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Identification of the Atomic Structure of the Fivefold Surface of an Icosahedral Al-Pd-Mn
Quasicrystal: Helium Diffraction and Scanning Tunneling Microscopy Studies
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High resolution He diffraction and scanning tunneling microscopy images of the fivefold surface of a
single-grain i-AlPdMn quasicrystal are obtained showing an almost perfect quasicrystal order. Observed
configurations can be identified within the framework of polyhedral models. The terrace terminations are
found to be Al-rich planes and successions of step heights agree with distances between dense Al planes
in the model. This shows the ability of recent 6D polyhedral models to describe real quasicrystalline
atomic configurations.
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Quasicrystals (QCs) are fascinating solids exhibiting
long range orientational order inconsistent with crystal
periodicity. More than 15 years after their discovery [1],
their bulk atomic structures can globally be described as
relatively compact quasiperiodic stacking of atoms (or
clusters of atoms), in which typical structural defects
(called phasons) develop according to a physics that is still
subject to discussion. As for the usual crystals, most of
our knowledge of the atomic structures of QCs is extracted
from diffraction experiments of bulk single-grain samples
and high resolution electron microscopy (HREM) per-
formed on thin foils (see, for instance, Ref. [2]). In both
cases, the interpretation of the experimental results are
based on the “ideal QC model” that is the quasicrystalline
analog of the “ideal crystal model.” All these models fit
the experimental data to an accuracy that is comparable to
the one achieved in crystals before processing the usual
crystallographic refinement (Debye-Waller corrections,
atomic position adjustments, etc.). Comparison in direct
space of the models against the actual structures are best
achieved using HREM images that are still 2D projections
of the bulk structures. Surface studies, on the contrary,
lead to valuable structural information with no effect of
thickness averaging, leading thus to a direct comparison
between models and experiments. We present here a high
resolution scanning tunneling microscopy (STM) investi-
gation of flat terraces on fivefold atomic planes of icosa-
hedral AlPdMn QC that has a sufficient resolution for
being unambiguously understood in terms of the specific
structural features of the bulk material, as expected from
ideal QC models. It is found that the terraces correspond to
exact cuts (with possible unobservable relaxations) of the
bulk material across the basic atomic clusters of the struc-
ture, so-called pseudo-Bergman (B) and pseudo-Mackay
(M) clusters. The high quality of the investigated QC,
together with the high performance of modern STM and
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the recent development of 6D polyhedral structural models
allowed us to reach this aim.

Surface structures of QCs have been intensively investi-
gated during these past years by means of various surface
characterization tools (see, for instance, Ref. [3]). Among
the many problems posed by QCs is the experimental char-
acterization of the termination plane of the bulk materials
which has been investigated by means of high resolution
scanning tunneling microscopy imaging [4–7]. So far, the
achieved resolution of STM images clearly showed flat
terraces with fivefold quasiperiodicity but did not allow
us to unambiguously relate these geometric features with
the actual atomic structure of the bulk material because of
an insufficient resolution (except notably in the case of the
Al65Co20Cu15 decagonal QC [8]) and of the relatively high
density of local defects.

A large centimeter sized single-grain QC of i-AlPdMn
has been obtained by the Czochralsky method of slow ex-
traction from the liquid through an incongruent solidifica-
tion [9]. The QC exhibits well-developed large facets at
the solid-liquid interface that are rather unusual in metal-
lic alloy single-grain growths. The composition, measured
by plasma optical emission spectroscopy at different lo-
cations, is Al71.1Pd20.2Mn8.7. X-ray powder diffraction of
fragments of the QC confirms the expected F-type icosahe-
dral structure as a single phase of the material. 2-mm-thick
slabs are cut by electroerosion parallel to the natural facets
that are perpendicular to fivefold directions, as determined
by Laue diffraction.

In order to remove the native oxide layer, one as-grown
facet of the sample has been softly polished mechanically
before being introduced into the ultrahigh vacuum STM
chamber. There, a standard cleaning process (cycles of
5 mA, 400 V, 1 h Ar1 sputtering, and 925 K, 1 h anneal-
ing) was used and monitored by Auger electron spectros-
copy (AES) and low energy electron diffraction (LEED).
© 2002 The American Physical Society 085506-1
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AES measurements show a preferential Al sputtering, in-
dicating a high Al concentration within the surface plane.
Annealing allows one to restore the surface composition
with a relative intensity of the AES peaks: Al�68 eV��
Pd�330 eV� � 1 and Mn�40 eV��Pd�330 eV� � 0.3.
After Ar1 sputtering the LEED pattern presents fivefold
diffuse spots. Upon annealing the spots become sharper
and more intense. No evidence is found for the often-
reported tenfold pattern [10]. In order to reach the best
possible surface state, He diffraction was eventually used
before STM observations. As a technique sensitive only
to the very outermost surface plane, He diffraction �Ki �
65 nm21� is an excellent tool to characterize the whole
surface on the atomic scale. The He diffraction pattern
shows a narrow and intense (up to 6% of the incident
beam) specular peak (see Fig. 1) surrounded by a fivefold
set of diffraction peaks of low intensity (IG � 1.5% of the
specular intensity). In the incidence plane, the positions
of successive diffraction peaks follow a t scale: DKG �
tG21DK1, where DK1 � 2p�a, a � 1.7 6 0.1 nm.
Since the diffraction peak intensities IG are weak with
respect to the specular intensity I0, the kinematic (or
eikonal) approximation can be used to obtain the ampli-
tude Ac of the fivefold Fourier component of the surface
corrugation, according to

