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Atomic and electronic structure of decagonal Al-Ni-Co alloys and approximant phases
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Detailed investigations of the atomic and electronic structures of decagonal AINiCo 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-AINiCo a strong Ni-Ni interaction stabilizes the innermost Ni ring, direct Co-Co neighbors are
suppressed and there is a strong Co-Al interaction.

I. INTRODUCTION On the basis of the experimental information from diffrac-
tion studies, a number of structural models for
Soon after the discovery of icosahedral quasicrystals byl-Al-Co-Cu(Ni) alloys have been proposed. Steurer and
Shechtmaret al.! a decagonal phase which is quasiperiodicKuo® and Hiraga, Lincoln, and Sfimnalyzed structure of the
in a plane perpendicular to the decagonal axis and periodi20-A decagonal cluster and proposed almost identical struc-
along that direction was identified in the Al-Mn system by tural models of this cluster. However, this first model was
Bendersky’ The decagonal Al-Mn quasicrystals were only not able to account for special features present in the super-
metastable. Stable decagonal quasicrystals were discovergttuctures ofd-AINiCo.?° Burkov?® proposed a modghere
in the ternary AICuCo and AINiCo systeré.Due to the  denoted as Bilbased on a cluster decoration of the binary
existence of samples of high structural quality, these twW@enrose tiling with space-group symmet®10s/mmc A
decagonal alloys have been widely investigated. Most studsecond modeldenoted as BRby Burko?! is based on
ies are concern_ed with various structural asp%?f@Origi_— Klotz-triangle tiling (known also as ‘fhingen tiling and
nally it was believed thatd-AlCuCo andd-AINiCo quasi-  aching rules enforcing quasiperiodicity. The matching

) X tiles are closely connected with the chemical order between
of avery Complex phase_; .dlagram of the pseudobinary AICO'Cu and Co atoms. The symmetry of this modePis0;/m.

AINi system in the stability range of the decagonal phasesSteureret al1® also proposed a model based on columnar
showing a large structural variety*° Ritschet al® report '

eight different structural modifications of decagonal phases(.:IUSterS similar to those found in monoclinic,4Co, such

Most stable decagonal phases exist only at high temperatur%%at the structure consists of flat and puckered layers. Six-

in the range of 700—1100 K. The largest region of quasicrys'@Yer stacks may be decomposed into slightly distorted tria-

talline stability exists at the composition close to contahedra with point-group symmetry &0 space-group
Al;Ni;<Cois. The basic structures ofl-AICuCo and  symmetry P10m2 for this model® Hiraga, Sun, and
d-AINiCo are, according to high-resolution electron micros- Yamamotd® proposed a superstructure model having a
copy (HREM), based on the same decagonal clusters witl20-A cluster on each vertex of a Penrose pattern with an
20-A diameter. However, whereasdrAICuCo the decago- edge length of 20 A . Adjacent columnar clusters are related
nal clusters do not overlap, ohAINiCo the existence of two by a 1Q screw axis. Yamamoto and co-work&é pro-
distinct interatomic distances in the ratio 1zlkads to a posed later a corresponding five-dimensional superstructure
partial overlap* Several structural modifications of the model.

d-AINiCo phase have been identifié§:}0-16-28 The electronic properties of decagonal alloys have been
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widely investigated. As expected, electrical resistivity*?

Hall effect®® thermopower? thermal®* and optical
conductivity’® of d-AlCuCo andd-AlINiCo display a strong
anisotropy, i.e., metallic behavior along and nonmetallic be-
havior perpendicular to the periodic axis. Both alloys are
diamagnetic over a wide temperature raf@here have
been many attempts to interpret the electronic properties by
invoking a Hume-Rothery mechanism leading to the forma-
tion of a pseudogap at the Fermi levéf® However, the
existence of a pseudogap cannot be reconciled with the op-
tical conductivity dat® and with high-resolution photoemis-
sion spectroscopy>° on both d-AlCuCo and d-AINiCo.

Soft x-ray spectroscofy suggests the existence of a
pseudogap in the partial AlgBdensity of statesDOS), but
does not exclude that in the total DOS this minimum is cov-
ered by a broad CueBor Ni-3d band as suggested by the
photoemission data. The photoemission and soft x-ray data
also point to surprising differences in the electronic spectra
of d-AlCuCo andd-AINiCo. Whereas ird-Al gsCu,C0; 5 the

3d pands of Cu and Co are split by 3. e(\‘{he center_s of FIG. 1. Projection of the unit cell of orthorhombic ACo, onto
gravity of the bands are located at bln'dlng energ|es of the (x,y) plane corresponding to the quasiperiodic plane of
—3.7 and—0.7 eV), both bands overlap i+-Al;oNi;sCO5  §.AINiICo. Empty circles, Al atoms; filled symbols, transition-metal

and form a broad b‘_'md centered at abett.4-eV binding _atoms. Note the arrangement of the atoms on pentagonal bipyrami-
energy. The conclusions drawn from the resonant photoemisty| clusters.

