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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 phasgPl,Mn,; 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 cliidearsfied by Hirageet al)
exhibit structural stability and play the role of a characteristic structural unit of all the discussed phases.
Formation of a pseudogap in the Ap band is observed and its origin and role in the stabilization of the
decagonal phase is discussg80163-18207)04201-X

[. INTRODUCTION order approximants to a variant of the same structural
model® The two theoretical results must not necessarily be
Quasicrystals differ from ordinary crystals by possessingcontradictory, because the lowest and higher approximants
quasiperiodic rather than periodic translational order and &how appreciable differences in their chemical compositions.
noncrystallographic orientational ordefcosahedrali) qua-  In addition, the last-mentioned calculations as well as studies
sicrystals are quasiperiodic in three dimensions. Decagon&f the electronic structure of clusters existing in the Burkov
(d) quasicrystals have a crystalline axis perpendicular to anodef® have demonstrated that the existence/nonexistence
quasiperiodic plane with tenfold symmetry. Soon after theof a pseudogap depends critically on the relative abundance
discovery of quasicrystals it was proposed that electronic efand the local chemical order of the transition-metal atoms. In
fects play an important role in understanding theirthis context it seems also to be fair to say that the Burkov
stability2° It has been proposed that diffraction by icosahe-model in its original form is probably not an entirely satis-
dral Bragg planes leads to the formation of a structurefactory description of the decagonal structure.
induced minimum in the density of statgsseudogapat the In the present work we concentrate on the theoretical pre-
Fermi level promoting a lowering of the structural energy ofdiction ~ of the electronic spectrum of decagonal
the icosahedral phase, as proposed by Hume-Rdttry  AIPdMNn.*~23 Our description of the atomic structure is
Jones for certain classes of crystalline alloysb initio cal- ~ based on the tiling of the quasiperiodic planes with decagons
culations of the electronic structure of icosahedral(D), pentagonal staréP), and squashed hexagofts) (DPH
quasicrystaf5have shown that although a pseudogap atiling) proposed by Hiraga and SéhThe electronic spec-
the Fermi level is ageneric property of the icosahedral trum of the decagonal approximants and related crystalline
phase, in most cases it is notspecificproperty associated Phases ranging from the R phase and T phase with 156 atoms
with quasicrystallinity. Pseudogaps have also been found iin the cell up to ther®-T phase with 2771 atoms has been

crystalline approximants and even in glassy and liquigcalculated using the self-consistent tight-binding—linear-
phases of similar compositidh® For the Al—transition- muffin-tin-orbitaf*?® (TB-LMTO) technique. We calculate

metal alloys it has been suggested very éafythat a the total and local densities of states and the total and partial
pseudogap can also originate from the antiresonance effe&lOCh-SpeCtl'a| functions. The chemical short-range order of
created by the strong hybridization of the transition-meital the structural models is optimized on the basis of the
band with thes,p band of Al. It has also been emphasized electronic-structure calculations. Formation of a pseudogap
that the proximity of the resonance energy and of a quasils observed in the Abp band, its origin and role in stabili-
Brillouin-zone-induced gap can lead to a special enforcemer#ation of the decagonal phase is discussed.
of the pseudogalf—** However, in each case one has to
examine very carefully the relative importance of structural
and sp-d-hybridization effects in the formation of the
pseudogap**®

Much less is known on the electronic structure of the The success in the preparation of the large thermodynami-
decagonal alloys. Whilab initio calculations for the lowest- cally stable quasicrystalline grains of the icosahedral
order approximants to decagonal AlCuCo alffyébased on AIPdMn phase initialized a boom of experimental and theo-
the Burkov modéf’ for the atomic structunepredict a pro- retical investigations. The structure and the properties of
nounced pseudogap at the Fermi level, this is contradicted bese materials are today well understdod@he preparation
photoelectron spectroscofyand calculations on higher- of large grains of the decagonal AIPdMn phase discovered

Il. QUASIPERIODIC PHASES
IN THE AL-PD-MN SYSTEM
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by Beeliet al?! has proved to be more difficult. The detailed
metallurgical investigation of the ternary Al-Pd-Mn phase
diagram in the region of quasicrystalline phases performed
by Audier et al?® and later by Gdeckeet al® has clarified
that around the chemical compositionfd;sMn ;7 various
crystalline phases coexist with the decagonal phase. The
high-resolution electron microscogifREM) images helped
to reveat’ a close structural relationship between the de-
cagonal phase and crystalline MMn (i.e., Taylor's phas&
or T phasg Hiraga et al?’ have performed a crystallo-
graphic study of AfMn in order to propose an atomic ar-
rangement for the decagonal structure. Two other crystalline
phases were identified in the phase diagram: one is related to
the Robinson phase ANi ;Mn 1,2° (this phase is hereto-
fore referred to as R phasand the other has two of its cell
parameters 2 times larger [r is the golden mean
r=(1++/5)/2] than those of the R phadeve refer to this
phase as the?-R phase; in Ref. 31 itis called tti, phase.
On the Pd-rich side of the phase diagram a stalgkase
with the approximate composition APd,,Mng is ob-
served. The icosahedral phase has a (Rgtable (2/1)-
approximant phasé with composition AbgPd,gMn, and is
related to thet phase described by Audiet al>® The icosa- <)
hedral phase also has a remarkable structural relationship to ¥ SYZHURNT N
the crystalline AkMn phase® "‘:}:;'g?.“}:?“tg‘:;g?‘
It has to be pointed out that although the HREM tech- %P AT A
nigue has led to the identification of the decagonal phase and .\" )!é'{
of a number of related crystalline phases, this technique does (0

&Y
8
)
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not yield precise mfo_rmatlon about the positions/chemistry S:”l‘u’i’)il\i‘\?“‘v’i
of all the atoms constituting the structure. On the other hand, N AR R
the single-crystal diffraction refinements performed by 'j‘vik.o}hgf. 2
Steureret al3* and Yamamotet al3® helped to clarify some NS N

details of the structure but even in this case averaging over
(phason disorder present in the structure puts rather severe e) f)
limitations on the accessible resolution.