Ac �
1

KGz 2 K0z

s
IGK0z

I0KGz
,

where KGz and K0z are the perpendicular components to
the surface of the wave vector. One obtains Ac � 1.92 pm.
With respect to the incident angle, the specular peak inten-
sity varies slowly with a constant width slightly larger than
the instrumental resolution �0.35±�, giving a terrace size of
the order of 45 nm. We conclude that the whole surface
is uniformly made of wide, very flat, terraces with a low

FIG. 1. Typical He diffraction spectrum (wave number of the
incident beam: Ki � 65 nm21, incidence angle: i � 58±, a �
1.7 nm), DKx designates the momentum transfer within the inci-
dent plane. Top: normalized intensity (not corrected for Debye-
Waller attenuation). Bottom: intensity scale (320). Diffraction
peaks are observed up to the 5th order. Inset: fivefold diffrac-
tion pattern. Circles are proportional to peak intensities.
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fivefold corrugation of the He surface potential. During the
experiment, successive surface cleaning cycles (more than
100) made the He diffraction pattern more intense, thus in-
dicating an excellent stability of the surface. In that way,
this experiment allowed optimizing annealing temperature
and time to get the maximum diffraction intensities and,
correlatively, the best surface state.

In agreement with the former He diffraction study, STM
investigations reveal wide flat terraces (40 nm) bounded
by steps, as shown by the STM image in Fig. 2. Steps of
the most frequent heights are 0.68 (h0), 0.42, and 0.26 nm
edge terraces. Other heights can be found and scale accord-
ing to h0�tn, n being a positive or negative integer num-
ber. Steps meander and one step of height h can split in (or
be the combination of) two individual steps of respective
heights h�t and h�1 2 1�t� � h�t2. Figure 3(a) shows
a typical high resolution STM image (18.5 3 16 nm2, cor-
rugation 0.04 nm) of the fivefold surface obtained within
one of these terraces. The intensity spectrum of the im-
age (inset) shows several orders of sharp peaks evidenc-
ing a high quality quasiperiodic fivefold symmetry surface
structure. Peak intensities give an amplitude of the fivefold
Fourier component of the surface corrugation of 2.8 pm.
One can note that STM and He diffraction see nearly the
same isoelectronic surface. The image shows locally pen-
tagonal “flowers” of “donutlike” patterns [see Figs. 3(b)
and 3(c)] that distribute along well-defined rows. Indi-
vidual flowers are not strictly fivefold. The intensity of
each petal is not uniform, thus revealing a complex elec-
tronic distribution. Flowers overlap and distribute equally
according to two up and down orientations.

One main difficulty to interpret these types of real im-
ages of QCs at the atomic scale comes from their aperio-
dicity. Most of the many remarkable geometric properties
observed so far on STM images (fragments of Fibonacci-
like sequences of parallel lines along aligned dots and/or
drawing inflated pentagons of these dots [4,8,11]) directly
result from the basic properties of quasiperiodicity and
are shared by all QCs of the same local isomorphism
class. Deciphering the STM images with respect to their
atomic structure requires analyzing local configurations as

FIG. 2. Left: STM image (93 3 93 nm2) showing the terrace
and step structure. Right: step heights: (—) h0 � 0.68 nm;
(grey line) h0�t; �2 2 2� h0�t2; �1111� h0�1 1 1�t�.
Rectangle: approximate location of the STM image of Fig. 3.
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FIG. 3. (a) High resolution STM image (18.5 3 16 nm2 , I �
2.5 nA, V � 20.35 V) of a fivefold terrace of i-AlPdMn. Inset:
intensity spectrum of the Fourier transform of the image (white
arrow, 2 nm21). (b),(c) The two types of pentagonal flowers
(2.2 3 2.2 nm2) that are well-recognizable local patterns of the
image. In (a), all “up-flower”– like patterns (b) have a filled
center and all “down-flower” patterns (c) have a hollow center.

a function of the way they appear in space. As a prop-
erty of QC structures, any local pattern of a given size re-
peats identically in the structure. Increasing the size of the
selected area makes its repetition less frequent and more
difficult to interpret. Limiting ourselves to local configura-
tions (whose size can be extended at the price of computing
a QC model of a larger size) would allow analyzing them
from the following model.

