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The structure, stability, and electronic properties of the tenfold surface of the decagonal Al-Co-Ni quasi-
crystal have been investigated using ab initio density-functional methods. The structural model of the surface
has been derived from the recently resolved structure of the W-�AlCoNi� approximant phase. The bulk quasi-
crystal can be cleaved at the flat A plane or at the puckered B plane. We investigate the stability and electronic
properties of the surface for both possible terminations. The simulated scanning-tunneling microscopy �STM�
images of the A and B surfaces show that despite their significantly different atomic structure and chemical
composition both surfaces exhibit quite similar STM images. The electronic structure of the approximant phase
is characterized by a pseudogap at the Fermi level. The pseudogap at the surface is partially covered and the
positions of d bands of both transition metals undergo a substantial shift towards lower binding energies.
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I. INTRODUCTION

Quasicrystals are of great interest due to their potential for
creating unusual structural forms of matter having extraordi-
nary physical properties. Quasicrystalline surfaces are also
important for possible technological applications. For ex-
ample, surfaces of quasicrystals exhibit high hardness and
good tribological properties such as low surface friction;
they also show high oxidation resistance. During the last
decade significant progress has been made in the preparation
and characterization of surfaces of icosahedral and decagonal
quasicrystals. Great attention has been focused on the prop-
erties of the surfaces of stable quasicrystals such as icosahe-
dral �i� Al-Pd-Mn and decagonal �d� Al-Co-Ni, which were
studied by various experimental methods.1–4

The improved efficiency of computational methods and
the increasing performance of the available computers allows
one to obtain interesting physical information also from ab
initio calculations on realistic structural models. In a previ-
ous paper5 we have studied the structure, stability, and elec-
tronic properties of the fivefold surface of icosahedral Al-
Pd-Mn quasicrystals. In the present work we apply our ab
initio methods to the investigation of the tenfold surface of a
d-Al-Co-Ni quasicrystal.

A prerequisite for an ab initio calculation of the properties
of a quasicrystal is a good structural model. In comparison
with icosahedral quasicrystals the structure of decagonal
quasicrystals with only two-dimensional quasiperiodicity
seems to be more easily accessible to intuitive interpreta-
tions. Despite this fact, so far no satisfactory, generally ac-
cepted model of decagonal Al-Co-Ni quasicrystals exists.
The modeling of the structure of decagonal Al-Co-Ni quasi-
crystals has a long history.6–16 On the basis of experimental
information from diffraction studies, a number of structural
models for d-Al-Co-Ni alloys have been proposed. The large
number of distinct stable decagonal phases in the d-Al-
Co-Ni system makes it difficult to model the quasiperiodic
structure on a systematic basis. Thermodynamic and struc-
tural studies18–21 revealed the existence of a very complex

phase diagram of the pseudobinary AlCo-AlNi system in the
stability range of the decagonal phases, showing a large
structural variety. Ritsch et al.21 report eight different struc-
tural modifications of decagonal phases. Most stable decago-
nal phases exist only at high temperatures in the range of
700–1100 K. The largest region of quasicrystalline stability
exists at compositions close to Al70Ni15Co15. However, the
complexity of the phase diagram is not the main reason for
the persisting difficulties in the structural modeling of de-
cagonal Al-Co-Ni quasicrystals. It appears that the main ob-
stacle arises from the existence of a certain degree of disor-
der in the decagonal phases.17 The electron diffraction
patterns observed for Co-rich decagonal phases exhibit fea-
tures characterized by pentagonal or rhombic tilings forming
columnar clusters with a decagonal section of 20 Å in diam-
eter. Models with a perfectly deterministic arrangement of
atoms, based on large, highly symmetric decagonal clusters,
appear to disagree with the available structural data.

A significant breakthrough in structural modeling has
been promoted by the recent discovery of the W approximant
in the Al-Co-Ni system. The atomic structure of this phase
has been resolved by Sugiyama et al.16 using x-ray diffrac-
tion. The structure of the W-�AlCoNi� phase is closely re-
lated to that of the decagonal Al-Co-Ni quasicrystal. It pro-
vides fundamental information on the atomic arrangement
for the columnar clusters commonly observed in Al-Co-Ni
decagonal quasicrystals. A preliminary five-dimensional
�5D� hyperspace model of the quasicrystal structure derived
from the W approximant has been proposed by Deloudi
et al.22 As at present the W-�AlCoNi� phase is the only ap-
proximant to the decagonal quasicrystal with experimentally
determined atomic positions, it is natural to base our model
of the bulk d-Al-Co-Ni quasicrystal on the W-�AlCoNi�
phase.

The characterization of tenfold decagonal surfaces should
be in principle simpler than that of the surfaces of icosahe-
dral quasicrystals because their structure is periodic in the
direction perpendicular to the surface, and therefore only a
few terminations are possible. Scanning tunneling micros-
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copy �STM� is one of the most frequently used experimental
probes for the analysis of the local structure of quasicrystal-
line surfaces. However, as STM images reflect actually only
the electronic charge density at a certain distance above the
surface and energies slightly above or below the Fermi level
�depending on the position of the tip, the tunneling voltage
and the direction of the current�, but not its atomic structure,
independent complementary information from theoretical
models linking the atomic positions and the electron density
is very desirable. In this paper we report our results of a
structural modeling of the d-Al-Co-Ni surface. Investigation
of surface relaxation and reconstruction, calculations of the
charge density distribution at the surface, and simulated
STM images of the surface are presented.

