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We report on a class of icosahedral aluminum—transition-m@dalTM ) alloys with true semiconducting
behavior. Our description of the structure of these icosahedral quasicrystals is based on the six-dimensional
Katz-Gratias-BoudarKGB) model of the face-centered-icosahedfei) quasicrystal and its rational approxi-
mants. The shell structure of the atomic surfaces in perpendicular space defines the chemical order of alumi-
num and transition-metdlTM) atoms leading to semiconducting transport properties. In transition-metal alu-
minides the hybridization between the 8Jp) and transition-metad orbitals is responsible for the formation
of a semiconducting gap in the electronic spectrum. We have analyzed the electronic charge distribution and
observed an enhanced charge density along the AI-TM bonds that is characteristic of covalent bonding. The
existence of an energy gap in the electronic spectrum at or in the vicinity of the Fermi level is explicitly
demonstrated for several low-order approximants in the hierarchy of Fibonacci approximants which converges
to the icosahedral quasicrystals of the fci class, to which alsé-&EBdRe belongs. We predict existence of
truly semiconducting quasicrystalline 1/1-approximants. Our results also lead to the prediction of the existence
of new semiconducting quasicrystals with specified AI-TM compositions. The possibility of the existence of a
semiconducting band gap suggests an explanation for the anomalously high resistivity of the icosahedral
AlPdRe quasicrystals. We demonstrate that substitutional defects violating the ideal Al-TM ordering predicted
by the KGB model lead to the formation of localized states in the band gap. A real sanipidRifRe thus
seems to be a semiconductor with a band gap filled by the localized states.
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[. INTRODUCTION refer to the review paper 1. The existence of a VRH conduc-
tivity in certaini-AlPdRe specimens, together with tunneling
Among the many exotic physical properties of quasicrys-experiment& suggesting the existence of a very deep
tals, their tendency to show high electrical resistivities andoseudogap in the electronic density of std@®9), leads to
negative temperature coefficients has been most extensivelje question whether eventually quasicrystals with a true
studied. The possible occurrence of a metal-insulator transsemiconducting gap might exist.
tion in highly resistive quasicrystals, and in icosahedral AIP- In this paper we demonstrate that a special Al—transition-
dRe in particular, is a highly challenging and controversialmetal (TM) ordering can lead to truly semiconducting qua-
subjectt™12 The large resistivities measured for icosahedralsicrystals. We predict the existence of semiconducting quasi-
AlPdRe reach those of heavily doped semiconductors, malerystalline 1/1 approximants with a semiconducting band gap
ing this alloy a most promising candidate for studying aof several tenths of an eV. Our results justify us also to
metal-insulator transitiofr-® Delahayeet al® found that the  predict the existence of semiconducting quasicrystals with a
conductivity of i-AlIPdRe follows Mott’s variable-range- specified composition. We show that by a judicious selection
hopping (VRH) conduction lawW® in the temperature range of transition metals to be alloyed with Al, we can find alloys
20-600 mK. Hence the AIPdRe phase behaves like a dis- with a semiconducting gap at the Fermi level for a hierarchy
ordered insulator at very low temperature. Very recent magef approximants to a quasicrystal. As the electron/atom ratio
netoresistance measureménts also confirm the VRH placing the Fermi level into the gap is slightly different for
mechanism, but here the Efros-Shklovskii variable-rangeeach approximant, this suggests that the gap persists also in
hopping mechanisH incorporating the Coulomb interaction the quasiperiodic limit.
seems to be more appropriate. The existence of a semiconducting gap is found to depend
The physical origin of the observed hopping conductivity critically on a particular kind of Al-TM ordering defined by a
in i-AlPdRe has not been satisfactorily explained so farsimple rule in the six-dimension&D) superspace. Any de-
Many studies have been devoted to the investigation of theiation from this 6D order leads to the formation of strongly
impact of the quasicrystallinity on the transport properties oflocalized defect states in the gap. A semiconductor is char-
quasiperiodic systems:??Although these studies agree on acterized by the fact that a mild disorder leads to the forma-
substantial deviations from a ballistic transport regime andion of localized states in the gap which contribute to the
predict a weak metallic conductivity for infinite quasicrys- electronic conductivity through a hopping process. The most
tals, this deviation is not strong enough to explain thelikely disorder in quasicrystals and their approximants is
anomalously high resistivities of someAlPdRe samples chemical substitutional disorder. In Sec. IX for a 1/1 AlPtlr
which can reach values close to(lcm. For an overview of approximant we explore the effect of a substitution of Al by
the proposed models of anomalous transport mechanisms vieand of an interchange of Al and Ir atoms. The electronic-
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2.0 surements and electronic structure calculations confirm a
[ Al,ReIr 54 (a) narrow gap of=~0.13 eV in the electronic spectrum just at
1. the Fermi level. The B20 structure h&#2,3 space-group
symmetry and consists of eight atoms per unit cell in a
1. simple cubic lattice. Atoms are located at, (u, u), (u
e +0.5u+0.5u) and the points generated by threefold sym-
. metry about the111) axis, u~0.16. From the viewpoint of
= quasicrystals the important point is to recognize that the B20
% L structure is the lowest 0/1 approximant of the hierarchy of
9 0. Fibonacci approximant$,,,/F,, all with P2,3 space-
4§ AlRh B20 group symmetry, that fon— o converge to the quasicrystal-
- line fci structure, i.e. the structural class to which also
& 2.0 i-AlPdRe belongs. We have found that after replacement of
[=1

Si by Al and Fe by a group IX transition metal the narrow
band gap in the electronic spectrum does not disappear and
remains in the spectrum. In Fig(k the DOS of AIRh in the
B20 structure is shown. The DOS has at the Fermi level a
gap of nonzero width.

