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Structure, stability, and electronic properties of thei-AlPdMn quasicrystalline surface
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The structure, stability, and electronic properties of a fivefold surface of an icosakigdxkPd-Mn alloy
have been investigated usimdp initio density-functional methods. Structural models for a series of rational
approximants to the quasicrystalline structure of buklPdMn have been constructed using the cut-and-
projection technique with triacontahedral acceptance domains in the six-dimensional hyperspace according to
the Katz-Gratias-Boudard model. This leads to a real-space structure describable in terms of interpenetrating
Mackay and Bergman clusters. A fivefold surface has been prepared by cleaving the bulk structure along a
plane perpendicular to a fivefold axis. The position of the cleavage plane has been chosen such as to produce
a surface layer with a high atomic density. The atomic structure of these surfaces can be described by a P1
tiling by pentagons, thin rhombi, pentagonal stars, and a “boat"—in terms of a cut-and-projection model the
decagonal acceptance domain of the P1 tiling corresponds to the maximal cross section of the triacontahedra
defining the three-dimensional quasicrystal. The vertices of the P1 tiling are occupied by Pd atoms surrounded
by pentagonal motifs of Al atoms. For tla initio calculations we have prepared slab models of the surface
based on the 3/2 and 2/1 approximants and containing up to 357 atoms in the computational cell. The analysis
of the surface charge density shows flat minima at the vertices of the P1 tiling and strong charge depletion in
some of the pentagonal tilé¢surface vacancie$” Both observations are in agreement with scanning tunneling
microscopy studies of these surfaces. Structural relaxations have been performed only for the 2/1 models with
up to 205 atoms/cell. The calculations demonstrate that the skeleton of the P1 tiling fixed by the transition-
metal atoms represents a stable surface termination, but considerable rearrangement of the Al atoms and large
relaxations of the interlayer distances. The analysis of the surface electronic structure shows that the deep
structure-induced pseudogap just above the Fermi level is filled up at the surface as a consequence of the
structural disorder in the arrangement of the Al atoms at the surface and of a shift of both the Pd dnd Mn
band to lower binding energy. Theband shift at the surface is in good agreement with observations based on
photoelectron and Auger spectroscopies.
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I. INTRODUCTION The experimentally derived tiling of the surface matches a

During the last decade great attention has been focused ometrical tiling derived from the structural model. It was
und that the atomic positions on the terraces correspond

the properties of quasicrystalline surfaces. Quasicrystallin . .
surfaces and coatings exhibit high hardness, good tribologﬁxaCtly to cuts across the basic atomic clusters of the bulk

cal properties such as low surface friction and high oxidatior?trucwrr]e' thekso-called BleLngnan_ anﬁ pseudo-Mackay clus-
resistance, i.e., properties important for many technologic rs.;’ e ?]ar pentagon? oles 'nr: ebSIE\fl plcturesﬁéﬂ?rre-
applications. The structure ofAlPdMn and its surface prop- SPOnd to the Bergman clusters in the bulk layers. Zheng

or . .
erties have been intensively studied by various experimentdt: Investigated the structure of the fivefold surface of the
methods. A low-energy yelectron ydiffractior(LEED) 1-AlPdMn using x-ray photoelectron diffractiqdXPD). They

analysié2 showed that the fivefold surface BAIPdMn con- analyzed the structural relaxation at the quasicrystal surface

serves the bulk quasicrystalline structure. Scanning tunnelinand found differences in the interlayer spacing of surface

f ) o ; fhyers in comparison to the spacing of atomic layers in the
microscope(STM) investigations of icosahedral AlPdMn blillk. Similar F;indings were Peportged also by t?l/e LEED

(Refs. 3 and #revealed a set of atomically flat terraces with analysist? The electronic structure of quasicrystalline sur-
steps of several different heights in a succession forming g&ces was studied using photoelectron and Auger electron
Fibonacci-like sequence. The STM images of tHPdMn  gpectroscopied. It was found that in i-AIPdMn  the
surface show quasicrystalline order at the surface and atomigseudogap characteristic for the electronic density of states
scale features with local fivefold symmetry. Schaetbal®  (DOS) of the bulk is not leveled out at the surface, but it can
and Barbieret al3 produced high-resolution STM images of pe restored by annealing at sufficiently high temperatures.
terraces revealing a dense distribution of dark pentagonathe reader can find a summary of the progress in determin-
holes. The interpretation of the experimental results wasng structure and properties of quasicrystalline surfaces in
based on a bulk termination of the ideal quasicrystallineRefs. 8 and 2.

structure. Papadopolaat al® mapped high-resolution STM Scanning tunneling microscopy is one of the most fre-
images of a fivefold surface afAIPdMn to a planar tiling  quently used experimental probes for the analysis of the local
derived from a geometrical model of icosahedral AlIPdMn.structure of quasicrystalline surfaces. However, as STM im-
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ages reproduce actually only the electronic charge density éhe KG model ofi-AIPdMn can be interpreted as a three-
the surface and not its atomic structure, independent complelimensional Penrose tiling with the vertices decorated by
mentary information from theoretical models linking the Bergman and pseudo-Mackay clusters. On the basis of Els-
atomic positions and the electron density is thus very desirer’s ideas Papadopolos, Kramer, and co-workers proposed a
able. In this paper we report our results of a structural modtiling model of i-AIPdMn. The authors have labeled the
eling of thei-AlPdMn surface, the charge density distribu- model as theM model. They decorated the 3D Penrose til-
tion at the surface, of investigations of surface relaxation andng in accordance with the F character of the 6D lattice. In its
reconstruction, and calculations of the surface electroni®D representation thét model has also three atomic sur-
properties. Our paper is organized as follows. In Sec. I thdaces like the KG model, but their shapes are somewhat more
reference model for the structure of bukAIPdMn and the ~ complex. A purely 6D model afAIPdMn was proposed also
choice of the cleavage plane resulting in a surface with fiveby Yamamoto'’'® His model consists of three rather com-
fold symmetry are describedb initio investigations of sur- plex multiply connected atomic surfaces at the same nodes of
faces are routinely carried out on slab models with a sepahe 6D lattice as in the KG andt models, but in addition
rating vacuum layer and periodic boundary conditions. Théhere is also an atomic surface at the midedge positions of
thickness of the slab perpendicular to the surface should b&e hypercubic lattice. Unfortunately, in this sophisticated
sufficiently large to represent the bulk structure terminatednodel the chemical ordering is not well-defined. Most of the
by the surface. We shall consider two structural models ofitomic surfaces in the model of Yamamoto have mixed
different thicknesses. Their construction is described in SecAl/TM occupations. A computer-simulation of the structure

Il C. The surface relaxation, the influence of the bulk termi-of i-AlPdMn, based orab initio density functional calcula-
nation on the atomic positions, and charge distributions aréons of the total energies and interatomic forces was pre-
reported in Sec. V. The electronic density of states in bulksented by Quandt and ElsétHowever, their model consists
and at the surface are compared in Sec. VI. We summarize i@f 65 atoms only and is not large enough to be representative
Sec. VII. Our results demonstrate that the skeleton of thdor any surface modeling.

fivefold periodic surface structure as resulting from the It was demonstrated that the surfacel-#&IPdMn is con-
cleavage of the bulk-structure along a close-packed plane Bistent with a bulk termination of the KGB mod€l.The
conserved: The vertices of the tiling of the surface are occuKGB model agrees well with the diffraction data, density,
pied by transition-metal atoms, they remain at their position@nd stoichiometr§:**?1:22 The stoichiometry of the KGB
upon relaxation. The decoration of the tiles, however, is dismodel, Ab 7078d) 206dMNg0s64 IS N very good agreement
torted quite appreciably. The surface-induced atomic diswith the experimentally determined composition of
placements also result in a leveling of the structuralAlo.71Pth 20MnNg.0s7 (Ref. 3 or Alg 70h 21MNg pgs (Ref.

pseudogap in the electronic DOS close to the Fermi level. 23). The KGB model also provides very good agreement of
the calculated photoemission spectra with the experimental

ones?* For the purpose of electronic structure calculations
this model is the most suitable. The reason is not only its
satisfactory description of the chemical ordering, but the
A. Structural model of i-AIPdMn simplicity of this model in 6D space which allows us to
fimpose a linear phason strain and thus to construct well-
|defined finite approximants.