sion spectra are corrobated by the soft x-ray spectra. The
difference in the spectra is too large to be explained solely bgmall-rhombus-hexagon-tilingSRHT) (Ref. 24 and the
the different degree of band filling in Cu and Ni—evidently, large-rhombus-tilingLRT) (Refs. 5, 6, and 13models for
the d-d interaction is fundamentally different in these two our study. In Sec. lll we review very briefly the self-
decagonal alloys. consistent tight-binding linear muffin-tin orbitelB-LMTO)
Electronic structure calculations fa-AlCuCo based on approach to the electronic structure calculations for large ap-
zero-order approximants of the older Burkov m38eB1) proximants. Section IV describes the results for the elec-
consisting of a binary Penrose tiling with cluster decoratiortronic density of states, including also some closely related
produce an unsplit-band and a pseudogap at the Fermicrystalline phases in our considerations. We also describe
level>*3—in evident disagreement with both photoelectronour approach to a “chemical refinement” of our structure
and soft x-ray spectra. Calculations based on the newenodels. The calculation of the electronic structure is supple-
Burkov modet! (model B2, Klotz-triangle tiling agree with  mented by total energy calculations allowing to assess the
the measured spectra, but only if the decagonal acceptanc¢elative stability of the structural variants.
domain for transition-metal(TM) atoms in the five-
dimensional hyperspace is subdivided in such a way as to Il. ATOMIC STRUCTURE
produce the correct chemical ordering between Co and Cu
atoms*® The model producing the best agreement has no
direct Cu-Cu neighbors at all, at a small Cu-Co coordination The starting point of our approach to modeling the struc-
number N¢,.ca~2.3). Co atoms have an increased coordi-ture of d-AINiCo is the structure of the crystalline ACo,
nation by transition metals, with slight preference for homo-compound. The structure of this crystalline phase is sup-
coordination Ngo.c~2.4,Nco.cg~3.2). This type of posed to be closely related to the structure of decagonal
chemical ordering produces the most pronounced splittingghase. The structure of ACo, consists of 102 atoms in an
between thel bands. It has also been pointed out that similarorthorhombic unit cell. The coordinates of the atoms in the
d-band shifts associated with short-range chemical orderingnit cell have been obtained from the x-ray refinement by
have been observed in amorphous TM allofmth by  Grin*’ We note that in our previous work ci-AlCuCao*
experimerit and band-structure calculatidri€® and shown we used a different model of ACo,. The structure of this
to play an essential role in the stabilization of these alloys. phase can be viewed as a packing of pentagonal bipyramidal
The example ofd-AlCuCo demonstrates that electronic clusters. The unit cell measures 8 A along the “periodic”
structure calculations may be used to optimize the chemicalirection. A projection of the unit cell of A{Co, onto the
order and even to eliminate certain structural models whicl{x,y) plane corresponding to the quasiperiodic plane of
lead to predictions for the electronic spectrum in contradic-d-AINiCo is shown in Fig. 1.
tion with experiment, although they appear to be compatible The large number of distinct stable decagonal phases in
with the diffraction and HREM data. thed-AINiCo system makes it difficult to model the structure
In the present work we apply a similar strategy to theon a systematic basis. The hierarchical organization of the
more difficult case od-AINiCo. Our paper is arranged as d-AlINiCo structure allows to describe the structure in terms
follows: In Sec. Il we briefly recapitulate some of the modelsof a variety of tilings(or, alternatively, of atomic surfaces in
that have been proposed and we motivate the choice of thiae hyperspace in the cut-and-projection scheme differing

A. Structural models for decagonal AINiCo
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only in the shapes of the outer regions of the hyperajoms
The topological features of each model, i.e., the decoration
of the tiles must be chosen in accordance with the informa-
tion available from diffraction and HREM data.

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

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

Our first model ofd-AINiCo is adapted from the model
proposed by Henle$# This model is characterized by pen-
tagonal bipyramid clusters found already in;4#&0,. The
model is based on a rhombus-hexagon tiling and in Ref. 24 FIG. 2. Projection of the small-rhombus-hexagon-tiling model
the model was called as a neo-Burkov model. In order tdor the structure ofd-AINiCo onto the quasiperiodic plane. The
avoid confusion with two other Burkov modeB1 and B2 approximant shown here has 340 atoms in the unit cell. The thick
we shall call this model the small-rhombus-hexagon-tiling!ines show the rectangle-triangle filingforming rhombi and
model (SRHT model. The original Burkov model¢B1 or squeezed hex_agohslnde_rlylng the_ construction of_the decagonal
B2) employed in our earlier study of thiAICuCo (Ref. 43 phase and of its periodic approximants. Empty circles, Al atoms;

are problematic because of their too high content of transit'”ed symbols, transition-metal atoms; filled triangles, Ni atoms;

tion metal (~40%). The modification of the Burkov model filled squares, Co atoms. For the model shown here, only Al and Ni

proposed by Henley allows a larger extent of StOiChiometriCatoms are allowed on the inner rings of the pentagonal bipyramids

variations. Instead of the rhombus-hexagon tiling used b)sd' tex?.
Henley, we use the decagonal rectangle-triangle tiling with our
the same edge length, in which all skinny rhombi are pairec};

next model adapted from Hiraga, Sun, and
amamotd® has the following ingredients: clusters with a

2 ) . I “ldiameter 20 A decorate the vertices of a rhombus tiling with
parametrization of the structure in terms of the orbits of SiMi-_ " dge lenath of 20 A i.erJ7+ 2~3.08 times lonaer than
lar atomic positions, since the radii of both tiles are approxi- g 9 SINT ' g

mately equal. Our model is constructed as an orthorhombi '€ hombus ‘edge in the small-rhombus-hexagon-tiling

approximant to the decagonal quasicrystal. It has 340 atom eocielbx\é? r;(ljljitfahrathtgs 'Béeggahztsrgﬁggs oizghee :,]rggn%lo 'Ab
in the unit cell and its “quasiperiodic” dimensions can be 9 b y by

viewed as ar’-times inflated A];Co, cell. A characteristic Steurer and K®and Hiraga, L|ncoIr_1, and SuhPlacing the”
. decagonal atomic cluster on all vertices of the rhombus tiling
structural property of this modéhs well as of the ALCo, ; g .
. . I leads to a number of short interatomic distances. To avoid
structure is the lack of TM-TM nearest neighbof§M = - ; L .
S : . : these conflicting atomic positions at short distances we put
transition metal, Ni or Cp For a particular chemical deco- .
. . . o ._on some vertices only the core part of the large decagonal
ration this structure is shown in Fig. 2. As we shall see in

Sec. IV it is just this feature of the model that leads to un—CIUSter' The model is presented in Fig. 3. The topology of the

satisfactory results for the electronic structure. The photo[nOdGI has been optimized using the comparison with diffrac-

o tion data, see below. We shall call our model the large-
emission spectra of such an arrangement of atoms show Rombus-tilin (LRT) model. Our periodic approximant of
systematic shift of the position of the main peak to higher g i P bp

= . this model consists of 1276 atoms in an orthorhombic unit
binding energies.

