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Ab initio study of quasiperiodic monolayers on a fivefold-AlPdMn surface
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We present a structural model for quasiperiodic monolayers formed on the fivefold surface of an icosahedral
AlPdMn quasicrystal, based @b initio density functional calculations. As a starting point we have investi-
gated the relative stability of unsupported triangular, square, and quasiperiodic monolayers. The unsupported
quasiperiodic monolayers are shown to be unstable upon relaxation by interatomic forces. This result indicates
the important role of the adsorbate/substrate interaction for the stabilization of a quasiperiodic layer. The
structural model of a monolayer adsorbed on the fivefold surface has been constructed on the basis of a
mapping of the potential-energy landscape of an isolated adatom orAlReiMn substrate. The structure of
a clean fivefold-AlIPdMn surface is well described byRil tiling, with the vertices of the tiling located in the
centers ofB (Bergman clusters and occupied by Pd atoms. The potential-energy mapping emphasizes the
important role of theP1 skeleton for the stabilization of a quasiperiodic adlayer: adsorption at the vertices of
the P1 tiling leads to high binding energies ef4 eV/atom. The midedge positions of tR4 tiling and Mn
atoms exposed at the surface are identified as further favorable adsorption sites. Altogether this leads to a
structural model of the quasiperiodic adlayer with atoms at the vertices and midedge positionBbtitimey,
centered pentagonal motifs decorating the pentagonal tiles, and one additional atom in the center of the
pentagonal star and of the boat tile. For this structure we calculate a surface covera@®®fatoms/A in
perfect agreement with experiment. The diffraction pattern of the adlayer extpb#sdgdecagonal symme-
try. The structural stability of a 2/1 approximant to this model has been tested for Sn, Bi, and Sb monolayers
via relaxation by the Hellmann-Feynman forces frai initio density function theory calculations. The
skeleton of adsorbed monolayers based orPthéiling was found to be stable, although the atomic decoration
inside the tiles is partially distorted, albeit without violating the overall symmetry.
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I. INTRODUCTION After the successful characterization of clean surfaces the

In the past 10 years significant progress has been madiiestion arises whether quasicrystalline adsorbate phases can
in the preparation and characterization of surfaces oPe grown on a quasicrystalline surface. At low coverage be-
icosahedral and decagonal quasicrystals. Surfaces of sta@v one monolayer, adatom clusters with fivefold symmetry
quasicrystals, particularly of the icosahedral AIPdMn andwere observed on fivefotdand tenfold surfacesTo grow a
decagonal AINiCo quasicrystals were studied most intenquasicrystalline thin film with a long-range order turned out
sively. Low-magnification scanning tunneling microscopyto be substantially more difficult. Most attempts resulted in
(STM) images revealed that the high-symmetry fivefold andamorphous or polycrystalline films with domains of common
tenfold surfaces of quasicrystals exhibit a quasiperiodic ocrystalline structures. Bolligeet al® observed fcc textures
periodic sequence of flat terraces corresponding to planes oh Al films deposited on anAlPdMn surface. Similar re-
high atomic density. High-resolution STM images of singlesults were reported by Fournéeal.” who studied nucleation
terraces of ani-AlPdMn surfacé? show quasicrystalline and growth of Ag films deposited on theAlPdMn surface.
order at the surface and atomic scale features with locarhey found hexagonal islands with five different orienta-
fivefold symmetry. tions, rotated by 2/5 and reflecting the fivefold symmetry

The interpretation of the experimental results has beewf the substrate.
based on a bulklike termination of the ideal quasicrystalline Other attempts led to the development of surface alloys
structure. Papadopolat al2 mapped high-resolution STM having icosahedral or decagonal symméftyShimodaet
images of a fivefold surface ®fAIPdMn onto a planar tiling  al. observed the formation of an epitaxial AuAl alloy
derived from a geometrical model of icosahedral AIPdMn.film on a quasiperiodic surface of icosahedral AIPdMn. The
The experimentally derived tiling of the surface matches &ilm was not obtained on the clean surface, but an ordered
geometrical tiling derived from the structural model. It was Au—Al layer with icosahedral symmetry was formed in the
found that the atomic positions on the terraces correspongresence of predeposited In, which acted as a surfactant.
exactly to cuts across the basic atomic clusters of the bulklaumovi et al® produced a stable decagor@AlPdMn
structure, the so-called Bergman and pseudo-Mackafilm on ani-AlPdMn substrate. A decagonal AIPdMn film
clusters. The characteristic structural features—dark penwas epitaxially grown as a single domain overlayer on the
tagonal holes—in the STM pictures correspond to the Bergfivefold surface ofi-AlPdMn, with the tenfold axis of the
man clusters in the bulk layers. overlayer parallel to the fivefold axis of substrate.
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Recently Frankest all® prepared quasicrystalline epitax- Il. METHOD
ial single-element monolayers adsorbed on the surfaces of . . .
icosahedral AlIPdMn and decagonal AINICo quasicrystals. The mcreasmg.computatmnal power of_present_ computers
Elastic helium atom scattering and low-energy electron dif-2nd the progress in the development of highly efficient com-
fraction (LEED) of the deposited monolayers confirmed Putational methods makes it feasible to obtain interesting
long-range quasicrystalline ordering in the films. A single-Physical information fromab initio calculations on highly
e|ement mono'ayer film was recent'y prepared a|So byea“s“c but CompleX structural models. We have used the
Ledieuet al112They deposited an ultrathin film of Cu at- advancedab initio method implemented in the Vienrab
oms on the fivefoldi-AIPdMn surfacet? The observed struc- initio simulation packagevasp#*® to perform electronic
ture of monolayers comprises quasiperiodic arrays of atomistructure calculations and structural optimizations. The theo-
rows with spacings 08=4.5 A andL=7.3 A, whose ratio retical background ofAsp is the density functional theory
equals the golden meanwithin experimental error. within the local density approximation. The wave functions

The present work is a continuation of our previoals are expanded in plane waves. The Hamiltonian is based on
initio study of the structure, electronic properties, and thepseudopotentials derived in framework of the projector-
stability of a clean fivefold surface of am-AlPdMn augmented wavéPAW) method!® vasp performs an itera-
quasicrystéf where we have demonstrated that the surfacgive diagonalization of the Kohn-Sham Hamiltonian. The
of i-AlPdMn is well described by a plandtl tiling with the  plane-wave basis allows us to calculate Hellmann-Feynman
vertices of the tiling located in the centers of the Bergmarnygices acting on the atoms. The total energy may by opti-
clusters. In the present work we investigate the structure anglized with respect to the positions of the atoms within the
the stability of quasiperiodic monolayers adsorbed on ang|| The calculations were performed within the the
i-AlPdMn surface. Our work has been motivated ma'nlygeneralized-gradient approximatiéBGA).6 vAsp has also

i 10
by the experimental work of Franket al=" We report ... 504 to calculate charge distributions.
our results for the structure and stability of single-element

quasiperiodic monolayers on the fivefdldhIPdMn surface.
The atomic structure of the adsorbed monolayer is not [ll. UNSUPPORTED MONOLAYERS
known a priori. On the basis of an analysis of the landscape . . .
of binding energies of a single adatom we propose a struc- Th_e central issue is the structural stability c.’f _free_-
tural model for the adsorbed quasicrystalline monolayer. wetanding, unsupported monolayers. One has to distinguish
obtained very good agreement of the coverage density of thléetwgen several d|ffer<_ant levels of stability. In this work we
monolayer with the experimentally determined valé@he  consider the local stability at zero temperature. The structure
symmetry of the clean-AlPdMn surface is fivefold. How- IS stable if its total energy corresponds to a local minimum,
ever, the calculated diffraction pattern of the proposedtach atom is in its equilibrium position with respect to the
atomic structure of the adsorbed monolayer exhibits gorces acting from the neighboring atoms. A stable structure
(pseudodecagonal symmetry in agreement with the ob-can be obtained by relaxing all forces, eventually stresses in
served symmetry of the LEED imag¥sThe origin of this  the system. Another level of stability is the stability of the
decagonal symmetry is in the decagonal shape of the occisystem at elevated temperatures. An investigation of finite
pation domain in hyperspace of thl tiling forming the temperature stability can in principle be performed by mo-
skeleton of the atomic structure of the monolayer. lecular dynamics(MD) methods. Howeverab initio MD