Il. STRUCTURAL MODEL OF SURFACE OF
I-AlPdMn

A structural model of a quasicrystalline surface o
i-AlIPdMn is obtained from a model of the icosahedra : .
AIPdMn quasicrystal by cleaving it at a proper plane. The . The . KGB6Dmod§'I IOf !"gis(i_wnl starts f(;om a dSIX-
icosahedral AIPdMn phase belongs to the icosahedral F_typglmensmnal( ) cubic atth ) e lattice no €s are geco-

rated by three kinds of triacontahedral atomic surfaces: a

(face centeredquasicrystals. A structural model of this class _° p ; .
of quasicrystals was first proposed by Corré¢ral?® on the Enacgntahedron_at the “even nOdé”O_[OO,OOOQ) and the
basis of diffraction data foi-AlCuFe. In the literature this °dd” nodes(n;=[100000) and a smaller triacontahedron at

model is mostly referred to as the model of Katz andthe body-centeredbc; positions(bc;=3[111111). The beg
Gratiag® (KG mode). The model consists of three types of positions(ch:%[Olllllj) are empty. The atomic surface at
atomic surfaces decorating the vertices of a six-dimensiondhe ny node is truncated by its intersections with its 12 im-
(6D) hypercubic lattice. Boudardt all! and de Boissieet ages displaced by® [with the golden mearmr=(1+5)/2]
al.*? successfully applied the model to the description of thealong the fivefold axes. The fivefold radii of the large tria-
structure of icosahedral AIPdMn. They proposed a sheltontahedra abh, andn, are 7 and the radius of the smaller
structure of the atomic surfaces defining the chemical orderene atbg, is 7. The inequivalence of the atomic surfaces
ing of the aluminum and transition metal atoms in the qua<centered at the even and odd nodes and abtheand bc;
sicrystal. As we consider the correct chemical ordering to benodes breaks the simple cubic symmetry of the 6D lattice
of great importance, we denote this modeligilPdMn as  and leads to a face-centered superstructure. The atomic sur-
the model of Katz-Gratias-Boudat&GB mode). faces have an inner shell structure determining the chemical
Recently Gratiagt al!® presented a detailed study of the order of the quasicrystal which has a significant influence on
atomic clusters encountered in F-type quasicrystals. Signifithe electronic properties of the structural model. The large
cant contributions to the understanding of the real-spac&iacontahedra at the even nodesand the odd nodes,
atomic structure of theAIPdMn were made by Elséf,Pa-  contain small triacontahedra in the center occupied by Mn
padopoloset al,'® and Krameret al1® Elser recognized that atoms. At then, node the Mn core is surrounded by an outer
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TABLE |. Structural data of approximants teAlIPdMn and of the slab models for the fivefold surface.
Cell dimensiongd;, i=x,y,zin A, number of atoms\,, and chemical composition.

Model d, d, d, N, N(AI) N(Pd) N(Mn)
2/1 bulk 20.31 20.31 20.31 544 372 124 48
2/1 MS 23.88 20.31 6.60 205 137 54 14
2/1M 23.88 20.31 4.08 136 96 36 4
3/2 bulk 32.86 32.86 32.86 2292 1612 472 208
3/2 MS 39.40 32.86 6.60 535 364 132 39
3/2 M 39.40 32.86 4.08 357 251 92 14
5/3 bulk 53.17 53.17 53.17 9700 6844 2012 844
5/3 MS 62.51 53.17 6.60 1401 965 340 96
5/3 M 62.51 53.17 4.08 930 663 236 31

Al shell. At the even node, the Mn core is surrounded by clusters ini-AlPdMn are a little different from those encoun-
an inner Pd shell and an outer Al shell. In our version of thetered in various complex intermetallic crystalline structures.
KGB model the radii of the inner shells containing transitionInstead of using the term pseudo-Mackay or pseudo-
metal atoms are 2%, 272 at ny, and 7! at n;. The body- Bergman we shall, in agreement with Gratasal, ' call the
centeredbc,; positions are decorated with Pd atoms. clusters theM andB clusters. Each bc-site of the real-space
For any numerical calculation one needs well-defined fistructure ofi-AlPdMn is a center of & cluster. TheB cluster
nite models. In the case of quasicrystals a systematic apgonsists of 33 atoms with a Pd atom in the center. whe
proach to the construction of such models is available, basetlusters are centered by Mn atoms. The first atomic shell of
on the concept of quasicrystalline approximants. Periodithe M cluster is very irregular. Seven or eight atoms occupy
quasicrystalline approximants are constructed by imposing gertices of a small dodecahedron, but their spatial arrange-
linear phason strain, i.e., a certain deformation of the atomienent around the central Mn atom is irregular with respect to
surfaces in the 6D hypercubic lattice. This procedure ighe icosahedral symmetry. The clusters and their distribution
equivalent to a replacement of the golden meam the inthe F-type quasicrystals have been analyzed in the work of
corresponding formalism by a rational approximant given inGratiaset al!® It was stressed that thB clusters are ex-
terms of the Fibonacci numbefs,, 7,,=F,;1/F, with F,,;  tremely robust. Any model based on two main atomic sur-
=F,+F,; andFy=0,F;=1,n=0,1,2,... The effect of this faces at the even and odd nodes and a small surface at bc
procedure is the replacement of irrational vectors, e.g.generate8 clusters as a natural consequence of the geom-
(r,1,0, in perpendicular space by rational ones,etry of 6D lattice. Gratiagt al. suggested using th® clus-
(Fn+1,Fn, 0). We note that this replacement is performed onlyters as guidelines for discussing the atomic structure and
in perpendicular space; in parallghysica) space the vec- Physical properties of the F-type quasicrystals. They consider
tors remain irrational. In the physical space the approximante B clusters as the best candidates for identifying the mean
thus have exact fivefold local axes. The unit cells of all ap-structural features of these quasicrystals. In particular, the
proximants have cubic shape, the edgeof the unit cell of ~ Positions of terraces observed in STM images-8iPdMn
the nth approximant isd,=[2/,/(7+2)]7""* a,., wherea is surfaces are matched to layers characterized by a density of
the quasilattice constant equal to 4.56 A. The 1/1 approxithe B clusters and their distribution pattern.
mant toi-AIPdMn has 128 atoms/cell, the 2/1, 3/2, and 5/3

approximants have 544, 2292, and 9700 atoms/cell, respec- C. Structural model of a fivefold surface
tively, see Table I. The space-group symmetri?233 for all A structural model of a quasicrystalline surface is ob-
approximants. tained from the model of an icosahedral approximant by
) o cleaving at a proper plane perpendicular to one of the five-
B. Atomic clusters in i-AIPdMn fold axes. The position of the plane bounding the quasicrys-

