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Detailed investigations of the atomic and electronic structures of decagonal AlNiCo alloys have been
performed. Several different models for the decagonal structure have been investigated: A model based on a
rhombic-hexagon tiling proposed by Henley and models based on a cluster decoration of the Penrose tiling
with large rhombus edge. The topology of the structural models has been refined on the basis of the existing
x-ray-diffraction data which, however, do not allow us to specify the chemical decoration uniquely. The
chemical order on the decagonal lattice has been optimized via the comparison of the calculated electronic
spectra with photoemission and soft-x-ray data and using total-energy calculations. The electronic structure
calculations for large periodic approximants with up to 1276 atoms/cell have been performed self-consistently
using a real-space tight-binding linear muffin-tin orbital technique. The best agreement with the experimental
spectra is achieved for a large-rhombus-tiling model with the innermost ring of the pentagonal columnar
clusters occupied by Ni atoms only. This configuration also has the lowest total energy. As in decagonal
AlCuCo we find a high density of states at the Fermi level, but the chemical ordering is very different: whereas
in d-AlCuCo direct Cu-Cu neighbors are suppressed and there is a slight preference for Co-Co homocoordi-
nation, ind-AlNiCo a strong Ni-Ni interaction stabilizes the innermost Ni ring, direct Co-Co neighbors are
suppressed and there is a strong Co-Al interaction.
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I. INTRODUCTION

Soon after the discovery of icosahedral quasicrystals
Shechtmanet al.,1 a decagonal phase which is quasiperio
in a plane perpendicular to the decagonal axis and peri
along that direction was identified in the Al-Mn system
Bendersky.2 The decagonal Al-Mn quasicrystals were on
metastable. Stable decagonal quasicrystals were discov
in the ternary AlCuCo and AlNiCo systems.3,4 Due to the
existence of samples of high structural quality, these t
decagonal alloys have been widely investigated. Most s
ies are concerned with various structural aspects.5–16 Origi-
nally it was believed thatd-AlCuCo andd-AlNiCo quasi-
crystals are isotypic, but recent studies revealed the exist
of a very complex phase diagram of the pseudobinary AlC
AlNi system in the stability range of the decagonal phas
showing a large structural variety.16–19 Ritschet al.16 report
eight different structural modifications of decagonal phas
Most stable decagonal phases exist only at high tempera
in the range of 700–1100 K. The largest region of quasicr
talline stability exists at the composition close
Al70Ni15Co15. The basic structures ofd-AlCuCo and
d-AlNiCo are, according to high-resolution electron micro
copy ~HREM!, based on the same decagonal clusters w
20-Å diameter. However, whereas ind-AlCuCo the decago-
nal clusters do not overlap, ind-AlNiCo the existence of two
distinct interatomic distances in the ratio 1:1/t leads to a
partial overlap.14 Several structural modifications of th
d-AlNiCo phase have been identified.5,6,10,16–28
PRB 620163-1829/2000/62~1!/243~13!/$15.00
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On the basis of the experimental information from diffra
tion studies, a number of structural models f
d-Al-Co-Cu(Ni) alloys have been proposed. Steurer a
Kuo5 and Hiraga, Lincoln, and Sun6 analyzed structure of the
20-Å decagonal cluster and proposed almost identical st
tural models of this cluster. However, this first model w
not able to account for special features present in the su
structures ofd-AlNiCo.29 Burkov20 proposed a model~here
denoted as B1! based on a cluster decoration of the bina
Penrose tiling with space-group symmetryP105 /mmc. A
second model~denoted as B2! by Burkov21 is based on
Klotz-triangle tiling ~known also as Tu¨bingen tiling! and
matching rules enforcing quasiperiodicity. The matchi
rules are closely connected with the chemical order betw
Cu and Co atoms. The symmetry of this model isP105 /m.
Steureret al.10 also proposed a model based on column
clusters similar to those found in monoclinic Al13Co4 such
that the structure consists of flat and puckered layers. S
layer stacks may be decomposed into slightly distorted t
contahedra with point-group symmetry 10ānd space-group
symmetry P10̄m2 for this model.15 Hiraga, Sun, and
Yamamoto13 proposed a superstructure model having
20-Å cluster on each vertex of a Penrose pattern with
edge length of 20 Å . Adjacent columnar clusters are rela
by a 105 screw axis. Yamamoto and co-workers22,25 pro-
posed later a corresponding five-dimensional superstruc
model.

The electronic properties of decagonal alloys have b
243 ©2000 The American Physical Society
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widely investigated. As expected, electrical resistivity,30–32

Hall effect,33 thermopower,30 thermal,34 and optical
conductivity35 of d-AlCuCo andd-AlNiCo display a strong
anisotropy, i.e., metallic behavior along and nonmetallic
havior perpendicular to the periodic axis. Both alloys a
diamagnetic over a wide temperature range.36 There have
been many attempts to interpret the electronic properties
invoking a Hume-Rothery mechanism leading to the form
tion of a pseudogap at the Fermi level.32,36 However, the
existence of a pseudogap cannot be reconciled with the
tical conductivity data35 and with high-resolution photoemis
sion spectroscopy37–39 on both d-AlCuCo and d-AlNiCo.
Soft x-ray spectroscopy40 suggests the existence of
pseudogap in the partial Al-3p density of states~DOS!, but
does not exclude that in the total DOS this minimum is co
ered by a broad Cu-3d or Ni-3d band as suggested by th
photoemission data. The photoemission and soft x-ray d
also point to surprising differences in the electronic spec
of d-AlCuCo andd-AlNiCo. Whereas ind-Al65Cu20Co15 the
3d bands of Cu and Co are split by 3 eV~the centers of
gravity of the bands are located at binding energies
23.7 and20.7 eV), both bands overlap ind-Al70Ni15Co15
and form a broad band centered at about21.4-eV binding
energy. The conclusions drawn from the resonant photoe
sion spectra are corrobated by the soft x-ray spectra.
difference in the spectra is too large to be explained solely
the different degree of band filling in Cu and Ni—evidentl
the d-d interaction is fundamentally different in these tw
decagonal alloys.