The important question is the stability of the adsorbedmethods are computationally much more demanding than
monolayer. The monolayer is formed by interacting atomsstatic optimizations and, unfortunately, such investigation of
The interatomic bonding is mediated by atomic Or-bitals,o-f our models of quasiperiodic mono]ayers is beyond what is
p, or d symmetry. The valence of orbitals and their bondingpossible with our present computational facilities. The high-
hybrids lead to certain preferential orientations of bonds. Arexst |evel of the stability is the thermodynamic stability with

the preferred bond lengths and angles of atoms in the monQ@espect to all competing phases in the phase diagram.
layer compatible with quasicrystalline ordering? Although

the main aim of this work is to study the structure and the
stability of quasiperiodic monolayers adsorbed on a fivefold
surface ofi-AlIPdMn quasicrystal, it is worthwhile to con-
sider first the possible existence and stability of unsupported At first sight, it is clear that quasiperiodic monolayers
monolayers. One has to answer the question if in a singlecould have a certain relation to decagonal quasicrystals.
element monolayer which is not supported by a quasicrystalPecagonal quasicrystals are quasiperiodic in a plane and
line substrate, stable quasiperiodic ordering can exist. Thiperiodic in the direction perpendicular to this plane. One
preliminary study of unsupported single-element quasipericould speculate that the building principle and bonding
odic monolayers will show us which elements can eventuallyin a quasiperiodic monolayer is similar to that in the
favor quasiperiodic ordering and for which ones such amuasiperiodic plane of a decagonal quasicrystal. However,
ordering is expected to be highly unstable. This will helpthere is one significant point that has to be considered. All
us to suggest elements that are suitable not only foknown quasicrystalline phases, decagonal or icosahedral, are
the presentab initio studies of the adsorbed monolayers, multicomponent systems, typically ternary systems. The pos-
but also for experimental studies of possible epitaxialsible existence of stable one-component quasicrystals has
deposition of single-element quasiperiodic monolayers orbeen the subject of several studies. Smith and AsHErSt
surfaces of quasicrystals. performed extensive lattice-sum potential energy calcula-

A. Rectangle-triangle tiling and single-component decagonal
quasicrystal
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tions for a variety of crystalline and quasicrystalline struc-
tures, using pair potentials generated by pseudopotentis]\@
theory. Their conclusion was that stable one-component sys
tems are indeed possible, albeit within a restricted range o
potential parameters having no counterpart in the Periodic
Table. Finite-temperature studies of one-component quasicf®
rystals based on classical density functional thedoy at-
oms, not for electron$'® have been performed by Carley
and Ashcroft® and Denton and Hafnét. Carley and Ash-
croft considered hard-sphe(dS) systems with a purely en-
tropic free energy and concluded that HS quasicrystals are ¢
best metastable—hence, ordinary entrgjatice vibrations
and disorderis insufficient to stabilize quasiperiodic order-
ing. Denton and Hafner studied ensembles of atoms interact
ing via effective metallic pair potentials. Thermodynamically
stable quasicrystals were predicted for potential parameter
approaching the limits of stability of the crystal structures.
Quasicrystalline stability is attributed to energetically favor-
able medium-range and long-range interactions and to vibra
tional stiffness’! The result that no single element falls into
this parameter range is confirmed, but it includes the virtual-
crystal parameters of known ternary quasicrystalline alloys.
Hence, it is not surprising that so far no single-component
quasicrystal could be prepared.

The structural models for quasicrystals considered
in these exploratory studies are Penrose tilings in either ¢
two-dimensional or a three-dimensional variant. In a simple
model with a vertex decoration where atoms are placed a
vertices of a two-dimensional Penrose tiling there are
three nearest neighbor distances, 1.0, 1.18, and (82
pressed in units of the quasilattice constaihe difference
between the shortest one and the two others is too large

FIG. 1. Part of the quasiperiodic rectangle-triangle tiling. Atoms
’Eapresented by darker circles are typically arranged in the form of

t bonds bet th ¢ f at In t entagons centered by atoms marked as light circles. In the decago-
represent bonds between the same type of atoms. In | one-component quasicrystal, the darker atoms are shifted

three-dlm'en3|onal(3D) Penrqse t'l'n_g there is one 'even to z=0.25, the lighter atoms te=-0.25, admitting a dense sphere
shorter distance of 0.56. This explains the observation thaﬁacking, cf. text.
quasicrystalline stability is observed only at electronic
valences and core radii where close packing is increasinglgnonolayer, but the building principle of RT tiling can
disfavored and more open structures become competitiv@ven be used for the construction of a single-component
Near electronic valences and core radii where close-packediecagonal quasicrystal.
structures lose mechanical stability, but where the covalent The single-component decagonal quasicrystal is a hypo-
component in the bonding is not yet strong enough to stabithetical monoatomic quasicrystalline system. It is based on a
lize directional bonding, theory predicts quasicrystalline stalocally stable quasicrystalline sphere packing proposed by
bility. Another simple decoration of the Penrose tiling whereCockayne and Mihalko¥i??> The structure is based on two
atoms are put in the centers of the tiles even directly impli-main principlesi(i) transformation of a decagonal rectangle-
cates a two-component quasicrystal with bigger atoms in thériangle tiling to a sphere packing, ariil) maximizing the
fat rhombi and smaller atoms in the skinny rhombi. Ofdensity of disk packing in the decagonal tiling. A two-
course, the real arrangement of atoms in Penrose tiles @imensional unit-disk packing can be achieved by centering
more complicated than in these simple models but, neverthatisks of diameter 1 on a subset of vertices of the RT tiling
less, all known quasicrystals whose structure can be inteconsisting of rectangles and triangles, see Fig. 1. The planar
preted as a Penrose tiling are multicomponent systems. tiling is rescaled such that the tile edge8/2. The RT
However, the arrangement of atoms based on Penrodd#ing is bipartite, and it is possible to subdivide vertices into
tilings are not the only possible quasiperiodic arrangementswo kinds, A and B. The spheres whose centers project onto
Other tilings offer more favorable conditions for a single- vertices of type AB) are shifted in the direction perpendicu-
component quasiperiodic arrangement of atoms. Onéar to the plane of the tiling by +1/4-1/4), respectively. A
such candidate is the rectangle-triangiT) tiling. In this  three-dimensional decagonal structure is generated by replac-
tiling there are only two distances of similar lengths betweering each disk in the RT tiling by a vertical column of touch-
the neighboring vertices, namely 1.0 and 1.18, and nadng spheres. Each sphere touches the spheres immediately
short distances. The bond angles of 90, 72, and 54 deg asbove and below, as well as those spheres in the other layer
also acceptable bonding angles. The RT tiling can be ndbcated at an in-plane distance y#/2 and a distance 1/2 in
only a proper pattern for the structure of a quasiperiodicdhe perpendicular direction. Although the spheres do not
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TABLE |. Optimal lattice parametera,;, a,s and corresponding total energiEg;, E,s of triangular and
square monolayers, respectivelya, and AE, are differences of the corresponding values between the
triangular and square lattices is an average value @, anda,