II. COMPUTATIONAL METHOD

The charge density distribution and other electronic prop-
erties have been calculated using advanced local-density-
functional techniques. We have used the Vienna ab initio
simulation package VASP �Refs. 23 and 24� to perform ab
initio electronic structure calculations and structural optimi-
zations. The theoretical background of VASP is density-
functional theory within the local density approximation. The
wave functions are expanded in plane waves. The Hamil-
tonian is based on pseudopotentials derived in framework of
the projector-augmented-wave �PAW� method.24 VASP per-
forms an iterative diagonalization of the Kohn-Sham Hamil-
tonian. The plane-wave basis allows us to straightforwardly
calculate Hellmann-Feynman forces acting on the atoms. The
total energy may by optimized with respect to the positions
of the atoms within the cell. The calculations were performed
within the the generalized-gradient approximation �GGA�25

to the exchange-correlation functional. VASP has also been
used to calculate charge distributions. The projector-
augmented-wave version24 of VASP calculates all-electron
eigenstates and not only pseudoeigenstates; hence, it pro-
duces very realistic electron densities.

The possibility to calculate the interatomic forces allows
us to investigate possible surface relaxations or reconstruc-
tions. We are able to study the change of the positions of
atoms at and near the surface relative to the bulk termination
in response to the broken bonds at the surface.

III. STRUCTURAL MODEL OF SURFACE OF d-Al-Co-Ni

A structural model of a decagonal surface is obtained
from the model of the bulk decagonal quasicrystal by cleav-
ing at a proper quasiperiodic plane perpendicular to the pe-
riodic axis.

A. Structural model of d-Al-Co-Ni

Because of the high computational effort, ab initio meth-
ods require structural models consisting of at most several
hundreds of atoms. So far in our ab initio studies of quasi-
crystals we successfully used quasicrystalline approximants
as models representing the infinite quasicrystal. At present
the W phase is the only reasonably large approximant with
experimentally determined positions of atoms. The choice of

the W-�AlCoNi� approximant phase as a model of the bulk
d-Al-Co-Ni quasicrystal is therefore quite natural. The elec-
tron probe microanalysis16 gives the composition of the
W-�AlCoNi� phase as Al71.8Co21.1Ni7.1. This composition is
close to the Co-rich decagonal phases. As x-ray diffraction
does not provide the information necessary for distinguishing
the two transition-metal �TM� atoms, Ni and Co, the struc-
tural model of Sugiyama et al.16 for the W phase is in fact a
model for an Al-M approximant with the composition
Al71.8M28.2. The structural model is represented by the list of
atomic positions. The chemical identity of TM sites cannot
be determined on the basis of the structural data alone. More-
over, in the refinement of Sugiyama et al.16 some atomic
sites have fractional Al-M occupancy. For ab initio studies it
is mandatory to have a model with an unambiguously de-
fined chemical identity of the atomic sites and without frac-
tional occupancies.

The computational power of present computers makes it
possible to perform a refinement of the chemical order of the
model via total energy minimizations. Mihalkovič and Wi-
dom have performed an extensive ab initio study of the ter-
nary Al-Ni-Co phase diagram.26 The structure of the W ap-
proximant was refined by optimizing the total energy, under
the constraint of a fixed overall content of the three species
Al, Ni, and Co. They successfully resolved the chemical
identity of the transition-metal sites and determined the oc-
cupancies of the mixed Al-M sites as well. In the case of
binary systems the thermodynamic stability of a phase is
determined by the position of the total energy of the phase
with respect to a tie-line connecting points corresponding to
other stable phases. In the case of ternary phases an analo-
gous construction to the tie-line is a tie-plane. The structural
model of the W phase obtained by Mihalkovič and Widom is
only 13 meV/atom above the tie-plane defined by the stable
phases Al3Co in the oI96 structure �Pearson notation�,
Al5Co2 �hP28�, and Al3Ni2 �hP5�. This is an extraordinarily
good result as for models of quasicrystalline approximants
values of 40–80 meV/atom are common. The explicit ex-
amples can be found in the alloy database of Ref. 26. The
composition of their model of the W phase is
Al71.70Co20.75Ni7.55—i.e., very close to that experimentally
determined by electron probe microanalysis.16 In addition to
this model they proposed several other chemical variants. We
have decided to use the variant with the composition
Al70.78Co14.61Ni14.61. The composition of this approximant is
closer to the composition Al71.8Ni14.8Co13.4 of the decagonal
quasicrystal used for the surface studies reported, e.g., in
Ref. 27.

The space group of the W phase is Cm �No. 8� with lattice
parameters a=39.668 Å, b=23.392 Å, and c=8.158 Å. As
the monoclinic angle � is equal to 90.05° the elementary cell
has approximately an orthorhombic shape. The W phase be-
longs to the decagonal approximant phases with 8 Å period-
icity along the decagonal axis. We note that the translation
period of other decagonal modifications can be equal to 4 Å.
The structure of the W phase can be described in terms of
alternating flat �A� and puckered �B� atomic layers perpen-
dicular to the c axis. The structure of the flat A layer at z
=0 corresponds to that at z=0.5 �A�� which is shifted by a
half period along the a axis. The puckered layers at z=0.25
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and z=0.75 are related to each other by mirror planes at
z=0 and z=0.5. The structure of the W approximant can be
thus described as a ABA�B stacking of atomic planes along
the c axis. The orthorhombic elementary cell consists of 534
atoms. The coordinates of atoms can be found in the alloy
database accessible online; see Ref. 26. For bulk calculations
it is possible to choose a monoclinic primitive cell with half
the number of atoms.

B. Cleavage planes forming tenfold surfaces

A structural model of a quasicrystalline surface of
d-Al-Co-Ni is obtained from a model of the decagonal Al-
Co-Ni quasicrystal by cleaving it at a proper plane. The
structural model of the W approximant naturally offers two
possible termination planes. The bulk quasicrystal can be
cleaved at the flat A plane or at the puckered B plane. In the
present work we shall consider both possible terminations.