In order to investigate the influence of TM-TM neighbors ceIII:;Osreae <;Ir-1aet;:ﬁclé1lIiecf(i)nné?rlgsntlvdifad&%agIoenc?rloici)(-:é trCLJIg'cSerrSéal-
on the resulting photoemission spectra we studied also the

. ) ) . : Culations the model with 1276 atoms is too large. We have
crystalline phaga AINICo); with 112 atoms in a cubic cell therefore considered also a smaltedeflated orthorhombic

(space groupa3d, Ref. 49. The structure of this phase has 55hroximant consisting of 484 atoms in the unit cell; see
no relationship to quasicrystals. The transition me@M)  Tgpje |.

Ni and Co are randomly distributed. The content in TM is
42.8 at. %, substantially higher than the 30% in the case of
d-AINiCo or 23.5 at.% in monoclinic Ak(Ni,Co),. Be-
cause of large content of TM atoms mutual contacts of TM In the case of the large-rhombus-tiling model, the initial
atoms are inevitable. guess of the chemical ordering was obtained from the dif-

into rectangles. This allows us to design a more meaningfu

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



246 M. KRAJCI, J. HAFNER, AND M. MIHALKOVIC PRB 62
1.0 | 2
k=]
[
s . 3l
3 s
© 0.1 b, 00
2 ., 3
Ty :';;':.- *
. e
R
..:-:;--:
0.1 1.0
|F| measured

>

FIG. 4. Log-log plot of the 253 measured and calculated diffrac-
tion intensitieg F| for the large-rhombus-tiling model af-AINiCo
(experimental data from Steurer, Refs. 9 angl. 10
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orbits (topological typep of atoms. For each of these we
refined two parameters: a mean electron number and the DW
factor (for the purpose of this study, the positional param-
eters were not consideredSince the clusters eventually
overlap, in the zero-order model some atoms are accounted
for twice. In the diffraction refinement, some orbits were

FIG. 3. Projection of the 1276-atom large-rhombus-tiling modelassigned fixed occupation factors {) compensating for the

for d-AlNiCo onto the quasiperiodic plane. The approximant con-fraction of atoms that were placed twice. The model was
sists of 14 large decagonal clusters. Open circles, Al atoms; filledefined to the weighte® factor R, = 14.8%.

symbols, transition-metal atoms; filled triangles, Ni atoms; filled As a next step, from the mean electron humbers obtained
squares, Co atoms. The decoration shown here corresponds to them the refinement of the zero-order model, and from the
chemical order optimized via electronic structure and total-energtchemical composition constraint, we deduced an optimal
calculations(model V4, cf. text. The black thick line segments chemical ordering, and removed all the conflicting atoms.

show the underlying rhombus tiling. Full, dashed, and dotted circlesThen we restarted the diffraction refinement, in which only

of larger diameter indicate central, intermediate, and outer part ofh\W factors and an overall scale factor were refined. The
the decagonal cluster, respectively. weightedR factor of this corrected model slightly decreased

. . . . . L to R,=14.1%. A log-log plot of the 253 measurednd
fraction refinement, using 253 independent diffraction inten-iculated diffraction intensitiel§| is presented in Fig. 4.

sit[es measured by St.eul?e(a more detailed diffraction- The electronic structure calculations reported below
refinement study of a similar model is presented in Ref. 49 mainly address the question of the Ni-Co ordering, and in-

In contrast to the standard hyperspace refinement approacaude some minor modifications of the AI-TM ordering.
the best-fit parameters are determined by the choice of the

“binding” between atomic decoration and the objects in the
tiling. The positional parameters of each decoration orbit
bound to a tiling object are allowed to vary only within the  Although from the x-ray diffraction measurements and
constraints imposed by the point-group symmetry of the til-HREM observations it is possible to deduce some informa-
ing object. Other parameters associated with the decoratiction about the position of aluminum and transition-metal at-
orbit are the chemical occupation and the Debye-Walleoms, from the structural data no information about the Ni-Co
(DW) factor. ordering is available. On the other hand, the photoemission
The nonlinear least-square fit to the diffraction data hasnd soft x-ray emission and absorption spectra are sensitive
been performed using a zero-order model with simplesto the local arrangement of transition-metal atoms. This is
tiling-decoration binding, in which all atoms were ascribeddemonstrated also in Sec. IV of our paper. For each struc-
to a shell of the cluster. In such a model there are 11 distinctural model we considered several possible chemical occupa-

C. Refinement of chemical short-range order

TABLE I. Characteristics of our structural models. The table shows chemical composition, number of
atoms in the unit cell, and the lattice paramet@nsA ).

