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Testing bulk models of icosahedral quasicrystals with STM images of clean surfaces

Zorka Papadopolos∗, Roland Widmer#, Oliver Gr̈oning#

∗Institut für Theoretische Physik, Universität Tübingen, Germany,
#EMPA, Swiss Federal Laboratories for Materials Testing andResearch, Nanotech@Surfaces Laboratory, Thun, Switzerland

(June 6, 2008)

In the case of the icosahedral Al-Pd-Mn we compare the STM (scanning tunnelling microscopy) image of the real fivefold surface to the STM simulations
on the candidates of the fivefold bulk terminations. We make thechoice, which termination fits the best to the real image. Among other conclusions we get
some hints important either for the chemistry of the bulk-model or for the eventual correction of the model of atomic positions itself. We work in the frame of
the particular model of atomic positions, based on the diffraction data for Al70Pd21Mn9 and Al62Cu25.5Fe12.5. We also discuss the possibilities beyond this
model.

1 Introduction

Since 1999 we have studied the clean surfaces of quasicrystals (in particular icosahedral Al-Pd-Mn) comparing
their STM images to the bulk terminations (see Ref. [1] and the references quoted therein), assuming that the
shining spots on the STM (scanning tunnelling microscopy) images are the atoms/groups of atoms (e.g. the shining
pentagons of an edge length of circa 3Å).

In 2005 the first simulations [2] of the STM images were performedon the modelM(T ∗(2F )) [3], see Ref [4]. The
model of atomic positionsM(T ∗(2F )), that we shortly define in Section 2, describes simultaneouslyicosahedral
Al-Pd-Mn and Al-Cu-Fe. In Ref. [1], and in this paper, through the comparison of the STM images of the clean
surfaces to the simulations of the STM on different candidatesfor the bulk terminations, we discuss also the validity
of the modelM(T ∗(2F )) itself.

The LEED (low energy electron diffraction) images of the clean surfaces on different quasicrystals show the
sharp Bragg peaks, ordered in a pattern supported by an expecting module, with the symmetry for the surface in
question. These facts prove that the clean surfaces of quasicrystals are themselves also quasicrystalline. On the
highly resolved STM images (in the direct space,E‖) the shining points are also placed on appropriate module
points and the interatomic distances are as expected from the models, what encourage us to assume that a clean
surface of the quasicrystal in question is not reconstructed, i.e. it is as in the bulk, hence, shell be well represented
by some of the predicted bulk terminations, if the underlying bulk model is correct.

In Section 3 we define the bulk terminations via a generalisation of Bravais’ rule. In case of quasicrystals, the
several̊angstr̈om thick atomic layers of highest densities, instead of the planes, are the terminations. This concept
we broadly discussed in Ref. [5].

On the surfaces one observes the small, local configurations of the highest symmetry, the “clusters” and their
long range order. We interpret the most of the 2-dimensional“clusters” on the surface as an intersection of the
3-dimensional “clusters” in the bulk model by the surface (top) plane of the termination. This conclusion does not
speak in favour of the “cluster-nature” of quasicrystals.

It turned out [5] that there are two alternative Fibonacci sequences of possible fivefold bulk terminations in the
modelM(T ∗(2F )). In Ref. [1] we searched in both sequences for an appropriatetermination, such that the simula-
tion of the STM is as close as possible to the STM image. The termination that fits at best by the appearance of the
2-dimensional “clusters’, turned out not to be rich in Al atoms in the surface (top) plane, what is against the model
independent LEIS (low energy ion scattering) results [6, 7]. It brought us to the conclusion, under the assumption
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2 Z. Papadopolos et al.

that the model of the atomic positionsM(T ∗(2F )) is correct, the Al atoms in the present model are wrongly placed.
In Section 3 we present in short this reasoning from Ref. [1]. Additionally we show the appearance of the STM
simulations on several different possible terminations from the chosen, correct sequence of the terminations. We
learn from these images that the definition of one of the frequent local configurations, that we call the “dark star”
and label by dS, must be generalised.