The quasiperiodic ordering of atoms at the surface can be
visualized by covering the surface by a planar tiling. How-
ever, the choice of the tiling is not completely unambiguous.
One can put on the surface various kinds of tilings. So far no
generally accepted tiling has been proposed. As the primary
aim of our present work is to discuss the details of the local
atomic structure and the chemistry of bonding at the surface
we decided to choose a tiling that suitably represents a net-
work of the transition-metal atoms in the surface plane.

Figure 1 shows atomic structure of the two surfaces. In

the TM-rich A layer �Fig. 1�a��, the lines connect TM atoms
separated by 4.68 Å in the plane, forming a network of edge-
sharing pentagons. Pentagon centers are even or odd vertices
of a hexagon-boat supertiling, suggesting a way to generalize
the W phase structure to higher-order approximants to the
quasicrystal. One can distinguish two kinds of pentagons.
The decoration of say the “even”pentagons is fivefold sym-
metric �in some of the pentagons the chemical decoration
breaks this symmetry�, while for “odd” pentagons the inte-
rior motif breaks the fivefold symmetry. In the bulk the ori-
entation of pairs of Al atoms near the centers of the “odd”
pentagons is the result of a special ordering phenomenon
with 8 Å periodicity described in terms of “channels” in
which the structure accommodates 3 Al atoms per 8 Å
period.28 Because of a different content of TM atoms, the
tilings are different in both planes. The A plane is more TM
rich. The edge of the tiling superposed on the A plane is
4.68 Å. In the TM-poor B layer �see Fig. 1�b�� the size of
tiles connecting TM atoms is 7.58 Å—i.e., �=1.618. . . times
larger than that in the A plane. However, the tiling on the A
surface cannot be simply considered as a �-inflated tiling on
the B surface. The relation of both tilings is presented in Fig.
2�a�.

The vertical dashed line represents the plane dividing the
W approximant into two parts. While the B tiling has trans-

FIG. 1. A view of the atomic structure of A �a� and B �b� sur-
faces. The positions of atoms are displayed by circles: Al, open
circles; Co, dark gray circles; Ni, light gray circles. To represent the
quasiperiodic ordering the surfaces are covered by planar tilings of
pentagons, thin rhombi, and boat. The tiling represents a network of
the transition-metal �TM� atoms in the surface plane. Because of the
different content of TM atoms, the tilings are different in both
planes. The A plane is more TM rich. The edge length of the tiling
superposed on the A plane is 4.68 Å. The edge of tiles in the B
plane is 7.58 Å.

FIG. 2. The tilings representing the quasiperiodic ordering in the
W approximant. Part �a� compares the A �black lines� and B �gray
lines� tilings; cf. the previous figure. The vertical dashed line rep-
resents the plane dividing the W approximant into two parts. While
the B tiling is symmetric with repect to this plane, the A tiling is not
symmetric. A few phason flips indicated by arrows can make the A
tiling also symmetric. The left and right parts of the A tiling can be
thus understood as two phason versions of the same structure. Small
crosses mark the position of the centers of the 20-Å columnar clus-
ters; the right one is indicated by a dotted circle. Part �b� shows the
relation of the A tiling to a larger hexagon-boat �HB� tiling. A more
general hexagon-boat-star �HBS� tiling is a possible candidate to
represent the quasiperiodic order in the decagonal quasicrystal.
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lation symmetry—the right part of the tiling can be obtained
by translating the left part by a /2—the A tiling does not
possess such symmetry. Nevertheless, by introducing a few
phason flips �and two more vertices� also the A tiling can
acquire the same translation symmetry. After such a rear-
rangement one would get, e.g., a pentagonal star instead of
the boat tile in the center. However, the vertices of such a
symmetric tiling would not represent the network of TM at-
oms at the A surface anymore. If the phason flip is accom-
panied by an interchanging of an Al and a TM atom, the
correct TM decoration of the vertices would be recovered.
The left and right parts of the A tiling can be understood as
two phason variants of the same structure.

The relation of the tilings to the 20-Å columnar clusters is
indicated in Fig. 2�a�. The positions of the 20-Å clusters are
marked by small crosses. The columnar clusters are concen-
tric with the pentagonal tiles of both A and B tilings. In the
right part of Figs. 1 and 2�a� one can see the pentagonal
symmetry and the atomic structure of two layers of the
20-Å cluster that Deloudi et al. propose as a candidate for
modeling all kinds of superstructures in decagonal
Al-Co-Ni.22 In the left part of Fig. 2�a� one can actually see
the geometrical structure of another two layers of this colum-
nar cluster. The superposed A tiling shows that in the W
phase the perfect pentagonal symmetry of the columnar clus-
ter is partially broken in the A� plane.

The tiling consists of pentagons, thin rhombuses, and
boat-shaped tiles. In other approximants one could expect
also a pentagonal star. Each center of the pentagonal tiles in
the A tiling can be considered as a vertex of a larger tiling.
This larger tiling is in fact a part of the hexagon-boat-star
�HBS� tiling; see Fig. 2�b�. The HBS tiling is thus a possible
candidate to represent the quasiperiodic order in larger ap-
proximants or in an infinite decagonal quasicrystal.

The atoms at the surface have bulk-relaxed positions. The
effect of the surface relaxation on the position of atoms and
a possible surface reconstruction will be discussed in Sec.
III C. The centers of the TM coincide remarkably well with
the vertices of the tiling. The internal decoration of the pen-
tagons in the B plane maintains the pentagonal symmetry.
Particularly interesting is the decoration of the interior of the
pentagons by pairs of Al atoms. Such a configuration in a
decagonal quasicrystal is surprising. The decoration of some
other pentagonal tiles is irregular. It is a manifestation of the
fine structure present in d-Al-Co-Ni quasicrystals.