Electronic structure calculations ford-AlCuCo based on
zero-order approximants of the older Burkov model20 ~B1!
consisting of a binary Penrose tiling with cluster decorat
produce an unsplitd-band and a pseudogap at the Fer
level42,43—in evident disagreement with both photoelectr
and soft x-ray spectra. Calculations based on the ne
Burkov model21 ~model B2, Klotz-triangle tiling! agree with
the measured spectra, but only if the decagonal accept
domain for transition-metal~TM! atoms in the five-
dimensional hyperspace is subdivided in such a way a
produce the correct chemical ordering between Co and
atoms.43 The model producing the best agreement has
direct Cu-Cu neighbors at all, at a small Cu-Co coordinat
number (NCu-Co'2.3). Co atoms have an increased coor
nation by transition metals, with slight preference for hom
coordination (NCo-Cu'2.4, NCo-Co'3.2). This type of
chemical ordering produces the most pronounced split
between thed bands. It has also been pointed out that sim
d-band shifts associated with short-range chemical orde
have been observed in amorphous TM alloys~both by
experiment44 and band-structure calculations45,46! and shown
to play an essential role in the stabilization of these alloy

The example ofd-AlCuCo demonstrates that electron
structure calculations may be used to optimize the chem
order and even to eliminate certain structural models wh
lead to predictions for the electronic spectrum in contrad
tion with experiment, although they appear to be compat
with the diffraction and HREM data.

In the present work we apply a similar strategy to t
more difficult case ofd-AlNiCo. Our paper is arranged a
follows: In Sec. II we briefly recapitulate some of the mode
that have been proposed and we motivate the choice of
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small-rhombus-hexagon-tiling~SRHT! ~Ref. 24! and the
large-rhombus-tiling~LRT! ~Refs. 5, 6, and 13! models for
our study. In Sec. III we review very briefly the sel
consistent tight-binding linear muffin-tin orbital~TB-LMTO!
approach to the electronic structure calculations for large
proximants. Section IV describes the results for the el
tronic density of states, including also some closely rela
crystalline phases in our considerations. We also desc
our approach to a ‘‘chemical refinement’’ of our structu
models. The calculation of the electronic structure is supp
mented by total energy calculations allowing to assess
relative stability of the structural variants.

II. ATOMIC STRUCTURE

A. Structural models for decagonal AlNiCo

The starting point of our approach to modeling the stru
ture of d-AlNiCo is the structure of the crystalline Al13Co4
compound. The structure of this crystalline phase is s
posed to be closely related to the structure of decago
phase. The structure of Al13Co4 consists of 102 atoms in a
orthorhombic unit cell. The coordinates of the atoms in t
unit cell have been obtained from the x-ray refinement
Grin.47 We note that in our previous work ond-AlCuCo43

we used a different model of Al13Co4. The structure of this
phase can be viewed as a packing of pentagonal bipyram
clusters. The unit cell measures 8 Å along the ‘‘periodi
direction. A projection of the unit cell of Al13Co4 onto the
(x,y) plane corresponding to the quasiperiodic plane
d-AlNiCo is shown in Fig. 1.

The large number of distinct stable decagonal phase
thed-AlNiCo system makes it difficult to model the structu
on a systematic basis. The hierarchical organization of
d-AlNiCo structure allows to describe the structure in term
of a variety of tilings~or, alternatively, of atomic surfaces i
the hyperspace in the cut-and-projection scheme differ

FIG. 1. Projection of the unit cell of orthorhombic Al13Co4 onto
the (x,y) plane corresponding to the quasiperiodic plane
d-AlNiCo. Empty circles, Al atoms; filled symbols, transition-met
atoms. Note the arrangement of the atoms on pentagonal bipyr
dal clusters.
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only in the shapes of the outer regions of the hyperatom!.
The topological features of each model, i.e., the decora
of the tiles must be chosen in accordance with the inform
tion available from diffraction and HREM data.

By a ‘‘model’’ we actually mean the list of atomic pos
tions, that are grouped into ‘‘orbits’’ with similar atomi
environments, up to certain radius; the chemical identity
each orbit which cannot be determined on the basis of
structural data alone is then refined against the features o
calculated electronic DOS and photoemission spectra, u
the constraint of fixed overall content of the three species
Ni, and Co.

Since the electronic structure is not very sensitive to
medium- and long-range topological order~there is only a
small difference between higher-order approximants and
infinite quasicrystal!, the different models studied here ca
be mainly viewed as probing different types of chemical
dering. In the following, we briefly describe three structu
models and for each of them different types of chemi
order.

Our first model ofd-AlNiCo is adapted from the mode
proposed by Henley.24 This model is characterized by pen
tagonal bipyramid clusters found already in Al13Co4. The
model is based on a rhombus-hexagon tiling and in Ref.
the model was called as a neo-Burkov model. In order
avoid confusion with two other Burkov models~B1 and B2!
we shall call this model the small-rhombus-hexagon-tili
model ~SRHT model!. The original Burkov models~B1 or
B2! employed in our earlier study of thed-AlCuCo ~Ref. 43!
are problematic because of their too high content of tra
tion metal ('40%). The modification of the Burkov mode
proposed by Henley allows a larger extent of stoichiome
variations. Instead of the rhombus-hexagon tiling used
Henley, we use the decagonal rectangle-triangle tiling w
the same edge length, in which all skinny rhombi are pai
into rectangles. This allows us to design a more meanin
parametrization of the structure in terms of the orbits of sim
lar atomic positions, since the radii of both tiles are appro
mately equal. Our model is constructed as an orthorhom
approximant to the decagonal quasicrystal. It has 340 at
in the unit cell and its ‘‘quasiperiodic’’ dimensions can b
viewed as at2-times inflated Al13Co4 cell. A characteristic
structural property of this model~as well as of the Al13Co4
structure! is the lack of TM-TM nearest neighbors~TM 5
transition metal, Ni or Co!. For a particular chemical deco
ration this structure is shown in Fig. 2. As we shall see
Sec. IV it is just this feature of the model that leads to u
satisfactory results for the electronic structure. The pho
emission spectra of such an arrangement of atoms sho
systematic shift of the position of the main peak to high
binding energies.