The next 1/0 approximant has 32 atoms per unit cell. We
have found out that a Allrg compound with the structure of
E [eV] a 1/0 approximant is also very close to semiconducting
behavior® In Secs. V and VIl we shall demonstrate that
higher quasicrystalline approximants wi#2,3 symmetry
can also be intermetallic semiconductors.

FIG. 1. Total electronic density of states of crystallingRelr
in the C54 structuré¢a) and AIRh in the B20 structuréb).

structure calculation shows that both processes lead to the
formation of states in the gap and that these states are
strongly localized. As the sequence of quasiperiodic approxi-
mants converges to the icosahedral quasicrystal with face- Our description of the structure of the icosahediatjua-
centered-icosahedréici) modulation, the structural type to sicrystals of the Al-Pd-M(Re) class is based on a modified
which also the stablé-AlPdRe phase belongs, we discuss Katz-Gratias-Boudard KGB) modef® producing a good
also a possibility that a real sample ieAIPdRe is a semi- agreement with the experimental neutron-diffraction data for
conductor with a band gap filled by localized states. i-Al-Pd-Mn(Re).®” The model of three atomic surfaces was
originally proposed by Katz, Gratias, and co-work&rs for
interpretation of diffraction spectra of fci quasicrystals. Bou-
dardet al*° proposed a shell structure of atomic surfaces and
Alloys composed of metallic elements are naturally ex-successfully applied the model to the description of the struc-
pected to be metallic too. This expectation is fulfilled in theture of the icosahedral AIPdMn. Our KGB model of AI-TM
vast majority of cases. However, some exceptional cases i quasicrystals starts from a 6D face-centered cubic lattice
semiconducting intermetallic compounds are known. For inwith the vertices decorated by three kinds of triacontahedral
stance, some crystalline transition-metal aluminides, such eafomic surfaces; see Fig. 2. The atomic surfaces have an
RUuAl, in the C54 structure were found to be inner shell structure determining the Al-TM chemical order
semiconducting*~2’ The origin of this semiconducting be- of the quasicrystal: on the “even” nodesid=[000000Q)
havior is a special metallocovalent bonding between alumiand on the “odd” nodes rf; =[10000q) the TM core is
num and transition-metal atori$?° The semiconducting be- surrounded by an outer Al shell, the body-centebbeg po-
havior of transition-metal aluminides is observed mostly insitions bc,=3[111111) is decorated with a TM surface.
specific crystalline structures. Transition-metal disilicidesThe bc, positions pc,=3[011111) are empty. The in-
TMSi, with the C54 (TiS}), C40 (CrS;) or C11, (MoSi,) equivalence of the atomic surfaces centered at the even and
structures are such a family of structures favoring the formaedd nodes breaks the simple cubic symmetry of the 6D lat-
tion of a gap in the valence baR@l.The semiconducting tice and leads to a face-centered superstructurengmede
RuAl, compound belongs to this class. Other examples arés truncated by its intersections with its 12 images displaced
the BiR; structuré® in which TM aluminides like F&/Al by 7° (the golden mean=(1+/5)/2) along the fivefold
exhibit a nearly semiconducting behavior, or the recently reaxes[indicated by the dotted line in Fig(®]. The fivefold
ported FeGastructure®® As an example of a semiconducting radii of the large triacontahedra ag andn, are 7 and the
crystalline compound we present here,Relr in the C54  radius of the smaller one i, is 7~ 1. The radii of the inner
structureé®® Figure ¥a) shows its total density of states. The shells containing TMs only ares2* atny, and 7 * at n;.
most striking feature of the DOS is a wide gap at the FermiThe described shell structure of the atomic surfaces defines
level. A semiconducting behavior has also been observed ithe Al-TM ordering which has appeared to be crucial for
FeSi in the B20 structurd3*Various spectroscopic mea- formation of a band gap in the electronic spectrum; see Fig.

Ill. KATZ-GRATIAS-BOUDARD MODEL
OF FCI AL-TM QUASICRYSTALS

II. SEMICONDUCTING INTERMETALLIC COMPOUNDS
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(a) Periodic approximants are constructed by imposing a lin-
ear phason straifi.e., a certain deformation of the atomic
"""""""""""" a1 [0 surfaces in the 6D hypercubic latticdescribable by a re-
v il placement of the golden mearin the corresponding formal-

ism by a rational approximant given in terms of the Fi-
bonacci number$,,, 7,=F,.1/F, with F5=0,F;=1, n
=0,1,2 ... . The 1/0approximant has 32 atoms/cell, the
1/1 and 2/1 approximants have 128 and 544 atoms/cell re-
spectively, and the space-group symmetryPig,3 for all
approximants.