FIG. 1. Structural models of the decagonal phase and its ap-
. ) proximants is based on a tiling of decagdiy, pentagonal stars
A. Structural relationships (P), and a squashed hexagdhb. The R phas¢a) and T phaséb)
The structure of the Al-Pd-Mn decagonal quasicrystal andre different tilings of H tiles. An elementary cell of botf-R
its related crystalline phases with 12.5 A periodicity can bePhase(c) and*-T phase(d) consists 62 D tiles, 2 P tiles, and 2 H
interpreted according to Hiraga and 2as different pack- tiles. The next larger approximant to the decagpnal phase is the
ings of a single pentagonal columnar cluster. The clusterd -T Phase phasg) consists of 6 D, 5P, and 3H tiles per elemen-
can be represented by pentagons in the projection onto tHé"y cell- (f) represents the DPH tiling taken from an experimental
plane perpendicular to the axis of the columns and wheneveiREM image(Fig. 2 in Ref. 34 containing two unit cells of the

. 3.T approximant to the decagonal phase. Thick lines show DPH
they share an edge, the two corresponding clusters are Iﬁe"rjlt%-Il(ir]g, thinner lines show the decomposition of DPH tiling to Hira-

through the two-fold screw symmetry operation. This pack: a’s pentagonal columnar clusters. The rectangles indicate the unit

ng rullf C?_n Jbe. deplttr:]ted b)([ aSSIQf]nlngt pentagons th. Collozgells. Coloring of pentagons represents twofold screw symmetrical
as In rig. 1. Joining the centers of pentagons perpendicular yelationship between the columnar clusters decorating pairs of edge-

to their edges forms a tiling that offers a unified descriptionShalring pentagons.

of the decagonal phase and its related crystalline “approxi-

mants.” ters is obvious from Figs.(i,d,8. In the following we will
While both R- and T- phases geometries become two difterm the tiling of these three supercells “DPH" tiling.
ferent tilings of a single hexagonal supercel[fFgs. 1a,b], Along the direction of the(pseudgdecagonal symmetry

the HREM image%-?*3®reveal that in decagonal phase threeaxis, the R and T phases can be desribed as stackings of two
other supercells occur: a pentagonal B a decagoD),  types of atomic layers® F (for flat laye) and P (for puck-

and an “octagonal ship’{O). While the D, P, and H units ered layey. The stacking sequence of layers within the unit
are typically found in the “bulk” regions of the images and cell is PFPpfp where the layer$ andf or P andp are

are stable upon temperature treatm@minealing, the O unit  planes related by inversion symmetry operation. In the per-
is typically found in boundary regions and is found unstablefect quasiperiodic decagonal phase without phason strains
upon annealing>®’ The mutual relationship of the D, P and the PFP and pfp sandwiches would be related by tenfold

H tiles and the small pentagons representing pentagonal cluserew symmetry operation. The presence of phason fluctua-
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tions or of a constant background phason strgiariodic
approximants breaks this symmetry and it is necessary to
redefine the layer relationshipacally for each type of su-
percell constituting the tilingsee next subsectipn )
While the “ideal” quasiperiodic tiling by all four D, P, H
and O units can be described as a projection of compact
atomic surfaces embedded in five-dimensidibal) space(it
is a decoration of the binary Penrose tilinthe true quasi-
periodic DPH tiling has a nontrivial 5D representation with
fractal atomic surfacé® and it is closely related to the ge-
ometry of the maximal density disk packing with decagonal
symmetry>® The approximants used in this study are based
on the DPH tiling.

B. Structural models Ro¥
In this section we at first briefly introduce the tiling- ~Slg %
decoration approach to the quasicrystal structure modeling ¢ °° 3
that allows efficient parametrization of the periodic and qua- SOAYE
siperiodic structures with arbitrary phason strains by few pa-
rameters. The parameters—coordinates and chemistry of the
“topologically inequivalent sites”—are then the input for
self-consistent electronic structure calculations. Our model
of the d-AlIPdMn phase and its periodic approximants is for-
mulated as a decoration rule for the DPH tiling; we describe
the decoration rule and characterize the five approximants
studied here. FIG. 2. Structural model for the®-T approximant to the de-
cagonal AlIPdMn phase: Projection of the positions of atoms of an
unit cell on a plane perpendicular to the periodic axis. Open circles
The quasiperiodic or periodic tiling-decoration model is denote Al atoms, large closed circles denote Pd atoms, small closed
obtained by assigning to the tiling objedigertices, edges, circles denote Mn atoms. Thick lines show DPH tiling, thinner lines
faces...) identical atomic motifs. This procedure reduces theshow decomposition of DPH tiling to Hiraga’s pentagonal columnar
problem of identifying an infinite number of inequivalent clusters.
atomic positions in the quasicrystal to that of determining a
finite set of sites assigned to the tiling objects. The numbeplace the pentagonal cluster: Figgc,d,9 illustrate that the
of topologically inequivalent sites is further reduced if we ambiguous regions that remain are near the centers of the D
demand that the atomic motif has to have the same poirand P supercells. The same figure reveals an interesting con-
symmetry as the tiling object to which it is “bound.” For sequence of the twofold screw relationship between the
example, all pentagonal rings of atoms bound to the verticegdge-sharing pentagonal motifs: while the D fites well as
of the tiling are represented by a single topological site withH tile) appears in asingle flavor, there are twalistinct
pentagonal symmetry. flavors of the P tile: its central part decoration is constrained
An important aspect of this concept is that it offers controlby either five white or dark pentagons. Thus, a generalization
over theaccuracy within which the atoms merged into of the R- and T-phase model require§) guessing the
single topological class are equivalefmote that in quasi- PFP motif for the central region of the D tile; the P§p)
crystal,noneof the atomic environments are strictly equiva- motif is related to it by the tenfold screw symmetry opera-
lent). For example, if it turned out that the atomic positionstion, (ii) guessingooth PFPandpfp motifs for the central
in the pentagonal rings bound to the tiling vertices should beegion of the P tile; these are twdistinct motifs. The
occupied by more than one species, they could be “rewhole structure could be then interpreted as a packing of two
bound” to other tiling objects with lower point symmetry, robust columnar motifs associated with the D and P tiles; the
thus splitting the single topological class into more classed) columns with tenfold screw symmetry are mutually related
and effectively increasing the cutoff radius within which by pure translations in the quasiperiodic plane, while the P
each atomic position belonging to a topological class iscolumns with only pentagonal symmetry split into two fla-
strictly equivalent. vors that are mutually related by tenfold screw symmetry
In the following, we will loosely refer to our atomic (plus translation in the quasiperiodic plaraperation.
model ofd-AlPdMn and its approximants in terms of deco- As a D(PFP) and PPFP) and Ppfp) motifs we again
ration of the D, P, and H tiles. However, the actual “bind- adopt the proposal of Hiraga and S@mhich is in turn in-
ing” we used employed five flavors of vertices, edges, andspired by—but not identical jahe proposal of Steurest al.
the P and H tiles were broken into triangles of two flavorsbased on single-crystal refineméft. Topologically, our
and rectangles, yielding 31 topological sites for general DPHnodification of Hiraga’'s model consists in avoiding some
tiling model (see Fig. 2 pairs of atoms too close to each other: all of these conflicts
Our decoration rule for the DPH tiling follows closely the can be resolved by splitting the puckered layePsgnd p)
proposal of Hiraga and StfA.At each DPH tiling vertex we into sublayers, truly reflecting the “puckering.” In our

1. Tiling-decoration model
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TABLE |I. Structural characteristics of our DPH-tiling from a combination of Patterson analysis and HREM. The
d-AlIPdMn model. Al, Pd, and Mn contents are given fractionally, orthorhombic unit cell with lattice parametess=14.8 A,
the last two columns give frequendyelative to the P-tile fre- p=12.59 A, c=12.42 A contains 156 atoms. The space
quency and fractional volqmes associated with each kind of tile atgroup isPnma(No. 62. Chemical order has been slightly
zero average phason straecagonal staje idealized: the positions denoted as jand Mng are occu-
s pied in the original model with 50 and 40 % probability,