C. Relaxation of atomic positions and surface reconstruction

The surfaces of solids can adopt a structure different from
that of atomic layers in the bulk.29 The existence of unsatur-
ated bonds at the surface can lead to a rearrangement of
positions of the atoms at the surface with a periodicity larger
than that of the bulk-terminated surface. Such surface recon-
structions are well known for covalently bonded solids with
low-coordinated atomic sites at the surface. In metals, sur-
face reconstruction is observed mainly on the more open
surfaces. Since both surface terminations of the W approxi-
mant expose close-packed layers, no significant reconstruc-
tions are to be expected.

One has to distinguish between relaxation of atomic posi-
tions relative to their idealized positions in the bulk resulting
from long-range forces and surface reconstruction which is a
response to broken bonds at the surface. In a model with
relaxed coordinates the position of each atom is shifted rela-
tive to its equilibrium position in response to the forces act-
ing from the neighboring atoms. The relaxation can lead to
significant displacements of atoms if models with idealized
coordinates of atoms are relaxed. Relaxation leads to a
modulation of the structure, but usually does not lead to a
change of the topology of the structure. The spatial modula-
tion of the ideal quasiperiodic structures resulting from long-
range interatomic forces has been discussed in detail in our
earlier works on higher-order approximants of i-Al-Zn-Mg
and i-Al-Cu-Li.30,31

Our methods allow us to approach the problem of surface
reconstruction superposed onto the relaxation. The positions
of atoms in our model of the W approximant were already
relaxed in the bulk structure. The relaxed coordinates of the
atoms can be found in the alloy database of Ref. 26. In com-
parison with the experimentally determined positions of
atoms16 there are only a few insignificant differences, in-
duced mostly by assigning a unique chemical identity to each
atomic site in the relaxed model �in principle, a model rep-
resents just one of many different possible chemical decora-
tions of the unit cell of the W phase�. Otherwise a typical
displacement of the relaxed coordinates in comparison with
experimental ones was less than �0.1 Å.

For the surface relaxation one has to prepare a slab model
of sufficient thickness. The number of atomic layers should
be large enough to stabilize the bulk structure in the deeper
layers. Generally, in the case of quasicrystalline surfaces it is
not possible to take as many atomic layers as usual in the
studies of surfaces of crystalline solids. The period of the W
approximant perpendicular to the quasiperiodic plane is 8 Å.
This corresponds to five atomic layers. In the case of the
termination A one gets an ABA�BA sequence of layers, for
the B termination the BABA�B sequence. Unfortunately, five
atomic layers in the W approximant already lead to a struc-
tural model with more than 660 atoms in the computational
cell. This is too big for an ab initio relaxation where the
electronic structure must be recalculated after each move of
the atoms. We have to restrict our relaxation studies to a
smaller model. We have found that it is quite simple to di-
vide the W approximant into two almost identical parts. Fig-
ure 1�b� shows that the periodicity of the B layers along the
x axis is a /2. The A and A� planes are also identical when
shifted by a /2 along the x axis. When skipping one atom in
the A layer and one atom in A� it is possible to enforce
periodicity with a half period along the x axis. One thus gets
a structural model of an approximant with a half number of
atoms than in the W approximant. Figure 2 shows the posi-
tion of the plane where we cut the model into two parts. We
call this smaller approximant the U approximant. The num-
ber of atoms in the elementary cell of the U approximant is
265. Such an approximant could in principle also exist in the
phase diagram; however, it is clear that nature prefers the W
approximant as it can accommodate 534 atoms—i.e., 4 more
atoms than in two elementary cells of the U approximant.

We relaxed the positions of atoms in the U approximant.
As we started the relaxation from already bulk-relaxed posi-
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tions it is not surprising that the changes of atomic positions
are quite minimal. It is known also from other studies5,32 that
in aluminum–transition-metal quasicrystals the transition-
metal atoms have low mobility. We found that the changes of
positions of Al atoms upon relaxation are also very small,
below 0.15 Å.

Ferralis et al.3 analyzed the structural relaxation of the
quasicrystalline d-Al-Ni-Co surface using low-energy elec-
tron diffraction �LEED�. They found differences in the inter-
layer spacing of near-surface layers compared with the spac-
ing of atomic layers in the bulk. The outermost layer spacing
is contracted by 10% relative to the bulk interlayer spacing,
while the next layer spacing is expanded by 5%. We relaxed
the surface by minimizing the forces acting on the atoms in
two outermost layers of both sides of the slab, while the
atoms in the central layer were fixed at their bulk positions.
Contrary to the conclusions from the LEED analysis, the
interlayer spacing between the two top most layer is essen-
tially unchanged in our model. In our study d12, defined as a
distance between the centers of gravity of the positions of the
atoms in the surface B layer and the next A layer, increased
from its original value of 2.027 Å by 0.016 Å. Similarly
small were changes of the next layer spacing between the
next two layers. The interlayer spacing remained essentially
unchanged regardless of whether the relaxed model had the
A plane or the B plane at the surface. We admit that one
possible explanation of this discrepancy with the experimen-
tal observation of Ferralis et al.3 could be the limited thick-
ness of our model.

IV. ELECTRONIC STRUCTURE OF d-Al-Co-Ni

The electronic structure represented by the density of
electronic states is a sensitive probe reflecting the local struc-
ture and the chemical short-range order in solids.