In order to investigate the influence of TM-TM neighbo
on the resulting photoemission spectra we studied also
crystalline phase Al4(NiCo)3 with 112 atoms in a cubic cel
~space groupIa3̄d, Ref. 48!. The structure of this phase ha
no relationship to quasicrystals. The transition metals~TM!
Ni and Co are randomly distributed. The content in TM
42.8 at. %, substantially higher than the 30% in the case
d-AlNiCo or 23.5 at. % in monoclinic Al13(Ni,Co)4. Be-
cause of large content of TM atoms mutual contacts of T
atoms are inevitable.
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Our next model adapted from Hiraga, Sun, a
Yamamoto13 has the following ingredients: clusters with
diameter 20 Å decorate the vertices of a rhombus tiling w
an edge length of 20 Å i.e.,tAt12'3.08 times longer than
the rhombus edge in the small-rhombus-hexagon-til
model. We note that the internal structure of the large 20
decagonal cluster has been described independently
Steurer and Kuo5 and Hiraga, Lincoln, and Sun.6 Placing the
decagonal atomic cluster on all vertices of the rhombus til
leads to a number of short interatomic distances. To av
these conflicting atomic positions at short distances we
on some vertices only the core part of the large decago
cluster. The model is presented in Fig. 3. The topology of
model has been optimized using the comparison with diffr
tion data, see below. We shall call our model the larg
rhombus-tiling ~LRT! model. Our periodic approximant o
this model consists of 1276 atoms in an orthorhombic u
cell; see Table I. It contains 14 decagonal 20-Å clusters

For a chemical refinement via the electronic structure c
culations the model with 1276 atoms is too large. We ha
therefore considered also a smallert-deflated orthorhombic
approximant consisting of 484 atoms in the unit cell; s
Table I.

B. Large-rhombus-tiling model and the diffraction data

In the case of the large-rhombus-tiling model, the init
guess of the chemical ordering was obtained from the

FIG. 2. Projection of the small-rhombus-hexagon-tiling mod
for the structure ofd-AlNiCo onto the quasiperiodic plane. Th
approximant shown here has 340 atoms in the unit cell. The th
lines show the rectangle-triangle tiling~forming rhombi and
squeezed hexagons! underlying the construction of the decagon
phase and of its periodic approximants. Empty circles, Al atom
filled symbols, transition-metal atoms; filled triangles, Ni atom
filled squares, Co atoms. For the model shown here, only Al and
atoms are allowed on the inner rings of the pentagonal bipyram
~cf. text!.
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fraction refinement, using 253 independent diffraction inte
sities measured by Steurer9 ~a more detailed diffraction-
refinement study of a similar model is presented in Ref. 4!.
In contrast to the standard hyperspace refinement appro
the best-fit parameters are determined by the choice of
‘‘binding’’ between atomic decoration and the objects in t
tiling. The positional parameters of each decoration o
bound to a tiling object are allowed to vary only within th
constraints imposed by the point-group symmetry of the
ing object. Other parameters associated with the decora
orbit are the chemical occupation and the Debye-Wa
~DW! factor.

The nonlinear least-square fit to the diffraction data h
been performed using a zero-order model with simp
tiling-decoration binding, in which all atoms were ascrib
to a shell of the cluster. In such a model there are 11 dist

FIG. 3. Projection of the 1276-atom large-rhombus-tiling mo
for d-AlNiCo onto the quasiperiodic plane. The approximant co
sists of 14 large decagonal clusters. Open circles, Al atoms; fi
symbols, transition-metal atoms; filled triangles, Ni atoms; fill
squares, Co atoms. The decoration shown here corresponds t
chemical order optimized via electronic structure and total-ene
calculations~model V4, cf. text!. The black thick line segment
show the underlying rhombus tiling. Full, dashed, and dotted circ
of larger diameter indicate central, intermediate, and outer par
the decagonal cluster, respectively.
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orbits ~topological types! of atoms. For each of these w
refined two parameters: a mean electron number and the
factor ~for the purpose of this study, the positional para
eters were not considered!. Since the clusters eventuall
overlap, in the zero-order model some atoms are accou
for twice. In the diffraction refinement, some orbits we
assigned fixed occupation factors (,1) compensating for the
fraction of atoms that were placed twice. The model w
refined to the weightedR factor Rw514.8%.

As a next step, from the mean electron numbers obtai
from the refinement of the zero-order model, and from
chemical composition constraint, we deduced an optim
chemical ordering, and removed all the conflicting atom
Then we restarted the diffraction refinement, in which on
DW factors and an overall scale factor were refined. T
weightedR factor of this corrected model slightly decreas
to Rw514.1%. A log-log plot of the 253 measured9 and
calculated diffraction intensitiesuFu is presented in Fig. 4.

The electronic structure calculations reported bel
mainly address the question of the Ni-Co ordering, and
clude some minor modifications of the Al-TM ordering.

C. Refinement of chemical short-range order

Although from the x-ray diffraction measurements a
HREM observations it is possible to deduce some inform
tion about the position of aluminum and transition-metal
oms, from the structural data no information about the Ni-
ordering is available. On the other hand, the photoemiss
and soft x-ray emission and absorption spectra are sens
to the local arrangement of transition-metal atoms. This
demonstrated also in Sec. IV of our paper. For each st
tural model we considered several possible chemical occu
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FIG. 4. Log-log plot of the 253 measured and calculated diffr
tion intensitiesuFu for the large-rhombus-tiling model ofd-AlNiCo
~experimental data from Steurer, Refs. 9 and 10!.
er of
TABLE I. Characteristics of our structural models. The table shows chemical composition, numb
atoms in the unit cell, and the lattice parameters~in Å ).

Model Na a b c note

Al4(NiCo)3 112 11.396 11.396 11.396 cryst. Ia3̄d ~No. 230!
Al13Co4 102 14.452 12.342 8.158 Grinet al. ~Ref. 47!
Al0.738(NiCo)0.262 340 37.779 32.136 4.080 t23Al13Co4, SRHT
Al0.705(NiCo)0.295 484 44.232 37.626 4.080 LRT
Al0.709(NiCo)0.291 1276 71.569 60.880 4.080 LRT
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tions of different topological sites. From the comparison
the calculated DOS with experimental photoemission cur
we could exclude some variants of the structural mod
After some attempts we have succeeded to find a mo
which provides a reasonable agreement of the electr
structure with experiment. We checked the correctness
this refinement also by the calculation of the total energy
each chemical variant of the model. We have found out t
the optimal model obtained by the chemical refinement
hibits also the lowest total energy.