Model N, a b c note
Al4(NiCo), 112 11.396 11.396 11.396 cryst.1a3d (No. 230
Al .Co, 102 14.452 12.342 8.158 Gret al. (Ref. 47
Al 73d NiC0)g 262 340 37.779 32.136 4.080 72X Al 15C0y, SRHT
Alg 70 NiC0)q.095 484 44.232 37.626 4.080 LRT

Alg 70d NiC0)g.201 1276 71.569 60.880 4.080 LRT
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tions of different topological sites. From the comparison oftained from relativistic self-consistent calculation of free at-
the calculated DOS with experimental photoemission curvesms. The Madelung constants are calculated by the Ewald
we could exclude some variants of the structural modelssummation technique. The Kohn-Sham potential is con-
After some attempts we have succeeded to find a modeitructed within the local-density approximatiébDA). For
which provides a reasonable agreement of the electronithe excrgange—correlation potential the Barth-Hedin formula
structure with experiment. We checked the correctness df used’” For all topologically nonequivalent sites we iter-
this refinement also by the calculation of the total energy ofited charge densities to self-consistency. _

each chemical variant of the model. We have found out thag W€ performed the calculation in real space, i.e., only for

the optimal model obtained by the chemical refinement exth€1” pointin the Brillouin zone. As the Brillouin zone of a
hibits also the lowest total energy. decagonal quasicrystal with 4-A periodicity is quite ex-

tended along the periodic axis, the dispersion along this di-
rection cannot be neglected. We constructed a supercell con-
taining three elementary cells stacked along the periodic
direction containing together 1452 atoms. Such a multiplica-
tion of the elementary cell does not increase the number of
As quasicrystals are typically multicomponent systems, aopologically nonequivalent sites and the computer time
self-consistent calculation of the electronic structure is necscales linearly with the total number of atoms in the super-
essary. This is particularly significant in the case of quasiccell. The energy resolution depends on the number of recur-
rystals containing two different transition metals since thesjon levels, which is, however, limited by the size of the
interaction of the transition-metal atoms leads to significaninodel. At the end of the self-consistent iterations we in-
changes of the position and width of thebands of the two  creased the energy resolution by increasing the number of
transition metal§'~*® during the self-consistent iterations. the recursion levels to 50. We increased correspondingly the
We shall see in Sec. IV that this effect is really important forsize of the model by multiplication of the elementary unit
obtaining satisfactory agreement of the calculated positionge|| to 9x 484=4356 atoms. Such increased accuracy has
of thed bands with experiment. As quasicrystals are orderegheen used also for the total-energy calculations.
systems, the number of locally topologically nonequivalent As all our approximants are finite and periodic in real
sites is |Im|ted(W|th|n a finite cutoff radius, see Sec. ||)A— space even in quasiperiodic directions we do not have prob_
in our models we consider up to 38 topologically differentjem with k as quantum numbers. However, size of the Bril-
sites. louin zone of our approximants in quasiperiodic directions is
The most efficient procedure to obtain self-consistency injery small: 0.02-0.03 A. In quasiperiodic limit the size
a system with a limited number of topologically inequivalent of Brillouin zone would shrink to zero. Therefore the ap-
sites is the real-space recursion metAddhe recursion proximation of ' point (i.e., k=0) in the quasiperiodic di-
method is very efficient to obtain self-consistency and to getections is quite satisfactory.
the gross features of the electronic structure. The accuracy of The total density of state®0S) was calculated by sum-
the recursion method is sufficient during self-consistent iteramation over the local DOS. We calculated the total DOS also
tions as integral quantities only are relevant for the construchy the recursion technique utilizing randomly phased vectors
tion of the new charge density. The accuracy of the methogs the initial vectors. Good convergence between both ap-
is also satisfactory for the purpose of comparison of the calproaches was achieved. This proves that the choice of a re-
Culated e|eCtr0niC structure W|th the experimental data.. stricted number of nonequiva|ent sites in the models with
For the calculation of the electronic structure we used thgarge unit cells is sufficiently representative.

tight-binding linear ~muffin-tin  orbital (TB-LMTO) The aim of our work is to find a model of atomic structure
method>"*? The TB-LMTO Hamiltonian is transformed of decagonal AINiCo quasicrystal, particularly its short-
from the standard LMTO basis to the most localized tight-range order, that is consistent with available diffraction, pho-
binding basis. Some details of the application of the TB-tpemission, and soft x-ray spectroscopic data. We assume
LMTO formalism to quasicrystalline approximants are giventhat for this purpose the accuracy of our electronic structure
also in our previous papetdThe LMTO structure constants cajculations is quite sufficient. In this paper we do not ad-
are calculated for each atomic site, including all neighborsyress the problem of character of the electronic states of a
within a sphere containing 20 atoms on average. For thgye quasiperiodic system. We refer readers interested in this
construction of the Starting Hamiltonian we used as the ini'prob|em to Ref 56. As gross features of the e|ectr0nic struc-
tial potential parameters values tabulated for the pure metalgyre are determined by the short-range order we assume that

The two-center TB Hamiltonian in the alin orthonormal  sjzes of approximants used as models of decagonal AINiCo
representation is determined in terms of an expansion iRre sufficiently representative.

powers of the nonorthogonal TB Hamiltonian in the

screened, most localized basis and of the overlap matrix. 1vV. ELECTRONIC STRUCTURE OF DECAGONAL
This expansion is truncated at the second-order term. The Al-Ni-Co

local densities of state$DOS) of all topologically non-
equivalent atoms are calculated using the recursion
method®® The local DOS was obtained by summation over The electronic structure of orthorhombic,4Co, was ob-
contributions froms, p, andd orbitals. We used typically 20 tained by k-space TB-LMTO calculations, using 240
recursion levels and the Lucchini-Nex terminatbrThe  points in a quarter of Brillouin zone. Figure 5 shows the total
valence-charge density of an atom is reconstructed from thand partial Al and Co densities of states. The most striking
moments of the local DOS. The core-charge density is obfeature in the electronic structure is the deep DOS minimum

IIl. SELF-CONSISTENT TIGHT-BINDING LMTO
METHOD

A. Relation to crystalline phases
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Al 5Co,, calculated for the crystal structure determined by Grin

(Ref. 47. Total DOS(a), Co (b), and Al (c). FIG. 6. Total and partial densities of states of orthorhombic
. . Al;5(NigCay 5,4 (8 and of cubic Al(NiysCays)3 (b) with a ran-

very clos_e to the _F?rm' Igvel, resulyng from a broacjdom distribution of Ni and Co atoms. The calculated photoemission

structure-induced minimum in the partial Al DO@hose spectrum of Alx(Nip<Coys), (dotted curvi and Aly(Nig<Cay0s

lower part is, hoyv_eve.r, largely covered by the @dand  (gashed curveis compared in(c) with photoemission data of de-
and a weak hybridization gap at the upper edge of thel Co- cagonal AbNi;:Cos.

band.