In particular, in Section 5 we discuss also a possibility thatthe model of the atomic positions needs not to be fully
deterministic. With somewhat changed model of the possibleatomic positions, one might be able to keep roughly
the present placement of the Al atoms.

2 A model of the atomic positions of icosahedral Al-Pd-Mn and Al-Cu-Fe

We assume the variant of the Katz-Gratias-Boudard model,M(T ∗(2F )), see Ref. [1, 3,8] and Refs quoted therein.
The model is based on the diffraction results of the Boudard model [9] and of the Katz-Gratias model [10]. The
same model of atomic positions describes Al70Pd21Mn9 and Al62Cu25.5Fe12.5 [11].

The modelM(T ∗(2F )) of icosahedral quasicrystals of an F-phase is obtained through the decoration of the icosa-
hedral tilingT ∗(2F ) by the icosahedral atomic configurations, clusters, in shapeof the Bergman and the Mackay
polyhedra [1,3,8].
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Figure 1. Withei, i = 1, 2 . . . 6 is usually denoted the standardZ6 basis{ei | (ei, ej) = δi,j , i, j = 1, . . . 6}. Here, byei, i = 1, 2 . . . 6 we mean the
icosahedrally projected basis vectors toE‖, {(ei)‖}, as is clear from the geometry of the image. The projected basisvectors are along the fivefold symmetry

axes of the icosahedron, drown in red colour. We use this “fivefold coordinate system” whereas the authors in Refs [9–12] use the “threefold coordinate
system”, equivalent to the basis{e1, e2, e3, e4,−e5, e6}. x-, y- andz-axes are the twofold symmetry axes of the icosahedron.

Table 1. Pointsx = 1

2
(N1, . . . , N6) of Dω

6
lattice (Ni, i = 1, . . . , 6 are integers),

reciprocal toD6, split into four classes with respect to theD6 translations. The symbolE
denotes an even integer andO an odd one.

class-criterion∗ Ref. [3] Ref. [10] Refs [9,11,12]

1
2
(E1, . . . , E6); 1

2

P

i Ei = E q n′ n0
1
2
(E1, . . . , E6); 1

2

P

i Ei = O b n n1
1
2
(O1, . . . , O6); 1

2

P

i Oi = O a bc bc1
1
2
(O1, . . . , O6); 1

2

P

i Oi = E c

∗ It is the class-criterion w. r. t. the fivefold coordinate system, as in Fig 1.

The deterministic1 model of atomic positions is defined by themodule, the three copies of the icosahedrally
projectedD6 lattice, and the correspondingwindows(atomic surfaces), see Fig. 2, that defines the three quasilattices
of atomic positions, labelled byb, a andq, see also Table 1. The model is a union of these three quasi lattices.
The volumes of the windows are in a proportionV ol(Wb) : V ol(Wa) : V ol(Wq) = (6τ + 8) : 1 : (8τ + 2),
τ = (1 +

√
5)/2, which define the relative frequencies of theb, a andq sites in the modelM(T ∗(2F )).

To specify the scale in the model, we use the standard distances, denoted by➄, ➁ and➂ along the fivefold,
twofold and threefold axes respectively, which are relatedby ➂ /

√
3 = ➄ /

√
τ + 2 = ➁ /2 (= 1/

√

2(τ + 2)),
in which τ = (1 +

√
5)/2. The standard distances are used in both the observable spaceE‖ and the coding space

1A model is deterministic if all the possible atomic positions are occupied by the atoms.
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Testing bulk models of icosahedral quasicrystals with STM images of clean surfaces 3

E⊥. The lines and intervals along the fivefold directions, if marked in colour, are in red, along twofold blue, and
along threefold yellow. The standard distance➄ (= 1/

√
2) in E‖ is set to be4.561 Å for i-AlPdMn and4.465 Å

for i-AlCuFe.

