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Atomic and electronic structure of decagonal Al-Pd-Mn alloys and approximant phases
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The electronic structure of the decagonal phase Al70Pd13Mn17 and related crystalline phases has been cal-
culated using the self-consistent tight-binding linear-muffin-tin-orbital technique. The electronic densities of
states and the spectral functions have been calculated via the real-space recursion technique. The structural
models are based on the decagon-pentagon-hexagon tiling. Chemical short-range order is optimized using the
information about the local densities of states. The pentagonal columnar clusters~identified by Hiragaet al.!
exhibit structural stability and play the role of a characteristic structural unit of all the discussed phases.
Formation of a pseudogap in the Al-sp band is observed and its origin and role in the stabilization of the
decagonal phase is discussed.@S0163-1829~97!04201-X#
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I. INTRODUCTION

Quasicrystals differ from ordinary crystals by possess
quasiperiodic rather than periodic translational order an
noncrystallographic orientational order.1 Icosahedral~i! qua-
sicrystals are quasiperiodic in three dimensions. Decag
(d) quasicrystals have a crystalline axis perpendicular t
quasiperiodic plane with tenfold symmetry. Soon after
discovery of quasicrystals it was proposed that electronic
fects play an important role in understanding th
stability.2,3 It has been proposed that diffraction by icosah
dral Bragg planes leads to the formation of a structu
induced minimum in the density of states~pseudogap! at the
Fermi level promoting a lowering of the structural energy
the icosahedral phase, as proposed by Hume-Rothery4 and
Jones5 for certain classes of crystalline alloys.Ab initio cal-
culations of the electronic structure of icosahed
quasicrystals6–11,15have shown that although a pseudogap
the Fermi level is ageneric property of the icosahedra
phase, in most cases it is not aspecificproperty associated
with quasicrystallinity. Pseudogaps have also been foun
crystalline approximants and even in glassy and liq
phases of similar composition.9,10 For the Al–transition-
metal alloys it has been suggested very early12,13 that a
pseudogap can also originate from the antiresonance e
created by the strong hybridization of the transition-metad
band with thes,p band of Al. It has also been emphasiz
that the proximity of the resonance energy and of a qu
Brillouin-zone-induced gap can lead to a special enforcem
of the pseudogap.12–14 However, in each case one has
examine very carefully the relative importance of structu
and sp-d-hybridization effects in the formation of th
pseudogap.14,15

Much less is known on the electronic structure of t
decagonal alloys. Whileab initio calculations for the lowest
order approximants to decagonal AlCuCo alloys16 ~based on
the Burkov model17 for the atomic structure! predict a pro-
nounced pseudogap at the Fermi level, this is contradicte
photoelectron spectroscopy18 and calculations on higher
550163-1829/97/55~2!/843~13!/$10.00
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order approximants to a variant of the same structu
model.19 The two theoretical results must not necessarily
contradictory, because the lowest and higher approxima
show appreciable differences in their chemical compositio
In addition, the last-mentioned calculations as well as stud
of the electronic structure of clusters existing in the Burk
model20 have demonstrated that the existence/nonexiste
of a pseudogap depends critically on the relative abunda
and the local chemical order of the transition-metal atoms
this context it seems also to be fair to say that the Burk
model in its original form is probably not an entirely sati
factory description of the decagonal structure.

In the present work we concentrate on the theoretical p
diction of the electronic spectrum of decagon
AlPdMn.21–23 Our description of the atomic structure
based on the tiling of the quasiperiodic planes with decag
~D!, pentagonal stars~P!, and squashed hexagons~H! ~DPH
tiling! proposed by Hiraga and Sun.22 The electronic spec-
trum of the decagonal approximants and related crystal
phases ranging from the R phase and T phase with 156 a
in the cell up to thet3-T phase with 2771 atoms has bee
calculated using the self-consistent tight-binding–line
muffin-tin-orbital24,25 ~TB-LMTO! technique. We calculate
the total and local densities of states and the total and pa
Bloch-spectral functions. The chemical short-range orde
the structural models is optimized on the basis of
electronic-structure calculations. Formation of a pseudo
is observed in the Al-sp band, its origin and role in stabili-
zation of the decagonal phase is discussed.

II. QUASIPERIODIC PHASES
IN THE AL-PD-MN SYSTEM

The success in the preparation of the large thermodyna
cally stable quasicrystalline grains of the icosahed
AlPdMn phase initialized a boom of experimental and the
retical investigations. The structure and the properties
these materials are today well understood.15 The preparation
of large grains of the decagonal AlPdMn phase discove
843 © 1997 The American Physical Society
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by Beeliet al.21 has proved to be more difficult. The detaile
metallurgical investigation of the ternary Al-Pd-Mn pha
diagram in the region of quasicrystalline phases perform
by Audieret al.23 and later by Go¨deckeet al.26 has clarified
that around the chemical composition Al70Pd13Mn17 various
crystalline phases coexist with the decagonal phase.
high-resolution electron microscopy~HREM! images helped
to reveal27 a close structural relationship between the d
cagonal phase and crystalline Al3Mn ~i.e., Taylor’s phase28

or T phase!. Hiraga et al.27 have performed a crystallo
graphic study of Al3Mn in order to propose an atomic a
rangement for the decagonal structure. Two other crystal
phases were identified in the phase diagram: one is relate
the Robinson phase Al60Ni 4Mn11

29,30 ~this phase is hereto
fore referred to as R phase! and the other has two of its ce
parameters t2 times larger @t is the golden mean
t5(11A5)/2# than those of the R phase~we refer to this
phase as thet2-R phase; in Ref. 31 it is called theDH phase!.

On the Pd-rich side of the phase diagram a stablei phase
with the approximate composition Al70Pd22Mn8 is ob-
served. The icosahedral phase has a meta~?!stable ~2/1!-
approximant phase32 with composition Al70Pd26Mn4 and is
related to thej phase described by Audieret al.23 The icosa-
hedral phase also has a remarkable structural relationsh
the crystalline Al6Mn phase.33

It has to be pointed out that although the HREM tec
nique has led to the identification of the decagonal phase
of a number of related crystalline phases, this technique d
not yield precise information about the positions/chemis
of all the atoms constituting the structure. On the other ha
the single-crystal diffraction refinements performed
Steureret al.34 and Yamamotoet al.35 helped to clarify some
details of the structure but even in this case averaging o
~phason! disorder present in the structure puts rather sev
limitations on the accessible resolution.

A. Structural relationships

The structure of the Al-Pd-Mn decagonal quasicrystal a
its related crystalline phases with 12.5 Å periodicity can
interpreted according to Hiraga and Sun22 as different pack-
ings of a single pentagonal columnar cluster. The clus
can be represented by pentagons in the projection onto
plane perpendicular to the axis of the columns and whene
they share an edge, the two corresponding clusters are re
through the two-fold screw symmetry operation. This pa
ing rule can be depicted by assigning pentagons two co
as in Fig. 1. Joining the centers of pentagons perpendicu
to their edges forms a tiling that offers a unified descript
of the decagonal phase and its related crystalline ‘‘appro
mants.’’