Atoms Al Pd  Mn plat A7 f Vi respectively, by Al atoms are now occupied by Al atoms
D 282 0.716 0.149 0135 0.0677 1236 0.618 only. All other fractional occupancies were replaced by the
P 169 0686 0.118 0196  0.0656 1 0.309 Majority atom. This replacement preserves the columnar
H 78 0692 0.103 0.205 0.0677 0.527 0.073 Pentagonal cluster_s_ of Al-Mn atoms constituting the_back—
bone of the DPH tiling geometry. The modification slightly
decreases the content of Mn atoms in the model to
Al .9 Mn,o5. As already noted although the detailed infor-

. X . dnation about the positions of atoms is available from the
The interesting feature of our model is that we attempte : N : .
x-ray refinement, we preferred a model with idealized posi-

to optimize the chemical short-range order on the basis of thﬁons of atoms. The idealized model is thus consistent with

local electronic-structure calculations. The result is summa- .
rized in Tables | and Il where we display the chemical com-Other models of larger approximants to decagonal phase de-

position and atomic densities of the D, P, and H tiles them—scnbed below. Figure (&) .ShOWS the quecﬂon of the unit
. : Lo .cell on the plane perpendicular to the “decagonaléxis. In
selves and in approximant phases. The optimization is ) . LS _
) X . . our model of idealized T phase we distinguish 15 topologi-
discussed in detail in Secs. IV B and IV E. In Fig. 8 we show X .
. . . cally different sitegsee Table .
the precise placements of the 31 topological sites and theif .
N : The structure of the complex orthorhombic phase
chemical identity. ; )
Al goNi sMn 1, was crystallographically resolved several de-
_ cades ago by RobinsR*® The unit cell @=7.75 A,
2. Approximants b=7.75 A, c=12.5 A has orthorhombic symmetry, space
As we already noted the quasiperiodic DPH tiling is de-groupCmem(No. 63 and contains 156 atoms. The Ni atoms
fined by acceptance domains with fractal boundaries an#ere replaced by Mn and in order to preserve the structure of
therefore the construction of periodic approximants cannothe pentagonal clusters existing on the T phase, theafdm
be approached within the hyperspace scheme. Finite-size ayas replaced by Mn. With this modification, the composition
proximants to the quasiperiodic DPH tiling can be obtained®f the R phase is identical to that of the T phase. The sche-
by the Monte Carlo technique as described in Ref. 39, or ongatic representation of the T- and R-phase models in terms
has to follow the7%-inflation procedure of Cockayrié,or ~ Of colored pentagonal tilingthin lines and H tiling (thick
the small approximants used here can be simply constructdthes is shown in Figs. (a,b. _ _
by hand. Our approximant with the biggest unit cell was The next smallest possible approximants contain already
inspired directly by experimental HREM imagfrigs.  all three kinds of D, P, and H tiles. In analogy to the T- and
1(e,H]. R-phase tilings, the two basic variants are possible:
The sequence of five approximant models we study heré -T"and “ -R” [Figs. 1(c,d]. While the 7-T structure
includes: T and R phases containing only H tile;R and  is @ hypothetical phase, the¢-R phase has been observed
72-T phases being the smallest possible approximants cor@xperimentally. The intricacies of the equilibrium phase dia-
taining all D, P, and H tiles, and a model of7&-T phase gram leading to the formation of decagonaléfR phase are
with 2771 atoms in the unit cell Standing as a fa|r|y gooddescrlbed in Refs. 26, 36, and 40. A distinct structural fea-

approximation to the decagonal phase. ture of both DPH tilings is that each containsiagle kind

To retain a consistency among the chosen set of modeff P tiles.
we had to adopt certain idealizations. Althought the atomic Interestingly, bothr*-T and 7°-R DPH tilings may occur
coordinates in the unit cells of R and T phases are availabl# variants, even if the network of D tiles is fixed. This is due
from diffraction refinements, we preferred to use uniformly to the fact that the P and H tiles form infinite open chains,
for all models the “idealized” coordinates which are in the
projection onto the quasiperiodic plane integer linear combi- TABLE Il. Structural data of the crystalline R and T phases and
nations of the appropriate pentagonal basis vectors. Anoth&AlPdMn approximants. Lattice parametesandb are given in
idealization consisted of replacing fractionally occupied sited® units of the pentagon edget,=4.8 A (see Fig. 1
observed in the T phase by fully occupied sites; the chemica— (7+2)"" ¢ parametexrepeat along periodic ajiss 12.43 A.
order in both T and R phases has been adjusted to facilita ast column reports the numbers of topologically inequivalent sites
the comparison of the total electronic energies. Thirdly,In each model.

model, each puckered layer is splitted into four sublayers.

all lattice parameters are set to values corresponding D P H Aoms a b Topo

to a center-to-center pentagon spacinglpt4.8 A, and the

periodic repeat distance perpendicular to {{pseudgde- T phase 2 156 72 ™ 15

cagonal plane te=12.43 A according to Audieet al?® R phase 2 156 7 g 15
The model of the T phase is based on structural data ob2-T 2 2 2 1058 By 31

tained from the single-crystal x-ray refinement of Hiraga 2R 2 2 2 1058 72 7 31

et al?” The chemical composition of their sample was close,3.T 6 5 3 27171 Py 31

to AlzMn. A detailed structural information was obtained
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nal quasicrystals—the decagonal cluster tile)—involves

100 PRI To * o Y o * o
Ooo $o °o';, ,;'o°° o% OoQ more than 1000 atoms in the unit cell. As the quasicrystals
b OOO°° °O Oo 3 are typically multicomponent systems, a self-consistent cal-
e o ° LI S o e culation of the electronic structure is necessary. This is par-
_ 50 10.% %) @ He0° % SO ticularly important in the case of the AIPdMn system con-
oo 00 0o %00 T2 aohmzo R 0L o, taining two different transition metals where the interaction
N O e %, 040, KT8 L o ;s fth it -
B BN, 8 gt g sy T of the tr_gnsmon-mgtal atoms leads to significant char_lges of
o T _ m° [«\ 0‘:;;& T sl the position and width of the bands of the two transition
- R T OV e O I W L Oy metal§?~** during the self-consistent iterations. Fortunately
o SRR e ST Flo N AP quasicrystals are ordered systems and the number of locally
- eO;. A CHO T o IS i O topologically nonequivalent sites is limite@vithin a finite
Co R g e o g e” cutoff radius, see Sec. 1 B)lin our model we consider
-50 9°2°°.°°g. A g} Pl O . o°°°9° around 30 topologically different sites.
o o ore0 O00n,, o R CONENCTE I For such systems we used with success the self-consistent
s ,,°°-O':O‘.’°°' Sousth” %2 400, OOO 3 real-space tight-binding LMTO method. The method is
- 8 oQ 3o o o7 °°.°°° P Oo ba;ed on the tight-binding LMTO formalisffi.The Ha}mll-
-100 eldobella st Pl e LAl epp 1t b e It £ tonian is transformed from the standard LMTO basis to the
-80 -60 -40 -20 0 20 40 60 80 most localized tight-binding basis. Some details of the appli-
cation of the TB-LMTO formalism to quasicrystalline ap-
k X (2n/a) proximants are given also in our previous pap&he LMTO

structure constants are calculated for each atomic site, in-

FIG. 3. Neutron-diffraction pattern of the®-T approximant to ~ cluding all neighbors within a sphere containing 20 atoms on

the decagonal AIPdMn phase in a plane perpendicular to the perRverage. For the construction of the Hamiltonian we used as

odic axis. Areas of the circles are proportional to the intensity of thethe initial potential parameters values tabulated for the pure
diffraction peaks. metals. The two-center TB Hamiltonian in thewdin ortho-