To achieve this goal, we choose to interpret the STM
images on the basis of the six-dimensional hyperspace rep-
resentation [12–17] of the F-type icosahedral structures.
In that scheme, i-AlPdMn is described as a 3D cut of
a 6D periodic crystal with a face-centered (F) hypercu-
bic lattice properly oriented to reflect the icosahedral sym-
metry. Atoms are defined by 3D volumes, the so-called
atomic surfaces (AS), embedded in the 3D space perpen-
dicular to the physical 3D space. They are polyhedra pe-
riodically distributed on special points of the 6D lattice
[17]. Their traces in the 3D real space are points that
define the locations of the atoms in the actual QC. The
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local atomic configurations can therefore be analyzed by
studying how neighboring AS’s simultaneously intersect
the physical space (or, equivalently, overlap in perpendicu-
lar space). In our model, the atomic decoration has been
recently adjusted so as to reproduce x-ray and very recent
complementary neutron diffraction data [18], together with
magnetic properties indicating that Mn atoms must be uni-
formly distributed on the lattice at an average distance of
0.48 nm from each other. As a result, three main atomic
surfaces fitting together are necessary to fill the struc-
ture. The 3D structure can also be described in terms of
atomic clusters in the spirit introduced by Kasner et al. [16]
in their pioneering attempt to connect STM images with
quasiperiodic tiling descriptions. Recent detailed analyses
[17–25] of the various models of the bulk F-type icosa-
hedral AlCuFe and AlPdMn structures show that roughly
80% (depending slightly on the model) of the atoms can be
described as a network of 33 atom clusters (one Pd atom at
the center, 12 Al on an inner icosahedron, and 20 atoms,
a mixture of roughly 12 Al, 8 Pd, and some fractions of
Mn, on an external dodecahedron). These clusters, desig-
nated as B clusters (pseudo-Bergman), are connected by
edges and located at the even nodes of a simple 3D Penrose
tiling. Quandt and Elser [25] recently showed, by density
functional minimization of an initially disordered icosahe-
dral QC, a tendency to form such B clusters. Overlapping
this basic skeleton, two closely related types of clusters of
50 atoms, called M and M0 clusters (pseudo-Mackay), can
be alternately defined and contain space fillers and numer-
ous atoms of the B clusters themselves. All configurations
around these M and M 0 clusters have at least one pentagon
of surrounding B clusters. These pentagonal configurations
of B clusters are the most frequent configurations encoun-
tered in the fivefold planes.

Using the above polyhedral model, a 10 nm diameter
bowl of the QC has been computed containing roughly
35 000 atoms. The atoms distribute on well-defined planes
perpendicular to each fivefold axis. Cutting the bowl along
these planes, one could compare the atomic structure with
STM observed configurations. For easier comparison to
STM images, electronic density maps can be generated
from the simple superposition of exponentially decaying
electronic densities centered on atoms. Some planes con-
tain very few atoms and can be discarded. Some others
are dense planes. Among them, one configuration [see
Fig. 4(b)] of more than 8 nm diameter matches nearly ex-
actly the observed STM structure [see Fig. 4(a)]. The
matching plane is, in the model, a pure Al plane in agree-
ment with the Auger analysis that indicates an Al-rich sur-
face composition. In addition, the larger scale image in
Fig. 2 of the same area allows measuring the height of the
steps edging the considered terrace and of the next steps.
The observed succession of step heights is identical to the
succession of Al-rich dense planes in the model, except
for the upper terrace. Undoubtedly, one other sequence,
fully compatible with the observed one, could be found in
a larger bowl. Correlation of the selected area [Fig. 4(a)]
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FIG. 4. (a) (7.8 3 8.8 nm2) STM image. (b) Simulated STM
image (10 nm diameter) from the Katz-Gratias structural model
[18,21]; the exponential decay parameter of electronic densities
and the observation distance are chosen for single surface atoms.
A geometrical pattern joining black holes and a black dot is
drawn to guide the eye. Between (a) and (b), distributions of
black holes are very close. (c) STM average image of identical
configurations selected by correlation of the selected area (a)
with the entire image. Dots: positions of Al atoms according
to the model. Minute details of the experimental image are in
agreement with the Al atomic distribution.

with the entire image (Fig. 3) allows finding very similar
configurations. Averaging them allows the elimination of
the STM noise and casual point defects. The Al atom dis-
tribution of the model perfectly reproduces minute details
of the resulting image [Fig. 4(c)]. Note that the “donut”
patterns that are not round can be explained by the vari-
ous number of Al atoms (3, 4, or 5) within one donut in
the model surface plane. This allows, for the first time,
to unambiguously interpret STM images made of dense
(almost) pure Al atomic planes, where the atoms distrib-
ute according to our polyhedral model. This surface plane
truncates both B and M �M 0� clusters. This makes ques-
tionable the stability of these clusters to interpret the stabil-
ity of QCs (and QC surfaces) and their ability to carry the
local matching rules expected for propagating long range
QC order. On the reverse, our result confirms the validity
of the polyhedral 6D approach to describe QC structures
at atomic scale. Note that wider configurations, not dis-
cussed here, can be described as the effort of generating
from the models the large, but finite, sets of possible ex-
tended configurations.

The ability of 6D polyhedral models to interpret STM
images opens the door to the identification of defects. An-
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swers to fundamental questions about QC growth, stability,
and long range and short range QC order could be found
in that way.
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