The real-space structure of quasicrystals is frequently distal should correspond to a plane of high atomic deriSity.
cussed in terms of atomic clusters possessing icosahedrde average atomic density of a fivefold surface has been
symmetry. Their identity and stability, however, is a subjectdeterminedas 0.136 atoms per“AFigure 1 shows a projec-
of controversial discussions. The F-type icosahedral phasd®n of the position of atoms in the 5/3-approximant onto the
are often designated as the “Mackay-type” structures as ogX,Y) plane. The orientation of one of the fivefold axes lying
posed to the “Bergman-type” structures like AICuLi or thein this plane is indicated by the arrow. The slope of the
“Tsai-type” such as CdYb. However, it was already pointedprojected fivefold planes with respect to theaxis is 8
out several timed€1415 that F-type icosahedral structures =58.282°, siB)=7/,/(7+2). The projection displays the
contain both Mackay- and Bergman-type clusters. They aratomic density in the fivefold planes perpendicular to the
not independent structural units, as the clusters are mutuallx,y) plane. One can observe that planes with high atomic
interpenetrating. We note that the “Mackay” and “Bergman”density are separated yseuddgaps of low atomic density.
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FIG. 1. Projection of the atomic

positions  of
5/3-approximant to icosahedral AIPdMn onto they), plane. The
circles represent the projected positions of atoms: Al: open circles
Pd: shaded circles, and Mn: small closed circles. The arrow sho
the direction of one of the pentagonal axes parallel to the plane. Th
figure demonstrates the existence of dense atomic layers separatgla
by density gap$‘empty streets). They can be seen by viewing the
figure from a low angle. The position of the density gaps are
marked by straight lines. The structural model can be decompose
into a sequence of slabs of three different thicknesses, cf. text. Th
slabs are marked by S, M, and L and form a Fibonacci-like se
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FIG. 2. The atomic structure of the M sldR surface. Same
symbols as in Fig. 1. The structure can be interpreted in terms of
interpenetrating BergmafB) and (pseudoMackay (M) clusters.

The regular decagonal rings of Pd atoms correspond t® tbleis-

ters. EachB cluster is centered by a Pd atom. In addition a regular

arrangement of atoms with pentagonal symmetry is observed also

around most Mn atoms. These are centers ofMhelusters. TheB

andM clusters are mutually interpenetrating. An outer part ofBhe

cluster is shared wittM and vice versa. This competition of the
the Clusters often leads to an incompleteness of one of them.

A quasicrystalline approximant can be thus decomposed
hto a sequence of slabs of three different thicknesses. Ac-
ording to their thickness m, andl we denote these slabs as
M, and L, respectively. The S slab consists of three layers
atoms, the M slab consists of five, and the L slab of eight
layers of atoms. A model of a quasicrystalline surface is cre-
ted by cleaving the approximant at a plane separating the
abs. As a model of a surface of the AIPdMn quasicrystal we
have chosen the surface of the M slab. This choice corre-

quence. A model of the surface is obtained by cleaving the structur?jpondS to one of the most frequently reported terminations of

along a plane, located in the density gap, marked by the thic

straight line.

i-AIPdMn perpendicular to a fivefold axis. In the notation of
Papadopologt al® it is equivalent to the R termination.
Figure 2 shows the atomic structure of the pentagonal

These “empty streets” can be easily seen by viewing theurface. The structure GfAIPdMn can be interpreted in
figure from a low angle. We note that these density-terms of interpenetrating BergmaB) and (pseudgMackay
pseudogaps have a meaning only in a geometrical sense, 1) clusterst? In the figure one can easily recognize a regu-

atoms are considered as points. They are well-resolved on
because the other atomic layers have a denser spacing.
characteristic spacing between atomic layers on both sides
the pseudogap is 1.56 A, while the interlayer distance be
tween the next two layers is only 0.48 A. A layer spacing of
1.56 A is not extraordinarily large. For comparison, the in-
terlayer spacing of111) atomic planes in fcc Al is 2.34 A.

Nevertheless, the pseudogaps in the atomic density betwe

r structure of decagonal rings of Pd atoms. These rings
rrespond to th& clusters. EaclB cluster is centered by a

d atom. In addition a regular arrangement of atoms with
pentagonal symmetry is observed also around most of the
Mn atoms. These are centers of teclusters. Th8 andM
clusters are mutually interpenetrating. An outer part @ a
ster is shared with & cluster and vice versa. This over-

high-density planes are natural cleavage planes of th&P of the clusters leads to a conflict between their building

quasicrystaf® The distances between the atomic densityprinCi!O'e? and chemicz_il decorations, eventually causing a

different distances:s=2.52 A, m=4.08 A, and I=s+m

We note that the atomic structures of both surfaces of the M

=6.60 A. The theoretical values of these distances were deslab, front and rear, are almost identical. They differ only in
rived and reported by Papadopolesal® The sequence of some details related by symmetry operations.
the distances, m, | corresponds to the sequence of terraces The M slab cut from the 5/3-approximant consists of 930

in the STM images measured by Schaeb al* While

atoms. For electronic structure calculations such a model is

Schaubet al. observe only a Fibonacci sequence of terrace$oo big and on the other hand its thickness 4.08 A does not
with heightsm andl, Shenet al? found also a lower terrace sufficiently represent the structure of the bulk. A more trac-

height comparable witks.