While both R- and T- phases geometries become two
ferent tilings of a single hexagonal supercell H@Figs. 1~a,b!#,
the HREM images21,22,36reveal that in decagonal phase thr
other supercells occur: a pentagonal star~P!, a decagon~D!,
and an ‘‘octagonal ship’’~O!. While the D, P, and H units
are typically found in the ‘‘bulk’’ regions of the images an
are stable upon temperature treatment~annealing!, the O unit
is typically found in boundary regions and is found unsta
upon annealing.22,37The mutual relationship of the D, P an
H tiles and the small pentagons representing pentagonal
d
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ters is obvious from Figs. 1~c,d,e!. In the following we will
term the tiling of these three supercells ‘‘DPH’’ tiling.

Along the direction of the~pseudo!decagonal symmetry
axis, the R and T phases can be desribed as stackings o
types of atomic layers:36 F ~for flat layer! andP ~for puck-
ered layer!. The stacking sequence of layers within the u
cell is PFPp f p where the layersF and f or P and p are
planes related by inversion symmetry operation. In the p
fect quasiperiodic decagonal phase without phason str
the PFP and p f p sandwiches would be related by tenfo
screw symmetry operation. The presence of phason fluc

FIG. 1. Structural models of the decagonal phase and its
proximants is based on a tiling of decagons~D!, pentagonal stars
~P!, and a squashed hexagons~H!. The R phase~a! and T phase~b!
are different tilings of H tiles. An elementary cell of botht2-R
phase~c! andt2-T phase~d! consists of 2 D tiles, 2 P tiles, and 2 H
tiles. The next larger approximant to the decagonal phase is
t3-T phase phase~e! consists of 6 D, 5P, and 3H tiles per eleme
tary cell. ~f! represents the DPH tiling taken from an experimen
HREM image~Fig. 2 in Ref. 34! containing two unit cells of the
t3-T approximant to the decagonal phase. Thick lines show D
tiling, thinner lines show the decomposition of DPH tiling to Hira
ga’s pentagonal columnar clusters. The rectangles indicate the
cells. Coloring of pentagons represents twofold screw symmetr
relationship between the columnar clusters decorating pairs of e
sharing pentagons.
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tions or of a constant background phason strain~periodic
approximants! breaks this symmetry and it is necessary
redefine the layer relationshipslocally for each type of su-
percell constituting the tiling~see next subsection!.

While the ‘‘ideal’’ quasiperiodic tiling by all four D, P, H
and O units can be described as a projection of comp
atomic surfaces embedded in five-dimensional~5D! space~it
is a decoration of the binary Penrose tiling!, the true quasi-
periodic DPH tiling has a nontrivial 5D representation w
fractal atomic surfaces38 and it is closely related to the ge
ometry of the maximal density disk packing with decago
symmetry.39 The approximants used in this study are bas
on the DPH tiling.

B. Structural models

In this section we at first briefly introduce the tiling
decoration approach to the quasicrystal structure mode
that allows efficient parametrization of the periodic and q
siperiodic structures with arbitrary phason strains by few
rameters. The parameters—coordinates and chemistry o
‘‘topologically inequivalent sites’’—are then the input fo
self-consistent electronic structure calculations. Our mo
of thed-AlPdMn phase and its periodic approximants is fo
mulated as a decoration rule for the DPH tiling; we descr
the decoration rule and characterize the five approxima
studied here.

1. Tiling-decoration model

The quasiperiodic or periodic tiling-decoration model
obtained by assigning to the tiling objects~vertices, edges
faces . . .! identical atomic motifs. This procedure reduces t
problem of identifying an infinite number of inequivale
atomic positions in the quasicrystal to that of determinin
finite set of sites assigned to the tiling objects. The num
of topologically inequivalent sites is further reduced if w
demand that the atomic motif has to have the same p
symmetry as the tiling object to which it is ‘‘bound.’’ Fo
example, all pentagonal rings of atoms bound to the vert
of the tiling are represented by a single topological site w
pentagonal symmetry.

An important aspect of this concept is that it offers cont
over the accuracy within which the atoms merged int
single topological class are equivalent~note that in quasi-
crystal,noneof the atomic environments are strictly equiv
lent!. For example, if it turned out that the atomic positio
in the pentagonal rings bound to the tiling vertices should
occupied by more than one species, they could be ‘
bound’’ to other tiling objects with lower point symmetry
thus splitting the single topological class into more class
and effectively increasing the cutoff radius within whic
each atomic position belonging to a topological class
strictly equivalent.

In the following, we will loosely refer to our atomic
model ofd-AlPdMn and its approximants in terms of dec
ration of the D, P, and H tiles. However, the actual ‘‘bin
ing’’ we used employed five flavors of vertices, edges, a
the P and H tiles were broken into triangles of two flavo
and rectangles, yielding 31 topological sites for general D
tiling model ~see Fig. 2!.

Our decoration rule for the DPH tiling follows closely th
proposal of Hiraga and Sun.22 At each DPH tiling vertex we
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place the pentagonal cluster: Figs. 1~c,d,e! illustrate that the
ambiguous regions that remain are near the centers of th
and P supercells. The same figure reveals an interesting c
sequence of the twofold screw relationship between t
edge-sharing pentagonal motifs: while the D tile~as well as
H tile! appears in asingle flavor, there are twodistinct
flavors of the P tile: its central part decoration is constraine
by either five white or dark pentagons. Thus, a generalizati
of the R- and T-phase model requires:~i! guessing the
PFP motif for the central region of the D tile; the D(p f p)
motif is related to it by the tenfold screw symmetry opera
tion, ~ii ! guessingboth PFPandp f p motifs for the central
region of the P tile; these are twodistinct motifs. The
whole structure could be then interpreted as a packing of t
robust columnar motifs associated with the D and P tiles; t
D columns with tenfold screw symmetry are mutually relate
by pure translations in the quasiperiodic plane, while the
columns with only pentagonal symmetry split into two fla
vors that are mutually related by tenfold screw symmet
~plus translation in the quasiperiodic plane! operation.