The main contribution to the photoemission intensity SPlitting of thed bands as in the case dfAICuCo.* The
comes from thel electrons of the transition metals. A com- SPlitting of the Cu- and Cakbands and particularly the shift
parison of the position of Cd-peak (= —2.4 eV) with the  ©f the fully occupied Cud band to lower energies was inter-
position the main peak in photoemission data-1.8 eV) preted as a stabilizing mechanism for the quasicrystalline

(Refs. 37—390f d-AINiCo shows a significant shift of the ~ Phase. Such a mechanism does not work in the case of
band of the decagonal phase towards the Fermi level, indd-AINICO phase as it is clearly seen from the experimental

- I : : ata®’~%0
cating a substantial difference in the electronic structures of = _. . ,
crystglline AlCo, and the decagonal phase. Figures 6b) and &c) show the total, partial DOS’s and

The first attempt to simulate the electronic structure of thegissnc;; gﬁtil;n?hg(tjxé?tiggem%rg?rﬁg {\?ipgrﬁl céagaa%re

d-AINiCo was done by replacing Co by a random mixture of 5 4om)y distributed. The content in TM is 42.8 at. %, sub-

Co and Ni atoms. The resulting DOS and the correspondingianially higher than the 30% in the casedeAINICo or the

photoemission spectrutPES calculated by the recursion 23 5 4t ‘o5 in Aj4(Ni,Co),. Because of the large content of

method is presented in Figs(z6 and Gc). The position of T\ atoms, mutual contacts of TM atoms are inevitable. Al-

the Cod band is shifted to somewhat higher binding energythough the structure of this phase has no relationship to qua-

(—2.8 eV), but the mutual position of Co- and Nibands sicrystals the position of the Ni and @tbands agrees much

exhibits clear splitting which is not seen in the experimentalpetter with the spectroscopic results for the quasicrystal than

photoemission dat{—*° The calculated PES has unimodal for the random AJs(Ni,Co), phase. The main difference is

shape peaked at —3.7 eV. The position of the peak is in that in Al;3(Ni,Co), no TM-TM nearest neighbors are al-

significant disagreement with the experiment; see Fg..6 lowed. We take this as an indication that the correct chemical
The position of the Co- and Ni-peaks in thed-AINiCo  decoration ofd-AINiCo must contain a substantial number

phase as seen in the experimental photoemission and s&ft TM-TM nearest-neighbor pairs.

x-ray data is really remarkable. Soft x-ray spectrosé®py ._

shows that both peaks are located at low-binding energies, B. Small-rhombus-hexagon-tiling model

apparently very close to each other. From the photoemission The electronic structure of the SRHT modeldAINiCo,

data is not possible to distinguish separate peaks. There is mehich has ar?-times inflated unit cell of AlCo, in the
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0.5 sponds to the version V4. Open circles, Al atoms; filled symbols,
transition-metal atoms; filled triangles, Ni atoms; filled squares, Co
atoms. Occupation of the sites marked by labels A—-K was opti-
" 0.0 = mized via the electronic structure calculations.
3 =
2 4.0 E (o
° = ,“-'f\ that these clusters are essential for obtaining a satisfactory
Q = .':'"._ ‘-.‘ agreement of the calculated photoemission intensities with
8 2.0 — .'_." ,f‘L_\" experimental data. The electronic structure is determined
- = R \‘i largely by the local arrangement of atoms. For the purpose of
) - I.,-.-;—# = the self-consistent TB-LMTO calculations we distinguish 38
Mo og.0 Eaa e TR S crystallographically inequivalent positions. For each of these
~15 10 -5 0 5 sites the LMTO structure constants are calculated and the
potential parameters are iterated to self-consistency.
E [eV] From the comparison of the electronic structure of the two

crystalline phases AMCo, and Al,(TM) 53 and their local ar-
FIG. 7. (a) Total and partial densities of states@fAINiCo for rangement of atoms it is possible to deduce that the SRHT

the 340-atom small-rhombus-hexagon-tiling model with chemicalmode| provides an incorrect position of tHepeaks because
decoration shown in Fig. Zb) As in (a), but the occupation with Ni of the lack of close contacts among TM atoms. However
and Co atoms has been interchangell Photoemission intensities S ’ !
calculated from(a) and(b) compared with the experimental data of such contacts can exist if we occupy the central part of the
Stadnik and co-workerRef. 39, Iarge decagonal cluster by f|vgfolq rings of TM atoms. The