∆

τ −1
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5
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∆
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Figure 2. The final windowsWb, Wa, Wq in the coding spaceE⊥ define the deterministic geometric modelM(T ∗(2F )) of atomic positions based on the
icosahedralD6 moduleMF . (left) Wb is obtained on taking the marked tetrahedra (∆) away from the triacontahedron of edge lengthτ➄ . The tetrahedron∆
has a mirror symmetry plane and edges: two of lengthτ−1➄, one of lengthτ−2➄, two of lengthτ−1➂ and one of length➁. The mirror plane is orthogonal

to the twofold edge and contains the single edge of lengthτ−2➄. (middle) Wa is a triacontahedron of edge lengthτ−1➄ . (right) Wq with edge lengths
τ−1➄ and➁ = 2➄/

√
τ + 2, τ = (1 +

√
5)/2. The windows fulfil the closeness condition: i. e., there areno forbidden (short) distances in the model.

The windows in Fig. 2 fulfil the closeness condition: the interatomic distances inE‖ along the main symmetry
directions, fivefold, threefold and twofold are not shorterthanτ−1➄, τ−1➂ andτ−1➁, respectively [13].

The windows of Katz-Gratias model [10] could be easily obtained from our windows if the tetrahedra∆ would
not be taken away from the windowWb, but instead, from the windowWq.

3 Fivefold surfaces and corresponding bulk terminations

The most stable clean surfaces of icosahedral Al-Pd-Mn (i-AlPdMn) and of icosahedral Al-Cu-Fe (i-AlCuFe) are
the fivefold surfaces [14]. These areterrace-stepped[15]. The fivefold surfaces (orthogonal to the fivefold symmetry
axis) present sequences of flat terraces with characteristicterrace step heights of circam = 4.08 Å andl = 6.60 Å,
see Fig. 3.

l lm l m

10 11 vii
12 13

viii

Figure 3. An STM image of a fivefold surface, size 1750× 648 nm2, of i-AlPdMn done by J. Ledieu. A Fibonacci-like sequence of the step heights of circa
m = 4.08 Å andl = 6.60 Å was measured on this surface [16]. The marked subsequence of stepsl, l, m, l, m from left - right, downwards, corresponds to a
subsequence of the(q, b, b, q)-terminations inM(T ∗(2F )) from Fig. 5 (right). Numbers 10, 11, 12 and 13 label the terminations coded by the window W

and the numbers vii and viii label the terminations coded by thecomplement of W inτW, see Fig. 4 (right), Fig. 5 (right) and Table 3.

An important feature of the planes orthogonal to the main symmetry directions in any model based on two or more
copies of the icosahedralD6 module is, the atomic positionsx = 1

2(N1, . . . , N6) (Ni, i = 1, . . . , 6 are integers)
in a single fivefold or threefold plane belong to a single class, but twofold planes might contain atomic positions
of all classes, as explained in Table 1 in Ref [17]. In the present paper we consider only the fivefold terminations.
Hence, we introduce the property only for the fivefold planesin Table 2. It is clear that the projections of all points
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4 Z. Papadopolos et al.

from a single fivefold plane onto the unit vectorn5
‖, normal to the plane, are equal. This constant can be written

n5
‖ ·x‖ = (N + Mτ)[κ5], whereN andM are two integer constants andκ5 = ➄ /

√
5. The expressionN + Mτ for

the points (atomic positions) in different classes can onlytake values as in Table 2. Hence, in a single plane only
the points of the single class can coexist, the plane is codedby asinglewindow, see Fig. 2.

Table 2. Independent of the shape of the atomic surfaces, the atomic
positions,x = 1

2
(N1, . . . , N6), in a single fivefold plane of a

model, based on the three copies of the icosahedralD6 modules, be-
long to a single class,q, b or a. A unit vector normal to a fivefold
plane is denoted withn5

‖. The symbolE denotes an even integer and

O an odd one. The scalar products are given in the unitκ5 = ➄ /
√

5,
where➄ is the standard distance along the fivefold axis. For the co-
ordinate system see Fig. 1.

Class label b a q

n5
‖
· x‖ [κ5] O + Eτ E + Oτ E + Eτ

= τ 2
5 −

W W

Wτ

Figure 4. (left) Density graphρ5f (z⊥) of the fivefold(b, q, q, b)-layers, with spacings as in the image. The symbol➄ is the standard distance along a
fivefold axis. (right) Density graphρ5f (z⊥) of the fivefold(q, b, b, q)-layers, with spacings as in the image. The supports of the plateaus in cases (left) and

(right) are equally broadW , and encode the Fibonacci sequence with step heightsl = 6.60 Å andL = m + l = 10.68 Å. The plateaus are equally high, i.e.
the terminations are equally dense, but the density graph (left) is slightly steeper in the regionτW/W , τ = (1 +

√
5)/2, than in case (right), where we mark

the regionτW/W in pink (gray).