III. SELF-CONSISTENT TIGHT-BINDING LMTO
METHOD

As quasicrystals are typically multicomponent systems
self-consistent calculation of the electronic structure is n
essary. This is particularly significant in the case of quas
rystals containing two different transition metals since
interaction of the transition-metal atoms leads to signific
changes of the position and width of thed bands of the two
transition metals44–46 during the self-consistent iteration
We shall see in Sec. IV that this effect is really important
obtaining satisfactory agreement of the calculated positi
of thed bands with experiment. As quasicrystals are orde
systems, the number of locally topologically nonequivale
sites is limited~within a finite cutoff radius, see Sec. II A!—
in our models we consider up to 38 topologically differe
sites.

The most efficient procedure to obtain self-consistency
a system with a limited number of topologically inequivale
sites is the real-space recursion method.50 The recursion
method is very efficient to obtain self-consistency and to
the gross features of the electronic structure. The accurac
the recursion method is sufficient during self-consistent ite
tions as integral quantities only are relevant for the constr
tion of the new charge density. The accuracy of the met
is also satisfactory for the purpose of comparison of the
culated electronic structure with the experimental data.

For the calculation of the electronic structure we used
tight-binding linear muffin-tin orbital ~TB-LMTO!
method.51,52 The TB-LMTO Hamiltonian is transformed
from the standard LMTO basis to the most localized tig
binding basis. Some details of the application of the T
LMTO formalism to quasicrystalline approximants are giv
also in our previous papers.53 The LMTO structure constant
are calculated for each atomic site, including all neighb
within a sphere containing 20 atoms on average. For
construction of the starting Hamiltonian we used as the
tial potential parameters values tabulated for the pure me
The two-center TB Hamiltonian in the Lo¨wdin orthonormal
representation is determined in terms of an expansion
powers of the nonorthogonal TB Hamiltonian in th
screened, most localized basis and of the overlap ma
This expansion is truncated at the second-order term.
local densities of states~DOS! of all topologically non-
equivalent atoms are calculated using the recurs
method.50 The local DOS was obtained by summation ov
contributions froms, p, andd orbitals. We used typically 20
recursion levels and the Lucchini-Nex terminator.54 The
valence-charge density of an atom is reconstructed from
moments of the local DOS. The core-charge density is
f
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tained from relativistic self-consistent calculation of free
oms. The Madelung constants are calculated by the Ew
summation technique. The Kohn-Sham potential is c
structed within the local-density approximation~LDA !. For
the exchange-correlation potential the Barth-Hedin form
is used.55 For all topologically nonequivalent sites we ite
ated charge densities to self-consistency.

We performed the calculation in real space, i.e., only
the G point in the Brillouin zone. As the Brillouin zone of a
decagonal quasicrystal with 4-Å periodicity is quite e
tended along the periodic axis, the dispersion along this
rection cannot be neglected. We constructed a supercell
taining three elementary cells stacked along the perio
direction containing together 1452 atoms. Such a multipli
tion of the elementary cell does not increase the numbe
topologically nonequivalent sites and the computer ti
scales linearly with the total number of atoms in the sup
cell. The energy resolution depends on the number of re
sion levels, which is, however, limited by the size of th
model. At the end of the self-consistent iterations we
creased the energy resolution by increasing the numbe
the recursion levels to 50. We increased correspondingly
size of the model by multiplication of the elementary un
cell to 9348454356 atoms. Such increased accuracy h
been used also for the total-energy calculations.

As all our approximants are finite and periodic in re
space even in quasiperiodic directions we do not have p
lem with k as quantum numbers. However, size of the B
louin zone of our approximants in quasiperiodic directions
very small: 0.02–0.03 Å21. In quasiperiodic limit the size
of Brillouin zone would shrink to zero. Therefore the a
proximation ofG point ~i.e., k50) in the quasiperiodic di-
rections is quite satisfactory.

The total density of states~DOS! was calculated by sum
mation over the local DOS. We calculated the total DOS a
by the recursion technique utilizing randomly phased vect
as the initial vectors. Good convergence between both
proaches was achieved. This proves that the choice of a
stricted number of nonequivalent sites in the models w
large unit cells is sufficiently representative.

The aim of our work is to find a model of atomic structu
of decagonal AlNiCo quasicrystal, particularly its sho
range order, that is consistent with available diffraction, ph
toemission, and soft x-ray spectroscopic data. We ass
that for this purpose the accuracy of our electronic struct
calculations is quite sufficient. In this paper we do not a
dress the problem of character of the electronic states
true quasiperiodic system. We refer readers interested in
problem to Ref. 56. As gross features of the electronic str
ture are determined by the short-range order we assume
sizes of approximants used as models of decagonal AlN
are sufficiently representative.

IV. ELECTRONIC STRUCTURE OF DECAGONAL
Al-Ni-Co

A. Relation to crystalline phases

The electronic structure of orthorhombic Al13Co4 was ob-
tained by k-space TB-LMTO calculations, using 240k
points in a quarter of Brillouin zone. Figure 5 shows the to
and partial Al and Co densities of states. The most strik
feature in the electronic structure is the deep DOS minim
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very close to the Fermi level, resulting from a bro
structure-induced minimum in the partial Al DOS~whose
lower part is, however, largely covered by the Co-d band!
and a weak hybridization gap at the upper edge of the Cd
band.

The main contribution to the photoemission intens
comes from thed electrons of the transition metals. A com
parison of the position of Co-d peak ('22.4 eV) with the
position the main peak in photoemission data ('21.8 eV)
~Refs. 37–39! of d-AlNiCo shows a significant shift of thed
band of the decagonal phase towards the Fermi level, i
cating a substantial difference in the electronic structure
crystalline Al13Co4 and the decagonal phase.

The first attempt to simulate the electronic structure of
d-AlNiCo was done by replacing Co by a random mixture
Co and Ni atoms. The resulting DOS and the correspond
photoemission spectrum~PES! calculated by the recursio
method is presented in Figs. 6~a! and 6~c!. The position of
the Co-d band is shifted to somewhat higher binding ener
(22.8 eV), but the mutual position of Co- and Ni-d bands
exhibits clear splitting which is not seen in the experimen
photoemission data.37–39 The calculated PES has unimod
shape peaked at'23.7 eV. The position of the peak is i
significant disagreement with the experiment; see Fig. 6~c!.