Element agt (A) ags (A) Aag (A)  ap (A) Eqt (eV) Eos (€V) AE, (eV)

Al 2.69 2.64 0.05 2.66 -3.037 -2.771 -0.266
Pd 2.63 2.54 0.09 2.59 -4.157 -3.866 -0.291
Mn 2.28 2.12 0.16 2.20 -6.967 -7.043 0.076
Cu 2.43 2.35 0.08 2.39 -3.036 -2.729 -0.307
Ag 2.79 271 0.08 2.75 —-2.248 -2.034 -0.214
Au 2.75 2.67 0.08 271 -2.926 -2.633 -0.293
Ga 2.75 2.62 0.13 2.68 —-2.488 -2.429 -0.059
In 3.16 2.99 0.17 3.08 -2.152 -2.094 -0.058
T 3.30 3.11 0.19 3.20 -1.903 -1.852 -0.051
Ge 2.77 2.58 0.19 2.68 -3.775 -3.811 0.036
Sn 3.16 2.96 0.20 3.06 -3.323 -3.304 -0.019
Pb 3.30 3.12 0.18 3.21 -3.113 -2.990 -0.123
As 2.75 2.58 0.17 2.66 -3.898 -4.111 0.213
Sb 3.14 2.95 0.18 3.04 -3.472 -3.602 0.130
Bi 3.29 3.12 0.17 3.21 -3.313 -3.338 0.025

touch other spheres in the same layer, the in-plane distangesults are collected in Table. I. The table includes the opti-
of neighboring spheres is only 1.018. The decagonaimal lattice parameters, total energies, and their differences
structure based on a rectangle-triangle tiling maximizes théor all noble metals and for the main group elements from
packing fractior?32* The achieved packing fraction of columns Ilib to Vb.
7=0.6953 should be compared to the packing fraction In @ quasiperiodic arrangement based on the RT tiling
71ec=0.7405 of close packed structuréfsc or hcp and to both triangular and rectangular configurations of atoms are
the packing fractionzg,..=0.6801 of a body-centered-cubic Present. One can quite naturall_y expect that eleme_nts that
arrangement. The resulting structure is stable in the sendtave a large structural energy differentE, between trian-
that each sphere is fixed by its neighboi initio density ~ gular and square monolayers will not be suitable for a qua-
functional theory(DFT) calculations on low-order approxi- Siperiodic arrangement. The arrangement of the atoms in the
mants to decagonal Akee Ref. 25have demonstrated that duasiperiodic monolayer with largdE, has a tendency to
the decagonal structure is metastable, but higher in energy b]'iP”aDSQ to either a triangular or a square arrangement. From
60—70 meV/atom than fcc Al. able | it is therefore clear that Al, Pd, Cu, Ag, and Au will
The RT tiling thus is a good framework for the construc- prefer the densest triangular arrangement, as for these ele-
tion of quasiperiodic monolayers. The building principle of ments this structure is preferred by more than 0.2 eV/atom.
the single-component decagonal quasicrystal can also Most of elements listed in Table | prefer a triangular lat-
serve for the construction of bilayers or multilayers. tice. A notable exception are the elements from group V: As,
However, if the spheres are replaced by real atoms th&b, and Bi. Figure 2 presents the total energies of the square
directional character of interatomic bonding can significantlyand triangular lattices and the differences in the equilibrium
affect the stability of the system. A good probe for revealingbond lengths for As, Sn, and Bi monolayers. These elements
the directional character of the interatomic bonding in afavor a square arrangement of atoms in a monolayer. The

monolayer is a comparison of the total energies for triangulaPhysical origin of this preference is in a specific character of
and square lattices. the interatomic bonding. In these elements shatates have

very low energies and they are separated frompHzand.

The bonding thus has a pupecharacter. The preferred rect-

angular arrangement of atoms results from the rectangular
We have performed an extensive study of a relative staorientation of thep orbitals participating in the bonding.

bility of the triangular versus square monolayers for many The smallest difference between the triangular and square

elements of the Periodic Table. For both lattices the size ofmonolayers is observed for S(AE,=-0.019 eV/atom

the lattice parametea was varied in a certain range around and Bi (AEy=0.025 eV/atom Figure 2 illustrates the

the value corresponding to the minimum of the total energynear degeneracy of the total energies of the square and

The difference between the minima of the total energiegriangular lattices in the case of the Bi monolayer. Small

shows the degree of preference for a particular lattice. Thealues of this difference are calculated also for Ge

B. Triangular versus square monolayers
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constrained relaxation with fixerlcoordinates of the atoms.

=4 The single-component decagonal quasicrystal consists of
3.6 periodically repeated quasiperiodic bilayers. It is therefore
i~ relevant to investigate a possible stability of unsupported
= 38 quasiperiodic bilayers. Unfortunately, neither Sn nor Bi bi-
a0k layers were found to be stable. We attempted to stabilize
them by increasing the surface density of atoms. Although at
42p @ § reduced size of the elementary cell they exhibited somewhat
33 24 25 26 27 28 29 30 higher stability, nevertheless, long relaxation runs always led
to amorphouslike structures.
28 .

L Both unsupported quasiperiodic monolayers and bilayers
Sb based on the RT tiling are thus mechanically unstable. On the

3.0F . .
other hand the single-component decagonal quasicrystal

o 32t composed of periodically repeated bilayers is mechanically

% stable. We tested the stability of this quasicrystal for Sn, Bi,

and some other elements. The decagonal quasicrystal has
been proven to be metastable even foPAHere we mean
(b) stability at zero temperature, i.e., stability against relaxation
of coordinates with the interatomic forces. The unsupported
quasiperiodic bilayers are unstable, but their periodic stack-
ing leads to a stable structure. One can therefore expect that
quasiperiodic films of a thickness larger than a certain criti-
cal thickness could eventually be stable. Although such a
theoretical study is feasible, experimentally it would be dif-
ficult to prepare such a quasiperiodic film. The theoretical
calculations show that the single-component decagonal qua-
sicrystals appear to be significantly less stable than the cor-
34} (© 4 responding crystalline phases. Sn crystallizes in the diamond
(cF8 structure. The single-component approximant to the
decagonal quasicrystal consisting of 47 atoms per unit cell is
thermodynamically less stable by 0.064 eV/atom. For Bi the
FIG. 2. Total energy of unsupported triangular and square”ftable phas_e is a_rho_mboh_edral hR2 phase. The quasicrystal-
monolayers as a function of the lattice parameteFhe curves for ~ IN€ approximant is higher in energy by 0.156 eV/atom.
triangular and rectangular lattices are marked by triangles and IV. MONOLAYERS ADSORBED ON A FIVEEOLD
square, respectively. The panels show the results for monolayers I-ALPDMN SUREACE
consisting of As(a), Sb(b), and Bi(c) atoms.