According to Bravais’ rule, which is generally valid for crystals, the most stable surfaces are the densest atomic
planes in the bulk. In [5] we observed among the fivefold planes in the modelM(T ∗(2F )) that the 2.52Å thick
atomic layers of (equal) maximum density appear in correct sequences, as the terrace-like sequences of the fivefold
surfaces. Thisthick layer that contains four fivefold planes with spacingsq1-plane,0.48 Å, b1-plane,1.56 Å, b2-
plane,0.48 Å, q2-plane is a candidate for a fivefold termination. The labelsq and b mark the atomic positions
belonging to different translational classes with respectto theD6 lattice in the 6-dimensional space, see Tables 1
and 2. For the bundle we define an effective (averaged)planardensity of internally contained thin layers1/planes

ρ5f (z⊥) = (1/2)[(ρq1
(z⊥) + ρb1

(z⊥)) + (ρq2
(z⊥) + ρb2

(z⊥))]. (1)

In the coding spaceE⊥ , ρ5f (z⊥) is the smooth density graph, see Fig. 4. The density graph has a plateau. The
support of the plateau, which is W broad, marks the layers with equal maximum densities, the candidates for the
terminations. Each module point in the support along the fivefold symmetry axes z⊥ in the codingE⊥ space
(Fig. 4) corresponds one to one toz‖, a position of the penetration of a fivefold symmetry axis (inobservableE‖
space) into a single terminating layer (the position of a top-plane of a termination), as in Fig. 5. The height of the

1Under athin layerwe consider a layer of 2-3 planes of stacked atoms, on a distance significantly smaller than 0.86̊A. Such a layer we treat as a single plane.
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Testing bulk models of icosahedral quasicrystals with STM images of clean surfaces 5

Table 3. A list of some of the(q, b, b, q)-terminations and the single candidate of a(b, q, q, b)-termination. The symbol T-No (termination number) is the
label of the candidates of the terminations, as in Fig. 5. The symbolz‖ is the position of the top-plane of a termination along the fivefoldz-axis, as it is listed
in the patch of the model [3]. The symbolz⊥ is thez-axis inE⊥, as in Fig. 4. The symbolρ(t − Pl) denotes the density of the top-plane in the termination,
ρ(−0.48 Å) the density of the plane 0.48̊A below the surface.

T-No 3qbbq 2bqqb iiqbbq 4qbbq 6qbbq 10qbbq 11qbbq viiqbbq 12qbbq 13qbbq viiiqbbq

z‖ [Å] 50.0 48.0 45.9 39.3 22.0 -16.6 -23.2 -29.8 -33.9 -40.5 -44.6
z⊥ [τ2➄] 0.19 0.36 0.53 0.32 0.24 0.42 0.21 0.00 0.34 0.13 0.47

ρ(t − Pl) [Å−2] 0.08 0.08 0.05 0.06 0.07 0.05 0.07 0.09 0.06 0.08 0.05
ρ(−0.48 Å) [ Å−2] 0.06 0.06 0.09 0.08 0.07 0.08 0.06 0.03 0.08 0.05 0.08

plateau in Fig. 4 defines the density of the terminations to be 0.134Å−2. Note that it is an average planar density in
the 2.52Å thick (q, b, b, q)-layer below the surface, as in Equation 1.

But, one can bundle the dense(b, q) and(q, b) plane-like fivefold layers, buckled planes, into a 2.52Å bundle
(b, q, q, b) as well. For the layer we define an effective density as in the case of the(q, b, b, q)-layer.