As i-AlIPdMn andi-AlPdRe belong to the same structural
class, the KGB can also be used as a structural model for
i-AlPdRe if one replaces Mn atoms by homologous Re at-
n, [0000000] n, [1000000] oms. In the present work the model has been used also for

generating a sequence of AI-TM approximants. In this case
TM atoms occupy both TM sites of the KGB model. From
the viewpoint of the an eventual semiconducting behavior, a
possible TM-TM ordering has almost no effect on the exis-
tence of a band gap. The repartition of the two different TM
(b) species within the TM sites defined in this model have only a
minor effect on the band gap. On the other hand, the shell
/ structure of atomic surfaces in the KGB model defines the
\\ SN Al-TM ordering which has proved to be a the most important
prerequisite for the presence of a semiconducting band gap
N in the electronic structure. The KGB model provides ideal-
\\\ N ized atomic coordinates. To obtain a semiconducting band
gap in the electronic structure one has to allow formation of
& covalent AI-TM bonds. The strength of AI-TM bonds de-

\ pends crucially on the structural relaxation of the model un-
der the Hellmann-Feynman forces, which leads to small
shifts of atoms(up to 0.2 A from their ideal positions and

) . results in shorter interatomic distances between Al and TM
FIG. 2. A 6D Katz-Gratias-Boudard model of a fci icosahedral atoms

quasicrystal(a) Internal structure of the three kinds of atomic sur-
faces in form of triacontahedra that decorate emghoddn,, and

bcy; 0.5[1111111]

[100000]

@Y

D3 ny \ [011111]
bec,

body-centered verticelsc, of a 6D cubic lattice. Internal dark re- IV. COMPUTATIONAL PROCEDURE
gions correspond to transition-metal atoms, and outer shells corre- ] )
spond to Al atoms. In model of i-AIPdRe Pd atoms occbygy and We have used advanced local-density-functional tech-

the middle shell in then, atomic surface, Re atoms occupy core hiques to perform a series @i initio electronic structure
regions in bot, andn, atomic surfaces. The odt}, triacontahe-  calculations for a sequence of quasicrystalline approximants.
dron is truncated by its intersections with its 12 images displaced bylhe electronic structure of a series of approximants with dif-
3 along the fivefold axegindicated by a dotted triacontahedyon ferent chemical compositions has been calculated using the
(b) A schematic representation of quasiperiodic ordering and th&/ienna ab initio simulation package VASB:*2 VASP per-
mechanism of the AI-TM ordering. Three kinds of triacontahedraforms a variational solution of the Kohn-Sham equations in a
(indicated here by line segments; the three-dimensional atomic suplane-wave basis, using projector-augmented-wave poten-
faces are flat in 6Ddecorate evem,, oddn; and body-centered tials for describing the electron-ion interaction. The calcula-
bc, vertices of a 6D cubic lattice. Positions of flight circles and  tion of the Hellmann-Feynman forces acting on the atoms
TM atoms (dark circles in real spaceE| are defined by its inter-  gjiows us to perform a full optimization of the atomic posi-
section with the atomic surfaces. If the orientationEpf with re- 55 i the unit cell and of the lattice parameters. During the
spect to the §D Iattlce_ is |rrgt|onal, one obtains an |nf|n_|te quasicye|axation a network of chemical bonds with significant de-
rystal. .A rational orientation corresponds to quasmrystalhnegree of covalency is formed. The full structural relaxation
approximants. can result in an opening real gaps on the place of the existing
2(b). For ternaryi-AIPdMn Boudard also defined a core tria- pseudogaps or in a widening of the existing g&bs.
contahedron inside the larger TM triacontahedron at the The final DOSs for relaxed structures were evaluated
“even” node. In our model this core has a radius 2. within  the tight-binding linear-muffin-tin-orbital cal-
Occupation of Al and TM sites in case 6fAIPdMn is the culationé® (TB-LMTO) as here a very dense Brillouin zone
following. A Mn core is surrounded by an inner Pd shell and(BZ) sampling necessary for resolving the fine structure of
an outer A shell at the “even” nodes, a Mn core and outer Althe density of states can be achieved. This is necessary for
shell are at the “odd” nodes, and a Pd surface is atitbg  excluding the possibility that states located in a small part of
positions. the BZ that close the gap. It is well known that local density
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approximation(LDA) calculations predict for ordinary semi- 1.5
conductors band gaps that are smaller by a factor of 2 than [ AlgIr,,
the experimentally observed ones. Only in a few exceptional 1.0 (/1) ige.
cases the LDA predicts a larger gap than found in many-body r
calculations or in experiment§ However, this happens only
for a special type of correlation interactions. Strong correla-
tion effects arising from on-site Coulomb interaction in me-
tallic systems with narrow bandsuch as TM or rare-earth
compounds tend to broaden the gap and eventually even
induce a Mott-Hubbard metal-insulatgMl) transition®®
However, the Mott-Hubbard mechanism for the Ml transition
is different from the covalent bonding mechanism inducing
the semiconducting behavior of quasicrystals and their ap-
proximants. On the other hand, in real systems both mecha-
nisms can constructively cooperate in the band gap forma- i
tion. 0.0

(a)

[ AlggIryg (b)
10 (/D) rel.

[states/ (eV atom) ]

n(E)

-10 -5 0 5
V. TRULY SEMICONDUCTING 1 /1 APPROXIMANTS E [eV]

The 1/1 approximant has 128 per unit cell. The structural FIG. 3. The total electronic densities of states for a model with
model was generated from the 6D KGB model by the cutddeal atomic positions as obtained from the 6D project@rand a
and-projection method. The cubic unit cell of the model con-model with atomic positions optimized by Hellmann-Feynman
tains 14 Wyckoff positions, five with a fourfold multiplicity forces(b). In model (&) two narrow band gaps open at the band
and nine with 12-fold multiplicity. The occupation of the fllllngs of 600 and 648 electrons. The structural re_Iaxat_ion results in
sites by aluminum or transition-metal atoms is distinguishe'°Sing the gap at 600 electrons and a substantial widening of the
by their coordinates in the perpendicular space according t8aP at the band filling of 648 electrons.
the internal structure of atomic surfaces of the KGB model.