I 1 n 1 I 1 I 1 n 1 n 1 n
26 27 28 29 30 31 32 33 34

E[eV]
%)
(=3

28 29 30 3

1 32 33 34 35 36
a[A]

The unsupported quasiperiodic single-element monolay-
(AE,=0.036 eV/atomand all elements of group Ill: Ga, In, €rs based on the RT tiling have been found to be unstable.
Tl (AE,=-0.051to —0.059 eV/atom These elements Although we obtained this negative result only for one kind

are thus good candidates for a quasiperiodic arrangemeff the quasiperiodic tiling, we assume that this result has a
in a monolayer. more general validity. The existence of a stable unsupported

quasiperiodic single-element monolayer thus seems to be un-
likely. It is therefore interesting to investigate whether a qua-
siperiodic ordering in a monolayer can be stabilized when it
One can expect that monolayers composed of atoms thé supported by a quasicrystalline substrate. This question
have no strong preference for either a triangular or a rectarhas already been tested experimentally. Fragtkal 1° stud-
gular arrangement could perhaps be stable in the quasipeiied quasicrystalline epitaxial single-element monolayers ad-
odic RT tiling. We have performed several studies of thesorbed on the surfaces of icosahedsAlPdMn and decago-
stability of quasiperiodic planar monolayers composed of Smal d-AINiCo quasicrystals. Single-element quasicrystalline
or Bi atoms. Sn atoms have a very small preference for thenonolayers are prepared by deposition of Sb and Bi on the
triangular arrangement, Bi atoms have a weak preference fdivefold surface of icosahedral Ad1Mng 5 and the ten-
the rectangular arrangement. We put the atoms in the verticdsld surface of decagonal AlNi4 40134 The quasicrys-
of the RT tiling (see Fig. 1 and searched for an optimal size talline ordering in the epitaxial films has been verified by
of the elementary cell. Then the coordinates of atoms werelastic helium atom scattering and LEED. Bragg peaks
relaxed by the interatomic forces. Unfortunately, none of ourare formed at the bulk-derived positions of the clean
attempts was successful. The arrangement of atoms after tiserfaces. The work of Franket al!? motivated us to
relaxation was amorphouslike. The planar symmetry wastudy these systems witdb initio methods. In this work we
broken, the atoms moved out of the original planar arrangerestrict our study to monolayers on the fivefold surface of an
ment. A similar amorphouslike result was obtained also for a-AlPdMn quasicrystal.

C. Unsupported quasiperiodic monolayers and multilayers

184207-5



M. KRAJCI AND J. HAFNER PHYSICAL REVIEW B71, 184207(2005

A. Clean fivefold surface ofi-AlPdMn

The structure and stability of a clean fivefold surface of
i-AIPdMn were investigated in detail in our previous paper.
We prepared a set of rational approximants to the quasicrys
talline structure. For bulk-AlPdMn our approximants are
based on cut-and projection models with triacontahedral ac:
ceptance domains according to the Katz-Gratias-Boudarc
(KGB) model?6-2°A fivefold surface is prepared by cleaving
the bulk structure along a plane perpendicular to a fivefold
axis such that a layer with a high atomic density is exposed
at the surface. The choice of the cleavage plane is discusse
in our previous papéee

The i-AlIPdMn quasicrystal is &-type quasicrystal. Its
structure can be interpreted in terms of pseudo-Mackay anc
Bergman-type clusterd:20-33Pseudo-Mackay and Bergman-
type clusters are not independent structural units, as they ar
mutually interpenetrating. It is relevant to note that the
“Mackay” and “Bergman” clusters im-AlPdMn are a little ST07
different from those encountered in various complex inter- W
metallic crystalline structures. Instead of using the termp
pseudo-Mackay or pseudo-Bergman we shall, in agreemen @
with Gratiaset al.3* call the clusters thé1 andB clusters. X B
Each bc site of the hyperspace structurei-#iPdMn is a @/\
center of aB cluster. TheB cluster has a Pd atom in the %
center. TheM clusters are centered by Mn atoms. The first t
atomic shell of theM cluster is very irregular. Seven or eight
atoms occupy vertices of a small dodecahedron, but thei
spatial arrangement around the central Mn atom is irregulai/=3
with respect to icosahedral symmetry. Thus, Belusters
can be more conveniently used as guidelines for identifying
the mean structural features and discussing physical propel
ties of thei-AlIPdMn quasicrystal. In particular, the heights N{ b\_\vr\ i o A
of the terraces ob_served in STM imagesi-oAlPdMn sur- !‘K,,_‘a\\\ k ﬁ?“%@k ,,Lé)qi
fa_lces mat(_:h the distances betwee_n Ia_\ye_rs C_haracterlzed by y\&&.’_})))‘ A !ll"’) ’r ﬁ (b)
high density ofB clusters and their distribution pattern. A
completeB cluster consists of 33 atoms. The cleavage plane FIG. 3. The atomic structure of the clean fivefold surface of
representing the bulk termination dissects Bhelusters. In  i-AlPdMn as represented by the 2/1 approximéat The surface
the truncated cluster 6 atoms are missing. The truncBted is covered by part of aPl tiling. The tiling consists of a
cluster exposes at the surface a characteristic pentagon of Feyular pentagon, a boat, and a thin and a thick golden rhombus.
atoms with an edge length of 4.80 A, together with a smaller’The pentagons may be classified as top and bottom, as marked
Al pentagon whose edge measures 2.96 A. As the central FY circles and crosses, respectively. The quasiperigdictiling
atom is below the surface plane, at the surface a shallow hogfntains in addition a star which does not appear in the the
is seen in the center of the cluster. 2/1 approximant. The positions of atoms are displayed by

Figure 3a) shows the atomic structure of the Surfacecircles: Al—open circles, Pd—shaded circles, Mn—small solid
of the 2/1 model derived from the KGB model of bulk circles. The partb) shows the electronic charge density distribution
i-AIPdMn. The surface is covered by a periodic approximan.n the surface plane of the same model. The contour plot presents

Lo . s he valence charge density distribution in a plane intersecting
3 -
of a quasiperiodidl tiling.” The edge of thé1 tiling mea the top atomic layer, cf. text. Th@ clusters are marked by

sure_s 7.76 A. The tiling in the figure consists of f_our dlffe_r- dashed circles, thM clusters by dot-dashed circles. The transition
ent tiles—of a regular pentagon, a.boa'g, andl Qf thin and th'lenetal atoms in the plane create a high charge density—black
golden rhom_buses._A general qL%aS'Pe“dalC““”g consists circles. The Mn atoms are marked explicitly, the remaining
of four species of tiles. In addition to a regular pentagon, gack circles are the Pd atoms. The positions of the Al atoms can
boat, and a thin rhombus a pentagonal star can occur. The recognized as small circular islands of local density minima;
thick golden rhombus that we observe in the 2/1 approXipne Al atom near the center of figure is marked explicitely. For
mant does not appear in the quasiperioBit tiling. The  the discussion of the energy landscape several special sites on
appearance of this motif in the 2/1 approximant is a consethe surface are markedBl, B2—positions in the centers of
quence of the phason strain leading to the formation of @&omplete or incomplet® clusters respectively, ME—position at
periodic pattern. The two edge-sharing thin rhombi also repthe midedge of theP1 tiling, AL, PD, MN—positions on top of
resent a violation of the matching rules belonging to thisAl, Pd, and Mn atoms, respectivell}y1, V2—positions inside
phason defect. ThP1 tiling is a planar tiling which can be the surface vacancies.
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obtained by projection from a hyperspace. The acceptancepresent the surface. In the bottom pentagon the center of
(occupation domain of theP1 tiling is a decagon. The de- theM cluster is at a position deeper inside the Hsde Ref.
cagonal acceptance domains of the tiling correspond to th&3 for more details We note that any two neighboring pen-
maximal cross sections of the triacontahedra defining théagons that share one edge have always opposite orientations.
three-dimensional structure of the bulk quasicrystal. In Fig. 3 the central Mn atoms in the bottom pentagons are
Figure 3a) demonstrates that most vertices of @ til-  npear the bottom of the slab chosen to represent the surface
ing coincide with the positions of the Pd atoms in the centergng therefore they do not contribute to the surface charge
of the truncated clusters. On the other hand, the pentagonalyensity. This contributes to the formation of the pronounced
tiles are located at the positions of thieclusters centered by - cparge density minima associated with the surface vacancies.
the Mn atoms. Figure(8) represents the charge density dis- 5 yhe gther hand, in the top pentagons the central Mn atoms