. ... .normal representation is determined in terms of an expansion
contrary to the decagon_al state \_/vhe_n each such chain is finitg powers of the nonorthogonal TB Hamiltonian in the
a_nd surrounded by D tiles, V\.’h'Ch IS a consequence of th‘§creened, most localized basis and the overlap matrix. This
b]nary c_:haracter of the DPH tiling. The. open cha!r)s may beexpansion is truncated at the second-order term. The local
flipped in such a way thdtoughly speakingthe positions of o jties of state€DOS) of all topologically nonequivalent

P and H tiles are altere@nd the P tile changes flayoiThe atoms are calculated using the recursion metlidthe local
variants correspond to distinct atomic structures. In this PanOs was obtained by summation over contributions from
per we _con_sider only one variant of each of the two phasesS' p, andd orbitals. We used typically 20 recursion levels
shown in Fig. 1. . . . . and the Lucchini-Nex terminatdf. Good results were ob-
FlnaII.y, 3the approximant with the biggest unit ccé\lrl/e. tained also with the Gaussitdnterminator. The valence
denote it7°-T following the nomenclature based on lattice charge density of an atom is reconstructed from the moments

para_meter)swe C(_)nsidered here is showr_1 in Figell The of the local DOS. The core charge density is obtained from
relative frequencies of the D, P, and H tiles are 6:5:3, very

. L relativistic self-consistent calculation of free atoms. The
close to the relative frequencies in the trge dgcagonal Stat‘ﬁ/ladelung constants are calculated by the Ewald summation
equal to 1.236:1:0.5271Note that the relative tile frequen-

. : technigue. The Kohn-Sham potential is constructed within
cies are only a function of a constant background phaso

the local-density approximation. For the exchange-

strain; therefore they apply to both perfectly quasiperiodic otyq e|ation potential the Barth-Hedin formula is ugd.

randog’n (:]ecagonfl .DgH t'lr']ngs mftthhg case Of_ zer? back- We performed the calculation in real space, i.e., only for
ground phason strainOur choice of this approximant was theI" point in the Brillouin zone. As this is not satisfactory

g_wded by seyeral C”te.”a.‘: we wanted to test a model of aenough for T and R phases with a relatively small unit cell
size approaching the limitations Qf our computer resqurce%l% atom§ we constructed a supercell containing eight el-
and—Iast but not least—a few unit cells of this approximant

ementary cells, i.e., 1248 atoms. Such a multiplication of the
elementary cell does not increase the number of topologi-
Hélly nonequivalent sites and the computer time scales lin-
early with the total number of atoms in the supercell. The
ergy resolution depends on the number of recursion levels,

can be clearly identified in the experimental HREM imitlge
of the decagonal phase. Figure 3 shows the calculated ne
tron diffraction pattern for the-T phase in a plane perpen-
dicular to the periodic axis. Note the almost perfect tenfold

symmetry of the pattern and the quasiperiodic sequence hich is, however, limited by the size of the model. At the

intense difiraction peaks along the twofold axes. The NUMand of the self-consistent iterations we increased the energy

bers of atoms per unit cells, their tile content, lattice paramyesolution by increasing the number of the recursion levels to

'50. We increased correspondingly the size of the model by
multiplication of the elementary unit cell to more than 8000
atoms.
The integrated total density of states was calculated by
summation over the local DOS. We calculated the total DOS
The smallest approximant to the decagonal quasicrystailso by the recursion technique utilizing randomly phased
containing the characteristic structural feature of the decagorectors as the initial vectors. We got almost the same results

each approximant can be found in Table II.

Ill. SELF-CONSISTENT REAL-SPACE TIGHT-BINDING
LMTO METHOD
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for both approaches. This proves that the choice of the re-

stricted number of the nonequivalent sites in the models with .5 E alPaMn-1s1 M2| € )
a large unit cell is sufficiently representative. ~ 1.0 E
The information about the local DOS allows to evaluate o =
the local contributions to the band energy from the individual E 0.5 E
sites. We used this information for optimization of the S g0 &
chemical short-range order in our models. w T F
In addition to the local and total densities of states we S 1.0 ¢
calculated also the Bloch-spectral functions for selected di- o -
rections ink space. The Bloch-spectral function can be con- @ 0.5 ¢
veniently calculated by the recursion method using a plane o 0.0 Bt
wave as an initial state. Details are given in our previous — E AlMn-R al
papers'® ~ 1.0 £
L] E
Z 0.5 ¢ )
IV. ELECTRONIC STRUCTURE = = IR
0.0 breo MERET SN FINRATTE

A. Electronic structure of the T and R phase

Figure 4b) shows the total and partial Al and Mn densi- -15-10-5 0 5
ties of states for the model of the T phase. The T-phase E-Ef (eV)
model with the composition Al Mn 5 5 shows an Al band
with a width W= 10.2 eV that is slightly lower than thatin  FIG. 4. Total and partial electronic densities of statés:
pure crystalline AW = 11.4 e\). The structure of the Al AIMn-R phase, (b) AIMNn-T phase, (c) 1/1-approximant to the
band is essentially free-electron-likgaraboli¢ over a wide icosahedral AIPdMn phase. Full line denotes total DOS, partial con-
energy range and shows a broad and deep depression arouributions to DOS: dashed line is for Al, dot-dashed line is for Pd,
the Fermi level. The minimum of this pseudogap is about 0.7nd the dotted line is for Mn.
eV above the Fermi level. The Mn band has its maximum
about 1.3 eV below the Fermi energy. Because of the relaapparently the hybridization effect increases with increasing
tively high Mn concentration and the chemical order the Mn-Mn content, which is much higher in the case of 1/1 approx-
d band has lost the character of an impurity band and th@mant than in the icosahedral APd,;Mng phase(see Ref.
bonding—antibonding  splitting that characterizes the1s).
transition-metadd bands should be considered in the forma-  As the difference in the structure of the T and R phases
tion of shape of the band. The Fermi level is located near @onsists of a different arrangement of the same H tiles and
small local minimum of the total DOS created presumablyhence the chemical composition of both models is the same,
by the hybridization of Alsp band with the Mnd band. The  we can verify the relative stability of both phases by com-
DOS atEg is relatively high. parison of the band energies/atom. From the Andersen force