As a D(PFP) and P(PFP) and P(p f p) motifs we again
adopt the proposal of Hiraga and Sun~which is in turn in-
spired by—but not identical to! the proposal of Steureret al.
based on single-crystal refinement.34 Topologically, our
modification of Hiraga’s model consists in avoiding som
pairs of atoms too close to each other: all of these conflic
can be resolved by splitting the puckered layers (P and p)
into sublayers, truly reflecting the ‘‘puckering.’’ In our

FIG. 2. Structural model for thet3-T approximant to the de-
cagonal AlPdMn phase: Projection of the positions of atoms of
unit cell on a plane perpendicular to the periodic axis. Open circl
denote Al atoms, large closed circles denote Pd atoms, small clo
circles denote Mn atoms. Thick lines show DPH tiling, thinner line
show decomposition of DPH tiling to Hiraga’s pentagonal column
clusters.
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model, each puckered layer is splitted into four sublayer
The interesting feature of our model is that we attemp

to optimize the chemical short-range order on the basis of
local electronic-structure calculations. The result is summ
rized in Tables I and II where we display the chemical co
position and atomic densities of the D, P, and H tiles the
selves and in approximant phases. The optimization
discussed in detail in Secs. IV B and IV E. In Fig. 8 we sho
the precise placements of the 31 topological sites and t
chemical identity.

2. Approximants

As we already noted the quasiperiodic DPH tiling is d
fined by acceptance domains with fractal boundaries
therefore the construction of periodic approximants can
be approached within the hyperspace scheme. Finite-size
proximants to the quasiperiodic DPH tiling can be obtain
by the Monte Carlo technique as described in Ref. 39, or
has to follow thet6-inflation procedure of Cockayne,38 or
the small approximants used here can be simply constru
by hand. Our approximant with the biggest unit cell w
inspired directly by experimental HREM image@Figs.
1~e,f!#.

The sequence of five approximant models we study h
includes: T and R phases containing only H tiles,t2-R and
t2-T phases being the smallest possible approximants
taining all D, P, and H tiles, and a model of at3-T phase
with 2771 atoms in the unit cell standing as a fairly go
approximation to the decagonal phase.

To retain a consistency among the chosen set of mo
we had to adopt certain idealizations. Althought the atom
coordinates in the unit cells of R and T phases are availa
from diffraction refinements, we preferred to use uniform
for all models the ‘‘idealized’’ coordinates which are in th
projection onto the quasiperiodic plane integer linear com
nations of the appropriate pentagonal basis vectors. Ano
idealization consisted of replacing fractionally occupied si
observed in the T phase by fully occupied sites; the chem
order in both T and R phases has been adjusted to facil
the comparison of the total electronic energies. Third
all lattice parameters are set to values correspond
to a center-to-center pentagon spacing ofdq54.8 Å, and the
periodic repeat distance perpendicular to the~pseudo!de-
cagonal plane toc512.43 Å according to Audieret al.23

The model of the T phase is based on structural data
tained from the single-crystal x-ray refinement of Hira
et al.27 The chemical composition of their sample was clo
to Al 3Mn. A detailed structural information was obtaine

TABLE I. Structural characteristics of our DPH-tiling
d-AlPdMn model. Al, Pd, and Mn contents are given fractional
the last two columns give frequency~relative to the P-tile fre-
quency! and fractional volumes associated with each kind of tile
zero average phason strain~decagonal state!.

Atoms Al Pd Mn r @at. Å23] f V f

D 282 0.716 0.149 0.135 0.0677 1.236 0.61
P 169 0.686 0.118 0.196 0.0656 1 0.30
H 78 0.692 0.103 0.205 0.0677 0.527 0.07
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from a combination of Patterson analysis and HREM. T
orthorhombic unit cell with lattice parametersa514.8 Å,
b512.59 Å, c512.42 Å contains 156 atoms. The spa
group isPnma ~No. 62!. Chemical order has been slightl
idealized: the positions denoted as Mn8 and Mn9 are occu-
pied in the original model with 50 and 40 % probabilit
respectively, by Al atoms are now occupied by Al atom
only. All other fractional occupancies were replaced by t
majority atom. This replacement preserves the colum
pentagonal clusters of Al-Mn atoms constituting the ba
bone of the DPH tiling geometry. The modification slight
decreases the content of Mn atoms in the model
Al 79.5Mn20.5. As already noted although the detailed info
mation about the positions of atoms is available from
x-ray refinement, we preferred a model with idealized po
tions of atoms. The idealized model is thus consistent w
other models of larger approximants to decagonal phase
scribed below. Figure 1~a! shows the projection of the uni
cell on the plane perpendicular to the ‘‘decagonal’’c axis. In
our model of idealized T phase we distinguish 15 topolo
cally different sites~see Table II!.

The structure of the complex orthorhombic pha
Al 60Ni 4Mn11 was crystallographically resolved several d
cades ago by Robinson.29,30 The unit cell (a57.75 Å,
b57.75 Å, c512.5 Å! has orthorhombic symmetry, spac
groupCmcm~No. 63! and contains 156 atoms. The Ni atom
were replaced by Mn and in order to preserve the structur
the pentagonal clusters existing on the T phase, the Al9 atom
was replaced by Mn. With this modification, the compositi
of the R phase is identical to that of the T phase. The sc
matic representation of the T- and R-phase models in te
of colored pentagonal tiling~thin lines! and H tiling ~thick
lines! is shown in Figs. 1~a,b!.

The next smallest possible approximants contain alre
all three kinds of D, P, and H tiles. In analogy to the T- a
R-phase tilings, the two basic variants are possib
‘‘ t2-T’’ and ‘‘ t2-R’’ @Figs. 1~c,d!#. While thet2-T structure
is a hypothetical phase, thet2-R phase has been observe
experimentally. The intricacies of the equilibrium phase d
gram leading to the formation of decagonal ort2-R phase are
described in Refs. 26, 36, and 40. A distinct structural f
ture of both DPH tilings is that each contains asingle kind
of P tiles.

Interestingly, botht2-T andt2-R DPH tilings may occur
in variants, even if the network of D tiles is fixed. This is du
to the fact that the P and H tiles form infinite open chain

TABLE II. Structural data of the crystalline R and T phases a
d-AlPdMn approximants. Lattice parametersa andb are given in
the units of the pentagon edgesdq54.8 Å, ~see Fig. 1!,
h5(t12)1/2. c parameter~repeat along periodic axis! is 12.43 Å.
Last column reports the numbers of topologically inequivalent s
in each model.

D P H Atoms a b Topo

T phase 2 156 t2 th 15
R phase 2 156 t t2h 15
t2-T 2 2 2 1058 t4 t3h 31
t2-R 2 2 2 1058 t3 t4h 31
t3-T 6 5 3 2771 t5 t4h 31

t
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contrary to the decagonal state when each such chain is fi
and surrounded by D tiles, which is a consequence of
binary character of the DPH tiling. The open chains may
flipped in such a way that~roughly speaking! the positions of
P and H tiles are altered~and the P tile changes flavor!. The
variants correspond to distinct atomic structures. In this
per we consider only one variant of each of the two phas
shown in Fig. 1.