table model is a model derived from the 3/2-approximant.
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calculated using advanced local-density-functional tech-
niques. We have used the Vienah initio simulation pack-
ageVvasp?®2°to performab initio electronic structure calcu-
lations and structural optimizations. The theoretical
background ofvasp is density-functional theory within the
local-density approximation. The wave functions are ex-
panded in plane waves. The Hamiltonian is based on pseudo-
potentials derived in framework of the projector-augmented-
wave (PAW) method?® vasp performs an iterative
diagonalization of the Kohn-Sham Hamiltonian. The plane-
wave basis allows one to calculate Hellmann-Feynman
forces acting on the atoms. The total energy may by opti-
mized with respect to the positions of the atoms within the
cell. The calculations were performed within the generalized-
gradient approximatiofGGA).%° vasp has also been used to
calculate charge distributions. The projector-augmented-
wave versiof® of VAsP calculates the exact all-electron po-
tentials eigenstates and charge densities, hence it produces
©o ® 0 0m 8 8 very realistic valence-electron distributions.
/ 88888 8 8a8 The possibility to calculate the interatomic forces allows
us not only to relax the idealized geometrical positions of
FIG. 3. Side view of the MS and the M models of thalPdMn  atoms from the 6D projection and to obtain thus a more
surface derived from the 3/2-approximant. The MS model consisté€alistic model of bulk, but also to investigate possible sur-
of two slabs: an M slab and the adjacent S slab. The M modeface relaxations or reconstructions. We are able to study the
consists of the M slab only. The dashed line in the middle of the Mchange of the positions of atoms at and near the surface
slab indicates the positions of centers of thelusters. The radius relative to the bulk termination in response to the broken
of oneB cluster is indicated by the circle. The surface plane dissectbonds at the surface.
the B clusters. On the other hand the MS model includes the com- The computational cell has an orthorhombic shape. It in-
plete bottom part of th& clusters. The small circles represent pro- cludes a layer of atoms with a thickness of G,Qiﬁthe case
jected positions of the atoms, cf. Fig. 1. of the MS model and a 6 Athick vacuum layer. Although
the slabs forming the MS model cut from the cubic approxi-
We shall consider two variants of the model. The first onemants have a monoclinic geometry, it is easy to adapt them
consists of two slabs—the M slab and the adjacent S slatio an orthorhombic computational cell. The fivefold axis is
The thickness of this model is 6.6 A and we find it to be parallel to thec axis. The length of the edge is equal to the
sufficiently large to support the surface. The model includedattice parameter of the cubic approximaboe;d,, wheren is
535 atoms. We shall consider also a second model consistirife order of the approximant, the length of the cell along the
of the M slab only that includes 357 atoms. We designateé axis is given bya=b X \(7+2)/ 7.
these models as MS and M, respectively. In Fig. 3 the con-
struction of the models is presented. The dashed line in the
middle of the M slab indicates the positions of the centers of
B clusters. The radius of onB cluster is indicated by a
circle. It is seen that the MS model representing the bulk Figure 4a) shows the atomic structure of the surface of
termination dissects th@ cluster. While the complet® clus-  the 3/2-M model derived from the KGB model of bulk
ter consists of 33 atoms, in the truncated cluster six atompAIPdMn. The surface is covered by a periodic approximant
are missing. On the other hand the thickness of the model aff the quasiperiodic P1 tiling.The edge of the P1 tiling is
6.6 A is just sufficient to include the complete lower part of 7.76 A. The tiling in the figure consists of three different
the B clusters. From the figure it is possible to see that thajles—a regular pentagon, a pentagonal star, and a thin
surface of the M slab is Al-rich. It is also remarkable that in golden rhombus. A general quasiperiodic P1 tiling consists of
the M slab the Mn atoms are located just at the surface. Thipur species of tiles, in addition to the three listed above a
structural parameters of the considered models are listed ifoat can occur. In the 2/1-approximant we observed also a
Table I. thick golden rhombus, see Table Il and Figt6 be dicussed
in detail below. The appearance of this mofifvhich does
Ill. COMPUTATIONAL METHODS not appear in th(_a quasi_periodic P1 til)n'g_a consequence of
the phason strain leading to the formation of a periodic pat-
The progress of computational methods and the increagern. The two edge-sharing thin rhombi also represent a vio-
ing computational power of the available computers allowdation of the matching rules belonging to this phason defect.
us to obtain interesting physical information fraab initio  The P1 tiling is a planar tiling which can be obtained by a
calculations on highly realistic structural models. The chargerojection from a hyperspace. The occupation domain of the
density distribution and other electronic properties have beeR1 tiling is a decagon. The cut-and-projection constructions

IV. ATOMIC STRUCTURE AND CHARGE DENSITY
DISTRIBUTION AT THE SURFACE
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TABLE 1l. Number of tiles in the approximants to the quasi-
(a) periodic P1 tiling.P;, Py: pentagons with orientations designated as
top, bottom, respectively, B: boat, S: star, angR: skinny and fat
rhombuses, respectively.

Model  N(P) NPy NB) NOS NRy NRy
2/1 2 1 1 0 0 1
3/2 4 6 0 1 1 0
5/3 13 12 4 1 5 0

of the KGB model for the structure of bulkAlPdMn and
that of the P1 tiling of a fivefold surface are of course closely
interrelated. The occupation domain of the planar tiling is a
cross section through the 3D domains creating the icosahe-
dral structure. As the surface termination has been chosen at
the most densely occupied plane of the quasicrystal, the ac-
(b) ceptance domain of the tiling is the maximal cross section of
the domain producing the quasiperiodic lattice. For the tria-
contahedral domain this is just a decagon. Figua dem-
onstrates that most of the vertices of the P1 tiling coincide
with the positions of the Pd atoms in the centers of the trun-
catedB clusters. On the other hand the pentagonal tiles are
located at the positions of thd clusters centered by the Mn
atoms. Interesting information about the atomic structure of
the surface can be derived from the picture of the electronic
charge density distribution. Figuréh) represents the charge
density distribution in the plane of the top atomic layer. The
top layer is occupied only by Al and a few=2%) Mn
atoms!626The surface consists of two closely spaced atomic
layers separated by a vertical distance of only 0.48 A. The
figure shows that the Pd atoms from the next layer located
0.48 A below the top layer also contribute to the surface
charge density. The Mn atom in the center of the pentagonal
star is also located in this subsurface layer. The surface is
FIG. 4. The atomic structure of the R surface of the M model asthus composed of the atoms from the two topmost layers.
represented by the 3/2-approximats. The surface is covered by The chemical composition of the surface of the models is
a part of a P1 tiling. The tiling consists of three tiles: a regulargiven in Table Ill. The total surface atomic density of the
pentagor(P), a pentagonal stdf5), and a thin golden rhombu®).  model derived from the 3/2-approximant isng
The pentagons may be classified as (69 and bottom(P,), as  =0.132 atoms/A For two other models derived from the
marked by circles and crosses, respectively, cf. text. The quasiper/3 and 2/1-approximants the total surface atomic density is
odic P1 tiling contains in addition a_fourth tile, a ba&) Whlch_ ns=0.134 atoms/A These values are in very good agree-
does not appear in the 3/2-approximant but may be seen in thgent with the experimental value of 0.136 atoma /-
2/1-§pproximantsee F!g. 6. The positions of_atoms are displayed ported by Giereet all
by cwcle_s: Al: open circles, Pd: shaded circles, _and Mn: small Figure 4b) shows charge density minima at the vertices
o o e s e he PL g occupied by Pd atoms, sutounded by a com:
e T Il PIot presents e ate or incomplete pentagon of Al atoms. These charge den-
valence charge density distribution in a plane intersecting the to;g). . . .
Sity minima form the pentagonal holes observed in the high-

atomic layer, cf. text. The most striking features are the charge . .
depletions inside some of the pentagonal tiles. They correspond troeSOIUtlon STM images of the AIPdMn surfate.The Pd

surface vacancies. The figure demonstrates that most of vertices apoms in the _centers of the trun_catB(tIusterS are at pos_l-

the P1 tiling coincide with the positions of Pd atoms in the centerdiONS deeper in the slab and their electrons do not contribute
of the truncateds clusters. Exceptions are the vertices separated bj0 the surface charge density. However, the most striking
a small distance across a rhombus or a branch of a star. The peffatures of the surface charge density distribution are large
tagonal tiles are located at the positions of Meclusters centered charge density minima inside some of the pentagonal tiles.
by the Mn atoms. The vertices of the P1 tiling are at charge densityhese charge depletions correspond to surface vacancies.
minima surrounded by a complete or incomplete pentagon of AlThese vacancies are the consequence of the irregular struc-
atoms. These charge density minima form pentagonal holes weture of the first atomic shell of th®l clusters. In a regular
observed in the high-resolution STM images of the AIPdMn sur-Mackay cluster the first atomic shell consists of 12 atoms
face, see Ref. 5. forming a small icosahedron. In thd cluster ini-AlPdMn
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TABLE Ill. Number of atoma\,, partial numbers of atoms at the surface of the approximants, and surface
atomic density(in atoms/&).