TM sites are in centers of the atomic surfaces at both eveAlggTM(11)1,TM(9),5, where TM() is a transition-metal
and odd 6D positions and fill the entire atomic surface at thettom with i number of valence electrons. Considering all
body-centered sites. Aluminum sites correspond to the outerombinations of TM’s from the @ to 5d rows, these rules
shells of the atomic surfaces. In the first part of our study, alprovide the composition of 27 possibly semiconducting 1/1
TM sites were occupied by Ir atoms only. The resulting com-approximants, e.g., AdPdh4lr15, AlggPbalr 15, AlggPhsRhyg,
position is Akglr,o. Figure 3 shows the corresponding DOS AlggPtheW,,  AlggPlzgW,, AlggPtheMoy,,  AlggAuyolrog,

for a model with ideal atomic positions as obtained from theAl ggAgq,lrog, AlgsgClyislrog, . . . .

6D projection and a model with atomic positions optimized We have found that the existence of the band gap is rather
by Hellmann-Feynman forces. The most striking feature ininsensitive to the choice of the transition-metal atoms. On
the electronic DOS of the model with ideal coordinates is thehe other hand, while the substitution of one TM atom by
existence of narrow band gaps in the vicinity of the Fermianother TM atom has a minor effect on the shape and width
level. The narrow band gaps open at band fillings of 600 anaf the gap, an interchange of Al and TM atoms has a sub-
648 electrons. The structural relaxation results in closing thetantial influence on the gap; the gap is filled in by some
gap at 600 electrons and a substantial widening of the gap &olated groups of states and eventually disappears. The role
the band filling of 648 electrons. The band gap in the relaxeaf substitutional defects will be discussed in Sec. IX.

model is=0.6 eV above the Fermi level and its width is 0.59  We have explicitely calculated the electronic structure of
eV. To get a band gap at the Fermi level a change of commore than half of the 27 possibly semiconducting 1/1 ap-
position is necessary. proximants. The exact coordinates of atoms for every model

In a semiconducting quasicrystal the Fermi level mustwere obtained by a structural relaxation using the VASP pro-
fall into the band gap. Assuming a rigid band behavior,gram. In all calculated approximants we found a semicon-
this condition is satisfied for a certain band filling which ducting band gap or at least a very deep pseudogap in the
for the 1/1 approximants is 648 electrons, i.e., the electro®OS. Figure 4 shows several examples of the semiconduct-
per atom ratio ise/a=5.0625. If in the 1/1 approximant ing 1/1 approximants. In these systems, in each stoichio-
with composition AjgTM, all TM are atoms of group IX, metric variant, one TM constituent is varied frond 3o 5d
the band gap lies above the Fermi level; if all TM atomshomologous TM atoms.
belong to group X the band gap is below the Fermi level. The width of the gap for the 1/1 approximantggdIr 16
The criticale/a ratio leading to the semiconductivity can be is 0.52 eV. The semiconducting gaps in the DOSs of
achieved by a combination of two types of TM atoms with Al ggPdh,Rhg and AkgPd,,Co,6 are 0.45 and 0.22 eV, respec-
different numbers of valence electrons, provided the substitively. It remarkable that in these compounds additional deep
tution does not change the DOS. The band-filling condi-pseudogaps in the DOS are also observed. A pronounced
tion of 648 electrons/cell is met for three stoichiome-pseudogap in the DOS of Pdlris is seen belowEg at
tries: AlggTM(10)5,TM(9) 16, AlggTM(10)35TM(6),4, and the band-filling 600 electrons. This is the same gap that we
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E alPdCo (a) E AlPdCr ()

[states/eV/atom]
o

n{E)
o

5-10 -5 0 5-10 -5 0 5
E [eV]

FIG. 4. Total electronic density of states of the truly semicon- FIG. 5. The difference charge-density distribution of
ducting quasicrystalline 1/1 approximants. First column from top:1/1-AlggPtylri6. The figure shows a contour plot of the difference
(@) AlggPdCoyg, (b) AlggPdRhyg, and(c) AlggPdylr;s. Second  valence-charge distribution in the,f) plane forz=0.345. Posi-
column from top: (d) AlggPdhCry, (€) AlgPdigMo,, and (f) tions of Al atoms close to this plane are marked by open circles, the
AlgsPdieW,. Third column from top: (g) AlggCuylrag, (h) dots slightly off center mark the positions in the ideal structure.
AlggAgiolrag, and (i) AlggAusllr,g. Calculated on a grid of 176 Positions of Pt and Ir atoms are marked by filled circles. The con-
irreduciblek points. tour plot represents the regions of positive difference electron-

density, in the blank space the difference density is negative. A

b di | del with the ideal atomi ii possible covalent bonding is indicated by enhanced charge distribu-
observed in Adglrao modet wi 5 € ld0eal atomic postions along connections between atoms. The formation of metalloco-
and also in our previous re.sulljts1L for AlggPchoRex. AGaP  yalent A-TM bonds is clearly seen.