Finally, the approximant with the biggest unit cell~we
denote itt3-T following the nomenclature based on lattic
parameters! we considered here is shown in Fig. 1~e!. The
relative frequencies of the D, P, and H tiles are 6:5:3, v
close to the relative frequencies in the true decagonal s
equal to 1.236:1:0.527.~Note that the relative tile frequen
cies are only a function of a constant background pha
strain; therefore they apply to both perfectly quasiperiodic
random decagonal DPH tilings in the case of zero ba
ground phason strain!. Our choice of this approximant wa
guided by several criteria: we wanted to test a model o
size approaching the limitations of our computer resour
and—last but not least—a few unit cells of this approxima
can be clearly identified in the experimental HREM imag41

of the decagonal phase. Figure 3 shows the calculated
tron diffraction pattern for thet3-T phase in a plane perpen
dicular to the periodic axis. Note the almost perfect tenf
symmetry of the pattern and the quasiperiodic sequenc
intense diffraction peaks along the twofold axes. The nu
bers of atoms per unit cells, their tile content, lattice para
eters and the number of inequivalent topological sites
each approximant can be found in Table II.

III. SELF-CONSISTENT REAL-SPACE TIGHT-BINDING
LMTO METHOD

The smallest approximant to the decagonal quasicry
containing the characteristic structural feature of the deca

FIG. 3. Neutron-diffraction pattern of thet3-T approximant to
the decagonal AlPdMn phase in a plane perpendicular to the p
odic axis. Areas of the circles are proportional to the intensity of
diffraction peaks.
ite
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nal quasicrystals—the decagonal cluster~D tile!—involves
more than 1000 atoms in the unit cell. As the quasicrys
are typically multicomponent systems, a self-consistent c
culation of the electronic structure is necessary. This is p
ticularly important in the case of the AlPdMn system co
taining two different transition metals where the interacti
of the transition-metal atoms leads to significant change
the position and width of thed bands of the two transition
metals42–44 during the self-consistent iterations. Fortunate
quasicrystals are ordered systems and the number of loc
topologically nonequivalent sites is limited~within a finite
cutoff radius, see Sec. II B 1!, in our model we consider
around 30 topologically different sites.

For such systems we used with success the self-consi
real-space tight-binding LMTO method. The method
based on the tight-binding LMTO formalism.24 The Hamil-
tonian is transformed from the standard LMTO basis to
most localized tight-binding basis. Some details of the ap
cation of the TB-LMTO formalism to quasicrystalline ap
proximants are given also in our previous paper.9 The LMTO
structure constants are calculated for each atomic site,
cluding all neighbors within a sphere containing 20 atoms
average. For the construction of the Hamiltonian we used
the initial potential parameters values tabulated for the p
metals. The two-center TB Hamiltonian in the Lo¨wdin ortho-
normal representation is determined in terms of an expan
in powers of the nonorthogonal TB Hamiltonian in th
screened, most localized basis and the overlap matrix. T
expansion is truncated at the second-order term. The l
densities of states~DOS! of all topologically nonequivalent
atoms are calculated using the recursion method.45 The local
DOS was obtained by summation over contributions fro
s, p, andd orbitals. We used typically 20 recursion leve
and the Lucchini-Nex terminator.46 Good results were ob
tained also with the Gaussian47 terminator. The valence
charge density of an atom is reconstructed from the mom
of the local DOS. The core charge density is obtained fr
relativistic self-consistent calculation of free atoms. T
Madelung constants are calculated by the Ewald summa
technique. The Kohn-Sham potential is constructed wit
the local-density approximation. For the exchang
correlation potential the Barth-Hedin formula is used.48

We performed the calculation in real space, i.e., only
theG point in the Brillouin zone. As this is not satisfactor
enough for T and R phases with a relatively small unit c
~156 atoms!, we constructed a supercell containing eight
ementary cells, i.e., 1248 atoms. Such a multiplication of
elementary cell does not increase the number of topolo
cally nonequivalent sites and the computer time scales
early with the total number of atoms in the supercell. T
energy resolution depends on the number of recursion lev
which is, however, limited by the size of the model. At th
end of the self-consistent iterations we increased the en
resolution by increasing the number of the recursion level
80. We increased correspondingly the size of the mode
multiplication of the elementary unit cell to more than 80
atoms.

The integrated total density of states was calculated
summation over the local DOS. We calculated the total D
also by the recursion technique utilizing randomly phas
vectors as the initial vectors. We got almost the same res

ri-
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for both approaches. This proves that the choice of the
stricted number of the nonequivalent sites in the models w
a large unit cell is sufficiently representative.

The information about the local DOS allows to evalua
the local contributions to the band energy from the individ
sites. We used this information for optimization of th
chemical short-range order in our models.

In addition to the local and total densities of states
calculated also the Bloch-spectral functions for selected
rections ink space. The Bloch-spectral function can be co
veniently calculated by the recursion method using a pl
wave as an initial state. Details are given in our previo
papers.49

IV. ELECTRONIC STRUCTURE

A. Electronic structure of the T and R phase

Figure 4~b! shows the total and partial Al and Mn dens
ties of states for the model of the T phase. The T-ph
model with the composition Al79.5Mn20.5 shows an Al band
with a width W5 10.2 eV that is slightly lower than that in
pure crystalline Al~W 5 11.4 eV!. The structure of the Al
band is essentially free-electron-like~parabolic! over a wide
energy range and shows a broad and deep depression a
the Fermi level. The minimum of this pseudogap is about
eV above the Fermi level. The Mn band has its maxim
about 1.3 eV below the Fermi energy. Because of the r
tively high Mn concentration and the chemical order the M
d band has lost the character of an impurity band and
bonding–antibonding splitting that characterizes
transition-metald bands should be considered in the form
tion of shape of the band. The Fermi level is located nea
small local minimum of the total DOS created presuma
by the hybridization of Al-sp band with the Mn-d band. The
DOS atEF is relatively high.

Figure 4~a! shows the total and partial Al and Mn dens
ties of states for the R phase. Our model for the R phase
the same composition~Al 79.5Mn20.5) as the T phase an
shows an Al band with a widthW of 10.2 eV, the same as i
the T phase. Although the structure of the Al band is ess
tially free-electron-like, it is again dominated by a de
pseudogap around the Fermi level. The pseudogap is m
structured than in the case of T phase and exhibits a do
well shape. The local subminima of the double-well a
separated 1.7 eV. The Fermi level is located between th
The Mn band has its maximum similarly as for the T pha
about 1.2 eV below the Fermi energy. The Mn band has
its upper part again a clearly resolved shoulder. The Fe
level is located near a small local minimum of the total DO
created by the coincidence of the shoulder of the Mn-d band
and the first subminimum in the Al band. A similar coinc
dence of the second subminimum in the Al band with
next local minimum in the Mn band creates a de
pseudogap in the total DOS at 1 eV above the Fermi le
The upper part of the Mn band fills the pseudogap in the
band and consequently the DOS atEF is again relatively
high. The coincidence of the local minima in Al-sp band and
Mn-d band indicate that they may originate from thesp-d
hybridization. It is remarkable that a similar split doubl
minima structure of the DOS has been observed also for
1/1 approximant to icosahedral Al70Pd15Mn15; see Fig. 4~c!.
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Apparently the hybridization effect increases with increas
Mn content, which is much higher in the case of 1/1 appro
imant than in the icosahedral Al71Pd21Mn8 phase~see Ref.
15!.