The position of the Co- and Ni-d peaks in thed-AlNiCo
phase as seen in the experimental photoemission and
x-ray data is really remarkable. Soft x-ray spectroscop40

shows that both peaks are located at low-binding energ
apparently very close to each other. From the photoemis
data is not possible to distinguish separate peaks. There

FIG. 5. Total and partial densities of states of orthorhom
Al13Co4, calculated for the crystal structure determined by G
~Ref. 47!. Total DOS~a!, Co ~b!, and Al ~c!.
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splitting of thed bands as in the case ofd-AlCuCo.43 The
splitting of the Cu- and Co-d bands and particularly the shif
of the fully occupied Cu-d band to lower energies was inte
preted as a stabilizing mechanism for the quasicrystal
phase. Such a mechanism does not work in the cas
d-AlNiCo phase as it is clearly seen from the experimen
data.37–40

Figures 6~b! and 6~c! show the total, partial DOS’s and
PES of crystalline Al4(TM) 3 ~the crystallographic data ar
given in Ref. 48!. The transition metals~TM! Ni and Co are
randomly distributed. The content in TM is 42.8 at. %, su
stantially higher than the 30% in the case ofd-AlNiCo or the
23.5 at. % in Al13(Ni,Co)4. Because of the large content o
TM atoms, mutual contacts of TM atoms are inevitable. A
though the structure of this phase has no relationship to q
sicrystals the position of the Ni and Cod bands agrees muc
better with the spectroscopic results for the quasicrystal t
for the random Al13(Ni,Co)4 phase. The main difference i
that in Al13(Ni,Co)4 no TM-TM nearest neighbors are a
lowed. We take this as an indication that the correct chem
decoration ofd-AlNiCo must contain a substantial numbe
of TM-TM nearest-neighbor pairs.

B. Small-rhombus-hexagon-tiling model

The electronic structure of the SRHT model ofd-AlNiCo,
which has at2-times inflated unit cell of Al13Co4 in the

c

FIG. 6. Total and partial densities of states of orthorhom
Al13(Ni0.5Co0.5)4 ~a! and of cubic Al4(Ni0.5Co0.5)3 ~b! with a ran-
dom distribution of Ni and Co atoms. The calculated photoemiss
spectrum of Al13(Ni0.5Co0.5)4 ~dotted curve! and Al4(Ni0.5Co0.5)3

~dashed curve! is compared in~c! with photoemission data of de
cagonal Al70Ni15Co15.
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quasiperiodic plane, but only 4.08-Å periodicity along t
periodic axis was calculated for many different chemi
decorations in an attempt to achieve agreement in the p
tion of thed peaks of TM atoms with experiment. We faile
to get a satisfactory agreement for any of the tested confi
rations. The electronic structure of all models exhibits a s
tematic shift by at least 0.5 eV to lower energies. Moreov
many configurations provide splitd bands. Figure 7 show
the calculated total and local DOS’s and the photoemiss
intensity for the decoration presented in Fig. 2 and for
alternative model with interchanged Co and Ni occupan
compared with the experimental data.37–39While for the first
configuration the DOS shows unimodal character, for
latter configuration we find a pronounced splitting of the T
d bands. Ni and Co atoms are similar in size and theref
exchangeable; in x-ray experiments they are indistingu
able and also in most of the structural models the differe
is ignored. However, Fig. 7 shows that ind-AlNiCo atoms
Ni and Co exhibit a substantially different chemical behav
and cannot be arbitrarily exchanged.

C. Large-rhombus-tiling model

This model differs from the previous ones by the prese
of large 20-Å clusters~cf. Figs. 2 and 3!. We shall see below

FIG. 7. ~a! Total and partial densities of states ofd-AlNiCo for
the 340-atom small-rhombus-hexagon-tiling model with chem
decoration shown in Fig. 2.~b! As in ~a!, but the occupation with Ni
and Co atoms has been interchanged.~c! Photoemission intensitie
calculated from~a! and~b! compared with the experimental data
Stadnik and co-workers~Ref. 39!.
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that these clusters are essential for obtaining a satisfac
agreement of the calculated photoemission intensities w
experimental data. The electronic structure is determi
largely by the local arrangement of atoms. For the purpos
the self-consistent TB-LMTO calculations we distinguish
crystallographically inequivalent positions. For each of the
sites the LMTO structure constants are calculated and
potential parameters are iterated to self-consistency.

From the comparison of the electronic structure of the t
crystalline phases Al13Co4 and Al4(TM) 3 and their local ar-
rangement of atoms it is possible to deduce that the SR
model provides an incorrect position of thed peaks because
of the lack of close contacts among TM atoms. Howev
such contacts can exist if we occupy the central part of
large decagonal cluster by fivefold rings of TM atoms. T
rings of TM atoms must exist in both planes—flat a
puckered—along the periodic direction forming thus a c
lumnar cluster of TM atoms. As the flat and puckered lay
of atoms are related by a tenfold screw axis, in the project
onto the quasiperiodic plane the two fivefold rings form
tenfold ring of TM atoms. Such a ring of TM atoms is se
also in the Burkov model21 as well as in the recent model o
Yamamoto and Weber.22 The presence of TM atoms in bot
layers along the periodic direction turns out to be essentia
the central cluster is occupied by alternating Al and T
rings as it was proposed in the older work of Yamamo
Weber, and Tsai25 or as it is seen in the recent proposal
Steurer, Honal, and Haibach,15 the resulting electronic struc
ture is in the same disagreement with the photoemission
as it was observed for the previous SRHT model; see Fig
and below. On the other hand, if one attempts to occupy
fivefold rings in the SRHT model by TM atoms only, th
stoichiometry of the system would be substantially chang
The constraint of maintaining the correct stoichiome
makes the optimization of the chemical order a quite co
plex task. We have tested altogether 17 different chem
configurations. In order to simplify the presentation of t
results we shall divide the process of optimization into tw
parts: first the optimization of the chemical occupation of t
sites in the central part of the 20-Å clusters is discuss
second we present the results of optimization of decora
of the outer shells; see Fig. 3.

