity and some extra peaks in
the experimental profile. Further details of the Z-contrast can
be checked more quantitatively when the full atomic model is
available. From another aspect, the Z-contrast image showing
the significant composition map is helpful for modelling the
full structure, i.e. finding the candidate sites for Zn and Mg
atoms. This sort of compositional information of the projected
atomic columns is hardly deduced from the corresponding
high-resolution phase-contrast image shown in Fig. 6d,
although it reveals the total projected potential. The present
study demonstrates that the Z-contrast method is quite pow-
erful for investigating basic chemical ordering, even in compli-
cated intermetallic structures.

Local configuration of Ho atoms

We have confirmed that, based on a direct structural observa-
tion using atomic-resolution Z-contrast imaging, the Ho struc-
ture is explained quite well by the projection of the even-body-
center site of the 3D Penrose lattice [8,9]. As shown in Fig. 7,
a local atomic configuration of Ho atoms is well represented by
a dodecahedron and an icosahedron with edge lengths of 5.44
Å, which are connected interpenetratively with their 5-fold
axes in common. When projected along the common 5-fold
axis, a double-shell decagonal arrangement of Ho atoms
appears, and the diameter of the outer-shell is estimated to be
14.96 Å. This corresponds to the observed decagonal Z-
contrast shown in Fig. 5a. It is noteworthy that the Ho atom
appearing at the center of the decagon is not actually located
at the center of the icosahedral symmetry, i.e. the center of the
dodecahedron. The local rhombic arrangements of the bright-
est spots in the 2-fold symmetry Z-contrast image (indicated
by dotted lines in Fig. 6a) are also explained by the Ho cluster
projected along the 2-fold axis, as shown in the lower right
part of Fig. 7.

Two dominant distances between the Ho atoms, 5.44 Å as
the first nearest-neighbour (NN) and 8.80 Å as the third NN
[9], are consistent with the anti-ferromagnetic correlation
lengths observed by a neutron scattering experiment [14].
This magnetic order is found to be short-range, with its corre-
lation length roughly estimated to be of the order of ~10 Å
[14]. Thus, the Ho cluster shown here may explain the origin
of the short-range magnetic order. That is, assuming that the
Ho network is robust and well-ordered within the cluster but
is less-ordered (including chemical disorderings) between the
clusters, the development of the spin correlation would termi-
nate within the cluster. We point out that the local structural
disorders in terms of Ho arrangement could also cause the
small discrepancies in the intensity line-scans shown in Fig.
6e.

Concluding remarks

We have studied the atomic structure of the Zn
6
Mg

3
Ho icosa-

hedral quasicrystal based on a direct structural observation
using atomic resolution Z-contrast STEM. The obtained Z-con-
trast images have revealed a significant intensity distribution
which reflects the compositional differences between the pro-
jected atomic columns, which hardly appears in phase-con-
trast imaging. Owing to the large atomic number of Ho (Z =
67) compared to the other constituent elements, Zn (Z = 30)
and Mg (Z = 12), the Z-contrast images have been interpreted
well based solely on the Ho quasiperiodic arrangement in the
structure. That is, the projected potentials of the Ho atoms
placed at the even-body-center site of the 3D Penrose lattice,
where the site was proposed by X-ray diffraction analysis
[8,9], reproduce fairly well the observed Z-contrast images
taken from the two major zone axes, 5- and 2-fold symmetry
axes of the icosahedral quasicrystal. Consequently, the above
results confirm the validity of the proposed Ho site as well. The
present work has demonstrated that HAADF-STEM with Z-
contrast is quite powerful for specifying heavy atom positions
in complicated intermetallic structures with well-ordered
arrangement of different atom species, including quasicrystal-
line compounds.
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