As the difference in the structure of the T and R pha
consists of a different arrangement of the same H tiles
hence the chemical composition of both models is the sa
we can verify the relative stability of both phases by co
parison of the band energies/atom. From the Andersen fo
theorem50 it follows that under these circumstances the d
ference in the total energy is equal to the difference of
band energies. We found the band energy to be
DEband5166 meV/atom lower for the R phase, indicatin
that the local DOS minimum in the Mn band promotes
certain amount of band-gap stabilization.

B. Optimization of the chemical short-range order

The unit cells of botht2-R andt2-T phases are alread
large enough to contain all substantial ingredients of the
cagonal phase~they each contain one pair of D, P, and
tiles! and can be considered as the lowest-order approxim
phases to the decagonal quasicrystal. As we have alre
noted the crystallographically solved T-phase structure de
mines the decoration of H units, but there is a certain am
guity in the decoration of the P and the D units. The HRE
observations provide information about the relative positio
of the Al and transition-metal atoms but they cannot dist
guish between different transition metals. Beeli a
Horiuchi31 attempted to solve this problem by comparison
the simulated HREM images with those experimentally o
served. The single-crystal diffraction refinements35,34 cer-
tainly obscure the short-range chemical order by averag
over phason disorder, and HREM refinement31 alone cannot
be considered as reliable and/or accurate; it is of interes

FIG. 4. Total and partial electronic densities of states:~a!
AlMn-R phase, ~b! AlMn-T phase, ~c! 1/1-approximant to the
icosahedral AlPdMn phase. Full line denotes total DOS, partial c
tributions to DOS: dashed line is for Al, dot-dashed line is for P
and the dotted line is for Mn.
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55 849ATOMIC AND ELECTRONIC STRUCTURE OF . . .
test and complement this information by local electron
structure calculations. We attempted to optimize the che
cal short-range order on the basis of the local electro
structure calculations.

Structural differences in the total energy are of the or
0.1 eV/atom and therefore high accuracy in the calculation
the electronic structure is necessary. The extremely accu
total-energy calculation of so complex quasicrystalline
proximants exceeds the accuracy accessible by our me
and for more accurate methods the size of the model~1058
atoms! is prohibitively large. Thus, we can only compare t
structural energies atf ixed stoichiometry and atomic den
sity.

The number of different topological sites is 31. Each s
is occupied by one atomic species. In our models we do
allow fractional occupancies. Each topological site has in
model a multiplicity which ranges from 4~e.g., the site in the
centers of the decagonal tiles! to 200~Al atoms in the small
pentagonal clusters!. The optimization of the decoration i
based on the analysis of the contributions from particu
sites to the band energy of the model. By exchanging
occupations of a pair of sites we tried to lower the ba
energy. Stoichiometric constraints reduce the number of p
sible configurations. Although the band-energy informat
alone does not guarantee to obtain the configuration with
lowest total energy, it certainly excludes all energetica
clearly unfavorable configurations. We considered also
size of atoms and the nearest-neighbor distances. We
cluded also configurations which lead to unphysically la
charge transfer among atoms.

First we optimized the decoration of the DPH tiling fo
the model oft2-T phase. We started from the decorati
close to the proposal by Beeli and Horiuchi.31 During the
optimization we tested 14 different chemical variants. W
observed that the small pentagonal Al-Mn clusters domin
the stability of the whole structure. The deep pseudoga
the Al band around the Fermi level contributes to the low
ing of the band energy and the existence of the DOS m
mum seems to be the most important stabilizing principle

The decoration of the small pentagonal clusters alm
completely determines the decoration of the H tiles a
leaves only little ambiguity in the decoration of the P tile
The decoration of the D tile is dominated by the cent
region which in the projection on the plane perpendicular
the decagonal axis appears as a decagonal ring~cf. Figs. 1
and 2!. It is occupied mainly by transition metals~TM’s!, as
is evident also from the HREM images. It is formed by
sequence of pentagonal TM and Al rings around the cen
TM atom. Contrary to the proposal of Beeli and Horiuch31

we found it energetically more favorable to place the M
atoms on the pentagonal TM ring and a Pd or Al atom in
center, see Fig. 5~a!. Putting a Mn atom in the center leads
a large charge transfer~1.2 electron! from the Mn atom with
a very narrowd band positioned at the Fermi level to th
surrounding atoms. The Pd atoms are located mostly in
the D tile between the central decagonal ring and the o
ring of the pentagonal Al-Mn clusters. Some Pd atoms
also located inside the P and H tiles. The optimized deco
tion of the tiles found for thet2-T phase was applied also t
-
i-
-

r
f
te
-
od

e
ot
e

r
e
d
s-
n
e

e
x-
e

e
te
in
-
i-

st
d
.
l
o

al

e

de
er
e
a-

other approximants to the decagonal phase. The resu
decoration is shown in Figs. 2 and 8 and it is further d
cussed in Sec. IV E.

In Fig. 5 we show the total and partial electronic densit
of states for variants of the structure of thet2-R phase dif-
fering in chemical decoration. Dashed lines corresponds
the initial decoration with Al and Pd atoms in the decago
ring of the central region Mn atom in the center of the D ti
Full lines show the result for the optimized decoration. W
can see the dramatic change of the total and partial dens
of states of all components. In the optimized configurat
the Al band exhibits a deeper pseudogap at the Fermi le
and apparently promotes the stability of the system. Also
maximum and the center of gravity of the Mn band a
clearly shifted to lower energies. We note that the compo
tion of the initial decoration ~Al 67.5Pd15Mn17.5) was
somewhat different from that of the optimized mod
~Al 70.5Pd13Mn16.5).