tribution in the plane of the top atomic layer. The top layer is; : :
X 0 5 37 in the top atomic layeftogether with Al atompare well seen
occupied only by Al atoms and a fet#29%) Mn atoms in the surface charge density distribution. Figui®)3also

The ideal surface consists of two closely spaced atomic lay- :
ers separated by a vertical distance of only 0.48 A. The fig-ShOWS that not only the internal arrangement of the penta

ure shows that the Pd atoms from the next layer locate§dONs is irregular, but also the thin rhombuses have irregular

0.48 A below the top layer also contribute to the Surfacedecorations. It is possible to conclude that the quasiperiodic

charge density. The Mn atom in the center of the pentagondl'der at the surface is represented byRetiling, but on the

star is also located in this subsurface layer. The corrugate@ther hand internal decoration of the tiles is rather irregular.
surface is thus composed of the atoms from the two top moskhe |(regular|t|es are also well seen in the high-resolution
layers. The total surface atomic density of the model derivec® M images of the pentagonal AIPdMn surfaéésie em-
from the 2/1 approximant is;=0.134 atoms/A This value phasize that these irregularities exist in the model with ide-
is in very good agreement with the experimental value ofalized positions of atoms and therefore are not a consequence

0.136 atoms/A reported by Giereet al.3® of the relaxation of the atomic positions or of a possible
Figure 3b) shows the electron density in the surfaceSurface reconstruction.
layer. The charge density minima at the vertices of Fie In our previous work® we also attempted to answer the

tiling occupied by Pd atoms are surrounded by a complete Oquesf[ion V\{hgther the idealized structural model for the sur-
incomplete pentagon of Al atoms. These charge densit;f/ace is sufficiently stabl_e toserve asa useful model for a real
minima form the pentagonal holes observed in the highsurface. Structl_JraI optimizations have been performed for
resolution STM images of the AIPdMn surfa&&-“The Pd the 2/1 approximant. The results of a careful structural op-
atoms in the centers of the truncatBdclusters are located timization show that the positions of the transition-metal at-
deeper below the surface and their electrons do not contrif2Ms are very stable. The skeleton of tAg tiling fixed by
ute substantially to the surface charge density. However, thi1€ positions of the Pd atoms remains almost unchanged. On
most striking features of the surface charge density distributhe other hand, the arrangement of the Al atoms decorating
tion are large charge density minima inside some of the pethe .tlles undergoes certain modifications at the surface. In
tagonal tiles. These charge depletions correspond to surfag@ticular, the Al atoms around the centers of the pseudo-
vacancies. These vacancies are the consequence of the iackay clusters are subject to quite substantial displace-
regular structure of the first atomic shell surrounding the Mnments from their idealized positions. The effect of these re-
atoms in the center of th™ clusters. In a regular Mackay Ia_xatlons is to flatten th_e charge-density minima associated
cluster the first atomic shell consists of 12 atoms forming aVith the surface vacancies.
small icosahedron. In thiel cluster ini-AlPdMn the central
Mn atom has a lower coordination of 7-8 atofigs con-
firmed by extended x-ray absorption fine struct(EXAFS)
experimentd! These atoms are distributed on the sites of a A clean five-fold surface of-AlPdMn has a quite com-
small dodecahedron, leaving other sites vacant such that thgitex structure. The surface is considerably corrugated. At
spatial arrangement breaks the local icosahedral symmetrijrst sight it is not clear what could be the structure of an
The vacancies exist also in the idealized structure. The exissdsorbed quasiperiodic monolayer. Very helpful in the search
tence of “vacanciesfor rather less dense region®s the for the structure of the adlayer is a mapping of the energetic
structure of bulki-AIPdMn has been confirmed experimen- landscape of the surface, searching for the most stable posi-
tally by Satoet al#? The surface vacancies and their behaviortions of adsorbed atoms. As a probe we have chosen a single
under thermodynamic treatment have been studied expera&tom bound to specific sites on the surface. We calculated the
mentally by Eberet al*3 binding energy of adsorbed Sn and Bi atoms. A systematic
The positions of the pentagonal tiles correspond to theepetition of this procedure for selected points on the surface
positions of theM clusters. The centers of tiM clusters are  makes it possible to identify the most stable positions for the
projected onto the centers of the pentagonal tiles. InRhe adsorbed atoms. The results of this study for several special
tiling the pentagonal tiles adopt two different orientations.positions of adatoms defined in Figb3 are listed in Table
The orientation of the pentagonal tiles is related to the verti{l. Below we discuss the binding energies for a Bi atom only.
cal position of theM clusters. According to this vertical po- The discussion of the energetic landscape seen by a Sn atom
sition of the centers o clusters we designate the pentago-leads to the same conclusions.
nal tiles as top and bottom. In the top pentagon the center of It is not surprising that the largest binding energies were
the M cluster is at the top surface of the slab chosen tdound for the sites inside the surface vacancies. The vacancy

B. Stable positions for adsorbed atoms
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TABLE II. The binding energie&, and vertical positions of Sn and Bi adatoms at specific sites on the
i-AlIPdMn fivefold surface.

Description of site NotationE,(Sn) (eV) Ey(Bi) (eV) h(Sn (A) h(Bi) (A)
Vertex of P1 (center ofB cluste) B1 -4.173 —-4.369 1.61 1.68
Vertex of P1 (center of incompleté cluste) B2 -4.070 -4.323 1.82 1.83
Midedge position ofP1 ME -3.399 -3.925 2.18 2.20
VacancyV1 (biggep Vi -4.657 -4.604 0.34 0.44
VacancyV2 (smallejp V2 -4.816 -4.954 0.99 1.22
Top of Al AL -2.632 —-2.860 2.26 2.53
Top of Pd PD -3.353 -3.430 2.59 2.34
Top of Mn MN -4.073 -4.575 2.22 2.24

denoted ad/1 in Fig. 3b) is so big that it can almost com- top of a Pd atom has an intermediate binding energy of
pletely adsorb a Bi adatom. The surface plane is defined by3.43 eV, see Table Il. However, we found that significantly
the positions of the centers of atoms of the most top atomignore stable are the positions at the vertices ofRhiling.
plane. The height above the surface plane of a Bi atom adfhese vertices are the centers of Bielusters. The binding
sorbed on thev1 site is 0.44 A, i.e., only 14% of its diam- energies of Bi adatoms inside the complete or incomgete
eter. On the other hand, the vacancy denotedzasalthough  clysters are -4.37 and -4.32 eV, respectively. These sites are
in Fig. 3(b) it appears to be smaller than the vacahdy,  qguasiperiodically distributed on the surface and therefore

binds the adatom more strongly. As it was already noted, thgejr occupation by an adatom would already form a stable

surface vacancies result_from the irregularities of the enV"quasiperiodic monolayer of low coverage. Other stable posi-
ronment of the low-coordinated central Mn atom. The vaca