l

FIG. 8. Projection of part of the 20-Å decagonal cluster on
quasiperiodic plane. The chemical decoration shown here co
sponds to the version V4. Open circles, Al atoms; filled symbo
transition-metal atoms; filled triangles, Ni atoms; filled squares,
atoms. Occupation of the sites marked by labels A–K was o
mized via the electronic structure calculations.
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1. Optimization of chemical order in the central part
of 20-Å cluster

We have considered a large number of different possib
ties for the occupation of the central ring in the large 20-
cluster by TM atoms; only four of them are discussed he
Ni ring ~model V4!, Ni-Co ring ~V5!, Co ring ~V6!, and
Al-Ni ring ~V7!. Although in the electronic structure calcu
lation we actually distinguish 38 topologically different sit
in the unit cell we restrict the discussion only to the sites
a single 20-Å decagonal cluster. Figure 8 shows one-ha
the decagonal cluster with the chemical decoration co
sponding to version V4. We varied the chemical occupat
of the sites marked in Fig. 8 by labels A–K. A description
models V4 to V7 is given in Table II. In versions V4 and V
the inner ring~positions A and B! is occupied by Ni or Co
atoms only. In order to achieve the correct composition,
second shell~positions C and D! must then be occupied b
TM atoms of the other species as the inner ring. V5 conta
a mixed Ni-Co columnar cluster~Ni and Co atoms in alter-
nating planes!. This leads also to a mixed occupation with N
and Co on the second~C and D! and third~E and F! shells.
Version V7 allows for a mixed Al-TM~here Al-Ni! occupa-

FIG. 9. Total and partial densities of states ofd-AlNiCo calcu-
lated for the 484-atom model and four different chemical deco
tions differing mainly in the occupation of the innermost ring of t
20-Å cluster ~see Table II!, Ni ring, model V4 ~a!; Ni-Co ring,
model V5~b!; Co ring, model V6~c!; and Al-Ni ring, model V7~d!.
Total DOS, full line; Al-DOS, dotted line; Ni DOS, chain line
Co-DOS, dashed line.
i-

:

of
-

n
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tion of the inner ring, to maintain the correct stoichiomet
part of Ni atoms must then be placed on some of the ou
sites~here sites H in the centers of the small rings arrang
around the large central ring!. The partial coordination num
bers for all models are summarized in the lower part of Ta
II. Note in particular the large variations in the TM-TM an
Al-TM coordination numbers.

Figure 9 shows the total and partial densities of sta
Fig. 10 the calculated photoemission spectra~PES! com-
pared with the experimental data. The most distinct diff
ences between these models appear at the level of the
tions and shapes of the Co- and Ni-d bands. In all models
except V4 with the Ni ring in the central part of the cluste
the Ni-3d band lies at higher binding energies than t
Co-3d band—as expected from the band filling in the pu
metals. Only the model V4 behaves differently: the Co-d
band is pushed down to higher binding energies than
Ni-3d band. A possible explanation is a high degree
Co-Al hybridization—in agreement with the high Co-Al co
ordination number. It is interesting to confront this res
with experiment. The most accurate information on the str
ture of the valence band comes from PES~which, however,
cannot differentiate between Ni and Co bands!. For the cal-
culation of the PES, the photoionization cross sections ta
lated by Yeh and Lindau57 and a modest Gaussian broade
ing of 0.3 eV to simulate experimental resolution have be
used. To demonstrate the importance of TM rings as d
cussed in the previous section, the case of the Al-Ni r
~model V7! is here also presented. For the model with
mixed Ni-Al ring leading to a high TM-Al coordination on
both Ni and Co sites we find a unimodal, symmetricd-band
DOS peaked at about22.3 eV. For the model with an inne
Co ring ~V6! leading to a high Ni-Al, but low Co-Al coor-
dination, high Co-Co coordination, no Ni-Ni neighbors at
we find a bimodal asymmetricd-band DOS with a peak a
about23.0 eV, compared to a symmetric unimodal PES
tensity peaked at21.8 eV.

The best—but far from perfect—agreement with expe
mental data is obtained for the Ni ring~model V4! which has
just opposite characteristic~cf. Table II!. The PES intensity
distribution corresponding to the mixed Ni-Co ring~model

-

FIG. 10. Photoemission intensities ofd-AlNiCo calculated for
the 484-atom model and four different chemical decorations dif
ing in the occupation of the outer part of the 20-Å cluster~see
Table II!, Ni ring, model V4 ~full line!; Ni-Co ring, model V5
~dashed line!; Co ring, model V6~chain line!; Al-Ni ring, model V7
~dotted line!, compared with experiment~Ref. 39!.
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TABLE II. Properties of the large-rhombus-tiling model for various variants of occupation of the ce
ring in the decagonal cluster. Position of the topological sites A–K seen in Fig. 11. In the table the
listed occupation of the topological sites, chemical composition, coordination numbers, and the cal
total energies.

Top. site/model V4~Ni ring! V5 ~Ni-Co ring! V6 ~Co ring! V7 ~Al-Ni ring !

A Ni Ni Co Ni
B Ni Co Co Al
C Co Ni Ni Co
D Co Co Ni Co
E Co Co Ni Co
F Ni Ni Co Ni
G Al Al Al Ni
H Al Al Al Ni
I Al Al Al Al
J Al Al Al Al
K Al Al Al Al

Content of Al ~%! 68.60 68.60 68.60 71.07
Content of Ni~%! 16.52 15.70 14.88 14.05
Content of Co~%! 14.88 15.70 16.52 14.88

Coord. no. Al-Al 11.87 11.87 11.87 11.27
Coord. no. Al-Co 2.44 2.04 1.62 2.30
Coord. no. Al-Ni 1.62 2.03 2.44 2.08
Coord. no. Co-Al 10.72 9.02 7.25 10.44
Coord. no. Ni-Al 7.25 8.76 10.72 10.79
Coord. no. Co-Co 0.00 0.79 4.50 0.00
Coord. no. Co-Ni 0.55 2.10 0.50 0.83
Coord. no. Ni-Co 0.50 2.10 0.55 0.88
Coord. no. Ni-Ni 4.50 0.79 0.00 1.41

Heat of formation~eV/atom! 20.36 20.31 20.23
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V5! shows a clear splitting of thed bands with one shoulde
shifted to lower binding energy. Analysis of these resu
demonstrates that it is mainly a high Ni-Al coordinatio
number which leads to a shift of thed band to higher ener
gies. The best agreement with the experimental spectru
obtained for a decoration resulting in a high Ni-Ni and Co-
coordination.