The height and the width of the plateau on the density graph forthe fivefold bundle(q, b, b, q) are of the same size
as for the bundle(b, q, q, b), see Fig. 4. The width isW = 2τ

τ+2 ➄ and encodes the Fibonacci sequence of terrace

heightsl = 2τ2

τ+2➄= 6.60 Å andL = τ l = 10.68 Å. But the density graph of the layer(b, q, q, b) is slightly steeper
in the region which is the complement ofW in τW (τW/W ) than the graph of the layer(q, b, b, q) and causes that
the appearance of the terrace height4.08 Å is less probable to appear. For that reason we declared in Ref. [5] that
the support of the plateau of the density graph in the case of the (q, b, b, q) atomic layers defines the sequence of
the fivefold bulk terminations. On the terrace like fivefold surface all steps of a Fibonacci-like sequence from Fig. 3
have been measured [16]. The step heights are circam = 4.08 Å and l = 6.60 Å. We identify an exact Fibonacci
subsequence of stepsl, l, m, l, m from left - right, downwards (see Fig. 3) that corresponds to asubsequence of the
(q, b, b, q)-terminations inM(T ∗(2F )) from Fig. 5 (right). The numbers 10, 11, vii, 12, 13 and viii label the fivefold
terminations in the model that correspond to the terraces onthe surface. In the subsequence, the terraces of the
small area (labelled by vii and viii), the less stable terraces, correspond to the less dense terminations, according to
the graph in Fig. 4 (right) are coded in the region which is the complement ofW in τW (τW/W ), marked in pink
(gray). These terminations are related to them = 4.08 Å steps. See also Fig. 5 (right) and Table 3.

   172 199

   

z

5fold

l

175

0.23 0.08 0.06 0.29 0.02 0.15

0.46 0.64 0.69 0.40 0.77 0.56

1.00 0.99 0.95 1.00 0.92 1.00 1.00 0.87 1.00 0.98 0.98

L=m+l L l L L l L l L L l L

s m lP−No

T−No 1 3 4 5 7 82 6 9 10 1211

bqqb−terminations

   172 199

   

z

5fold

l

175

m l l lml

0.991.00 0.95 1.00 1.00 0.87 1.000.92 1.00
0.98 0.98

0.46 0.64 0.69 0.40 0.77 0.56

0.23 0.08 0.05 0.29 0.150.02

m l l m l lm m l l m l ml

s m l 195

2 3 4 5 6 7 8 9 10 11 12 131 ii iii iv v vi vii viiii

P−No

qbbq−terminations

T−No

Figure 5. In the finite segment ofM(T ∗(2F )) thin lines mark the fivefold tilingT ∗(2F ) planes, labelled from 172 to 199. The distances between the tiling
planes in case ofi-AlPdMn ares = 2.52 Å, m = τs andl = τm, τ = (1 +

√
5)/2. The fivefold layers of6.60 Å broad Bergmans are marked by the

l-intervals. Below each is written its relative density. (left) The Fibonacci sequence{l, L = l + m} of the(b, q, q, b)-termination candidates presented
relative to the sequence of the fivefold planes of the tiling.The terminations are numerate by the termination numbers (T-No). (right) The Fibonacci sequence
{m, l} of the(q, b, b, q)-termination candidates presented relative to the sequenceof the fivefold planes of the tiling. We numerate these by the Arabic T-No.

In gray (pink) are possible less dense termination candidates and should appear as smaller terraces on a surface, these arecoded by the the regionτW/W
marked also in pink (gray) in Fig. 4 (right).

In Fig. 5 we show the positions of the fivefold atomic layers 2.52 Å thick as candidates for the fivefold bulk
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terminations, relative to the positions of the layers of the6.60 Å broad Bergman polyhedra in the model. The
fivefold layers of Bergmans,6.60 Å= l broad, are marked in the figure with thel-intervals.

According to Fig. 5, the most stable fivefold terminations (independent of which candidate,(q, b, b, q) or
(b, q, q, b) is the correct fivefold termination) in the model passthroughthe dense layers of the Bergman polyhedra;
hence these can not be energetically stable clusters. Similar argument is valid for the Mackay polyhedra. Analo-
gous results are applicable for any icosahedral quasicrystal described with theM(T ∗(2F )) model, in particular for
i-AlCuFe [10].