Figure 4a) shows the total and partial Al and Mn densi- theorem? it follows that under these circumstances the dif-
ties of states for the R phase. Our model for the R phase hdsrence in the total energy is equal to the difference of the
the same compositiotAl ,dMn o5 as the T phase and band energies. We found the band energy to be by
shows an Al band with a widtiv of 10.2 eV, the same as in AE,,,~166 meV/atom lower for the R phase, indicating
the T phase. Although the structure of the Al band is essenthat the local DOS minimum in the Mn band promotes a
tially free-electron-like, it is again dominated by a deepcertain amount of band-gap stabilization.
pseudogap around the Fermi level. The pseudogap is more
structured than in the case of T phase and exhibits a double
well shape. The local subminima of the double-well are
separated 1.7 eV. The Fermi level is located between them. The unit cells of bothr>-R and 72-T phases are already
The Mn band has its maximum similarly as for the T phasdarge enough to contain all substantial ingredients of the de-
about 1.2 eV below the Fermi energy. The Mn band has ircagonal phaséthey each contain one pair of D, P, and H
its upper part again a clearly resolved shoulder. The Ferntiles) and can be considered as the lowest-order approximant
level is located near a small local minimum of the total DOSphases to the decagonal quasicrystal. As we have already
created by the coincidence of the shoulder of thediband  noted the crystallographically solved T-phase structure deter-
and the first subminimum in the Al band. A similar coinci- mines the decoration of H units, but there is a certain ambi-
dence of the second subminimum in the Al band with theguity in the decoration of the P and the D units. The HREM
next local minimum in the Mn band creates a deepobservations provide information about the relative positions
pseudogap in the total DOS at 1 eV above the Fermi levelof the Al and transition-metal atoms but they cannot distin-
The upper part of the Mn band fills the pseudogap in the Alguish between different transition metals. Beeli and
band and consequently the DOS B¢ is again relatively Horiuchi*! attempted to solve this problem by comparison of
high. The coincidence of the local minima in Apband and the simulated HREM images with those experimentally ob-
Mn-d band indicate that they may originate from tep-d served. The single-crystal diffraction refineménté cer-
hybridization. It is remarkable that a similar split double- tainly obscure the short-range chemical order by averaging
minima structure of the DOS has been observed also for thever phason disorder, and HREM refinentértione cannot
1/1 approximant to icosahedral APd;sMn ;5; see Fig. 4c).  be considered as reliable and/or accurate; it is of interest to

B. Optimization of the chemical short-range order
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test and complement this information by local electronic-

structure calculations. We attempted to optimize the chemi- 1.0 f
cal short-range order on the basis of the local electronic- .
structure calculations. 0.5 ¢

Structural differences in the total energy are of the order
0.1 eV/atom and therefore high accuracy in the calculation of
the electronic structure is necessary. The extremely accurate
total-energy calculation of so complex quasicrystalline ap-
proximants exceeds the accuracy accessible by our method
and for more accurate methods the size of the mobeh8
atoms is prohibitively large. Thus, we can only compare the
structural energies dtixed stoichiometry and atomic den-

(states/atom/eV)
N
(o]

sity. _ 20 i ,':

The number of different topological sites is 31. Each site B o by L P
is occupied by one atomic species. In our models we do not = Foa)
allow fractional occupancies. Each topological site has in the 0.5 f o
model a multiplicity which ranges from &.g., the site in the C r/ﬂ‘f’/\ of
centers of the decagonal tile® 200 (Al atoms in the small 0.0 STTIY AR N

pentagonal clustersThe optimization of the decoration is

based on the analysis of the contributions from particular -15-10 -5 0 5

sites to the band energy of the model. By exchanging the E-EF (eV)

occupations of a pair of sites we tried to lower the band

energy. Stoichiometric constraints reduce the number of pos- FIG. 5. Total and partial electronic densities of states for vari-
sible configurations. Although the band-energy informationants of the structure of the>-R phase differing in chemical deco-
alone does not guarantee to obtain the configuration with theation: Dashed lines: Decoration close to the proposal by Beeli and
lowest total energy, it certainly excludes all energeticallyHoriuchi (Ref. 21 with Al'and Pd atoms in the decagonal ring of
clearly unfavorable configurations. We considered also th&e central region Mn atom in the center of the D tile. Full lines:
size of atoms and the nearest-neighbor distances. We egptlmlzed decoration with the Pd atom in the central position, Al

) . ) . and Mn atoms alternating in the central decagonal ring. Other dif-
cluded also configurations which lead to unphysically Iargeferences, see also, in Figs. 2 and 8. Partial contributions to D&)S:

char'ge transfer. among atoms. ' - Al, (b) Pd, (¢) Mn, (d) total DOS.

First we optimized the decoration of the DPH tiling for
the model of *-T phase. We started from the decoration gther approximants to the decagonal phase. The resulting
close to the proposal by Beeli and HoriuchiDuring the  decoration is shown in Figs. 2 and 8 and it is further dis-
optimization we tested 14 different chemical variants. Wecyssed in Sec. IV E.
observed that the small pentagonal Al-Mn clusters dominate In Fig. 5 we show the total and partial electronic densities
the stability of the whole structure. The deep pseudogap inf states for variants of the structure of th&R phase dif-
the Al band around the Fermi level contributes to the lowerfering in chemical decoration. Dashed lines corresponds to
ing of the band energy and the existence of the DOS minithe initial decoration with Al and Pd atoms in the decagonal
mum seems to be the most important stabilizing principle. ring of the central region Mn atom in the center of the D tile.

The decoration of the small pentagonal clusters almoskull lines show the result for the optimized decoration. We
completely determines the decoration of the H tiles andan see the dramatic change of the total and partial densities
leaves only little ambiguity in the decoration of the P tiles. Of states of all components. In the optimized configuration
The decoration of the D tile is dominated by the centralthe Al band exhibits a deeper pseudogap at the Fermi level
region which in the projection on the plane perpendicular tc@nd apparently promotes the stability of the system. Also the
the decagonal axis appears as a decagonal(dhgFigs. 1~ maximum and the center of gravity of the Mn band are
and 2. It is occupied mainly by transition metalM's), as qlearly shifted .to_ I_ower energies. We note that the composi-
is evident also from the HREM images. It is formed by gtion of the . initial - decoration (Al 67-5Pd15M.n 1.7-5) was
sequence of pentagonal TM and Al rings around the centr omewhat different from that of the optimized model
TM atom. Contrary to the proposal of Beeli and Horitfhi Al 70d1MN 169
we found it energetically more favorable to place the Mn
atoms on the pentagonal TM ring and a Pd or Al atom in theC- Electronic structure of the approximant phasesr?-R, 72-T,
center, see Fig.(8). Putting a Mn atom in the center leads to and 7°-T
a large charge transfét.2 electron from the Mn atom with Figure 6 shows a comparison of the total and partial Al,
a very narrowd band positioned at the Fermi level to the Pd, and Mn densities of states for the models of theR,
surrounding atoms. The Pd atoms are located mostly inside?-T, and>-T phases. The overall electronic structure of all
the D tile between the central decagonal ring and the outethese approximants to the decagonal phase is rather similar.
ring of the pentagonal Al-Mn clusters. Some Pd atoms ard’he bandwidthw of 10.0 eV is the same for all three sys-
also located inside the P and H tiles. The optimized decoratems and is almost the same as in the case of the T and R
tion of the tiles found for the?-T phase was applied also to phases. The structure of the Al band is essentially free-
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-15-10 -5 0 5 FIG. 7. Total and partial electronic densities of states of the
72-R AIPdMn phase. The chemical composition is varied in order to
E- EF (eV) study the influence of different chemical decorations on the form of