Model Nsg Ng(Al) Ng(P0) Ng(Mn) Ng
2/1

1st layer 41 39 0 2

2nd layer 24 9 15 0

together 65 48 15 2 0.134
3/2

1st layer 105 101 0 4

2nd layer 66 23 40 3

together 171 124 40 7 0.132
5/3

1st layer 283 263 0 20

2nd layer 161 74 87 0

together 444 337 87 20 0.134

the central Mn atom has a lower coordination of 7 to 8resolution STM images of the pentagonal AlIPdMn
atoms2® as confirmed by EXAFS experimefitThese atoms  surfaces:> We emphasize that these irregularities exist in the
are distributed on the sites of a small dodecahedron, but theiodel with idealized positions of atoms and therefore are not
spatial arrangement breaks the local icosahedral symmetrg. consequence of the relaxation of the atomic positions or a
The vacancies exist in the model of idealized coordinatessurface reconstructiofsee the following Sec. Mvhich natu-
The existence of vacancies in the structuré-8iPdMn has  rally leads to deviations of the positions of the atoms from
been confirmed experimentally by Satbal 3 The change in  their ideal positions and hence introduces another degree of
the atomic arrangement around the vacancies under struirregularity. The spatial modulation of the ideal quasiperiodic
tural relaxation is studied in Sec. V. The surface vacanciestructures resulting from long-range interatomic forces has
and their behavior under thermodynamic treatment havéeen discussed in detail in our earlier works on higher-order
been studied experimentally by Ebettal 33 approximants of-AlZnMg and i-AICulLi.3435

The positions of the pentagonal tiles correspond to the
positions of theM clusters. The centers of ti\ clusters are v RELAXATION OF ATOMIC POSITIONS AND SURFACE
projected onto the centers of the pentagonal tiles. In the P1 RECONSTRUCTION
tiling the pentagonal tiles adopt two different orientations.
The orientation of the pentagonal tiles is related to the verti- In general, surfaces of solids can adopt a different struc-
cal position of theM clusters. According to this vertical po- ture than the bulk. The existence of unsaturated bonds at the
sition of the centers o1 clusters we designate the pentago-SUffaCG can lead to a rearrangement of the pOSitiOﬂS of the
nal tiles as top and bottom. In the top pentagon the center gitoms at the surface with a periodicity Iarger than that of the
the M cluster is at the top surface of the M slab. In thebulk-terminated surface. Such surface reconstructions are
bottom pentagon the center of thecluster is at the bottom Well-known in the case of C, Si, Ge, and many other co-
surface of the M slab. We note that any two neighboringva|ent|y bonded solids where the recombination of dangling
pentagons that share one edge a|WayS have opposite orientﬁ)nds leads to the formation of surface-dimers stabilized by
tions. In Fig. 4 the central Mn atoms in the bottom pentagonglouble-bonds and @ % 1) surface reconstructiot:*” Even-
are near the bottom of the M slab and therefore they do ndually Jahn-Teller distortions cause an asymmetry of the sur-
contribute to the surface charge density. This contributes téace dimers and a longer periodicity of the surface
the formation of the pronounced charge density minima asreconstructiorf® In metals, surface reconstruction is ob-
sociated with the surface vacancies. On the other hand in trgerved mainly on the more open surfaces. Prominent ex-
top pentagons the central Mn atoms are in the top atomi@mples are the long period reconstructions of (th@0) sur-
layer (together with Al atomsand are well seen in the sur- face of the face-centered cubicd Smetals: a (1Xx5)
face charge density distribution. Figurébtalso shows that reconstruction has been reported fo(100),3%-4! a long-
not only the internal arrangement of the pentagons is irreguperiod pseudohexagonal reconstruction for (¥Q0).4243
lar, but also the thin rhombuses have irregular decorationgiere the driving force of the surface reconstruction is the
Although the pentagonal star in the figure exhibits a rela-stabilization of the surface by adopting a more close-packed
tively high regularity, an analysis of other approximants re-pseudohexagonal arrangement of the atoms. Since the sur-
veals that the decoration of the pentagonal star is in gener&hce termination we have chosen for the fivefold surface of
also quite irregular. It is possible to conclude that the quasii-AlIPdMn exposes the most close-packed layer, no similar
periodic order at the surface is represented by the P1 tilingeconstructions are to be expected. This question was exam-
but on the other hand internal decoration of the tiles is ratheined experimentally.The fact that the high-resolution STM
irregular. The irregularities are also well seen in the high-image can be interpreted by a tiling derived from a model of

054202-7



M. KRAJCI AND J. HAFNER PHYSICAL REVIEW B71, 054202(2005

3/2-approximants with the idealized coordinates of atoms.
Models with relaxed coordinates of atoms are more realistic. o
The position of each atom is shifted to its equilibrium posi-
tion with respect to the forces acting from the neighboring
atoms. There are two possibilities how to perform such re-
laxation. One possibility is to relax atomic coordinates in the
bulk and cut the slab representing the surface from such a
bulk-relaxed mode[model (ii)]. The other and apparently
the most realistic variant of the model is obtained if the re-
laxation is performed on the sldmodel(iii)]. However, the
problem with the last variant is that the model must represent
a termination of the bulk structure and if the slab is not thick
enough, the bulk structure is not stable. A relaxation of the
bottom surface of the slab should not have influence on the
relaxation of the studied top surface. One frequently used
possibility that we have adopted also in our calculations is to
fix the positions of the atoms in the bottom part of the slab.
Our computational method is able to calculate inter-
atomic forces. We can therefore relax the model and find the
equilibrium position of each atom. Unfortunately, the
3/2-approximant IS already too big for such calculations FIG. 5. Projections of the positions of atoms in one unit cell of
where the electronic structure must be recalculated after eaghy 2/1-approximant, Al: open circles, Pd: shaded circles, and Mn:
move of the atoms. We have to restrict our relaxation studiegma)| closed circles. Paf#) of the figure shows the positions in the

to the smaller 2/1-approximant. model with idealized coordinates, p&h) presents the result of the

In Fig. 5 projections of the positions of the atoms in onesiryctural relaxation. The figure demonstrates that the positions of
unit cell of the 2/1-approximant are displayed. The positionsvin and Pd atoms are only little affected by relaxation. The largest
of atoms are projected on th&,y) plane along the axis.  displacements are observed for Al atoms from the irregular first
Part(a) of the figure shows the positions in model with ide- shell of M clusters. The maximal displacement of an Al atom is
alized coordinates, pafb) presents the result of the struc- 1.71 A. We note that the circles in the figure represent position of
tural relaxation. The figure demonstrates the fact known alsthe atoms, the actual size of the atoms=~ig times larger. An
from other studie¥ that in aluminum-transition-metal quasi- average atomic displacement is thus only a small fraction of its
crystals the transition metal atoms have low mobility. It is diameter, cf. text. The straight line shows the position of the cleav-
seen that the positions of Mn and Pd atoms change only ver§ge plane.
little. As expected, the largest displacements are observed for
Al atoms from the irregular first shell ofl clusters. The sists of three pentagorsvo top, one bottoryy a boat, and
maximal displacement of such an Al atom is 1.71 A. Theone thick and one thin rhombus. A comparison of Figs) 6
average displacement of the atoms is only a small fraction odnd @b) thus demonstrates the effect of relaxation of the
their diameter. The average displacements of the Mn and Patomic positions in the bulk, Figs.(9 and Gc) give an
atoms are 0.15 and 0.14 A, respectively. Displacements dfmpression on a degree of the surface relaxation. One ob-
the Al atoms are larger, their average value is 0.38 A. serves that the arrangement of atoms belonging to the trun-