C. Electronic structure of the approximant phasest2-R, t2-T,
and t3-T

Figure 6 shows a comparison of the total and partial
Pd, and Mn densities of states for the models of thet2-R,
t2-T, andt3-T phases. The overall electronic structure of
these approximants to the decagonal phase is rather sim
The bandwidthW of 10.0 eV is the same for all three sys
tems and is almost the same as in the case of the T an
phases. The structure of the Al band is essentially fr

FIG. 5. Total and partial electronic densities of states for va
ants of the structure of thet2-R phase differing in chemical deco
ration: Dashed lines: Decoration close to the proposal by Beeli
Horiuchi ~Ref. 21! with Al and Pd atoms in the decagonal ring o
the central region Mn atom in the center of the D tile. Full line
optimized decoration with the Pd atom in the central position,
and Mn atoms alternating in the central decagonal ring. Other
ferences, see also, in Figs. 2 and 8. Partial contributions to DOS~a!
Al, ~b! Pd, ~c! Mn, ~d! total DOS.
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electron like~parabolic! near the bottom and shows a bro
depression around the Fermi level. Higher precision calc
tions for models with repeated elementary cells and m
recursion levels reveal details of the form of the pseudo
in the Al band. It consists of two local minima separated
1.2 eV. The first one is 0.2 eV below the Fermi level, wh
the second one is about 1 eV aboveEF .

The broad Mn band is formed essentially byd states. It
has its maximum about 1.2 eV below the Fermi levelEF .
The decreasing part of the band is modulated by two lo
minima. The first one is located very close to the Fermi le
~at 20.2 eV! and splits the band at a relatively high dens
of states. The second one lies deeper and is about 1 eV a
the Fermi level. The position and distance of these lo
minima are almost the same as those in the Al band.

The coincidence of the position of the pair of loc
minima in the Al and Mn bands gives rise to the correspo
ing features in the total DOS. The Fermi level is located v
close to the lower-energy local minimum and fits best to
minimum for t2-R phase. This could explain the larger st
bility of this phase in comparison to thet2-T phase. The
latter has not been observed experimentally. The differe
in the structure of both models consists in the different
rangement of the same DPH tiles and hence the chem
composition of both models is the same, we can again ve
the relative stability of both phases by comparison of
band energies/atom. From the Andersen force theorem50 it
follows that under these circumstances the difference in

FIG. 6. Total and partial electronic densities of states of A
dMn phases:~a! t2-R phase,~b! t2-T phase,~c! t3-T approximant
to the decagonal phase,~d! 8/5-approximant to the icosahedr
phase. Full line denotes total DOS, partial contributions to DO
dashed line represents Al, dot-dashed line represents Pd, dotte
denotes Mn.
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total energy is equal to the difference of the band energ
We found the band energy to be byDEband585 meV/atom
lower for thet2-R structure. Thet3-T phase has a slightly
different composition than the others and therefore a sim
comparison is not meaningful. However, from the relati
position of EF with respect to the local minimum we ca
expect a lower stability than of thet2-R phase. This agree
with the experimental observation that the decagonal ph
exists as a high-temperature phase where the stabilizing
tribution from the entropy term can overrule the higher e
ergetic stability of the crystallinet2-R phase.

We have already noted in Sec. IV A a similar splitting
Al and Mn bands can be recognized also in the electro
structure of the icosahedral AlPdMn phase; see Fig. 6~d!. It
is particularly well resolved in the case of the AlPdMn 1
approximant which has similar content of Mn atoms as
decagonal phase in Fig. 4~c!. We assume that this splitting
has origin insp-d hybridization between Al-sp states and
Mn-d states. This local subminima can contribute to the s
bility of the system, however, the main contribution to t
stability comes from the deep depression in the Al ba
which is created by the Hume-Rothery-like mechanism. T
holds for the icosahedral and decagonal phase as well,
the effect of thesp-d hybridization is larger for the forme
one. It is also interesting to point out that, while for th
decagonal phase and for the 1/1 approximant toi -AlPdMn
the Fermi level is located near to or at the first local mi
mum, in the case ofi -AlPdMn the Fermi level is located a
the second minimum.

-

:
line

FIG. 7. Total and partial electronic densities of states of
t2-R AlPdMn phase. The chemical composition is varied in orde
study the influence of different chemical decorations on the form
the DOS.~a! All sites are occupied by Al atoms,~b! only Pd atom
are replaced by Al atoms,~c! original AlPdMn composition,~d! all
transition-metal sites are occupied by Mn atoms. Full line deno
total DOS, partial contributions to DOS: dashed line denotes
dot-dashed line denotes Pd, dotted line denotes Mn.
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FIG. 8. Structural model for
the t2-T phase: Projection of the
positions of the atoms of half o
the period~PFP planes! on a plane
perpendicular to the periodic axis
Open circles represent Al atoms
large closed circles are the Pd a
oms, small closed circles are th
Mn atoms. The labels at each sit
indicate the toplogical type, cf
Fig. 6. Full lines show DPH tiling,
dashed lines show decompositio
of DPH tiling to small pentagona
columnar clusters.
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The Pd band forms a broadband with maximum arou
;4 eV belowEF . Pd atoms have almost the same size as
atoms and they can replace Al atoms. The role of the th
element is usually seen in the tuning of the position of
Fermi level relative to the local minimum in the total DO
As the charge transfer to Pd atoms is small this effect is
too significant. It is interesting to observe the shallow d
pression in the Al-sp band just around the position of th
maximum of Pd band. Its origin can be attributed to t
hybridization between the Al-sp band and the Pd-d band.

D. Role of chemical constituents

We have attempted to examine the role of the differ
chemical constituents in the formation of the characteri
features of the DOS of the AlPdMn phases. Figure 7 sho
the electronic structure of thet2-R phase with different
chemical compositions. Figure 7~a! shows the total DOS of a
model where all Al-Pd-Mn sites are occupied by Al atom
only; Fig. 7~b! represents the DOS of a phase where only
Pd atoms are replaced by Al atoms; Fig. 7~d! is the DOS of
a phase with all transition metals replaced by Mn atoms. T
system with Al atoms only is essentially free-electron lik
d
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with a weak structure-induced modulation of the shape of
DOS in the interval from23 eV to 1 eV aroundEF . The
bandwidth is 11.3 eV. Figure 7~b! proves the important role
of Mn atoms in the formation of the pseudogap in the par
Al-DOS around the Fermi level. The bandwidth is reduced
10.2 eV. We assume that the pseudogap in the Al ban
dominantly structure-induced. We note that the electron-
matrix element which enters into the condition for creati
of a pseudogap by the Hume-Rothery mechanism is smal
the electron/atom (e/A) ratio of pure Al (e/A53! and in-
creases with decreasinge/A ratio. Most Al-based quasicrys
tals have almost the same bandwidth, around 10 eV, and
correspondinge/A ratio ranges from 2.0 to 2.4. The effect o
the pseudogap in the DOS on the stability of the system
known and it seems that it is just the pseudogap in Al-D
which significantly contributes to the stability of the who
system. The shape of the pseudogap is again a split do
minimum. The origin of this feature is presumably in th
sp-d hybridization between Al-sp band and Mn-d band. Re-
placement of further Al atoms by Pd has several effects
the Al-DOS; see Fig. 7~c!: the DOS in the region around
EF clearly decreases and the missing states appear as
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band in the region around24 eV belowEF . The hybridiza-
tion between the Al-sp and Pd-d bands creates a shallo
depression in the Al band around the maximum of the
band. Eventually the bandwidth is further reduced by 0.3
which also possibly shifts the position of the Fermi level in
the local minimum of the total DOS created by the coin
dence of the positions of the local minima in the Al and M
bands as discussed above. The effect of a replacement
Pd atoms by Mn atoms is seen in Fig. 7~d!. Due to the
broadening of the Mn band the total DOS aroundEF is
strongly enhanced. The depression in the Al band disappe
otherwise the shape of the Al band remains intact. The ba
width is further reduced to 9.7 eV.