the DOS.(a) All sites are occupied by Al atomgbh) only Pd atom
FIG. 6. Total and partial electronic densities of states of AlP-are replaced by Al atomgc) original AIPdMn composition(d) all
dMn phases(a) 7?-R phase(b) 7-T phase,c) 7°-T approximant transition-metal sites are occupied by Mn atoms. Full line denotes
to the decagonal phaséd) 8/5-approximant to the icosahedral total DOS, partial contributions to DOS: dashed line denotes Al,
phase. Full line denotes total DOS, partial contributions to DOS:dot-dashed line denotes Pd, dotted line denotes Mn.
dashed line represents Al, dot-dashed line represents Pd, dotted line

denotes Mn. total energy is equal to the difference of the band energies.

We found the band energy to be BE,.,;.~85 meV/atom
electron like(paraboli¢ near the bottom and shows a broad jower for the 72-R structure. Ther*-T phase has a slightly
depression around the Fermi level. Higher precision calculagifferent composition than the others and therefore a similar
tions for models with repeated elementary cells and morgomparison is not meaningful. However, from the relative
recursion levels reveal details of the form of the pseudogapsition of Ex with respect to the local minimum we can
in the Al banq. It consists of two local minima §eparated .byexpect a lower stability than of theé-R phase. This agrees
1.2 eV. The first one is 0.2 eV below the Fermi level, while it the experimental observation that the decagonal phase
the second one is about 1 eV abdsg. exists as a high-temperature phase where the stabilizing con-

h Thte broaq Mn b%ndtislfgrm\;a% elsse?rt]ialli):/ bys_talltes.l 't tribution from the entropy term can overrule the higher en-
as its maximum about 1.2 eV below the Fermi leiel. ac?rgetic stability of the crystalline?-R phase.

The. decreasmg part (.)f the band is modulated by tWQ loc We have already noted in Sec. IV A a similar splitting of
minima. The first one is located very close to the Fermi level

(at —0.2 eV) and splits the band at a relatively high densityAI and Mn bands can be recognized also in the electronic

of states. The second one lies deeper and is about 1 eV abo%ucmre of the icosahedral _AIPdMn phase; see Hd). t
the Fermi level. The position and distance of these localS Particularly well resolved in the case of the AlPdMn 1/1
minima are almost the same as those in the Al band. approximant which has similar content of Mn atoms as the
The coincidence of the position of the pair of local décagonal phase in Fig(@. We assume that this splitting
minima in the Al and Mn bands gives rise to the correspondlas origin insp-d hybridization between A$sp states and
ing features in the total DOS. The Fermi level is located veryMn-d states. This local subminima can contribute to the sta-
close to the lower-energy local minimum and fits best to thedility of the system, however, the main contribution to the
minimum for 72-R phase. This could explain the larger sta- stability comes from the deep depression in the Al band,
bility of this phase in comparison to the-T phase. The which is created by the Hume-Rothery-like mechanism. This
latter has not been observed experimentally. The differencbolds for the icosahedral and decagonal phase as well, but
in the structure of both models consists in the different arthe effect of thesp-d hybridization is larger for the former
rangement of the same DPH tiles and hence the chemicane. It is also interesting to point out that, while for the
composition of both models is the same, we can again verifglecagonal phase and for the 1/1 approximant-f&dPdMn
the relative stability of both phases by comparison of thethe Fermi level is located near to or at the first local mini-
band energies/atom. From the Andersen force thedté@m mum, in the case of-AlIPdMn the Fermi level is located at
follows that under these circumstances the difference in théhe second minimum.
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FIG. 8. Structural model for
the 72-T phase: Projection of the

_ _\Qiz' 9 i \9 14_24_7 5 positions of the atoms of half of
\ d \ 26 / ()2 the period(PFP planeson a plane
2o ¢ 1 1 3 22 perpendicular to the periodic axis.
& ()29 s 9 02‘9 - &° Open circles represent Al atoms,
\ 12 '€§ 4 ¢ 42 Ti0 large closed circles are the Pd at-
1 8 .310 015 ° 015 O o (2 'Q\ d" oms, small closed circles are the
}\703 & 156 03// 171 \ PN Mn atoms. The labels at each site

O\ 4 7 O 23 1O Om\ NN indicate the toplogical type, cf.

0 310 O it 0 Y )
& ¢'C d GC e '3 i : i
¥ \ g 4 \ Fig. 6. Full lines show DPH tiling,

dashed lines show decomposition
of DPH tiling to small pentagonal
columnar clusters.

The Pd band forms a broadband with maximum aroundvith a weak structure-induced modulation of the shape of the
~4 eV belowEg . Pd atoms have almost the same size as ADOS in the interval from—3 eV to 1 eV arouncE:. The
atoms and they can replace Al atoms. The role of the thirdbandwidth is 11.3 eV. Figure(l) proves the important role
element is usually seen in the tuning of the position of theof Mn atoms in the formation of the pseudogap in the partial
Fermi level relative to the local minimum in the total DOS. A|-DOS around the Fermi level. The bandwidth is reduced to
As the charge transfer to Pd atoms is small this effect is no{p.2 ev. We assume that the pseudogap in the Al band is
too significant. It is interesting to observe the shallow de-gominantly structure-induced. We note that the electron-ion
pression in the Abp band just around the position of the mayrix element which enters into the condition for creation
maximum of Pd band. Its origin can be attributed to theyt 4 nseudogap by the Hume-Rothery mechanism is small for
hybridization between the Adp band and the Pd-band. the electron/atome/A) ratio of pure Al ©/A=3) and in-
creases with decreasimgA ratio. Most Al-based quasicrys-
tals have almost the same bandwidth, around 10 eV, and the

We have attempted to examine the role of the differencorresponding/A ratio ranges from 2.0 to 2.4. The effect of
chemical constituents in the formation of the characteristidthe pseudogap in the DOS on the stability of the system is
features of the DOS of the AIPdMn phases. Figure 7 show&nown and it seems that it is just the pseudogap in Al-DOS
the electronic structure of the?-R phase with different which significantly contributes to the stability of the whole
chemical compositions. FiguréaJ shows the total DOS of a system. The shape of the pseudogap is again a split double
model where all Al-Pd-Mn sites are occupied by Al atomsminimum. The origin of this feature is presumably in the
only; Fig. 7b) represents the DOS of a phase where only thesp-d hybridization between Asp band and Mnd band. Re-