2. Optimization of chemical order in the outer part
of 20-Å cluster

Most of the HREM studies and image contrast simu
tions ford-AlNiCo confirm the occupation of the core part o
the 20-Å decagonal cluster by transition-metal atom29

However, there is much less consensus concerning of
outer part of the cluster. Structural models for the decago
cluster proposed by Steurer and Kuo,5 Hiraga, Lincoln, and
Sun6 and Burkov20 are identical with respect to the centr
part of the cluster, but disagree in their outer part. Fr
stoichiometry considerations it follows that this outer p
should contain'20 transition-metal atoms. The possible a
rangement of these atoms was the next subject of our st
The simplest possibility is to place them regularly on t
small rings such as to form a decagonal ring of large dia
eter. Some of the considered chemical versions of the mo
denoted as V42–V46 are listed in Table III. Figures 11 a
12 show a comparison of the calculated DOS’s and pho
s

is
l

-

he
al

t
-
y.

-
ls

d
-

emission spectra with experimental data. The results ag
show a high sensitivity of the resulting PES to small chan
in chemical short-range order~versions V42 and V44 differ
only by interchanging the occupation of sites E and F w
Ni and Co, respectively!. Versions V42–V45 correspond t
various variants of the outer decagonal ring of 20 TM atom
It is interesting that the best agreement with experiment w
obtained for the version V46 in which the decagonal sy
metry of the the outer ring of TM atoms is broken. We no
that compared to version V4~5V42! the chemical refine-
ment of the outer part of the large cluster leads to a furt
increase of the Co-Al and Ni-Ni coordinations. The brok
symmetry of the outer ring might be taken as an indicat
that the chemical arrangement in this region of the struct
is possibly disordered. However, this conjecture could
tested only by calculation on larger models with a vas
increased number of inequivalent sites.

3. Total-energy calculation

It is generally accepted that the electronic structure pl
an important role in stabilization of quasicrystalline stru
ture. In the case of icosahedral quasicrystals the domin
contribution to the stability comes from the structure-induc
pseudogap in the density of states at the Fermi level.
pseudogap lowers the band energy of the system. In the
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TABLE III. Properties of the large-rhombus-tiling model for various variants of occupation of the o
part of the decagonal cluster. Position of the topological sites A–K seen in Fig. 11. In the table the
listed occupation of the topological sites, chemical composition, coordination numbers, and the cal
total energies.

Top. site V42 V43 V44 V45 V46

A Ni Ni Ni Ni Ni
B Ni Ni Ni Ni Ni
C Co Co Co Co Co
D Co Co Co Co Co
E Co Co Ni Al Al
F Ni Al Co Co Al
G Al Al Al Ni Al
H Al Ni Al Al Al
I Al Al Al Al Ni
J Al Al Al Al Al
K Al Al Al Al Co

Content of Al ~%! 68.60 71.07 68.60 70.66 70.66
Content of Ni~%! 16.52 14.05 16.52 14.46 14.46
Content of Co~%! 14.88 14.88 14.88 14.88 14.88

Coord. no. Al-Al 11.87 11.93 11.87 11.92 11.90
Coord. no. Al-Co 2.44 2.47 2.38 2.43 2.16
Coord. no. Al-Ni 1.62 1.38 1.68 1.44 1.43
Coord. no. Co-Al 10.72 11.27 10.72 11.27 11.11
Coord. no. Ni-Al 7.25 7.05 7.25 7.28 7.28
Coord. no. Co-Co 0.00 0.00 0.00 0.00 1.00
Coord. no. Co-Ni 0.55 0.00 0.55 0.00 0.27
Coord. no. Ni-Co 0.50 0.00 0.50 0.00 0.28
Coord. no. Ni-Ni 4.50 5.29 4.50 5.14 5.14
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of decagonal quasicrystals the situation is more complica
In the case ofd-AlCuCo the pseudogap which exists in th
Al-( s,p) bands is covered by the Co-d band overlapping
with the Fermi level and the main stabilizing contributio
comes from the mutual interaction of the transition-me
atoms which leads to split of Cu- and Co-d bands and con-
sequently a shift of the fully occupied Cu-d band to high
binding energies.43 Using the same mechanism in the case
d-AlNiCo one should conclude that the variant of the mod
with Al-Ni ring is the most stable out of all considered va
ants. However, the comparison with the experimental sp
troscopic data does not support such a conclusion. In ord
understand this contradiction we have attempted to calcu
the total energies of the systems. However, one must rea
that as ourd-AlNiCo models differ in composition, a calcu
lation of their total energies is not sufficient to decide t
question of relative stability—to do this one would have
take the neighboring crystalline phases into account and
form the usual double-tangent construction to get this par
the phase diagram. Therefore we have considered only
models V4, V5, and V6 which have the same Al content a
differ only in the occupation of the central ring and in th
Co/Ni ratio. Even then a total-energy calculation for such
large system is a formidable task. Exact diagonalization ik
space continued iteratively to full self-consistency is e
cluded in practice. Real-space recursion calculation is m
faster converged with respect to self-consistency, but v
difficult to converge with respect to the size of the superc
This is largely a consequence of the shape of the unit ce
d.
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the decagonal approximants, with a small cell paramete
one and large dimensions in the other directions~aspect ratio
1:9!. In the present case we have extended the calculation
supercell consisting of nine conventional cells stacked in
periodic direction~i.e., 4356 atoms/supercell!. With this set-
ting we estimate the total energies to be converged to wi
60.025 eV/atom. The total energy in addition to the ba
energy includes also the contributions from the doub
counting terms, the exchange energy, and the Madelung
ergy. The results are included in Table II~we give here the
heat of formation!. Surprisingly, the model with Ni ring in
the center of the large cluster has the lowest total energy
not the variants with the Co ring or Ni-Co ring which hav
apparently a lower band energy. This result is in agreem
with our previous conclusion that the best agreement w
the photoemission data is provided by the model with the
ring in the center of the large cluster.