Ntions that are systematically distributed at the surface are the

cies can appear in both types of the pentagonal sites—to ided - o :
. S i ge positions of thB1 tiling. These sites are very close
(V2) and bottom(V1). Their shape and occurrence is iregu to a triangle of two Al and one Pd atom. An adatom is thus

ated adatoms very Sirongly. the vacandios wil not &ystomSuPPOTied by this triangular configuration of atoms. The
atically contribute to the formation of a regular quasiperiodicbmd'ngtegfrgytmc t?]l at tkysthsne IS '_t'3'92 e\/t, |.e.,f|t 'SPOdS etV
monolayer. If occupied by additional atom or not, they will more stable site than at the position on lop of a atom

contribute to the corrugation of the surface on which a regu@/0n€ and about 1 eV more stable than at the Al site. From

lar monolayer is placed. The sites on the top of Mn atom§hese results we concluded that the sites at the vertices and

exhibit the second largest binding energies. The centers ¢f¢ midedge positions of thel tiling are the framework of
top pentagons are thus stable sites with binding energies &possmle stable quasiperiodic monolayer on top of five-fold
~4.58 eV. However, the number of such sites at the surfacsAlPdMn surface.
is very small, only=2% and therefore their role in the for-
mation of a quasiperiodic monolayer is limited. The most C. Adsorbed monolayer
abundant element on the surface is aluminum. The Al sites On the basis of the results from previous sections we pro-
are regularly distributed on the surface, the nearest distancg®se a model for the structure of a monolayer with a quasi-
between the Al sites of 2.29 A are well compatible with the periodic ordering. First we occupy the most stable regular
size of Sn atoms and with a certain relaxation these sitegositions, i.e., the vertices and the midedge positions of the
could accommodate also Bi atoms. Moreover, the experip1 tiling. Figure 4 shows the surface charge density of a 3/2
mentally observed coverage density of the monolayer ohpproximant with the energetically favorable positions for
0.09+0.02 atoms/Aroughly coincides with the surface den- adsorbed atoms marked by circles. Frarkall° reported a
sity of Al atoms(0.10 atoms/A). It is therefore tempting to coverage for a Bi monolayer oni-AIPdMn of
relate the atomic positions in a possible quasiperiodic mono9.09+0.02 atoms/A Occupation of the stable sites only
layer with the positions of the Al atoms. However, a calcu-would lead to a coverage of 0.045 atom$/Ae., only the
lation shows that the binding energy of(Bi) adatoms on half value of the experimentally observed coverage. On the
the Al sites of —2.86-2.63 eV is the lowest of all consid- other hand, Fig. 4 also shows that there is plenty of space
ered sites. A quasiperiodic monolayer consisting of adatommside theP1 tiles for additional adsorbed atoms. The deco-
placed on top of Al atoms would thus receive only a modestation of the interior of the tiles follows quite naturally from
stabilization from the binding to the substrate. This expectathe decoration of the vertices and the midedge positions, i.e.,
tion was also confirmed by our calculations. We attempted tdy the decoration of the circumference of the tiles. The deco-
stabilize such structure with additional atoms placed insideation depends on the size of an adsorbed atom. First we
the decagonal rings of Al atoms surrounding the central Mrshall discuss a decoration with atoms measuring 3.0 A in
atom in the top pentagons. This model of a quasiperiodicdiameter. Table | shows that this choice would correspond,
monolayer was amorphised during relaxation. e.g., to Sn atomsthe average between optimal lattice con-
Neither will Pd atoms that are 0.48 A below the surfacestants for the triangular and square tilings is 3.060k Sb
plane stabilize a quasiperiodic monolayer. A Bi adatom on3.04 A). Bi atoms(3.21 A) are somewhat larger, but as will
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FIG. 4. The surface charge density of a 3/2 approximant with  FIG. 5. The atomic structure of a monolayer adsorbed on a
indicated stable positions for adsorbed atoms. The analysis of bindsurface of the 5/3 approximant. The surface density is
ing energies for specific sites shows that atoms adsorbed at tt&09 atoms/A, i.e., just in the center of interval of experimentally
vertex positions or the midedge positions of thg tiling exhibit determined coverage density of Bi atof@®e Ref. 10 The regular
enhanced stability. These sites are quasiperiodically distributed. arrangement of atoms inside the tiles is enforced by the atoms

. . . . . at stable positions at the vertices and midedge positions of the
be shown later the decoration with Bi atoms will not differ p; jing.

too much from the decoration with Sn or Sb atoms.

Inside the thin rhombus there is no space for an additionabf 36 deg (thin rhombus, boat, and sjathere is a rather
atom. The thick rhombughis tile occurs in the 2/1 approx- short distance of 2.41 A between two neighboring midedge
imant only has space for just one additional atom put intopositions. One can expect that these short distances will in-
the center of the rhombus. The center of the pentagonal starease upon relaxation. For bigger atoms there is also a pos-
is occupied by a Mn atom. This is a stable position for ansibility to replace this pair of atoms by a single atom located
adatom. If one puts one adatom on top of the central Mron the long diagonal. If atoms are a bit smaller than the
atom, there is no additional space for other atoms. Similarlyconsidered size of 3.0 A, there will be a space for an addi-
if the center of the boat tile is occupied by one atom there igional three atoms inside the boat tile and five atoms inside
no space for additional atoms. Inside the pentagonal tilethe pentagonal star. On the other hand, for smaller atoms one
there is space for several atoms. The centers of the top pepannot expect that the decoration of the vertices and midedge
tagons are occupied by Mn atoms. As the Mn atoms are alspositions will also enforce a regular pentagonal decoration
very stable binding sites for adsorbate atoms it is natural tinside the pentagonal tiles.
put additional adatoms there. The space between the central If one compares the decoration of the pentagonal tiles by
adatom and the adatoms at the circumference of the pentagdme atoms in the surface layer and by the atoms adsorbed at
is just large enough for five atoms forming a pentagonthe surface it is clear that the ideal structure of the adsorbed
smaller by a factor 0.5 than the pentagonal tile. Although themonolayer has a higher symmetry than the underlying five-
bottom pentagons do not systematically have stable sites ifold surface ofi-AlPdMn. Figure 6 shows the diffraction
their centers, inside these pentagonal tiles there is also spapattern of the monolayer calculated for the 5/3 approximant.
for just six atoms. These can be be most naturally arranged ih exhibits a pseudodecagonal symmetry. This fact is inter-
the same way as in the top pentagons, i.e., as a central atoasting as a nearly decagonal symmetry was observed also in
plus a small pentagon. With a proper size of atoms this reguthe LEED images of the adsorbed Bi and Sb monolayers on
lar decoration is enforced by the decoration of the circumferthe five-foldi-AIPdMn surface™ It is relevant to note that
ence of the tile. This enforcement of the regular pentagonahe LEED image of the clean surface exhibits only fivefold
ordering by high surface density of packing of the adatoms isymmetry. The origin of the decagonal symmetry is in the
similar to the enforcement of hexagonal ordering of spheredecagonal symmetry of the acceptance domain in hyperspace
by their dense packing on a plane. (the acceptance domain has a shape of a single decafjon