of 0.35 eV was also found in the DOS of a 1/1 approximant
with the composition AjgPdse\W,. As the content of tungsten Pounds. For the crystalline aluminides we have been able to
atoms is rather small their substitution by homologous Mo Olye monstraf®2® that the gap is a consequence of the
Cr has only a minor influence on the width of the gap. Abonding-antibonding splitting of strong,d) hybrid orbitals
remarkable gap was also found in the 1/1 approximant withy, yhe T\ atoms ands(p) hybrid orbitals on the Al atoms.
the composition AfyAuy,lrps. A similar result but with @ e ponding-antibonding splitting of hybrid orbitals results

narrower gap was also obtained when Au atoms were reﬁ? a covalent character of AI-TM bonds and in at least par-

placed by Ag or Cu. One can observe that the replacement ¢fy iy, covalent Al-Al bonds. A bonding-antibonding splitting

a 3d metal by a 4 or 5d metal always leads to the wider ¢ the hybrid orbitals is of course a very general feature—the
semiconducting gap. The width of the gaps are largest in casg,hortant point is that the gaps in all bands overlap so that a

of 5d metals and smallest in case of dnetals. semiconducting behavior resuffsSuch a situation is real-
Although all studied approximants are stable with respeciqq if || atomic orbitals contribute to all relevant hybrid

to the structural relaxation, we cannot say anything about thgi;testhis occurs precisely for a low site-symmetry.

thermodynamic stability of these compounds. The thermodyrhemical bonds with a high degree of covalency are formed

namic stability of a phase depends on the existence of 0thefring the structural relaxation and optimization of atomic

phases with the same composition or, similar compositionyqsitions. The most significant consequence of the structural
Our experience with the stability of crystalline semiconduct-rg|axation are smaller interatomic distances between those

ing intermetallic compound&®indicates that in the case3  41uminum and TM atoms where covalent bonds are formed.

metals magnetic interactions can destroy semiconductivityy; is noticeable that the observed formation of band gaps

While Al,Os and AjRu in the C54 structure exhibit a semi- ghows many symptoms of the Peierls mechanism for a

conducting gap, AFe adopts a metallic triclinic structure pang-gap formation. The covalent bonding manifests itself
and shows a spin-glass behavior. The best chance to get reg} gistinct electron-density maxima in the bond cenf&rS.
samples of the semiconducting 1/1 approximants is thereforgecenﬂy Kirihara and co-workét&" reported direct evi-
for the compounds with 5d or 4d TM atoms only. dence of covalent bonds im-AIMnSi (i.e., the 1/1 approxi-
mant to the icosahedral phasend i-AIPdRe using a Ri-

V. COVALENT BONDING AND SEMICONDUCTING ej[v_eld refmemem of the dlffract_lon data. Whgreas it is

difficult to generalize the construction of symmetrized hybrid

BAND-GAP FORMATION . . . .

orbitals to the quasicrystal, the charge density analysis is

The physical mechanism leading to gap formation andeadily applicable. Figure 5 shows the difference-electron

semiconducting behavior in quasicrystalline approximants islensity (i.e., the self-consistent density minus a superposi-
apparently not very different from that leading to the exis-tion of the atomic electron densitieim 1/1-AlPtir calculated

tence of semiconducting crystalline intermetallic com-in the (x,y) plane at z0.345: density maxima representing
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1.5 curate description of the interatomic bonding by the semi-
[ AlgIr,, (a) empirical interatomic potentials used for the relaxation. Fig-
1 o a/m ure Ga) shows, for comparison, the DOS of the Allr 1/1
= r approximant also relaxed by the same classical interatomic
E r potentials. Also in this case instead of one wide ffpFig.
s 0.5 3(b)], two narrower gaps are formed. We therefore assume
@ C “WW that after full relaxation of the 2/1 approximant with
S 0.0 quantum-mechanically calculated forces only a single wide
s i band gap remains in the electronic spectrum. Nevertheless,
= P Banelrin (b) we cannot exclude that in the 2/1 approximant a band gap in
2 1.0 /D the electronic spectrum opens not only for one value of the
a r band-filling, which, of course, does not contradict its sup-
% o.sh posed semiconductivity.
r In the sequence of AI-TM quasiperiodic Fibonacci ap-
proximants to the fci quasicrystal a semiconducting behavior
0.0

can exist in case of 0/1, 1/0, 1/1, and 2/1 approximants. One
can quite naturally also assume the same behavior for any
larger approximant.

-10 -5 0 5
E [eV]

FIG. 6. Total electronic density of states of the 1/1 approximant
Algglr 4o (8) and the 2/1 approximant 4kir,7, (b). The ideal atomic
positions obtained by a 6D cut projection were relaxed using a set The extrapolation of the observed band-gap formation in
of classical Al-Ir interatomic potentials. The classical relaxationihe sequence of quasiperiodic approximants to infinite qua-
leads to imperfect resolution of the band gap, cf. Fidn)3 sicrystals leads to an assumption that also the fci quasicrys-

tals may be semiconducting. The sequence of approximants
metallocovalent bond charges along Al-TM bonds and paref our KGB model converges to the structureiohlPdRe.
tially also Al-Al bonds are readily recognized. Hence we We therefore assume that the ideal icosahedral quasicrystal-
conclude that strong hybridization plays an important role inline AlPdRe is also a semiconductor. Although this assump-
the formation of semiconducting gaps in quasicrystals andion seems to contradict experimental observations as no true
approximants as well. gap in the electronic spectrum has been observed so far, in
Sec. IX we shall show that in real samplesiaflPdRe the
semiconducting band gap is filled by localized states and
thus no real gap can be experimentally observed. On the
other hand, the existence of the localized states in the gap

Admittedly, it seems to be desirable to perform similarexplains the experimentally observed VRH hopping conduc-
investigations for higher order approximants. However, agion mechanism.
the 2/1 approximant already has 544 atoms/cell, the struc- It is remarkable that the KGB model very accurately pre-
tural optimization of such a huge cell with Hellmann- dicts the experimental composition ®fAIPdRe samples
Feynman forces requires an extreme computational effonvith the highest resistance rati® [p(4 K)/p(295 K)]
that is closgand eventually even beyopdhat is now com-  which is considered as a measure of anomalous transport
putationally feasible. Therefore this study has been so faproperties. The KGB model predicts the asymptotic compo-
restricted only up to 1/1 approximants. sition Alg 707 206dR 0864 Delahayeet al® and Srinivas