A. Electronic structure of the bulk

Figure 3 presents the calculated total and partial densities
of states �DOS� of the W approximant. The calculation has
been performed for a monoclinic primitive cell containing
267 atoms. Because of the elongated shape of the primitive
cell, three k points in the irreducible part of the Brillouin
zone proved to be sufficient. The most remarkable feature
of the calculated DOS is the existence of a deep minimum
or a pseudogap at the Fermi level. The composition
Al189Co39Ni39 gives a position of the Fermi level just at the
center of the deep minimum in the DOS. The coincidence
of the position of the Fermi level and the deep minimum
in the DOS is commonly interpreted as an electronic stabili-
zation in terms of the Hume-Rothery mechanism.35,36 In the
case of nearly-free-electron sp-bonded quasicrystals like
i-Al-Cu-Li,31 i-Al-Zn-Mg,33,34 and Zn-Mg-Y,37 there are no
doubts that this mechanism plays an essential role in the
stabilization of these alloys. However, in the case of Al-M
quasicrystals to which most of the decagonal quasicrystals,
including d-Al-Co-Ni, belong, the situation is not so clear.38

In the light of previous results the observation of a deep
pseudogap in the DOS at the Fermi level is thus quite re-

markable. Our calculations show that the deep pseudogap
exists also in the DOS of the model of the W phase with the
experimentally determined composition Al71.8Co21.2Ni7.1; see
Sec. III. The pseudogap is here even somewhat deeper; how-
ever, the Fermi level falls a little �0.09 eV� below the mini-
mum. This result could indicate that the pseudogap is rather
insensitive to the relative compositions of Co and Ni.

In our previous paper11 on the electronic structure of the
d-Al0.70Co0.15Ni0.15 quasicrystal we performed an extensive
study of the influence of the Al-M and Ni-Co ordering on the
resulting DOS. Our model of d-Al-Co-Ni was based on the
decoration of a Penrose tiling with a large rhombus edge by
clusters with a diameter 20 Å. The internal structure of the
20-Å clusters was proposed by Hiraga, Sun, and Yamamoto;8

the chemical ordering on these clusters �which cannot be
determined by diffraction studies alone� was optimized so as
to achieve an optimal agreement of the calculated electronic
structure with the experimental spectra. We compared the

FIG. 3. The total and partial densities of states �DOS� of the W
approximant representing bulk d-Al-Co-Ni quasicrystal. The most
remarkable feature of the calculated DOS is the existence of a deep
minimum or a pseudogap. The composition Al70.78Co14.61Ni14.61

gives the position of the Fermi level just to the deep minimum in
the DOS. The thin lines show a contribution of the d states to the
DOS.
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results of the electronic structure calculations with experi-
mental photoemission39–41 �PES� and soft-x-ray spectra.42 An
interesting outcome was that the DOS peaks corresponding
to the Ni and Co d bands had almost the same position. In
some of the chemical variants the peak in the Co d band was
pushed down to even higher binding energies than the peak
in the Ni d band. This is contrary to the positions expected
from the relative d-band filling, but the reversal of the band
positions has also been observed in soft-x-ray
spectroscopy.42 In the electronic structure of the W approxi-
mant representing the d-Al-Co-Ni quasicrystal one also ob-
serves that both d peaks are located close to each other. The
symmetric Co DOS is peaked around its center of gravity
at −2.1 eV. Although the asymmetric Ni DOS is peaked
at somewhat lower energies around −2.8 eV its shoulder at
−1.7 eV shifts the center of gravity of the Ni DOS to
−2.3 eV—i.e., very close to that of the Co DOS.

B. Electronic structure at the surface

The DOS at the surface has been calculated on the U
models with 8 Å thickness. Figure 4 shows the total and
partial DOS at both surfaces. The pseudogap at the Fermi
level is almost completely covered at the surface, especially
at the A surface. Both Co and Ni d peaks are shifted by
�0.5 eV to lower binding energies. Remarkably, at the A
surface the Ni d band is still located at higher binding ener-
gies than the Co d band, while on the B surface the asym-
metry of the Ni d band is reversed compared to the bulk with
an absolute maximum closer to EF than that of the Co d
band. The partial DOS of both TM atoms is steeply ascend-
ing below the Fermi level while it is almost constant above
the Fermi level. The different height of the main peak in the
total DOS of both surfaces reflects the different content of
TM atoms in the surfaces.

C. Comparison with the photoemission spectra

Figure 5 presents a comparison of the photoemission
spectrum of the d-Al0.70Co0.15Ni0.15 quasicrystal measured by
Stadnik et al.40,41 with simulated spectra of the W approxi-
mant with composition Al70.78Co14.61Ni14.61 and with that of
a crystalline Al9CoNi phase. The ultraviolet photoelectron
spectrum �UPS� was measured at low temperature and He II

photons with an energy of 40.8 eV. The theoretical curves
were calculated by weighting the partial densities of states
with the photoionization cross sections of the elements and
broadening by a convolution with the Gaussian resolution
function with the resolution parameter of 0.5 eV. The theo-
retical curves are normalized to the common maximal height.
The figure shows that in comparison with the experimental
PES the position of the d bands in the W approximant is
shifted by �0.8 eV to higher binding energies. The shift to
higher binding energies is even larger for crystalline
Al9CoNi. The figure also shows the theoretical PES curves
calculated from the DOS at the surface. The curves for both
surfaces A and B are almost identical. As the d peaks of TM
atoms in the surface DOS are shifted to lower binding ener-
gies, the main peak of simulated PES is now almost coinci-
dent with the experimental one. However, this coincidence

cannot be simply interpreted as a good agreement with the
experimental data. The contributions to the photoelectron in-
tensity come not only from the uppermost surface but also
from the atomic layers deeper in the bulk. In a more sophis-
ticated approach one should compare with the experimental
data a weighted average of bulk and surface DOS. A large
difference between the simulated and experimental PES is
observed also in the vicinity of the Fermi energy: a pro-
nounced Fermi edge appears in the experimental spectrum
and also in that calculated for the quasicrystalline surface,
whereas for the bulk quasicrystalline and crystalline phases
the existence of a deep pseudogap is evident. It is clear that
the experimental data correspond to substantially higher
DOS at the Fermi level than we observe for the W approxi-
mant. However, from a detailed analysis of the shape of the
PES intensity in the vicinity of the Fermi edge Stadnik
et al.40,41 concluded, using a sophisticated fitting procedure,
that the observed high DOS is still only 85% of “normal”
DOS and hence the experimental data indicate the existence
of a shallow Hume-Rothery pseudogap.