E. Local environments and the local densities of states

It is also interesting to examine the local DOS at the
pologically inequivalent sites. Figure 8 shows the project
of the PFP layers, i.e., the first half of the period of th
modelt2-T phase on the plane perpendicular to the the
cagonal axis. Numbers at the atomic sites distinguish dif
ent topological sites. Only the types 10 and 30 are projec
on the same place. The decoration of the second half of
period, i.e., of thep f p layers is analogous. It contains th
same topological types. The exceptions are type 6~located at
inner corners of the pentagonal stars! which does not occur
in the first half of the period, but occurs in the second o
and type 7, which does not occur in the second half of
period. The same holds for types 18, 19 and 20, 21. In
projection we see two types of small pentagonal clusters:
is centered by Al10 or with Mn30 and the other is centered b
Al 26. We note that the decoration of both clusters in t
second half of the period is just reversed. The assignmen
chemical species to the topological sites was obtained by
optimization procedure described above.

Figure 9 represents the local densities of states for
topologically nonequivalent sites. Multiplicities~weights! of
all sites are also indicated. The unit cell of thet2-T phase
has 1058 sites. The greatest multiplicity belongs to Al29 ~200
sites! and Al22 ~104 sites!. These atoms together with Al17
~40 sites! and Al21 ~40 sites! are located in the rings of th
small pentagonal clusters. They have well-resolv
pseudogaps at the Fermi level indicating their signific
contribution to the stability of the system. The deep
pseudogap appears on the Al10 ~20 sites! which is situated in
the center of half of the small pentagonal clusters. The
maining pentagonal clusters are centered by Al26 ~40 sites!,
again with a rather deep local pseudogap. Manganese a
from the rings forming small pentagonal clusters, Mn9 ~100
sites!, and from the centers of these clusters, Mn30 ~40 sites!,
have clearly visible bonding–antibonding splitting also co
tributing to the stability of the system. In the central regi
of the decagonal tile D we placed a decagonal ring of al
nating Al15 and Mn2 atoms. The local density of states
these Al atoms@Al 15 ~40 sites!# have again a pseudogap
the Fermi level due to interaction with Mn atoms. We no
that Mn atoms in these positions are required also by
ichiometric consideration. From our optimization study w
found that Pd atoms occupy predominantly sites in the
gions outside of chains of small pentagons. From the lo
density of states of Pd31 ~80 sites! we see that this position i
d
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particularly suitable for palladium atoms. The same ho
also for the sites Pd28 ~20 sites! and Pd6 ~10 sites! and
Pd7 ~10 sites! inside the pentagonal tiles P. By comparis
the DOS of Pd28 is shifted to lower energies, possibly be
cause of the interaction with the neighboring Mn8 sites. Po-
sitions 6 and 7 could be occupied also by Al atoms. T
proposal presented here is a consequence of stoichiom
considerations. The positions Pd14 ~8 sites! and Pd24 ~8 sites!
inside the H tile are less favorable, but their relative weigh
not too significant. From our calculations we found that t
position in the center of the D tile is not proper for Mn atom
but we were not able to distinguish whether Al or Pd is he
more suitable. The present Pd1 ~4 sites! occupation is again
a result of stoichiometry considerations.

We note that decoration obtained by our optimization d
fers in some details from proposals of other authors. Be
and Horiuchi31 occupy position 1 by Mn, 2 by Pd, 3 by Mn
and 7, 28, and 31 by Al. In the model of Yamamoto35 posi-
tion 3 is occupied by TM, and 7 and 31 by Al. Position 4~40
sites! in his model is vacant and he defines an additio
position inside the D unit with the multiplicity 5.

F. Stability and the band-gap formation

The role of transition metals in Al-based Hume-Rothe
alloys has been discussed in detail by Trambly de Laissa
ère et al.14 As they pointed out, the essential mechanism
band-gap formation is, in addition to the effect of the diffra
tion of sp states by predominant Bragg planes, the influen
of the transition-metald states onsp states viasp-d cou-
pling. In Sec. IV C we tried to estimate the importance
both contributions in the case of approximants to icosahe

FIG. 9. Local densities of states of topologically different sit
in thet2-T phase. The topological type is indicated in the upper l
corner. Chemical type and multiplicity of the site are indicated,
Fig. 8. The range of the vertical scale is 1.0 states/eV/atom for
atoms and 5.0 states/eV/atom for Pd and Mn atoms. Cf. text.
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and decagonal quasicrystals. The crystalline Al6Mn phase is
a phase where the band-gap stabilization effect is particul
evident. The unit cell hasCmcmspace-group symmetry~No.
63! and it contains 14 atoms per cell. Figure 10~a! represents
the density of states for this phase. The structure-indu
pseudogap in the Al band atEF coincides with the hybrid-
ization pseudogap in the Mn-d band, resulting in a very
deeep pseudogap in the total density of states. Figure 1~b!
represents the density of states for the system with the s
Al 85.7Mn14.3 composition, but in a liquid state at 1300 K
The model was prepared by molecular-dynamics simula
using realistic Al-Mn interatomic potentials.51 We see that a
shallow structure-induced pseudogap atEF in the Al band
persists also in the liquid state. The Mn band has the c
acter of an impurity band, broadened by positional disord
Due to the disorder there is no definite phase relations
between Al-sp and Mn-d states, and hence nosp-d hybrid-
ization and further no pseudogap in the total DOS. Fig
10~c! is the density of states of the decagonal AlMn qua
crystal with the Al85.1Mn14.9 composition.

Figure 11 shows partial densities of states of Al atoms
different phases – T, R, and decagonal phase. The phas
and R differ mainly through a different alignment of the
tiles in the quasiperiodic plane. This leads also to a differ
topological arrangement of Hiraga’s pentagonal colum
clusters. The effect of this rearrangement on the shape o
pseudogap aroundEF is evident. The characteristic spl
double minimum in the Al-DOS which exists in any larg
approximant to the decagaonal phase can be interprete
R-like arrangements of the structural units.