The electronic structure of a model of 2/1 approximantet al’ report a nominal composition of their samples of
with atomic positions obtained directly by the cut-projection Al 70 th 21R& ogs-
does not exhibit any gad.Although, at present, we are not ~ We have already noted that as the Betals have more
able to do a full structural relaxation of the 2/1 approximantextended d-states than thd 4r 3d metals, the semiconduct-
and thus predict a composition of possibly semiconductingng behavior is more pronounced for Al-TM compounds with
2/1 approximants, we are at least able to demonstrate that tft&l metals than with 4 or 3d metals. Asi-AlPdRe exhibits
2/1 approximant also can exhibit semiconductivity. We re-a behavior that is so far closest to semiconductivity, the sim-
laxed the 2/1 approximant with the Al-Ir composition using plest way to obtain a quasicrystal with a more pronounced
the semiempirical interatomic potenti&fsThe Al-Ir poten-  semiconducting behavior is to replace Pd by itsomolo-
tials were derived from the Al-Co potentials by adjusting thegous Pt, i.e., to prepare an alloy with the composition
Al-Co interaction to a larger radius of Ir atoms. Al 707P%.206R.0864-

Figure 6 demonstrates that band gaps also open in the Experience with the semiconducting 1/1 approximants in-
DOS of the 2/1 approximant after its relaxation by classicaldicates that both transition metals play a symmetric role in
interatomic potentials. Contrary to the previous cases on@l-TM bonding. The choice of a different combination of
can see not only one large gap, but two narrower gaps. Howransition metals from the same row of the Periodic Table has
ever, our experience with relaxation of the 1/1 approximant®nly a minimal influence on the width and the shape of the
indicates that this is a consequence of the insufficiently ackand gap. The semiconducting behavior should therefore be

VIIl. SEMICONDUCTING QUASICRYSTALS

VIl. SEMICONDUCTING 2 /1
AND HIGHER APPROXIMANTS
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observed for any combination of transition metals TMgnd L.5r
TM(j) with i andj number of valence electrons provided the [ AlgePt,,Iry, (a)
concentrationsx, and y=0.2927x satisfy the following 1.0F
equation: i Xx+jXy=2.6677. This equation assumes an C
e/a ratio of 4.7896 and the composition @y73IMg 2927, 0.5F

both values are derived from the KGB model. Con-
sidering 5 metals from group VI to group Xl, only this

equation has eight solutions:  Ay7Pt2579V0.0648:

[ AlgrPtzylryy

(b)
Al 707AU0 1823N0.1104 Al 707920680864 [ al->Ir
Al 707AUg 154 1380, Al 707P%.1630%.1296: C
Al 7070 1840 1087 Alg 7076 25047 0.0335: and

Al g 7074 0.275AUg 0168. Other possibly semiconducting com-

pounds may be derived by replacing sontkrietals by 4

or even 3l metals. Altogether one has 72 possibly semicon-

ducting quasicrystals. However, in cases of quasicrystals b AlggPty,Irgg

with 3d and 4 TM atoms the semiconducting band gap is 1.0 [ Al<->Ir

expected to be narrower or may even disappear. C
We have demonstrated that a semiconducting Al-TM qua- 0.5F

sicrystal with a wide clean band gap at the Fermi level may -

exist for a certaire/a ratio. To get a clean semiconducting 0.0 L A R | S

gap the important criterion is not only tlega ratio, but also -10 -5 0 5

a precise AlI-TM orderingdescribed by the atomic surfaces

in six dimensions and consequently the Al:TM concentra- E [eV]

tion. i . .
Although in real quasicrystals substitutional defects can-,, F;G' 7. The densities of states of the 1/1 approximant with the

. . aaPbalr1g composition. The DOS exhibits clean and wide semi-
not be completely avoided, a minimal number of the dEfeCt%onducting band gafe). (b) and () show the DOSs of the same
is obtained for a certain magic Al:TM concentration. In a

. odel with created defectéb) one selected Al atom is replaced by
perfect quaglcrystal a clean ban_d gap WOUId be created O”W, and (c) occupation of one Al and one Ir sites are mutually inter-
for the magic Al:TM concentration which results from the ¢nanged. In bottb) and (c) cases one observes the formation of
Al-TM ordering defined in 6D space by the KGB model. For groups of states in the gap.
the 1/1 approximant with thB2,3 symmetry and 128 atoms
per unit cell this concentration ratio is 11:5. For each nexiyvhere e, ,(E,) are the eigenvectors of an eigenstate with
approximant this concentration may be slightly different. TheenergyE, in the LMTO basis and the sum is over all lattice
KGB model predicts for an infinite icosahedral quasicrystalsites| and quantum numbera. N is here the number of
the magic composition Ako73T Mg 2927- atoms in the unit cell. For an extended state we have

pP(E,)~O(1), for a completely localized statep(E,)

IX. SUBSTITUTIONAL DEFECTS ~O(1/N). In Fig. 9 one can see that while the states in the

AND LOCALIZED STATES vicinity of the band gap are clearly delocalized, the average

Figure Ta) shows the densities of states of the 1/1 ap-Participation ratio here is=0.7. The average participation
proximant with the AlgPtIr;g composition. The DOS ex-