Very recently Suzuki et al.43 investigated the electronic
structure of the surface of the decagonal Al72Co16Ni12 quasi-
crystal using metastable He*�2 3S ,1s2s� deexcitation spec-
troscopy �MDS�. They clearly observed a pseudogap in the
density of states at the topmost surface. They present also
UPS �He I� data on the crystalline and quasicrystalline sur-
faces of Al-Co-Ni. The UPS spectrum shows a remarkable
decrease of the states at EF indicating the existence of a
pseudogap in the electronic spectrum. The pseudogap was
found to be shallower at the surface than in the bulk. Both
these results are in agreement with our calculations. The
findings of Suzuki et al.43 concerning the depth of the
pseudogap in the electronic spectrum of decagonal Al-Co-Ni
are partially in conflict with the older data of Stadnik
et al.40,41 However, it is necessary to note that the data of
Suzuki et al.43 were obtained on the Co-rich decagonal
quasi-crystal Al72Co16Ni12 while in the work of Stadnik
et al.40,41 the composition of the decagonal phase was speci-
fied as Al70Co15Ni15. This means that the composition of the
quasicrystal examined by Suzuki et al. is closer to that of the
W approximant �for which we find a pseudogap�, while the
composition of the specimen used by Stadnik et al. is very
close to that of the Yamamoto model �for which theory does
not predict a pseudogap�. We have to conclude that the elec-
tronic structure of d-Al-Co-Ni should be reexamined with
particular attention to both the composition and quasicrystal-
line structure of the sample and to the dependence of the
spectra on the energy of the exciting photons and hence the
escape depth of the photoelectrons.

V. ATOMIC STRUCTURE, CHARGE DENSITY
DISTRIBUTION, AND STM IMAGE OF THE SURFACE

A. Atomic structure and the charge density
distribution

Interesting information about the atomic structure of the
surface can be derived from the electronic charge density
distribution. Figure 6 displays the valence charge density dis-
tribution at both surfaces �black spots in both figures�. The
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FIG. 4. Surface electronic DOS of the A �a� and B �b� surfaces.
The total and partial densities of states at both surfaces are signifi-
cantly different from those of bulk; cf. Fig. 3. The pseudogap is
partially covered. In comparison with the position of the Co and Ni
d bands in bulk the d bands in the surface DOS are shifted towards
the Fermi level. Note a significant enhancement of the Al partial
DOS at EF.

FIG. 5. Comparison of the measured photoemission spectrum
�PES� of a d-Al0.70Co0.15Ni0.15 quasicrystal �squares, data from Ref.
40�, with simulated spectra of the W approximant with the
Al70.78Co14.61Ni14.61 composition. The solid line corresponds to the
PES spectrum calculated from bulk DOS; the dashed curve shows
for comparison the PES calculated for a crystalline Al9CoNi phase
�composition Al64Co18Ni18� with the crystal structure of Al9Co2.
The chain and dotted line correspond to the spectrum calculated
from the surface DOS of A and B surfaces, respectively. The curves
of the surface DOS for both surfaces are almost identical. The the-
oretical curves are normalized to the common maximal height.

FIG. 6. The valence charge density distribution at the surfaces A
�a� and B �b�. The contour plots represent cuts through the charge
density distribution at the position of the top layer �see also Fig. 7�.
The transition-metal atoms in the plane create a high local charge
density �black circles�. The positions of the Al atoms can be recog-
nized as small circular islands of local density minima. The charge
density distributions in the planes perpendicular to the surface in-
tersecting along lines marked as CC� are presented in Fig. 7. The
dashed lines represent the plane dividing the W approximant into
two parts; cf. text.
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position of the TM atoms is characterized by high valence
charge densities. At the position of the Al atoms one ob-
serves small local valence charge density minima. Because
of the different content of TM atoms in both termination
planes, it is not surprising that the overall view of both sur-
faces is quite different. A closer inspection of the charge
density shows a significant variation of the charge density
between atoms at both surfaces. It is remarkable that in terms
of the variation of the local electron density the roughness of
the flat A surface is comparable to that of the puckered B
surface. Particularly deep are the charge density minima in
the pentagonal tiles of the A surface. Inside the pentagons
formed by five TM atoms one observes from one to five
additional atoms. The charge density minima are the most
pronounced if inside the pentagons only one or two atoms
are located, but a clear charge density minimum is formed
even in the case where five atoms fill the pentagon.

At the B surface the internal decoration of the TM penta-
gons is regular. One can here also observe various charge
density minima between the atoms. The surface charge den-
sity minima are important as attractive sites for possible ad-
sorbate atoms. The results of our study of the formation of an
adsorbate adlayer on the surface d-Al-Co-Ni quasicrystal
will be published in a forthcoming paper.

Compared with the fivefold surface of i-Al-Pd-Mn there
is one significant difference. In the case of the d-Al-Co-Ni
surface there are no strong charge depletions corresponding
to surface vacancies as we observed and reported in our re-
cent work.5 A direct comparison of the experimental images
obtained from the scanning tunneling microscopy with the
ab initio–calculated STM images revealed that the character-
istic features of the images—the dark pentagonal holes �dark
stars�—correspond just to the surface vacancies.44

The view on the surface valence charge density provides
also information about interatomic bonding. As in any com-
plex Al-M alloy one can expect also in the W approximant a
high degree of covalency of bonding between Al and TM
atoms.45–48 An interesting bonding configuration between Al
atoms only is observed at the A surface. At the midpoint
between the pairs of Al atoms inside the pentagonal tiles one
can recognize an enhanced charge density. This indicates a
significant degree of covalency in the bonding between two
Al atoms, as is also suggested by the deep pseudogap in the
partial DOS. As such a bonding has been observed also in
the charge density distribution of the bulk W approximant,
one cannot identify these bonds as in-plane bonds that are
formed due to a surface reconstruction. This suggests that
this bonding configuration contributes to the stabilization of
the decagonal quasicrystalline structure—as previously re-
ported for crystalline TM-aluminides.45–48