rings of TM atoms must exist in both planes—flat and

puckered—along the periodic direction forming thus a co-
quasiperiodic plane, but only 4.08-A periodicity along thelumnar cluster of TM atoms. As the flat and puckered layers
periodic axis was calculated for many different chemicalof atoms are related by a tenfold screw axis, in the projection
decorations in an attempt to achieve agreement in the posbnto the quasiperiodic plane the two fivefold rings form a
tion of thed peaks of TM atoms with experiment. We failed tenfold ring of TM atoms. Such a ring of TM atoms is seen
to get a satisfactory agreement for any of the tested configualso in the Burkov modét as well as in the recent model of
rations. The electronic structure of all models exhibits a sysyyamamoto and Webé&f. The presence of TM atoms in both
tematic shift by at least 0.5 eV to lower energies. Moreover|ayers along the periodic direction turns out to be essential. If
many configurations provide split bands. Figure 7 shows the central cluster is occupied by alternating Al and T™M
the calculated total and local DOS’s and the phOtoemiSSiOIﬂings as it was proposed in the older work of Yamamoto,
intensity for the decoration presented in Fig. 2 and for anweber, and Ts&? or as it is seen in the recent proposal of
alternative model with interchanged Co and Ni occupancysSteurer, Honal, and Haibachthe resulting electronic struc-
compared with the experimental ddfa®*While for the first  ture is in the same disagreement with the photoemission data
configuration the DOS shows unimodal character, for thess it was observed for the previous SRHT model; see Fig. 10
latter configuration we find a pronounced splitting of the TM and below. On the other hand, if one attempts to occupy the
d bands. Ni and Co atoms are similar in size and thereforgvefold rings in the SRHT model by TM atoms only, the
exchangeable; in x-ray experiments they are indistinguishstoichiometry of the system would be substantially changed.
able and also in most of the structural models the differencehe constraint of maintaining the correct stoichiometry
is ignored. However, Fig. 7 shows that dAINiCo atoms  makes the optimization of the chemical order a quite com-
Ni and Co exhibit a substantially different chemical behaviorplex task. We have tested altogether 17 different chemical
and cannot be arbitrarily exchanged. configurations. In order to simplify the presentation of the
results we shall divide the process of optimization into two
parts: first the optimization of the chemical occupation of the
sites in the central part of the 20-A clusters is discussed,

This model differs from the previous ones by the presencgecond we present the results of optimization of decoration

of large 20-A clusterscf. Figs. 2 and R We shall see below of the outer shells; see Fig. 3.

C. Large-rhombus-tiling model
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FIG. 10. Photoemission intensities dfAINiCo calculated for
the 484-atom model and four different chemical decorations differ-
ing in the occupation of the outer part of the 20-A clustsee
Table 1), Ni ring, model V4 (full line); Ni-Co ring, model V5
(dashed ling Co ring, model V6&(chain ling; Al-Ni ring, model V7
(dotted ling, compared with experimeriRef. 39.

n(E)

tion of the inner ring, to maintain the correct stoichiometry,
part of Ni atoms must then be placed on some of the outer
sites(here sites H in the centers of the small rings arranged
around the large central ringThe partial coordination num-
bers for all models are summarized in the lower part of Table
Il. Note in particular the large variations in the TM-TM and
Al-TM coordination numbers.

Figure 9 shows the total and partial densities of states,
Fig. 10 the calculated photoemission spedfPES com-
E [eV] pared with the experimental data. The most distinct differ-
ences between these models appear at the level of the posi-

FIG. 9. Total and partial densities of statesdeAINiCo calcu- . .
lated for the 484-atom model and four different chemical decora-tIons and shapes of the Co- and dibands. In all models

tions differing mainly in the occupation of the innermost ring of the excepf[ V4 with th_e Ni rng in the (-:en.tral part OT the cluster,
20-A cluster(see Table i, Ni ring, model V4 (a); Ni-Co ring, the Ni-3d band lies at higher binding energies than the
model V5(b); Co ring, model V6(c); and Al-Ni ring, model v7(d). ~ €0-3d band—as expected from the band filling in the pure
Total DOS, full line; Al-DOS, dotted line; Ni DOS, chain line; Metals. Only the model V4 behaves differently: the @b-3
Co-DOS, dashed line. band is pushed down to higher binding energies than the
Ni-3d band. A possible explanation is a high degree of
Co-Al hybridization—in agreement with the high Co-Al co-
ordination number. It is interesting to confront this result
with experiment. The most accurate information on the struc-
We have considered a large number of different possibiliture of the valence band comes from P@&sich, however,
ties for the occupation of the central ring in the large 20-A cannot differentiate between Ni and Co band=r the cal-
cluster by TM atoms; only four of them are discussed hereculation of the PES, the photoionization cross sections tabu-
Ni ring (model V4, Ni-Co ring (V5), Co ring (V6), and lated by Yeh and Lindali and a modest Gaussian broaden-
Al-Ni ring (V7). Although in the electronic structure calcu- ing of 0.3 eV to simulate experimental resolution have been
lation we actually distinguish 38 topologically different sites used. To demonstrate the importance of TM rings as dis-
in the unit cell we restrict the discussion only to the sites incussed in the previous section, the case of the Al-Ni ring
a single 20-A decagonal cluster. Figure 8 shows one-half ofmodel V7 is here also presented. For the model with a
the decagonal cluster with the chemical decoration corremixed Ni-Al ring leading to a high TM-Al coordination on
sponding to version V4. We varied the chemical occupatiorboth Ni and Co sites we find a unimodal, symmettiband
of the sites marked in Fig. 8 by labels A—K. A description of DOS peaked at about 2.3 eV. For the model with an inner
models V4 to V7 is given in Table II. In versions V4 and V6 Co ring (V6) leading to a high Ni-Al, but low Co-Al coor-
the inner ring(positions A and Bis occupied by Ni or Co dination, high Co-Co coordination, no Ni-Ni neighbors at all
atoms only. In order to achieve the correct composition, theve find a bimodal asymmetrid-band DOS with a peak at
second shel(positions C and Pmust then be occupied by about—3.0 eV, compared to a symmetric unimodal PES in-
TM atoms of the other species as the inner ring. V5 containgensity peaked at 1.8 eV.
a mixed Ni-Co columnar clustéiNi and Co atoms in alter- The best—but far from perfect—agreement with experi-
nating planes This leads also to a mixed occupation with Ni mental data is obtained for the Ni riitmodel V4 which has
and Co on the secon@ and D and third(E and B shells.  just opposite characteristicf. Table Il). The PES intensity
Version V7 allows for a mixed Al-TMhere Al-Ni) occupa-  distribution corresponding to the mixed Ni-Co ritignodel