4 Clusters on fivefold bulk terminations

The model independent LEIS (low energy ion scattering) investigations confirm that the surface ofi-AlPdMn is rich
in Al. At near grazing incidence LEIS shows the top plane surface composition to be about 95% Al [6] The amount
of Pd increases and Al decreases as one probes deeper, giving an overall range of 88-96% Al obtained from LEIS
results [6,7]. For that reason, in the STM simulations on both candidates for the terminations, on the(b, q, q, b)- and
on the(q, b, b, q)-layers of maximum density we consider the same topographiccontrast for all atomic positions
regardless of their chemical nature. We set all atoms to be Alatoms. Further on, up to the scale, these images
present STM simulations ofany compound described with the model of atomic positionsM(T ∗(2F )). The STM
simulations are based on a simplified atomic charge model [2],in which a spherical shape of the valence charge
density is assumed for the atoms. This low level STM simulation serves the purpose of comparing geometrical
features on a large area of a surface. The present ab initio calculations can not manage such a large set of data. And
under the assumption that the recently published Ref. [18] is correctly reformulating the quantum chemistry, the
“simplified atomic charge model” from Ref. [2] might become a real atomic charge model.

By the STM simulations of a fivefold surface [1, 4] we compared the proposed candidates for the terminations
from the sequence of the layers(b, q, q, b) of maximum density to the sequence of the(q, b, b, q)-layers of an equal
maximum density. The simulations of the two chosen layers, compared to the highly resolved STM image of a clean
surface ofi-AlPdMn we presented in [1, 4]. Here we repeat this reasoning and present in Fig. 6 several interesting
simulated surfaces.

On the STM image (Fig. 6 (11)) one notices two characteristic fivefold symmetric configurations, the “white
flower” (wF) and the “dark star” (dS) defined as in Refs [19] and [20]. The “white flower”, the “dark star” and also
the “ring” (R) configuration are seen on the simulations as well. The long range pattern of the dS and wF on the
STM image, Fig. 6 (11) is evidently best reproduce by the simulations on the layers3qbbq (Fig. 6 (12) and Table 3)
and2bqqb (Fig. 6 (13) and Table 3). But, the “white flowers”, and in particular the “dark stars” are better reproduced
on the(q, b, b, q)-layers as in Fig. 6 (12), (22) and (23). For example, a candidate of the dS on these(q, b, b, q)-
layers is a Bergman cluster intersected by the surface plane, on (b, q, q, b)-layer it is a Mackay cluster intersected
by the surface plane, and looks rather like a dark pentagon, and not like a star. Hence, we have discovered [1, 4]
a confirmation that the maximum dense fivefold(q, b, b, q)-layers are the fivefold bulk terminations in the model
M(T ∗(2F )).

In Fig. 6 (21) we present the simulation on a lower density terminationiiqbbq, drown in pink (gray) in Fig. 5 (right).
Moreover the top-plane in the termination is of a lower density than the plane 0.48̊A below (see Table 3). On this
termination can exist neither the wF nor the R configuration, defined as in [20]. One concludes it from Fig. 5 (right),
there is no layer of Bergman polyhedra direct under the surface, starting by the top plane in the termination. Ac-
cording to our old definition of the configuration dS, as in [19], that dS presents an intersection of the Bergman
cluster by the top plane in the termination, such that the further five clusters in the bulk directly under the surface
surround this intersection symmetrically by the five shining pentagonal faces of the Bergman clusters, on theiiqbbq-
termination none of the dS configurations should appear. But that is evidently wrong, because we observe many
dS-like configurations on this termination on the positions where the Bergman clusters are cut by the top plane
of the termination. Hence, we are forced to generalise the definition of dS: it should appear wherever a Bergman
cluster is intersected by the top plane in the termination, i. e.,

dS ≡ cB. (2)
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Testing bulk models of icosahedral quasicrystals with STM images of clean surfaces 7

dS
wF

R

dS

wF

R

dS wF

"dS"

wF

dS

R

R

dS

wF

Figure 6. We label the six images in the figure like a2 × 3 matrix: (11) An STM image of the fivefold clean surface ofi-AlPdMn, with the marked
representative fivefold symmetric local configurations “darkstar” (dS) and the “white flower” (wF). The other images present the STM simulations