Figure 7 represents a contour plot of the valence charge
density distribution in the plane perpendicular to the quasi-
periodic plane. The bonding with enhanced covalency can be
observed also between the atomic planes. By the enhanced
covalency of bonding we mean the enhanced bonding charge
between the atoms, enhanced with respect to a homogeneous
charge density distribution that would correspond to a purely
metallic bonding. The bonding between the atomic planes is
promoted by the Al-M interaction. The figure provides an
impression of the surface corrugation. In comparison with

the surface of i-Al-Pd-Mn here there are no such special
structural defects as the surface vacancies observed at the
fivefold surface of i-Al-Pd-Mn.5,44 Otherwise the roughness
of both d-Al-Co-Ni surfaces is comparable with that of the
fivefold i-Al-Pd-Mn surface.

Although the valence charge density distribution provides
important information about the structure of the surface and
its chemistry, a link to comparable experimental information
is still missing. STM imaging is considered as the most di-
rect experimental tool for obtaining information about the
structure of a surface. As the STM image is formed only by
a part of the valence charge density distribution correspond-
ing to a narrow energy interval around the Fermi level, the
structure of the surface seen in the STM images can signifi-
cantly differ from that presented by the valence charge dis-
tribution.

B. Simulated STM images of the surface

Simulated STM images of the surfaces have been calcu-
lated according to the Tersoff-Hammann approximation.49

The contrast in the STM images reflects the local DOS de-
termined by the tip position and the average over energy
intervals around the Fermi level. The width of the energy
interval is determined by the voltage between the tip and
surface. Depending on the direction of the tunneling current
STM can image occupied or unoccupied electron states. In
the usual experimental setup the tip of the device is
grounded. If the voltage of the sample to the tip is negative,
the electrons flow from the occupied states of the sample to
the tip. A positive polarity corresponds to imaging the unoc-
cupied states.

FIG. 7. Sections perpendicular to the surface displaying the pro-
file of valence charge density distribution in the relaxed models of
both surfaces A �a� and B �b�. The contour plots represent cuts of
charge density distribution at the position of lines CC� in Fig. 6.
The relaxation has only minimal influence on the position of atoms.
The figure shows the roughness of both surfaces.
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Figure 8 shows the calculated STM images of both sur-
faces for a tip-sample voltage of −1.0 eV. This corresponds
to the imaging of the electronic density formed by the occu-
pied states down to 1.0 eV below the Fermi level. In the
narrow energy interval around the Fermi level the DOS �see
Fig. 3� is quite symmetric. From this one would expect that
for unoccupied states �positive voltage� the images are simi-
lar. However, the information on the electronic structure of
the bulk presented in Fig. 3 can be misleading. The density
of electronic states at the surface can be different from that
of the bulk �see Fig. 4�. In the vicinity of the Fermi level the
partial DOS of Co and Ni atoms is not symmetric and there-
fore there will be a clear difference in the contribution of the
TM atoms to the STM current from occupied and unoccu-
pied states. From the comparison of the STM images mea-
sured for both tip polarities one could thus distinguish be-
tween Al and TM atoms. In a STM image taken at positive
polarity �imaging unoccupied states� the brightness of spots
corresponding to the TM atoms will substantially decrease.

Quasicrystals as complex metallic alloys exhibit a rather
rich, spiky structure of the DOS. It is important to measure
the STM current at rather large voltage such as to integrate
over a larger part of the DOS around the Fermi level to
obtain representative images of the surface. In the usual ex-
perimental setup STM measurements are performed more
frequently for a constant tunneling current than for a constant
height above the surface. Both types of measurements pro-

vide essentially the same information about the chemistry of
the surface. In our calculations we prefer to present STM
images for constant height. We found that STM images cal-
culated for a constant height rather close to the surface are
less diffuse than those calculated for constant current. The
information about individual atoms can be thus clearly rec-
ognized without any additional Fourier filtering usually ap-
plied on the experimental images to improve their contrast.
The STM images presented in Fig. 8 are calculated for a
constant height of �2 Å above the surface. To simulate the
contrast of the experimental STM image as presented in Fig.
9 the contrast of Fig. 8 has been further increased by the
gamma correction �Iout= Iin

1/�� with the parameter �=0.5.
The overall features of the STM images of both surface

terminations are quite similar. A brief look on the STM im-
ages does not reveal any dramatic differences between both
surfaces. The electron density distributions on both surfaces
presented in Fig. 6 display much larger differences. How-
ever, a closer inspection shows that each surface has its own
characteristic structural features. The STM signal is formed
predominantly by Al atoms. This is in agreement with the
expectation based on the DOS presented in Fig. 4. The STM
image of the Al-rich B surface is overall a little brighter than
that of the TM-rich A surface. Nevertheless, both TM atoms
Ni and Co also significantly contribute to the STM current.
Because of the localized character of d states on the TM
atoms, the contribution of these atoms to the STM current is
generally substantially smaller than the contribution of the
s , p electrons on Al atoms. From a somewhat lower partial
DOS of the Ni atoms around the Fermi level in comparison
with that of the Co atoms �see Fig. 4�, one can expect that in
the STM image the Co atoms are seen as brighter spots in
comparison with the Ni atoms. A detailed inspection of the
central pentagon of TM atoms in the A surface confirms that
it is indeed the case.