Figure 6 shows three variants of the model of a fivefoldcatedB clusters are rather stable. On the other hand a larger
surface derived from an MS slab of the 2/1-approximantreconfiguration of atoms is seen around the centers ofthe
Part(a) shows the surface with idealized positions of atomsclusters. Altogether, since the skeleton of the P1 tiling is
[model(i)]. In part(b) the slab representing the surface waspreserved and only the atomic decoration is changed, it is
cut from a bulk model with relaxed atomic coordinatesmore appropriate to speak of surface relaxation than of re-
[model(ii)]. The model(iii) of the surface presented in part construction.
(c) is the MS slab with the relaxed surface. The periodic A more detailed view on the effect of the surface relax-
approximant of the P1 tiling superposed on the surface coration is demonstrated in Figs. 7 and 8. In Fig. 7 the charge

the bulk structurd® indicates that in the case ofAIPdMn aDo 8 ® 8 @
the surface does not significantly differ from the bulk struc- O O O
ture and does not undergo a larger reconstruction. Our meth- ®@ @ O O
ods allow us to approach the problem of surface reconstruc- @) O O O
tion or relaxation more in detail. O o O O
One has to distinguish between relaxation of atomic posi- O] 8 Q QO
tions in the bulk and the surface reconstruction which is a 08) OO O 8
response to the broken bonds at the surface. We distinguish OO
three variants of our structural model. In modiélwith ide- 8 8 8 o
alized atomic coordinates the positions of the atoms are ob- o0 O
tained directly from the 6D projection. The surface models ao © © @
presented so far were cut out from models of 5/3- and 8 8 8

OO
@O

O
0@
%O@
@O
@O0

(b)
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FIG. 7. The valence charge density distribution in the surface of
the 2/1-approximant with idealized coordinateés and with re-
laxed surface(b) are presented. The contour plots represent cuts
through the charge density distribution at the position of the top
layer of the Al atoms, see line Z4n Fig. 8@). TheB clusters are
marked by dashed circles, thv clusters by dot-dashed circles. The

FIG. 6. Three variants of the model of a fiveflR) surface _charge Qensity dist_ributions in planes perpe_ndi(_:ular to the surface
derived from the 2/1-approximant. P& shows the surface of the |ntersec.t|ng.a|ong lines AAi,ir,‘d CC marked |n.F|g. () are pre-

MS model with the idealized positions of atoms. In pd@jtthe MS S‘?”ted in Fig. 8. The tran5|t|_on metal atoms in the plane create a
slab representing the surface was cut from the bulk model Witrh'gh charge density, black circles. The Mn atoms are marked ex-

relaxed atomic coordinates. The model of the surface presented plicitly, the remaining black circles are the Pd atoms. The positions

part(c) is the MS slab relaxed after cleavage. The periodic approx-Of the Al atoms can be recognized as small circular islands of local

imant of the P1 tiling consisting of three pentagons, a boat, and gengit_y minima; one Al atom near the cent_e_r of the figure is marked
thin and fat rhombus, is superposed on the surface. The positions §fPliCitly- One (l:an observe tff:at thhe DOfSItIOFIS IOf the P_(Ij_hanthn
atoms are displayed by circles: Al: open circles, Pd: shaded (:ircleétom,S remain a‘mo.st Intact after the surlace re ;xatlon. € charge
and Mn: small closed circles. A comparison @) and (b) thus dlen5|_ty dlStI’Ibut(;Ol’;]lS changedfp;‘:dolmlnantl?/ |q3|dehthe Ipentagonal
demonstrates the effect of relaxation of atomic positions in the bulkllles, I.., around the centers of theclusters. Inside t 8 clusters

the figures(b) and (c) give an impression of the degree of the the changes are only rather modest. Pentagonal clusters of Al atoms

surface relaxation. One can observe that the arrangement of atorﬁgound the vertices of the P1 tiling are quite stable. The large charge

belonging to the truncated clusters is rather stable. On the other depressions inside the pentagonal tiles correspond to the surface

hand a larger reconfiguration of atoms is seen around the centers Yficancles. In the relaxed surfade) these depressions are rear-
the M clusters. ranged(cf. tex®).

density distribution in the fivefold surface of the circles. The charge density distributions for intersections per-
2/1-approximant with idealized coordinaté® and with a  pendicular to the surface along lines Aand CC marked in
relaxed surfacéb) are presented. The contour plots represenfig. 7(a) are presented in Fig. 8.

cuts of the charge density distribution at the position of the We are aware that the thickness of the MS model of 6.6 A
top layer of Al atoms, see line ZZn Fig. 8@). TheB clus- is smaller than the thickness of the slabs used in analogous
ters are marked by dashed circlés clusters by dot-dashed studies of crystalline surfaces. The total thickness of the slab
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TABLE IV. Ideal and relaxed interlayer spacing in the 2/1-MS
model (in A). The second column presents the spacing of atomic
layers in the model with ideal positions of atoms. The third column
presents the spacing of atomic layers after a relaxation where posi-
tions of atoms in the M slab are relaxed while in the S slab they are
fixed. The fourth column presents the spacing after relaxation of
position of atoms in both M and S slabs.

Layers Ideal Relaxed M, Fixed S Relaxed M and S
dio 0.481 0.533 0.541
dys 0.779 0.789 0.574
das 0.779 0.547 0.912
das 0.481 0.701 0.538
dsg 1.558 1.556 1.839
dgs7 0.481 0.481 0.154
dsg 0.481 0.481 0.279

model. In the first variant, during the relaxation the coordi-

nates of atoms in the S slab at the bottom of our model were
fixed, and only atoms in the M slab were allowed to move; in

the second variant the positions of all atoms in both M and S
slabs were allowed to relax. Although certain minimal quan-

titative differences in the surface charge density distribution
between both variants of the MS model can be recognized,
the substantial physical features of the relaxed models which
we report below are the same for both variants.

One observes that the positions of Pd and Mn atoms re-
main almost unchanged. The charge density distribution is
modified predominantly inside the pentagonal tiles, i.e.,
around the centers of thd clusters. Again one can see that
inside theB clusters the changes are minimal. The pentago-
nal cluster of Al atoms around the vertices of the P1 tiling
are quite stable as well.