performed on different candidates for the terminations. Using the labelling of the terminations, T-No as in Fig. 5 (right) and Table 3: (12) is on3qbbq , (13) on
2bqqb. Note that this termination we rotated by 180◦ w. r. t. the others!, (21) on iiqbbq , (22) on4qbbq , (23) on6qbbq . Each of the images is 80× 80 Å2. The
candidates of the observedfivefold symmetriclocal configurations, “white flower” (wF) and the “dark star”(dS), and also the “ring” (R) are marked on the

simulations. The edge of the pentagons marked in dark blue isτ−1➁= 2.96 Å. Whereas dS appears on a chosen(b, q, q, b)-termination No2bqqb as a dark
pentagon, it looks indeed like a dark pentagonal star on all the(q, b, b, q)-terminations. The same local configurations were observed onthe STM images of

the fivefold surface ofi-AlCuFe as well.

For the definition of “cB” see Figs 10 and 11 in Ref. [19]. With this knowledge one determines easily the density
of the dark stars on a termination

ρ(dS) = ρ(cB), (3)

where cB labels a Bergman polyhedron cut by the surface-plane. The relative densities of the cB for a particular
termination one reads easily from the Fig. 5, as for example

ρ2qbbq
(dS) : ρ3qbbq

(dS) : ρ6qbbq
(dS) = 1 : 0.46 : 0.69. (4)

The maximum density 1 corresponds to the absolute density of 0.013Å−2.
Notice that in Ref. [21] on the low-order periodic approximants to the icosahedral Al-Pd-Mn authors performed

also the Tersoff-Hamann STM simulation [2]. Their result, presented in Fig. 2 of Ref. [21] places the fivefold
surface on the dense layers rich in Al atoms in the top plane ofthe termination. And it is, in all current models, on
the(b, q, q, b)-layers of maximum density. Their result corresponds to our image on Fig. 6(13).

5 The wrong chemistry or the wrong windows?

As we stated, from the LEIS investigations [6, 7] we know that the topq-plane in the terminating layer must be
rich in Al atoms, but it is not the case in the model [3, 9–11]. Hence, the conclusion that the terminations are
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the (q, b, b, q)-layers of maximum density contradicts the chemistry of themodelM(T ∗(2F )), adopted from the
Boudard model. In case ofi-AlCuFe, it contradicts the chemistry adopted from Katz-Gratias model.

In the above conclusion, we supposed that the model of the atomic positions (without chemistry) is correct.
The reason of the different appearance of the pentagonal local configurations dS and wF in the simulations on the
(q, b, b, q)-layer compared to the(b, q, q, b)-layer is because of the differentouter shapeof the windowsWb and
Wq, see Fig. 2. More accurately, one compares the intersectionsof the windowsWb andWq by the fivefold planes
in E⊥. These intersections are the polygons that are coding the quasilattices in the fivefoldb- and theq-planes in the
0.48Å broad layer (a buckled plane) on the surface of the terminations. Whereas the coding of a denseb plane is by
a disc like polygon, theq plane is coded by the pentagonal star-like polygon. See for example Fig. 12 in Ref. [19].

If, from the results on the diffraction the Al atoms in the model mustbe predominantly placed on the atomic
surfaceWb, as it is now [3,9–11], the shapes of the atomic surfaces (windows) must be changed. Roughly speaking,
the shapes ofWq andWb windows (from Fig. 2) should be exchanged. Hence, if the chemistry of the Boudard
model [9] (which is a model with approximate windows) is kept, the deterministic models of the atomic positions,
as by Katz and Gratias [10] and the modelM(T ∗(2F )) must be changed. Such a model has already been suggested
by Fang et al. [12]. See in particular Figs 3 and 4 in Ref. [12]. But the new model [12] introduces the forbidden (too
short) interatomic distances. In order to exclude these, some of the atomic positions inE‖ have to be considered as
probabilistic. InE⊥ that means that not all the areas of the windows (atomic surfaces) in Figs 3 and 4 of Ref. [12]
dare to be 100% filled.
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