Pd atoms are replaced by Al atoms; Figd)7is the DOS of placement of further Al atoms by Pd has several effects on
a phase with all transition metals replaced by Mn atoms. Théhe Al-DOS; see Fig. (¢): the DOS in the region around
system with Al atoms only is essentially free-electron like,Eg clearly decreases and the missing states appear as a Pd

D. Role of chemical constituents
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band in the region around 4 eV belowEg. The hybridiza-

tion between the Abp and Pdd bands creates a shallow
depression in the Al band around the maximum of the Pd
band. Eventually the bandwidth is further reduced by 0.3 eV
which also possibly shifts the position of the Fermi level into
the local minimum of the total DOS created by the coinci-
dence of the positions of the local minima in the Al and Mn
bands as discussed above. The effect of a replacement of all
Pd atoms by Mn atoms is seen in Figdy Due to the
broadening of the Mn band the total DOS arouid is
strongly enhanced. The depression in the Al band disappears,
otherwise the shape of the Al band remains intact. The band-
width is further reduced to 9.7 eV.
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It is also interesting to examine the local DOS at the to-
pologically inequivalent sites. Figure 8 shows the projection
of the PFP layers, i.e., the first half of the period of the _10 0 -1
model 72-T phase on the plane perpendicular to the the de-
cagonal axis. Numbers at the atomic sites distinguish differ-
ent topological sites. Only the types 10 and 30 are projected
on the same place. The decoration of the second half of the
period, i.e., of thepfp layers is analogous. It contains the  FIG. 9. Local densities of states of topologically different sites
same topological types. The exceptions are tygleéated at in the 72-T phase. The topological type is indicated in the upper left
inner corners of the pentagonal stanghich does not occur ~Corner. Chemical type and multiplicity of the site are indicated, cf.
in the first half of the period, but occurs in the second one,':ig- 8. The range of the vertical scale is 1.0 states/eV/atom for Al
and type 7, which does not occur in the second half of théttoms and 5.0 states/eV/atom for Pd and Mn atoms. Cf. text.
period. The same holds for types 18, 19 and 20, 21. In the
projection we see two types of small pentagonal clusters: onparticularly suitable for palladium atoms. The same holds
is centered by A, or with Mns, and the other is centered by also for the sites Pg (20 site3 and P¢ (10 siteg and
Al ,6. We note that the decoration of both clusters in thePd; (10 siteg inside the pentagonal tiles P. By comparison
second half of the period is just reversed. The assignment dhe DOS of Pdg is shifted to lower energies, possibly be-
chemical species to the topological sites was obtained by theause of the interaction with the neighboring Msites. Po-
optimization procedure described above. sitions 6 and 7 could be occupied also by Al atoms. The

Figure 9 represents the local densities of states for 3proposal presented here is a consequence of stoichiometry
topologically nonequivalent sites. Multiplicitiggveighty of  considerations. The positions Bd8 siteg and Pd, (8 sites
all sites are also indicated. The unit cell of th@T phase inside the H tile are less favorable, but their relative weight is
has 1058 sites. The greatest multiplicity belongs tg,A200  not too significant. From our calculations we found that the
siteg and Al,, (104 site$. These atoms together with Al position in the center of the D tile is not proper for Mn atoms
(40 sites and Al,; (40 site$ are located in the rings of the but we were not able to distinguish whether Al or Pd is here
small pentagonal clusters. They have well-resolvednore suitable. The present P siteg occupation is again
pseudogaps at the Fermi level indicating their significan@ result of stoichiometry considerations.
contribution to the stability of the system. The deepest We note that decoration obtained by our optimization dif-
pseudogap appears on the, A(20 site$ which is situated in ~ fers in some details from proposals of other authors. Beeli
the center of half of the small pentagonal clusters. The reand Horiuchi* occupy position 1 by Mn, 2 by Pd, 3 by Mn,
maining pentagonal clusters are centered by;Ad0 site3, and 7, 28, and 31 by Al. In the model of Yamambtposi-
again with a rather deep local pseudogap. Manganese atortien 3 is occupied by TM, and 7 and 31 by Al. Positior40
from the rings forming small pentagonal clusters, Md00  siteg in his model is vacant and he defines an additional
siteg, and from the centers of these clusters, M@0 siteg,  position inside the D unit with the multiplicity 5.
have clearly visible bonding—antibonding splitting also con-
tributing to the stability of the system. In the central region
of the decagonal tile D we placed a decagonal ring of alter-
nating Al;5 and Mn, atoms. The local density of states of = The role of transition metals in Al-based Hume-Rothery
these Al atomgAl ;5 (40 siteg] have again a pseudogap at alloys has been discussed in detail by Trambly de Laissardi-
the Fermi level due to interaction with Mn atoms. We noteére et al!* As they pointed out, the essential mechanism for
that Mn atoms in these positions are required also by stoband-gap formation is, in addition to the effect of the diffrac-
ichiometric consideration. From our optimization study wetion of sp states by predominant Bragg planes, the influence
found that Pd atoms occupy predominantly sites in the reef the transition-metatl states onsp states viasp-d cou-
gions outside of chains of small pentagons. From the locapling. In Sec. IV C we tried to estimate the importance of
density of states of Pg (80 site$ we see that this position is both contributions in the case of approximants to icosahedral
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0.0 INEEEAN! L.}-i-'!'fl il i"i"['l"r- € decagonal phase
-15-10 -5 0 5 The influenpe of diffraction of th_e Adp states by _pse_udo-
Bragg planes in a decagonal quasicrystal is seen in Fig. 12. It
E-Ep (eV] represents dispersion relations derived from the positions of

the maxima in the Bloch-spectral functidf(k,E), i.e., a
FIG. 10. Total and partial electronic densities of states of AlMn density of states projected onto a plane wave wikheector

phases with different topological short-range orday.Crystalline  in the quasiperiodic plane propagating along a twofold sym-
orthorhombic AkMn phase,(b) liquid phase at 1300 K with the metry axis, cf. Fig. 3. The projection is on Al states only. At
same compositior(c) decagonal AIMn phase with almost the same low energy we can clearly observe propagating states with
composition AksMnq,gq. Full line indicates total DOS, partial parabolic dispersion relation aroukdvectors corresponding
contributions to DOS: dashed line is for Al, dotted line is for Mn. to the strong diffraction peaks. These diffraction peaks cor-

respond to thé" points of the 5D reciprocal lattice projected

and decagonal quasicrystals. The crystallingM phase is  ONto the 3D physical spacé®At higher energies the propa-

a phase where the band-gap stabilization effect is particularlg
evident. The unit cell ha€mcmspace-group symmetiiNo.