Similarly as in the case of the 3/2-approximants shown in
Fig. 4(b), the most striking features in the charge distribution
are the large charge depressions corresponding to surface
vacancies. One such vacancy is located near the center of the

FIG. 8. Sections perpendicular to the surface displaying the Vag o iy the central part of a pentagonal tile above a Mn
lence charge dgnsﬂy dlstrlbut!qn with idealized coordinates of at-atom_ In the relaxed model this depression becomes shal-
oms(a,0 and with relaxed positiongh,d). The contour plots repre-

sent cuts of charge density distribution at the position of lines AA !ower. As is well seen in the perpendicular section presented

(a,p and CC (c,d), i.e., through the centers of tiandM clus- in Figs. 8c) and &d), the charge depression becomes par-

ters, respectively, see Fig.(d. The B clusters are marked by tially filled and shallower after_ relaxatl(_)n. .
dashed circles\ clusters by dot-dashed circles. The charge density Another Surface vacangy IS seen In th? pentagonal tile
distributions for intersections along Afand CC are presented. near the left side of the figure. Although in the presented

Transition metal atoms contribute by a high charge density, blaci®ections of the charge density the vacancy seems to be some-
circles. The Mn atoms are marked explicitly, the remaining blackwhat smaller than the one discussed previously, a closer in-
circles are the Pd atoms. The positions of the Al atoms can b&Pection shows that in fact it is substantially deeper. It can
recognized as small circular islands of local density minima; two Aleéven accept an additional Al atom.
atoms in the top atomic layer are marked explicitly. Vertical arrows We can conclude that while the TM atoms retain rela-
mark surface charge density minima at the positions of the verticetively fixed positions at the surface and thus propagate the
of the P1 tiling. These charge density minima are well seen in thejuasiperiodic order of the bulk, the Al atoms are more mo-
STM images as dark pentagonal holes. bile, particularly around the center of th clusters and thus
contribute more to the surface relaxation. The largest degree
should be large enough to represent bulk. Our results for thef relaxation is observed at the positions of the surface va-
surface charge density in the relaxed models can be affectedhncies originating from the low coordination of the center
by the insufficient thickness of our MS model. We attemptedof M clusters. The important result is that the structure of the
to estimate the effect of the slab thickness on the surfacP1l tiling is conserved if the atoms in the surface are free to
charge density distribution by considering two variants of themove.
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Figures 8a)—8(d) provide an impression of the surface
corrugation. Vertical arrows mark surface charge density
minima at the positions of the vertices of the P1 tiling. These
charge density minima are well seen in the high-resolution
STM images where they manifest themselves as dark pen-
tagonal holes. They usually occur in the centers of the per-
fect pentagonal Al clusters that exist inside tReclusters.
However, they are observed also in the centers of incomplete
pentagonal clusters, see Fig. 8. On the other side the bright
protrusions seen in the high-resolution STM images appar-
ently correspond to the positions of the TM atoms at the

AlggpPdyp Mgy (a)
(2/1)

[states/ (eV.atom) ]

n(E)

surface. 4 1.0
Zhenget al® analyzed the structural relaxation of the qua- o - (b)

sicrystallinei-AlPdMn surface using x-ray photoelectron dif- o —

fraction. They found differences in the interlayer spacing of o -
near-surface layers compared with the spacing of atomic lay- 2 —

ers in the bulk. They considered several termination planes o 0.5

and in average the distance between the top two layers is = -

reduced from the ideal valug;,=0.48 A by —0.06 A, and & -

the spacing between the second and fourth layer increased C

from the ideal value ofl,,=1.56 A by 0.04 A. The results of I C |
a similar study for our 2/1-MS model are listed in Table IV. g 0.0

We relaxed the surface by minimizing the forces acting on
the atoms in the M slab, while in the S slab the atoms were E [eV]
fixed at their bulk positions. Contrary to the conclusions
from the XPD analysis in our model the surface relaxation2/
leads to an increase of the interlayer spacing between the t

topmost layers. In our StUdyj_lZ mcreased from its ideal . crystal belongs to the structural class of quasicrystals exhibiting
value by 0.05 A to 0.53 A. This discrepancy need not be insemiconducting behavior at the correct band filliegectron-per-
contradlctlon W|th.the experimental data, as thg reported ©Xatom ratio (Ref. 46. In the TB-LMTO result one observes above
perimental value is an average over several different termime Fermi level a real gap in the DOS with localized states in the
nations. The scatter of the experimental values is considemiddle of the gap. In theasp result the gap appears only as a deep
able. For two out of nine considered terminations thepseudogap. Pafb) shows the participation ratio of the eigenstates,
interlayer spacingl;, increased by 0.046 and 0.067 A, i.e., in high values around 0.6 correspond to propagating states, low values
a reasonable agreement with our value. To demonstrate thatound 0.3 correspond to states with a moderate degree of
the interlayer spacing sensitively depends on the choice dbcalization.

the termination plane we looked at the changes of the inter-

layer spacing in both free surfaces of the MS slab, top anghe reciprocal space is possible. Figur@9compares the
bottom. When coordinates of atoms in both M and S slabs ofjensity of states of the 2/1-approximant calculated by both
the MS model were relaxed the interlayer spacing of the tWQnethods,vasp (using a Gaussian smearing of tlepoint
top layers remained essentially the sanhg,increased from  gjgenvaluesand TB-LMTO (using a histogram with a bin-
its ideal value of 0.48 A by 0.06 A to 0.54 A, but the inter- yyigth of 0.035 eVi. The histogram represents the DOS cal-
layer spacing of the two bottom layers is substantially re-gyjated by TB-LMTO from the eigenvalues at R4points in
duced drg decreased from its ideal value of 0.48 A by 0.20 A the irreducible Brillouin zone. Thé-AlPdMn quasicrystal
to 0.28 A. If one takes an average of these two values thgelongs to the structural class of quasicrystals that can ex-
result is a contraction of the interlayer spacing at the surfacgjpit semiconducting behavior if perfectly orderdtoth
by 0.13 A. structurally and chemicallyand at the proper band filling
(i.e., the correct electron per atom ratfd In the histogram
resulting from TB-LMTO calculations achieving a high reso-
lution in k-space one observes a real gap in the DOS 0.4 eV
Our structural models of the surface consist of hundredsibove the Fermi level with a group of localized states in the
of atoms. Calculations of the electronic structureviagp for ~ middle of the gap. In theasp results the gap manifests itself
such big models, particularly when performing the structuralonly as a deep pseudogap. Figuf®)%hows the participa-
relaxation, are extremely difficult. Therefore we had to re-tion ratio of the eigenstates. For the definition of the partici-
strict the calculations of the electronic structure to thepation ratio see, e.g., Refs. 46 and 47. The participation ratio
I'-point only. The electronic density of states can be calcucan be considered as a measure of localization: high values
lated also by the tight-binding LMTO methtdin the aroundp=0.6 correspond to propagating states, low values
atomic-sphere approximatid@®SA) which is considered to close to p~1/N correspond to localized states. Values
be less accurate, but with this method a denser sampling @roundp= 0.3 correspond to states with a moderate degree

FIG. 9. Part () compares the density of states of the
1-approximant calculated byasp (I'-point only, full line) and
WiB-LmMTO (fine k-point mesh, histogram The i-AIPdMn quasi-

VI. ELECTRONIC STRUCTURE
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of localization. One can clearly recognize delocalizedsAl 2.0
states in the energy region from the bottom of the band at

Total DOS

—10.5 eV to=-6 eV. The double-peak in the DOS extend- 1o
ing from —4.5 to—2.5 eV corresponds to the Ridband. The 1.0
low participation ratio in this region is in agreement with a

more localized character of the states. The states around 0.5
the Fermi level states are formed predominantly by ¥n

states and again the participation ratio indicates their higher 0.0

degree of localization. In Fig.(B) one can also clearly see
the gap with a group of localized states in the center. We
assume that a genuine semiconducting quasicrystal can be
achieved by a modest degree of chemical substitution on the
TM sites. Although the existence of the band gap in the
electronic spectrum of the approximant itAIPdMn is a
highly interesting phenomendiit indicates a possible insu-
latinglike behavioy this question is not the subject of this
work. For more details on a possible semiconductivity of the
quasicrystals we refer the reader to our recent works on this
topic 46

Figure 9a) demonstrates that theasp results with the
I'-point only agree quite well with the TB-LMTO results in
the energy region where states are localized and hence have 0.0
lower dispersions. On the other hand in the region of delo-

[states/eV/atom]

n(E)

calized Al s,p states these states have large dispersions and 60
the agreement ofasp results with those of TB-LMTO is not i
so satisfactory. Nevertheless, our interest is focused to the

region around the Fermi level where thepoint approxima- 2.0
tion used at theasp calculations is reasonable.