Figure 5 shows the atomic structure of a monolayer adthe P1 tiling that propagates the long-range quasiperiodic
sorbed on the surface of a 5/3 approximant resulting fromordering in the monolayer.
the previous analysis. The surface density is very satisfac- The remaining important point is to verify the stability of
tory. Its value is 0.09 atoms/Ai.e., just in the center of the position of atoms in the monolayer. We have performed
interval of experimentally determined coverage density of Bithis study for a monolayer adsorbed on the surface of the 2/1
atoms. Adsorbed atoms are distributed on the surface quitgpproximant. We have considered three chemical composi-
evenly with some exceptions. In the tiles with sharp anglesions: Sn, Bi, and Sb.
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FIG. 6. A diffraction pattern of the adsorbed quasiperiodic
monolayer on the 5/3 approximant. It exhibit§pseudgdecagonal
symmetry.
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1. Sn monolayer
In this section we test the stability of the quasiperiodic
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imant before(a) and after relaxationb). In the relaxed
model the quasiperiodic ordering is essentially conserved al-
though significant displacements of atoms from their ideal
positions are obvious. In agreement with the expected stabil:
ity of the vertex sites of th&1 tiling the Sn atoms at these
sites exhibit only minimal shifts from the ideal positions.
Slightly larger displacements are observed for the midedge FIG. 7. The charge density distribution in an adsorbed Sn mono-
positions. The short nearest-neighbor distances of 2.41 A adyer on the surface of 2/1 approximant beféagand after relax-

the sharp angles of the tiles are relaxed successfully, but asation (b). In the relaxed model the quasiperiodic ordering is essen-
consequence one or both atoms from midedge positiongally conserved although significant displacements of atoms from
move a little into the wide-angle tiles, the pentagons, and théheir ideal positions are obvious. In agreement with the expected
fat rhombus. The arrangement of Sn atoms inside the perstability of the vertex sites of th@1 tiling (represented by thick
tagonal tiles undergoes substantial modification. In the penlines) the Sn atoms at these sites exhibit only minimal shifts from
tagon at the left side of Fig.(B) one of the Sn atoms almost the ideal positions. In the pentagon at left side of the one of Sn
disappears in the surface vacancy located below this atoffoms partially disappeared in the surface vacancy located below
[cf. Fig. Ab)]. The remaining Sn atoms keep the pentagona‘h's atom. The quasiperiodic s'Frugture of the monolayer is decom-
configuration with one additional atom in the center. In theP°Sed to a polygonal networkhin lines), cf. text.

remaining pentagonal tiles at the right side and in the upper | is interesting to compare the average coordination num-
part of Fig. 1b) the pentagonal configuration of atoms inside yer of Sn atoms in the adsorbed quasiperiodic monolayer
the tile can still be well recognized. In the fat rhombus theyith the coordination numbers of the Sn atoms in unsup-
central Sn atom has been attracted from its central positioported periodic monolayers studied in Sec. Ill. The atoms in
by the underlying Pd atom located a little off the center.  the triangular lattice have six neighbors, the coordination
In the ideal configuration the interatomic distances arenumber of the square lattice is 4. For a quasiperiodic mono-
larger than optimal bonding distance between atasee layer one would expect a value between these two numbers.
Table ). In the relaxed monolayer one therefore observesn Fig. 7 the quasiperiodic structure of the monolayer is de-
grouping of atoms, particularly inside tHel tiles. It is re- composed to a polygonal network. The prevailing polygons
markable, that the atoms in the vertices of the tiling arein the network are triangles and tetragons. The neighboring
rather isolated; they are only weakly bonded to the surroundatoms in the monolayer are defined by a geometrical distance
ing atoms in the monolayer. smaller than certain cutoff radiug. From the analysis of the

in the adsorbed Sn monolayer on the surface of 2/1 approx ,’/ﬁ\; \ y{@\\\; )
=
7 A
( Y ,
S ~SSP))| 2K o
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atoms without the stabilizing central atom was destroyed.
Such a collapse is not surprising as the pentagonal configu-
ration of Bi has no intrinsic stability originating from the
interatomic bonding. The local irregularity of the surface
supporting the pentagonal configuration is also not favorable
to the conservation of the initial regular pentagonal arrange-
ment of atoms. On the other hand, it is remarkable that the
regular configuration of the atoms was conserved in the right
pentagonal tile in Fig. 8 despite the surface vacancy below
the Bi atoms. We have found that the lateral forces that can
cause the collapse of the pentagonal configuration are quite
small.

The size of the atom is an important quantity having a
significant influence on the stability of the monolayer. A
larger size can lead to a higher packing density which could
enforce regular arrangement of atoms. However, Bi atoms
are already too large for admitting a sixth stabilizing atom in
the center of the pentagonal configuration inside the pentago-
nal tiles. On the other hand, the tiles with sharp angles have

FIG. 8. The charge density distribution in an adsorbed Bi monorather lose packing. It is possible to speculate that these tiles
layer on the surface of 2/1 approximant after relaxation, cf. Fig. 7¢ould eventually absorb the strain from the pentagonal tiles if

the central sites in the pentagons are forcibly occupied. We
pair distribution function we have found that the cutoff ra- assume that a more probable configuration would be if the
dius separating the first and second nearest neighbors iBe central atoms remain at a higher position in the mono-
equal tor,=3.6 A. The average coordination numi&Sn) layer. If one considers that the Bi atoms in the vertices are
of Sn atoms in the ideal, nonrelaxed monolayer is 3.1. Afterlready little (=0.2 A) below the atoms inside the tile, a
relaxationZ(Sn)=3.2. This increased number reflects a clus-central atom at the higher position above the surrounding
tering of atoms in the relaxed structure and formation ofatoms would form a tip of a pentagonal pyramid consisting
some additional bonds, e.g., between the central atom insid®f 16 atoms. Such a pyramidal arrangement would manifest
the fat rhombus and the neighboring atoms. The calculatetiself in a higher corrugation of the monolayer. Such an en-
average coordination numbers of atoms in the adsorbeblanced corrugation of Bi monolayers on th&lPdMn sur-
monolayers are significantly lower than those in the unsupface is in fact observed experimentaifyalthough not quan-
ported monolayers. These low numbers result from the fadified in more detail. A further possibility would be to admit
that the adsorbed atoms have already some bonds with tigedisordered distribution of vacant and occupied pentagon
substrate atoms. This is particularly well illustrated by thecenters, depending on the decoration of the underlying tile.
atoms in the vertices of thiel tiling. The average coordina- The calculated average coordination number of Bi atoms in
tion number of these atoms is only 1.7. The atoms in théhe quasiperiodic monolayer &Bi)=3.2, i.e., comparable
vertices of theP1 tiling are strongly bonded to the substrate with that calculated for the Sn monolayer. The nearest
and exhibit only little tendency to the formation of bonds neighbors in the monolayer are here defined by the cutoff
with neighboring atoms in the monolayer. radiusr,=3.7 A.