[states/ (eV atom) ]
=
(]

n(E)

(c)

hibits a clean and wide semiconducting band gap. Figures 5. b i )
7(b) and 7c) show the DOSs of the same model with artifi- B - E——————
cial defects: in(b) one selected Al atom is replaced by Ir and —_—— %
in (c) the occupations of one Al site and one Ir site are 1 % L —
mutually interchanged. In both cases one observes the for 5 e
mation of groups of states in the gap. Figure 8 presents the; L S ) S
band structure of the same three model systems as inth~ [ ] ==
previous figure. In the gap some additional bands with veryL’J ' -% % -_—
small dispersion appear. We shall demonstrate that the state B =— =
in the gap have substantially different character from other 4 L ——— E—————
states outside the gap. Figure 9 displays the participatior ' % = —————
ratios for all eigenstates. We remind the reader that the par F ———
ticipation ratiop(E,,) is defined as - = = et -
5 T XT XT X
(Z % |e'a(E”)|2) FIG. 8. The band structure of the same three model systems as
p(E,) = 5, (1) in Fig. 7. In the gap of the models with defe¢ts) and(c)] addi-
NE (2 |ela(En)|2) tional bands with very small dispersion appear. Gray regions indi-
[ @ cate position of the band gap.
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FIG. 9. The participation ratios of the states of the three models
from Fig. 7. One can see that while the states in the vicinity of the
band gap are clearly delocalized, low values of the participation F|G. 10. The picture of the participation ratios of the states of
ratios of the states in the gap indicate their tendency to localize. AlggPt,,Ir,4in the supercell of eight elementary cel&. Two kinds

. . N of substitutional defecté&f. Fig. 7) are created in the supercelh)
ratios of the states in the gap in Figsbpand 9c) are 0.25 one selected Al atom is replaced by Ir, gefithe occupation of one

and 0.40, respectively. The low values of the part|C|pat|onA| and one Ir sites are mutually interchanged. The participation

ratios of the states in the gap indicate their tendency to IOFatios of states in the band gap scales substantially down, and dem-

calize. The results presented in Figs. 7—9 correspond t0 d@sirate the strongly localized character of these states.
fects created in a unit cell of the model. Because of the

periodic repetition of the unit cell of the approximant the electronic spectrum of each approximant. We have demon-

defects are also per|od|cally repeated in space. O'."e therefogf’rated this explicitly for several lowest approximants. One
also observes an interaction of the states localized at th an quite naturally also assume the same behavior for any

same periodically repeated defects which manifests itself in f’arger approximant. Each approximant can thus become

weak_non-negllglble d_lspersmn of_the localized bands, as I%emiconducting for a certain stoichiometric composition that
seen in Fig. 8. To confirm the localized character of the stateghifts the Fermi level into the band gap. The corresponding

in the band we constructed a supercell of eight elemer)tarxritical e/a ratio is slightly different for each approximant in
cells and created one defect per such a supercell. The p|ctU{ e sequence

of the partjcipqtion ratios of the states. i.n the supercell Is The lattice of the lowest 0/1 approximant corresponds to
presen_ted in Fig. .10' _The average part_|C|pat|on ratio of th?he well known B20(FeS) structure; all higher approxi-
states in the gap in Figs. @ and 1Qc) is 0.04 and 0.09, djwants have been constructed by the 6D cut-projection

respectively, values substantially lower than the correspon iethod. We have observed that in the sequence of approxi-

ing previous values. The participation rati_os of states in themants the band gap can even increase with the increasing
band gap of the supercell scale substantially down, demon-

strating the strongly localized character of these states. size of the approximant, when the atomic structure becomes

The localized state corresponding to the substitutional der 0'® complex. The same behavior was observed in crystal-

fect is visualized in Fig. 11. The figure presents contributionIIne Al,TM compounds in MoSi, CrSp, and TiSp struc-

to the charge density from the bands selected from the bant(lj”es' where for the most complex ‘TiSitructure the semi-

gap as seen in Fig.(B). The charge density is strongly lo- gonduqting .band gap was the wid€StAll approximants
calized at the position of the introduced-Alr substitutional (including higher-order ong$iave aP2,3 space group sym-

defect. One can naturally also expect the same Iocalize@etry' Out of all cubic space groupB2;3 has the lowest

character of the corresponding wave functions. At low tem_pqint—group symmetry for the atomic sjtes: sjtes With r_m_JIti—
' licity 12 have no symmetry at all, sites with multiplicity

perature, electronic conduction in such a system will procee bur have trigonal symmetrypoint group 3. A very low

by a hopping mechanisth. point group symmetry of the atomic sites has also been
found in the crystalline aluminides showing insulating or
nearly insulating behavidf-?°

In the sequence of AI-TM quasiperiodic Fibonacci ap- We have presented several examples of truly semicon-
proximants to the fci quasicrystal a band gap can exist in thélucting quasicrystalline 1/1 approximants with compositions

X. DISCUSSION AND CONCLUSIONS
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influence on the electronic structure and transport properties

(a) of the AlI-TM quasicrystals. The existence of a clean gap in
the electronic spectrum is critically sensitive to the AI-TM
ordering. Any deviation from the perfect AI-TM ordering, for
instance the existence of substitutional defects, leads to the
formation of localized states in the gap. Therefore, for real
quasicrystals one cannot expect to get a semiconductor with
a clean gap as in crystalline Si or Ge. A semiconducting gap
of real quasicrystalline approximants is probably more or
less filled by localized states.