1. Optimization of chemical order in the central part
of 20-A cluster
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TABLE II. Properties of the large-rhombus-tiling model for various variants of occupation of the central
ring in the decagonal cluster. Position of the topological sites A—K seen in Fig. 11. In the table there are
listed occupation of the topological sites, chemical composition, coordination numbers, and the calculated
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

| 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 —-0.36 -0.31 -0.23

V5) shows a clear splitting of the bands with one shoulder emission spectra with experimental data. The results again
shifted to lower binding energy. Analysis of these resultsshow a high sensitivity of the resulting PES to small changes
demonstrates that it is mainly a high Ni-Al coordination in chemical short-range ordéversions V42 and V44 differ
number which leads to a shift of thieband to higher ener- only by interchanging the occupation of sites E and F with
gies. The best agreement with the experimental spectrum i§j and Co, respectively Versions V42—V45 correspond to
obtained for a decoration resulting in a high Ni-Ni and Co-Al various variants of the outer decagonal ring of 20 TM atoms.
coordination. It is interesting that the best agreement with experiment was
obtained for the version V46 in which the decagonal sym-
metry of the the outer ring of TM atoms is broken. We note
that compared to version Vé4=V42) the chemical refine-
Most of the HREM studies and image contrast simula-ment of the outer part of the large cluster leads to a further
tions ford-AINiCo confirm the occupation of the core part of increase of the Co-Al and Ni-Ni coordinations. The broken
the 20-A decagonal cluster by transition-metal atdis. symmetry of the outer ring might be taken as an indication
However, there is much less consensus concerning of th@at the chemical arrangement in this region of the structure
outer part of the cluster. Structural models for the decagongk possibly disordered. However, this conjecture could be
cluster proposed by Steurer and Kubliraga, Lincoln, and  tested oniy by calculation on larger models with a vastly
Sur? and Burko¥® are identical with respect to the central increased number of inequivalent sites.
part of the cluster, but disagree in their outer part. From
stoichiometry considerations it follows that this outer part
should contain=20 transition-metal atoms. The possible ar-
rangement of these atoms was the next subject of our study. It is generally accepted that the electronic structure plays
The simplest possibility is to place them regularly on thean important role in stabilization of quasicrystalline struc-
small rings such as to form a decagonal ring of large diamture. In the case of icosahedral quasicrystals the dominant
eter. Some of the considered chemical versions of the modetntribution to the stability comes from the structure-induced
denoted as V42-V46 are listed in Table Ill. Figures 11 andpseudogap in the density of states at the Fermi level. The
12 show a comparison of the calculated DOS’s and photopseudogap lowers the band energy of the system. In the case

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

3. Total-energy calculation



252

M. KRAJCI, J. HAFNER, AND M. MIHALKOVIC

PRB 62

TABLE lll. Properties of the large-rhombus-tiling model for various variants of occupation of the outer
part of the decagonal cluster. Position of the topological sites A—K seen in Fig. 11. In the table there are
listed occupation of the topological sites, chemical composition, coordination numbers, and the calculated

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

| 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 5.29 450 5.14 5.14

of decagonal quasicrystals the situation is more complicatedhe decagonal approximants, with a small cell parameter in
In the case ofl-AlCuCo the pseudogap which exists in the one and large dimensions in the other directiGaspect ratio
Al-(s,p) bands is covered by the Gb-band overlapping 1:9). In the present case we have extended the calculations to
with the Fermi level and the main stabilizing contribution supercell consisting of nine conventional cells stacked in the
comes from the mutual interaction of the transition-metalperiodic direction(i.e., 4356 atoms/supercelWith this set-
atoms which leads to split of Cu- and @obands and con- ting we estimate the total energies to be converged to within
sequently a shift of the fully occupied QGluband to high +0.025 eV/atom. The total energy in addition to the band
binding energie4® Using the same mechanism in the case ofenergy includes also the contributions from the double-
d-AlINiCo one should conclude that the variant of the modelcounting terms, the exchange energy, and the Madelung en-
with Al-Ni ring is the most stable out of all considered vari- ergy. The results are included in Table(We give here the
ants. However, the comparison with the experimental spedieat of formation Surprisingly, the model with Ni ring in
troscopic data does not support such a conclusion. In order tthe center of the large cluster has the lowest total energy and
understand this contradiction we have attempted to calculateot the variants with the Co ring or Ni-Co ring which have
the total energies of the systems. However, one must realizepparently a lower band energy. This result is in agreement
that as oud-AINiCo models differ in composition, a calcu- With our previous conclusion that the best agreement with
lation of their total energies is not sufficient to decide thethe photoemission data is provided by the model with the Ni
question of relative stability—to do this one would have toring in the center of the large cluster.

take the neighboring crystalline phases into account and per-
form the usual double-tangent construction to get this part of
the phase diagram. Therefore we have considered only the Contrary to the photoemission data which cannot distin-
models V4, V5, and V6 which have the same Al content andjuish separate Ni and Co contributions in the soft x-ray spec-
differ only in the occupation of the central ring and in the tra (SXS) one can see contributions from each chemical type
Co/Ni ratio. Even then a total-energy calculation for such aand each orbital symmetry separately. Figure 13 compares
large system is a formidable task. Exact diagonalizatiok in the calculateds-d contributions for our model with the Ni
space continued iteratively to full self-consistency is ex-ring with the experimental daf&.The SXS spectra confirm
cluded in practice. Real-space recursion calculation is mucthe surprising reversal in the positions of the Gb-8nd
faster converged with respect to self-consistency, but verii-3d bands(note that this was not the case in the earlier
difficult to converge with respect to the size of the supercellpublicatiof’). We also note that the-band peaks in the
This is largely a consequence of the shape of the unit cell 06XS spectra occur at somewhat higher binding energies in

4. Comparison with soft x-ray data
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0.0 |t udlimnimabrry YA P Ni-d band shows only a small overlap with the Fermi level.
- The Co DOS is peaked around?2.5 eV, it consists of rela-
1.0~ tively sharp main peak and a shoulder close to the Fermi
n energy. The larger width of the Ni-band reflects the higher
0.5 L Ni-Ni coordination, the structure of Co band is the conse-
0.0 [ ekt O quence of the high Co-Al coordination and therefore strong

Co-d—-Al-(s,p) hybridization.