2. Bi monolayer 3. Sb monolayer

From the study of unsupported monolayers we learn that Antimony is from the same group Vb as bismuth. Sb at-
Bi atoms prefer an average nearest-neighbor distance @fms are smaller than Bi. Table | shows that Sb atoms are
3.21 A, see Table I. This size leads to a very dense packingpproximately of the same siz8.04 A, calculated as an
of Bi atoms inside the pentagonal tiles and to significantaverage between the optimal lattice constant of triangular
lateral stress. During the relaxation some of the atomsind square monolaygras Sn atom$3.06 A). Can one ex-
jumped up to positions above the monolayer. Therefore weect for the monolayer consisting of Sb atoms the same re-
modified the ideal decoration by skipping the central atomaxation pattern as one observed in the case of Sn atoms?
inside the pentagonal tiles. This would lead to a somewhaFigure 9 shows that the answer is negative. The reason is in
lower coverage of 0.085 atoms?Astill within the experi- the fact that Sb prefers by more than 0.13/atom eV a square
mentally determined range ¢0.090+0.02 atoms/&. The lattice to a triangular one, whereas in Sn the triangular ge-
distribution of Bi atoms in the adsorbed monolayer is agairometry is slightly(-0.019/atom eV preferred. The rectan-
displayed in the form of the charge density distribution in thegular grouping of atoms is well seen in the resulting distri-
monolayer, see Fig. 8. The resulting picture of atomic disbution of Sb atoms in the adsorbed monolayer. The
placements is similar as for the previous case of a Sn mongentagonal configurations of Sb atoms inside the pentagonal
layer. A greater difference is seen only in the pentagonal tilgiles of the P1 tiling collapsed in all three tiles in Fig. 9.
in the upper half of the figure. The pentagonal decoratior-or the rectangular configuration the optimal lattice constant
inside the tile collapsed. The pentagonal configuration of Bis 2.95 A, see Table I, the Sb atoms are thus effectively
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in the centers oB (Bergman clusters. The positions of these
vertices are found to be very stable upon relaxation, whereas
the decoration of the interior of the tilég/hich shows sub-
stantial irregularity already in a bulk-terminated configura-
tion) undergoes considerable surface-induced relaxations.
The potential-energy mapping emphasizes the important role
of the P1 skeleton for the stabilization of a quasiperiodic
adlayer: adsorption at the verticéshich are the centers of
the B clusters occupied by Pd atojrleads to binding ener-
gies of =4 eV/atom. Only in the surface vacancies found
near the centers of some of the (pseudo-Mackayclusters,
adatoms are more strongly bound. However, due to the large
distances and irregular distribution of the surface vacancies,
they cannot be expected to form the skeleton of a stable
tiling. The midedge positions of thel tiling and Mn atoms
exposed at the surface are identified as further favorable
adsorption sites. Altogether this leads to a structural model of
the quasiperiodic adlayer with atoms at the vertices and
midedge positions of the1 tiling, centered pentagonal mo-

L tifs decorating the pentagonal tiles, and one additional atom
FIG. 9. The charge density distribution in an adsorbed Sby, "o conter of the pentagonal star and of the boat tile.
monolayer on the surface of 2/1 approximant after relaxation

of. Fig. 7 For this structure we calculate a surfa_lce coverage of
o =0.09 atoms/& in perfect agreement with experiment.
) . . The diffraction pattern of the adlayer exhibifgseudgde-
smaller in the preferred rectangular configuration. Theécagonal symmetry, again in agreement with the experimental
packing density inside the pentagonal tiles is thus not suffigpseryation.
cient to enforce the _regular pentagonal arranggment of A 2/1 approximant to this structural model has been
atoms. Nevertheless, it is necessary to note again that thgsied for Sn, Bi, and Sb monolayers via relaxation based on
lateral forces are very weak and the atoms, except those @{e Hellmann-Feynman forces froab initio DFT calcula-
the stable positions in vertices of th tiling, can almost  ions, For an adsorbed Sn monolayer the quasiperiodic skel-
freely move on the surface. _ eton based on thE1 tiling was found to be stable, although
The tendency to the rectangular bonding geometry of thene atomic decoration inside the tiles is distorted, albeit with-
Sb atoms in the monolayer is reflected also in their averaggy violating the overall symmetry. For a Bi monolayer the
coordination numbeZ(Sh). lts value of 2.8forr;=3.5A)is  atomic density within the pentagonal tiles was found to be
substantially lower than that in the Sn and Bi monolayersiog |arge—the central positions have to be left vacant. Upon
reflecting the increased fraction of lower coordinated sites ite|axation, theP1 skeleton remains fixed, but more impor-
the polygonal network. tant relaxations are observed within some of the pentagonal
tiles. Eventually, a partial occupation of the pentagonal cen-
ters could improve the structural model. For an adsorbed Sb
monolayer on the other hand, the density of the decorfaled
We have presented a structural model for quasiperioditiling was found to be too small, the pentagonal motifs col-
monolayers formed on the fivefold surface of an icosahedrdbpsed to a nearly square local structuvéhich had been
AIPdMn quasicrystal, based amb initio density functional identified as the preferred structure for a freestanding mono-
calculations. As a starting point we have investigated thdayer. The preliminary study in Sec. Il had shown that the
relative stability of triangular, square, and of quasiperiodicunsupported quasiperiodic single-element monolayers are
layers based on the triangle-rectangle tiling underlying thainstable. Single-element monolayers prefer either triangular
construction of a dense sphere packing with decagonalr square arrangement of atoms in a plane.
symmetry?*2> However, the planar triangle-rectangle tiling  The observed deviations of the relaxed atomic positions
was found to be unstable, even for those eleméBis B)  from the ideal ones are not surprising)} the distortion of
where the small structural energy difference between théhe regular pentagonal motifs inside the pentagonal tiles
square and triangular lattices suggests that a mixed quasipeflect the irregularity of the substrate, which has the
eriodic tiling could be stable. This finding emphasizes theorigin in the irregular first atomic shell of th®l (pseudo-
important role of the adsorbate/substrate interaction for thélackay cluster, (ii) significant deviations of atomic posi-
stabilization of a quasiperiodic layer. tions from their ideal ones are commonly observed also in
For this reason, our structural model of the adsorbedulk icosahedral quasicrystals where no such irregular
monolayer has been constructed on the basis of a mapping afomic configurations exist.
the potential-energy landscape of an isolated adatom on the Our calculations were performed at zero temperature.
fivefold surface ofi-AlIPdMn. Our recent work® on this sur-  From the analysis of the rather flat energetic landscape it is
face has demonstrated that the surface structure is well detear that higher temperature could be favorable for increas-
scribed by aP1 tiling, with the vertices of the tiling located ing the quality of the quasiperiodic ordering. At higher tem-

V. SUMMARY AND DISCUSSION
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peratures the atoms located on the irregular part of surface %0 and 400-600 °C, respectively. Quasiperiodic ordering
i-AIPdMn inside theP1 tiles can assume more symmetric exhibited high quality at elevated temperatures and degraded
average positions. There should exist a certain interval ofit room temperatures.

temperatures, where the strongly bound atoms at the most
stable positions forming the framework of tRé tiling still
remain at their equilibrium positions, but the atoms less
strongly bound to thé&AIPdMn surface inside the tiles have  This work has been supported by the Austrian Ministery
already sufficient energy to relax their bonding to the irregufor Education, Science and Art through the Center for Com-
lar substrate. Higher temperature can also in certain extemutational Materials Science. J.H. acknowledges stimulating
smear out the preference for triangular or rectangular oriendiscussion with Professor K. H. Rieder. M.K. also thanks for
tational bonding within the adsorbed monolayer. This scesupport from the Grant Agency for Science of Slovalim.
nario is in fact observed in experimefftThe Bi and Sb  2/5096/25 and from the Agency for Support of Science and
monolayers adsorbed on tiAIPdMn surface were depos- Technology(Grant Nos. APVT-51021102, APVT-51052702,
ited at enhanced temperatures and exhibited stability up t80-51/03R80603
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