FIG. 10. Total and partial electronic densities of states of AlM
phases with different topological short-range order.~a! Crystalline
orthorhombic Al6Mn phase,~b! liquid phase at 1300 K with the
same composition,~c! decagonal AlMn phase with almost the sam
composition Al85.1Mn14.9. Full line indicates total DOS, partia
contributions to DOS: dashed line is for Al, dotted line is for M
ly
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The influence of diffraction of the Alsp states by pseudo
Bragg planes in a decagonal quasicrystal is seen in Fig. 1
represents dispersion relations derived from the position
the maxima in the Bloch-spectral functionF(k,E), i.e., a
density of states projected onto a plane wave with ak vector
in the quasiperiodic plane propagating along a twofold sy
metry axis, cf. Fig. 3. The projection is on Al states only.
low energy we can clearly observe propagating states w
parabolic dispersion relation aroundk vectors corresponding
to the strong diffraction peaks. These diffraction peaks c
respond to theG points of the 5D reciprocal lattice projecte
onto the 3D physical space.52,53At higher energies the propa
gating modes merge with many dispersionless bands.
also observe that the paraboliclike states originating fromk
vectors 0 and 26~in units 2p/a! intersect at energyE;1.0
eV below EF . Another pair of dominant free-electron pa

FIG. 11. Partial electronic densities of states of Al atoms
different phases. Influence of topological arrangement of penta
nal columnar clusters on the shape of pseudogap aroundEF . ~a!
Al-DOS in the T phase,~b! Al-DOS in the R phase,~c! Al-DOS in
the decagonal phase.

FIG. 12. Dispersion relations derived from the positions
maxima of the spectral functionF(k,E) of thet2-T approximant to
the decagonal AlPdMn phase, calculated as a projection of the
DOS onto a plane wave with a wave vectork vector oriented along
a twofold axis in the quasiperiodic plane, cf. Fig. 3. Propagat
states with parabolic dispersion aroundk points corresponding to
strong diffraction peaks atuku50, 26, 42, and 68 in units of~2
p/a! ~wherea is the lattice constant! are emphasized by full lines
Free-electron parabolas~full lines! corresponding to pairs of stron
diffraction peaks intersect close to the Fermi level.
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rabolas issuing fromk vectors 42 and 68~in units 2p/a!
crossects at the same energy. The strongG points form a
Fibonacci sequence along the twofold symmetry axis in
quasiperiodic plane. The distance 26~in units 2p/a! between
the strongG points corresponds to the longer element of
Fibonacci sequence. The same Fibonacci sequence of s
G points exists along any tenfold symmetry axis in the q
siperiodic plane. The intersections of the free-electron
rabolas is the dominant factor in the formation of a Hum
Rothery-like pseudogap in DOS.

V. DISCUSSION AND SUMMARY

We have performed first-principles calculations of t
electronic structure of large approximants to decago
AlPdMn quasicrystals and related crystalline structures~R,
T, t2-R, andt2-T phases!. These results supplement our e
lier investigations of a hierarchy of approximants to icosa
dral Al-Pd-Mn quasicrystals. For the icosahedral phases
had found that the 2/1 and all higher-order approximants~but
not the hypothetical 1/1 approximant! profit from an appre-
ciable band-gap stabilization through the formation of a d
DOS minimum at the Fermi level. We had also pointed
that the strength of the pseudogap depends not only on
electron-lattice interaction, but also in the hybridization
the Al-s,p states forming the pseudogap with Mn-d states.
This hybridization leads to an enhancement of the
pseudopotential matrix elements as shown some time ag
Heine54 and as recently discussed for the special case o
formation of Hume-Rothery pseudogaps in Al–transitio
metal alloys by Trambly de Laissardie`re et al.14

In the present paper we show that a structure-indu
pseudogap in the Al band exists also in the decagonal
Pd-Mn and its approximant phases. Again we have fo
evidence for the important role of thesp-d hybridization in
the formation of the pseudogap. However there are two
portant differences between the decagonal and icosah
phases:~a! due to the higher Mn content, the broadened
band overlaps with the Fermi level. This leads to a relativ
high DOS atEF . ~b! The effect ofsp-d hybridization in
formation of the shape of the pseudogap is more visible.
DOS minimum in the Al band is clearly split into two su
minima which coincide with similar features in Mn-ban
We have shown that this characteristic feature is clearly
lated to the existence of local arrangements of the struc
units such as they are found in the R phase.~c! The Fermi
level is pinned in the first subminimum of the total DO
contrary to the case of the icosahedral phase where the F
level is located in the second, deeper subminimum.

If we compare the crystalline and quasicrystalli
phases, we find that the importance of the Hume-Roth
like band-gap stabilization decreases in the sequence cry
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line ~Al 6Mn!—icosahedral ~Al 70Pd22Mn8)—decagonal
~Al 70Pd13Mn17) phases.

In icosahedral AlPdMn we could not identify any ind
pendent structural unit with increased stability.15 The basic
structural motif consists of large interpenetrating icosahe
clusters whose size may be extended to infinity by inflati
In decagonal AlPdMn phases such a unit has been ident
by Hiraga and Sun.22 It is a small pentagonal columnar clu
ter which seems to be a basic structural constituent of
discussed phases.

The DPH tiling observed in HREM images of AlPdM
phases can be obtained as a result of maximal-density p
ing of unit disks with the condition that the centers of t
disks are constrained to a subset of vertices of a bin
tiling.39 Decagons~D tiles! and pentagonal stars~P tiles! are
here identified with the unit disks. We can formulate als
complementary opinion to the origin of the decagonal or
based on the tiling of Hiraga’s small pentagonal cluste
Chains of relatively stable pentagonal clusters form sta
crystalline phases~T or R phase!. In this case the packing o
the small pentagonal tiles is densest, leaving open only s
rhombi inside the H tiles. Disordering this densest struct
opens pentagonal and decagonals regions inside P an
tiles, respectively, which are filled preferably by Pd atom
This regions can be considered as palladium-rich bubble
the network formed by chains of small pentagonal cluster
seems that the decagonal order in the plane is induced
dominantly by geometrical constraints for the packing
pentagons in a plane—in a similar way the densest pac
of disks in a plane induces hexagonal symmetry. Howe
this may be only partially true, as in the densest packing
Hiraga’s small pentagonal clusters these clusters would
also the region inside the D tiles. Therefore the D tile sho
also have certain relative stability supported presumably
the central region of the tile occupied mostly by Al and M
atoms. The role of Pd atoms can be seen rather negat
than positively in contribution to the stability. This view
also supported by the fact that thet2-R phase, which con
tains a smaller fraction of D and P units per cell~0.33 for
each tile!, is more stable than thet3-T phase containing frac
tions of 0.42 and 0.36 of D and P tiles per unit cell, resp
tively. For the stabilization of the decagonal phase is the
fore also important to consider the entropy term in the f
energy. This conclusion is in agreement with the experim
tal observation that the decagonal AlPdMn phase exists
as a high-temperature phase.22
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