63) and it contains 14 atoms per cell. FigurgdQepresents
the density of states for this phase. The structure-induce
pseudogap in the Al band &¢ coincides with the hybrid-
ization pseudogap in the Ma-band, resulting in a very
deeep pseudogap in the total density of states. Figufie) 10 5
represents the density of states for the system with the same

Iso observe that the paraboliclike states originating fkom
vectors 0 and 26in units 27/a) intersect at energf~1.0
gv below E-. Another pair of dominant free-electron pa-

Al g5 -Mn 1, 3 composition, but in a liquid state at 1300 K. ? 0
The model was prepared by molecular-dynamics simulation ¢
using realistic Al-Mn interatomic potential$.We see that a T5
shallow structure-induced pseudogapEat in the Al band Lf:

persists also in the liquid state. The Mn band has the char- w _q
acter of an impurity band, broadened by positional disorder.
Due to the disorder there is no definite phase relationship

-15
between Alsp and Mn4d states, and hence rsp-d hybrid-
ization and further no pseudogap in the total DOS. Figure 0 10 20 30 40 50 B0 70 80
10(c) is the density of states of the decagonal AIMn quasi- K| C(in units (2n/a))

crystal with the Ags Mn 14 g cCOMposition.
Figure 11 shows partial densities of states of Al atoms in FIG. 12. Dispersion relations derived from the positions of

different_phases_ - T, R, and de(_:agonal phase. The phasesm-lénxima of the spectral functiof(k,E) of the 7-T approximant to
and R differ mainly through a different alignment of the H the decagonal AIPdMn phase, calculated as a projection of the Al-

tiles in the quasiperiodic plane. This leads also to a differenpog onto a plane wave with a wave veckovector oriented along
topological arrangement of Hiraga's pentagonal columnag twofold axis in the quasiperiodic plane, cf. Fig. 3. Propagating
clusters. The effect of this rearrangement on the shape of th@ates with parabolic dispersion aroukdpoints corresponding to
pseudogap arounét is evident. The characteristic split strong diffraction peaks ak|=0, 26, 42, and 68 in units of2
double minimum in the Al-DOS which exists in any larger x/a) (wherea is the lattice constapare emphasized by full lines.
approximant to the decagaonal phase can be interpreted Bgsee-electron paraboldsull lines) corresponding to pairs of strong
R-like arrangements of the structural units. diffraction peaks intersect close to the Fermi level.
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rabolas issuing fronk vectors 42 and 68in units 27/a) line (Al gMn)—icosahedral (Al ;oPd,,Mng)—decagonal
crossects at the same energy. The strbngoints form a (Al ;gPd;3Mn ;) phases.

Fibonacci sequence along the twofold symmetry axis in the In icosahedral AIPdMn we could not identify any inde-
quasiperiodic plane. The distance @6 units 2r/a) between  pendent structural unit with increased stabifityThe basic

the strongl” points corresponds to the longer element of thestructural motif consists of large interpenetrating icosahedral
Fibonacci sequence. The same Fibonacci sequence of stronlysters whose size may be extended to infinity by inflation.
I' points exists along any tenfold symmetry axis in the quadn decagonal AIPdMn phases such a unit has been identified
siperiodic plane. The intersections of the free-electron paby Hiraga and Suf? It is a small pentagonal columnar clus-
rabolas is the dominant factor in the formation of a Hume-ter which seems to be a basic structural constituent of all

Rothery-like pseudogap in DOS. discussed phases.
The DPH tiling observed in HREM images of AIPdMn
V. DISCUSSION AND SUMMARY phases can be obtained as a result of maximal-density pack-

ing of unit disks with the condition that the centers of the

We have performed first-principles calculations of thegisks are constrained to a subset of vertices of a binary
electronic structure of large approximants to decagonafiling.®® DecagongD tiles) and pentagonal staf® tiles are
AIPdMn quasicrystals and related crystalline structu®s  nere identified with the unit disks. We can formulate also a
T, *-R, and7*-T phases These results supplement our ear- complementary opinion to the origin of the decagonal order
lier investigations of a hierarChy of apprOXimantS to icosahe‘based on the t|||ng of Hiraga’s small pentagona| clusters.
dral Al-Pd-Mn quasicrystals. For the icosahedral phases Wehains of relatively stable pentagonal clusters form stable
had found that the 2/1 and all higher-order approximémi$  crystalline phaseéT or R phasg In this case the packing of
not the hypothetical 1/1 approximargrofit from an appre-  the small pentagonal tiles is densest, leaving open only small
ciable band-gap stabilization through the formation of a deephombi inside the H tiles. Disordering this densest structure
DOS minimum at the Fermi level. We had also pOinted Outopens pentagona| and decagona|s regions inside P and D
that the strength of the pseudogap depends not only on thfles, respectively, which are filled preferably by Pd atoms.
electron-lattice interaction, but also in the hybridization 0fTh|S regions can be considered as pa”adium_rich bubbles in
the Al-s,p states forming the pseudogap with Mnstates. the network formed by chains of small pentagonal clusters. It
This hybridization leads to an enhancement of the Al-seems that the decagonal order in the plane is induced pre-
pseudopotential matrix elements as shown some time ago Qominantly by geometrical constraints for the packing of
Heines4 and as recently discussed for the SpeCial case of thsentagons in a p|ane_in a similar way the densest packing
formation of Hume-Rothery pseudogaps in Al-transition-of disks in a plane induces hexagonal symmetry. However,
metal alloys by Trambly de Laissardéeet al** this may be only partially true, as in the densest packing of

In the present paper we show that a structure-induceghiraga’s small pentagonal clusters these clusters would fill
pseudogap in the Al band exists also in the decagonal Alalsg the region inside the D tiles. Therefore the D tile should
Pd-Mn and its approximant phases. Again we have foungyso have certain relative stability supported presumably by
evidence for the important role of thep-d hybridization in  the central region of the tile occupied mostly by Al and Mn
the formation of the pseudogap. However there are two imatoms. The role of Pd atoms can be seen rather negatively
portant differences between the decagonal and icosahedr@an positively in contribution to the stability. This view is
phaseS(a) due to the hlgher Mn content, the broadened Mna|so Supported by the fact that th-é.R phase, which con-
band overlaps with the Fermi level. This leads to a re'atiVG'ytains a smaller fraction of D and P units per c@l33 for
high DOS atEg. (b) The effect ofsp-d hybridization in  each tile, is more stable than the’-T phase containing frac-
formation of the shape of the pseudogap is more visible. Th@ons of 0.42 and 0.36 of D and P tiles per unit cell, respec-
DOS minimum in the Al band is clearly split into two sub- tively. For the stabilization of the decagonal phase is there-
minima which coincide with similar features in Mn-band. fore also important to consider the entropy term in the free
We have shown that this characteristic feature is CIearIy reEnergy_ This conclusion is in agreement with the experimen_

lated to the existence of local arrangements of the structurahj observation that the decagonal AIPdMn phase exists only
units such as they are found in the R phasg.The Fermi a5 a high-temperature phaSe.

level is pinned in the first subminimum of the total DOS,
contrary to the case of the icosahedral phase where the Fermi
level is located in the second, deeper subminimum.

If we compare the crystalline and quasicrystalline
phases, we find that the importance of the Hume-Rothery- This work has been supported by the Julntsfonds der
like band-gap stabilization decreases in the sequence crystdbsterreichischen Nationalbank under Project No. P5658.
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