V. CONCLUSIONS

FIG. 11. Total and partial densities of statesdeAINiCo cal- . .
culated for the 484-atom model and four different chemical deco- We have presented a very detailed theoretical study of the

rations differing mainly in the occupation of the outer part ring of f':ltomlc a_md electronic structures deINI.Co' Not surpris-
the 20-A cluster(see Table I}, model V42 (a), model V43 (b), ingly, this turned out to be an exceedingly complex task.

model V44(c), models V45 and V46d). Total DOS, full line; Al While it is possible to discriminate among the various struc-
DOS, dotted line; Ni DOS, chain line: Co DOS, dashed line. tural models that have been proposed in the literature on the

basis of the available diffraction and HREM data, and even
0 proceed to a topological optimization of the most promis-
g models based on the presence of large 20-A decagonal
clusters, the existing experimental information does not al-
low us to specify the chemical decoration. In our study we
have undertaken an attempt to optimize the chemical order
After optimizing the topological structure via diffraction on the basis of electronic structure calculations and compari-
refinement, see Sec. Il B, and finding the optimal chemicason with data from photoemission and soft x-ray spectros-
short-range order by electronic structure calculations for theopy, following the strategy that turned out to be successful
medium-sized models, we have calculated also the electronfor d-AlCuCo:** The comparison of the calculated electronic
structure of our largest approximant. It contains 1276 atomstructure with experiment confirms our choice of the LRT
in the unit cell and its 14 large decagonal clusters are linkednodel, but the chemical order is shown to induce large varia-
with both types of linking. Figure 14 shows a comparison oftions in the spectra. In a first step we have been able to show
the calculated total and partial DOS’s and photoemissiorthat the decoration of the innermost part of the 20-A cluster
spectra of the large and smaller models. As the gross featuregth pentagonal Ni rings leads to the relatively best agree-
of the electronic structure is determined predominantly byment. The decisive factors are large Ni-Ni and Co-Al coor-
the local arrangement of atoms a big difference in the elecdination numbers inducing a relatively broad dNband and
tronic structure of both models could not be expected. strong Cod—Al-(s,p) hybridization. The agreement can be
The local densities of states have been analyzed on the 38rther improved by an appropriate decoration of the outer
sites that have been considered as topologically inequivaleqarts of the ring, inducing a certain local disorder. This is
in our model V42. We recognize some interesting featuresagain reflected in a further increase of the Ni-Ni and Co-Al
while a certain depression of the local DOS'’s is recognizableoordinations. A surprising outcome is that the peak in the
on all Al sites, the depth of this pseudogap varies consider€o-d band is pushed down to higher binding energies than
ably from site to site. The Ni DOS is split. The main peak isthe peak in the N& band. This is contrary to the positions
close to—1.4 eV, the minor subpeak is at2.5 eV. The expected from the relativé-band filling and occurs only for

the PES spectra—and are thus in better agreement Witi
our results.

5. Large approximant
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the optimized decoration of the decagonal phase and not in
any other of the decorations or in other crystalline AINiCo
phases studied in this work. Total-energy calculations con-
firm that the optimized decoration also leads to the lowest
total energyat fixed AI/TM composition, the reversal of the
band positions is also confirmed by soft x-ray spectroscopy. E [eV]

It is certainly also surprising that the atomic and elec-
tronic structures of thd-AINiCo are so different from those FIG. 14. The total and partial densities of states of two variants
of d-AlCuCo. The essential point is the different strength of V42 (&) and V46(b) of the 1276-atom model. Total DOS, full line;
the Cu-Cu and Ni-Ni interactions: 1d-AlCuCo the Cu-Cu Al DOS, dotted line; Ni DOS, chain line; Co DOS, dashed line. The

interaction is largely repulsive and this leads to a structuré‘h'ﬁed dashed lines represent the total DOS of the corresponding

with no Cu-Cu contactsin 5D picture of the structural 484-atom models. Pan@) compares the calculated photoemission

model Cu atoms are located in the center of the acceptan(':r(]atenSltles for the V42dotted ling and V46(dashed ling models

domain and a strong repulsion between the Cu- anddCo- with two sets of experimental data, squares, Ref. 38; full circles,
. : Ref. 39.
bands, pushing the Co band towards the Fermi level and the

Cu band down to higher binding energies. Thecomplexity of d-AINiCo. However, further studies will be
TM-d—Al-(s,p) hybridization is weak for both metals. In necessary to bring a final assessment.

d-AINiCo the Ni-Ni and Co-Al interaction is attractive, lead- Further studies based on this model will concentrate on
ing to strong Ni-Ni and Co-Al coordination and to lowering the electronic transport properties@fAINiCo, with the aim

of the energy of the Ni band. A further important difference of finding out how the difference in the electronic structure
is that the number of Ni-Co pairs is much lower than theaffects the anisotropy of the transport properties.

Cu-Co coordination numbers—this largely eliminates the

d-band repulsion which is so characteristic t6AICuCo. ACKNOWLEDGMENTS
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