It is remarkable that a band gap in the electronic spectrum
exists (above, below, or at the Fermi leydbr almost any
transition-metal atom TM in the AI-TM quasicrystalline ap-

(b) proximant withP2,3 space symmetry, provided Al and TM
atoms occupy sites in real space according to the prescription
defined by their perpendicular coordinate in 6D space. The
Al-TM ordering defined in 6D space results in a critical
Al'TM ratio as a prerequisite for the existence of a clean
band gap of the electronic spectrum. The position of the band
gap determines the critic&/a ratio of the semiconducting
approximants. If TM sites are occupied by two different TM
atoms, a possible TM-TM ordering has only a minor effect
on the width or shape of the band gap.

Our understanding of the electronic structure of the icosa-

o . ) hedral quasicrystal with fci modulation is based on the 6D

FI(_S. 11. Visualization of the localized state correspondl_ng to th_eKGB model. A real-space analysis of the structure, chemis-
supstltutlonal defecta) represents a yalence pharge density dlStI’I-try' and bonding in low order approximants would be very
bution of the 1/1 AdgPt.lriq approximant displayed for the. \%velcome. A recent study by Quandt and ETgemalyzes the

=0.545 plane. Dark spots correspond to the charge density o . : .

transition-metal atoms. The white arrow marks a position of the AIStructure of isostructuratAIPdMn in terms of Mackay and

Bergman clusters.

atom which we replaced by Ir. The introduced substitutional Al Th f . i to the i h
—Ir defect creates states in the band gap; also see FigsaBd € Sequence ol approximants converges 1o the icosane-

9(b). (b) presents the contribution to the valence charge densit;fjra_l quasicrystal With_a fci modulation, the structural type to
calculated from the defect states in the band gap only. The Iocalize\’j’hICh a.lso th_e stablé-AlPdRe phase bellongs. We assqme
character of the defect states is clearly seen. that an ideal icosahedral AIPdRe alloy with the composition

Al 707Ph 206 0864 2aNd Al:TM ordering predicted by the

of, .9., AkgPbalrig, AlgasPtigW,, or AlggAusslrog, and with  KGB model would be also a semiconductor. However, for
band gaps at the Fermi level of several tenths of eV. Alto-any real sample afAIPdRe the semiconducting band gap is
gether there are 27 such approximants. As tlensetals filled by localized states which have their origin in substitu-
have more extendedistates than d or 3d metals, the semi- tional defects. The localized character of the states in the gap
conducting band gap is larger for the AI-TM compoundshas been explicitly demonstrated.
with 5d transition metals than withdior 3d metals. The existence of localized states in the band gap is con-

The origin of the semiconducting behavior is in the for- sistent with the experimentally observed variable-range-
mation of chemical bonds between aluminum and transitionhopping behavior of the temperature dependence of the elec-
metal atoms with a high degree of covalency. The bonds ifronic  conductivity of highly resistive samples of
these systems are mutually correlated and form a networkAIPdRe3°°From the viewpoint of our present results it is
that incorporates all atoms. The topology of the network fol-not surprising that the resistivity of these samples reaches
lows from the AI-TM ordering defined by the shell structure values which are close to those of doped semiconductors.
of atomic surfaces in the six-dimensional KGB model. So farThe electronic structure GfAIPdRe has, as we have dem-
we have not been able to fully characterize the Al-TM order-onstrated, the character of doped semiconductors. The ob-
ing in real space. The very low symmetry of orientations ofserved increase of the conductivity with disofeis also
the covalent bonds in space complicates the understanding oénsistent with this picture. Icosahedral AlPdRe thus turns
the real-space topology of their network. It is remarkable thabut to be a semiconductor with a band gap filled by the
the observed formation of band gaps has many symptoms décalized states.
the Peierls mechanism of a band gap formation. The specific The theoretical framework is based on the KGB model of
covalent bonding results in the appearance of gaps in thtei quasicrystals. It allows us to predict the existence
electronic spectrum. The observed covalent bonding andf many semiconducting approximants and icosahedral
band gap formation is not specific to quasicrystals and haguasicrystals. The semiconducting icosahedral quasi-
also been observed in crystalline AI-TM compouR@$’ crystals with compositions, e.9., #NMo7Pb 2060864

The AI-TM ordering defined in 6D space has a crucial Al 7074 250410.0335 0F Al 707P1.207dN0 0645 COUld posSsibly
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be prepared using the same metallurgical techniques as adees not have only one reason. Recently, we have
commonly used for the preparation of high-resistivedemonstrate that the quasicrystallinity itself, although not
i-AlIPdRe samples. able to account for the semiconducting behavior of
Our analysis sheds light on the six-dimensional characteirAIPdRe, leads to a substantial deviation from the ballistic
of the physical properties of quasicrystals. Seen in 3D spacgransport. On the other hand, transport properties close to
the structure-property relationship remains unclear: we havgemiconducting ones have been observed in Al-Mn decago-
a 3D network of AI-TM bonds with enhanced covalency, but,na| approximanf§ for which the presented 6D theoretical
due to the low site symmetry of all atomic sites, the topologyframework is obviously not directly applicable. Neverthe-
of this network looks chaotic and provides no explanation foness, here the Al-TM bonding apparently also plays a signifi-
the observed metal/semiconductor transition. HOWeVer, irtant role and deserves a more detailed investigation'
the 6D space in which the quasiperiodic structure can be
embedded as a periodic superstructure we have identified a

simple condition for the formation of a semiconducting state, ACKNOWLEDGMENTS
and this rule can be used to predict a whole class of semi-
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