C. Comparison of the experimental STM images

Recently we have performed a detailed comparison of cal-
culated and measured STM images of the fivefold surface of

FIG. 8. STM images of the surfaces of the W approximant to
d-Al-Co-Ni calculated from the surface charge density distribution.
The calculation simulated a STM image measured at a voltage
−1.0 V with the tip at constant height 2.0 Å above the surface
plane. This size and polarity of the voltage correspond to contribu-
tions from occupied states up to −1.0 eV below the Fermi level.
Parts �a� and �b� correspond to the A and B surfaces, respectively.
The individual atoms are clearly recognized as bright spots. The
dotted circles mark some pentagonal configurations; cf. Fig. 9 and
text.

FIG. 9. A high-resolution STM image of the d-Al-Co-Ni surface
measured by Yuhara et al. �Ref. 4�. Some of the pentagonal struc-
tural elements are marked by circles of various diameters and
marked by letters A, B, C, D, E, F, and G.
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i-Al-Pd-Mn.44 For several medium-scale �10–15 Å� charac-
teristic atomic configurations �commonly known as “dark
stars” and “white flowers”� we were able to obtain quantita-
tive agreement in the calculated and experimental images.
Figure 9 presents a high-resolution STM image of the d-
Al-Co-Ni surface measured by Yuhara et al.4 The experimen-
tal image was scanned at the tunneling current I=0.5 nA and
the voltage V=−0.5 V. Height profiles of the STM images
display a step height of 2 Å between neighboring terraces,
compatible with a simultaneous exposure of both A and B
surfaces.

As the reported composition of the decagonal quasicrystal
Al72Co16Ni12 is different from the composition of our W
phase, a comparison of the experimental STM image with
the simulated ones �Fig. 8� can be performed only on a quali-
tative basis. In agreement with our simulated images, no sig-
nificant differences of the STM images of terraces separated
by 2-Å steps have been reported. In the experimental STM
image some of the pentagonal structural elements are marked
by circles of various diameters and marked by letters A, B,
C, D, E, F, and G. An agreement with the simulated image
can be found only for the smallest structural elements—
pentagons of bright spots in the circles A, B, and C. The
length of the edge of the pentagon with a dark center in the
circle A can be estimated as �3.0 Å. This size is comparable
with the value 2.92 Å corresponding to the size of the pen-
tagon of Al or TM atoms inside the pentagonal tiles on the
surface B, �see the smaller dotted circle in the right part of
Fig. 8�b� and compare with Fig. 1�b��. The distance between
the bright spots forming the pentagon in the circle B is
�4.5 Å. This size is comparable with the edge length of
4.68 Å of the pentagonal tiles superposed on the surface A
�see the dotted circle in Fig. 8�a��. The structural model �Fig.
1�a�� shows that TM atoms are located at the vertices of
these pentagonal tiles. The configuration of bright spots in
the circle C in Fig. 9 seems to correspond to the decoration
of some of the pentagonal tiles on the surface B �see the
right-hand part of Figs. 1�b� and 8�b��. In the circle C one
can recognize bright spots in the form of two concentric
pentagons with opposite orientations. While the size of the
smaller one is the same as in the circle A the size of the
larger one is well compatible with a length of 7.68 Å, the
length of the edge of the pentagonal tile on the surface B. As
the surface area of our W approximant is limited, one cannot
expect to find the larger pentagonal structural elements
marked by circles E–G in the experimental STM image in
Fig. 9. On the other hand, in the experimental STM image
we did not find configurations of bright spots characteristic
for the W phase that we observe in Fig. 8—for instance, the
configurations of spots in a form of a pentagon centered by a
bright spot �unlabeled circle in right part of Fig. 8�a� or in
left part of Fig. 8�b��, although the configuration of the bright
spots marked in Fig. 9 by the circle D resembles these con-
figurations. We note that these pentagonal configurations be-
long to the layers of the 20-Å decagonal columnar cluster.

VI. CONCLUSIONS

The structure, stability, and electronic properties of the
tenfold surface of a decagonal Al-Co-Ni quasicrystal have
been investigated using ab initio density-functional methods.
Our structural model is based on the approximant
W-�AlCoNi� phase which is closely related to the decagonal
Al-Co-Ni quasicrystal. The bulk quasicrystal can be cleaved
at the flat A plane or at the puckered B plane. We investigate
the stability and the electronic properties of the surface for
both possible terminations. Our ab initio investigations show
that the structure of both surfaces is stable against surface
reconstruction. Atoms at the surface remain essentially at
their bulk position. There is no surface reconstruction; relax-
ations by interatomic forces have only minimal effect on the
atomic positions. We did not observe any significant changes
of interlayer spacing of the surface layers in comparison with
the interlayer spacing in the bulk.

The electronic structure of the bulk W-�AlCoNi� phase is
characterized by a pseudogap at the Fermi level. This is a
surprising observation and could revive the discussion on the
role of the Hume-Rothery mechanism in stabilizing the de-
cagonal quasicrystals. However, we assume that instead of
invoking a Hume-Rothery-type Fermi-surface Brillouin-zone
interaction the pseudogap reflects the enhanced covalency in
the interatomic Al-M bonding of the atoms in the quasicrys-
tal. The pseudogap in the surface local DOS is partially cov-
ered and the positions of d bands of both transition metals
undergo a substantial shift towards lower binding energies. A
similar behavior of the surface DOS we observed also in the
case of the i-Al-Pd-Mn quasicrystal.5 At the surface of the
W-�AlCoNi� phase there are no special structural defects
such as, e.g., the surface vacancies observed at the fivefold
surface of i-Al-Pd-Mn. Otherwise the roughness of both
W-�AlCoNi� surfaces is similar to that of the fivefold i-
Al-Pd-Mn surface. In terms of variation of the local electron
density the roughness of the flat A surface is comparable to
that of the puckered B surface. The simulated STM images
of both surfaces show that despite their significantly different
atomic structure and chemical composition both planes ex-
hibit quite similar STM images, albeit each of them has its
own characteristic details. Present work is devoted to the
investigation of quasiperiodic elemental overlayers, using
our model of the tenfold surface as a template.
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