Figure 10 shows the total and partial DOS of the MS and 0.0
M models derived from the 2/1 approximant. For compari-
son we present also the data for the bulk. In the electronic
structure of the MS model the deep pseudogap just above the
Fermi level has disappeared, at the surface the DOS at Fermi i 10, Total and partial DOS of the M@ull lines) and M
level is higher than in7the bulk. This is a significant observa-gashed linegsslabs based on the 2/1-approximant. For the com-
tion as Fournéeet al.” came to a similar conclusion from aiison the data for the bulklotted lines are also presented. In the
their analysis of photoelectron and Auger electron specgjecironic DOS of the slabs representing the surface the deep
troscopies. The partial DOS show that both Mn and Al stateg,sedogap just above the Fermi level has disappeared, the DOS at
contribute to this enhancement. The Pd band exhibits only,o Fermi level is increased for both the MS and M models. In

very small changes in the region around the Fermi level. ORgmparison with the position of the Riband in bulk the Pdl band
the other hand, one observes a significant shift of the Whol@, he surface model is shifted towards the Fermi level. Note a

Pd band to lower binding energies. In comparison with thejgnificant enhancement of the Mn partial DOS of the M model.
position of the Pdd band in the bulk the Pd band at the

E [eV]

surface is shifted be.S _eV towards the Fermi !evel. Simi- VII. DISCUSSION AND CONCLUSIONS
larly, the Mnd band is shifted towards the Fermi level, com-
pletely covering the pseudogap. Our work represents aab initio investigation of the sta-

The M slab consists of five atomic layers only. The cen-bility, structure, and electronic properties of a quasicrystal-
ters of the Bergman clusters are located in the central layeline surface. Density-functional investigations of a crystal-
This layer has a low atomic density. In the M slab of the 2/1line surface already have a long tradition—for recent reviews
approximant there are only 4 Pd atoms in this layer. Thesee, e.g., Duke and Plumnfér,GroR® and references
remaining four atomic layers are surface layers. The DOS otherein. Most investigations have concentrated on the low-
the M slab is thus formed predominantly by contributionsindex surfaces describable by small surface cgdisp(1
from the surface atoms. The dashed lines in Fig. 10 represent 1) for the surfaces of elemental methlallowing to treat
the total and partial DOS of the M slab. One observes a&ven thick slab models with modest computational effort.
significant change of the Mn partial DOS. The Mrband is  Relatively few studies have been devoted to the more de-
substantially narrowed. The DOS at the Fermi level is greatlynanding task of modeling vicinal surfacksee Spisak for
enhanced. This enhancement is the consequence of the faat ab initio study of C11n) surfaces withn up to 11] or
that all Mn atoms of the model are located just at the surfaceto the surfaces of & metals showing long-period
This suggests that the enhancement of DOS at the Ferméconstructions! The investigation of a quasi-
level observed in the photoemission studies of the surfacerystalline surface demands an even greater computational
could have its origin in the presence of the Mn atoms at theffort. Therefore the present paper reportsahnnitio study
surface. of a quasicrystalline surface.
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Like in our work on the electronic structure of bulk minima associated with the surface vacancies. In addition,
quasicrystaf®>? we follow a strategy of approaching the we calculate quite large relaxations of the interlayer dis-
quasicrystalline limit by investigating a series of rational ap-tances. However, these results must admittedly be considered
proximants to the quasicrystalline structure. FgklPdMn  with some caution because the amount of interlayer relax-
our approximants are based on cut and projection modelgtion shows some dependence on the thickness of the slab
with triacontahedral acceptance domains according to theepresenting the surface—here our calculations certainly can-
Katz-Gratis-Boudard model. A fivefold surface is preparednot achieve the degree of convergence usual for crystalline
by cleaving the bulk structure along a plane perpendicular tsurfaces.

a fivefold axis such that a layer with a high atomic density is The electronic structure of the quasicrystals of the icosa-
exposed at the surface. A first important result is that thénedral AIPdMn class is characterized by a deep pseudogap
atomic arrangement in this surface can be described in ternjgst above the Fermi level representative of a considerable
of a P1-tiling? the decagonal acceptance domains of the til-degree of covalency in the AI-TM interactiorifr a more

ing corresponding to the maximal cross sections of the triadetailed discussion we refer to our earlier wjk The in-
contahedra defining the three-dimensional structure of theestigation of the surface electronic structure shows that the
bulk. Most of the vertices of the P1 tiling are occupied by Pdmetallic character is enforced at the surface. The structure-
atoms (except those vertices separated by a short distandaduced minimum in the partial Al-DOS is leveled out as a
across a rhombus or the arm of a pentagona);diae deco- consequence of the strong relaxations of the near-surface Al
ration of the tiles is determined by cuts through the Bergmaratoms. The Pdi band undergoes a substantial shift towards
and pseudo-Mackay clusters defining the icosahedral strudewer binding energies. The Mihband is also up-shifted and
ture of the bulk. for the Mn atoms closest to the surface the partial DOS peaks

An analysis of the surface electron density has been pegt the Fermi level. Both effects contribute to eliminate the
formed for idealized structure models based on the 3/2 apeseudogap. The high Mn-DOS B&t might even lead to a
proximant with up to 357 atoms per computational cell. Themagnetic polarization of the surface-Mn atoms, but an inves-
charge-density analysis shows local minima at the vertices digation of this question will probably request a large slab
the P1 tiling which are observed in the STM pictures as darknodel.
spot$# and deep minima in the center of some of the pen- In summary: Ourab initio investigations show that the
tagonal tiles created by surface vacancies. Again, the exisstructure of the fivefold surface ofAIPdMn as described by
tence of these surface vacancies is in agreement with expettihe P1-tiling is stable. Atomic relaxations affect only the
mental observation®. decoration of the tiles and the interlayer distances. The de-

The central question, however, is whether the idealize@ree of covalence characteristic for these icosahedral alloys
structural model for the surface is sufficiently stable to serves reduced at the surface. The present work is devoted to the
as a useful model for a real surface. Structural optimization#vestigation of quasiperiodic elemental overlayers, using
have been performed for two slab models of different thick-our model of the fivefold surface as a template.
ness derived from the 2/1 approximant. The larger of these
models contains 205 atoms per cell. The results of careful
structural optimizations demonstrate that the skeleton of the This work has been supported by the Austrian Ministry
P1 tiling fixed by the positions of the Pd atoms remainsfor Education, Science and Art through the Center for Com-
stable. On the other hand, the arrangement of the atomsutational Materials Science. M. K. also thanks the Grant
decorating the tiles undergoes considerable modification aigency for Science of Slovaki@No. 2/5096/2% and the
the surface, the Al atoms in particular being subject to quiteAgency for Support of Science and Technold@rants No.
substantial displacements from their idealized positions. Th&PVT-51021102, APVT-51052702, SO-51/03R80B0@r
effect of these relaxations is to flatten the charge-densitgupport.
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