4. Comparison with soft x-ray data

Contrary to the photoemission data which cannot dis
guish separate Ni and Co contributions in the soft x-ray sp
tra ~SXS! one can see contributions from each chemical ty
and each orbital symmetry separately. Figure 13 compa
the calculateds-d contributions for our model with the N
ring with the experimental data.41 The SXS spectra confirm
the surprising reversal in the positions of the Co-3d and
Ni-3d bands~note that this was not the case in the earl
publication40!. We also note that thed-band peaks in the
SXS spectra occur at somewhat higher binding energie
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the PES spectra—and are thus in better agreement
our results.

5. Large approximant

After optimizing the topological structure via diffractio
refinement, see Sec. II B, and finding the optimal chem
short-range order by electronic structure calculations for
medium-sized models, we have calculated also the electr
structure of our largest approximant. It contains 1276 ato
in the unit cell and its 14 large decagonal clusters are lin
with both types of linking. Figure 14 shows a comparison
the calculated total and partial DOS’s and photoemiss
spectra of the large and smaller models. As the gross feat
of the electronic structure is determined predominantly
the local arrangement of atoms a big difference in the e
tronic structure of both models could not be expected.

The local densities of states have been analyzed on th
sites that have been considered as topologically inequiva
in our model V42. We recognize some interesting featur
while a certain depression of the local DOS’s is recogniza
on all Al sites, the depth of this pseudogap varies consid
ably from site to site. The Ni DOS is split. The main peak
close to21.4 eV, the minor subpeak is at22.5 eV. The

FIG. 11. Total and partial densities of states ofd-AlNiCo cal-
culated for the 484-atom model and four different chemical de
rations differing mainly in the occupation of the outer part ring
the 20-Å cluster~see Table III!, model V42~a!, model V43~b!,
model V44~c!, models V45 and V46~d!. Total DOS, full line; Al
DOS, dotted line; Ni DOS, chain line; Co DOS, dashed line.
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Ni-d band shows only a small overlap with the Fermi lev
The Co DOS is peaked around22.5 eV, it consists of rela-
tively sharp main peak and a shoulder close to the Fe
energy. The larger width of the Ni-d band reflects the highe
Ni-Ni coordination, the structure of Co band is the cons
quence of the high Co-Al coordination and therefore stro
Co-d–Al-(s,p) hybridization.

V. CONCLUSIONS

We have presented a very detailed theoretical study of
atomic and electronic structures ofd-AlNiCo. Not surpris-
ingly, this turned out to be an exceedingly complex ta
While it is possible to discriminate among the various stru
tural models that have been proposed in the literature on
basis of the available diffraction and HREM data, and ev
to proceed to a topological optimization of the most prom
ing models based on the presence of large 20-Å decag
clusters, the existing experimental information does not
low us to specify the chemical decoration. In our study
have undertaken an attempt to optimize the chemical o
on the basis of electronic structure calculations and comp
son with data from photoemission and soft x-ray spectr
copy, following the strategy that turned out to be success
for d-AlCuCo.43 The comparison of the calculated electron
structure with experiment confirms our choice of the LR
model, but the chemical order is shown to induce large va
tions in the spectra. In a first step we have been able to s
that the decoration of the innermost part of the 20-Å clus
with pentagonal Ni rings leads to the relatively best agr
ment. The decisive factors are large Ni-Ni and Co-Al coo
dination numbers inducing a relatively broad Ni-d band and
strong Co-d–Al-(s,p) hybridization. The agreement can b
further improved by an appropriate decoration of the ou
parts of the ring, inducing a certain local disorder. This
again reflected in a further increase of the Ni-Ni and Co-
coordinations. A surprising outcome is that the peak in
Co-d band is pushed down to higher binding energies th
the peak in the Ni-d band. This is contrary to the position
expected from the relatived-band filling and occurs only for

-

FIG. 12. Photoemission intensities ofd-AlNiCo calculated for
the 484-atom model and five different chemical decorations dif
ing only in the occupation of the outer part of the 20-Å cluster~see
Table III!, model V42~dashed line!, model V43~chain line!, model
V44 ~dotted line!, model V45 ~double dot line!, and model V46
~full line! compared with experiment.
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the optimized decoration of the decagonal phase and no
any other of the decorations or in other crystalline AlNiC
phases studied in this work. Total-energy calculations c
firm that the optimized decoration also leads to the low
total energy~at fixed Al/TM composition!, the reversal of the
band positions is also confirmed by soft x-ray spectrosco

It is certainly also surprising that the atomic and ele
tronic structures of thed-AlNiCo are so different from those
of d-AlCuCo. The essential point is the different strength
the Cu-Cu and Ni-Ni interactions: Ind-AlCuCo the Cu-Cu
interaction is largely repulsive and this leads to a struct
with no Cu-Cu contacts~in 5D picture of the structura
model Cu atoms are located in the center of the accepta
domain! and a strong repulsion between the Cu- and Cd
bands, pushing the Co band towards the Fermi level and
Cu band down to higher binding energies. T
TM-d–Al-(s,p) hybridization is weak for both metals. I
d-AlNiCo the Ni-Ni and Co-Al interaction is attractive, lead
ing to strong Ni-Ni and Co-Al coordination and to lowerin
of the energy of the Ni band. A further important differen
is that the number of Ni-Co pairs is much lower than t
Cu-Co coordination numbers—this largely eliminates
d-band repulsion which is so characteristic ford-AlCuCo.

However, it must be pointed out that the results presen
here all refer to almost the same composition arou
Al70Ni15Co15. Variations in the Ni/Co ratio could affect th
picture we have sketched here quite appreciably—a h
Ni-Ni coordination cannot be a decisive factor. This is c
tainly one of the factors behind the bewildering structu

FIG. 13. Calculated soft x-ray spectra for Ni-3d band~full line!
and Co-3d band ~dashed line! compared with experimental data
triangles, Ni-3d band; squares, Co-3d band.
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complexity of d-AlNiCo. However, further studies will be
necessary to bring a final assessment.

Further studies based on this model will concentrate
the electronic transport properties ofd-AlNiCo, with the aim
of finding out how the difference in the electronic structu
affects the anisotropy of the transport properties.
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FIG. 14. The total and partial densities of states of two varia
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484-atom models. Panel~c! compares the calculated photoemissi
intensities for the V42~dotted line! and V46~dashed line! models
with two sets of experimental data, squares, Ref. 38; full circ
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