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Composition and local atomic arrangement of decagonal Al-Co-Cu quasicrystal surfaces
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We investigated the composition of decagonal Al-Co-Cu surface by Auger electron spectroscopy (AES) and
low-energy ion scattering (LEIS). The surface composition after annealing was Al richer and Co poorer compared
to that after sputtering or bulk composition. Two types of the characteristic clusters were observed by scanning
tunneling microscopy (STM) and no bias voltage dependence of the image was observed. On the other hand,
scanning tunneling spectroscopy revealed a subtle difference of local density of states in unoccupied states
between different sites. Structural optimization using ab initio calculations based on density functional theory
(DFT) was performed on several compositional models, which are based on the W-(AlCoNi) bulk model. The
surface structures of two types of the characteristic clusters were determined by comparison of the STM image
and the simulated image of the structures obtained by DFT. The topmost layer was composed of Al and Cu atoms,
and the compositional ratio was consistent with the AES and LEIS results.
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I. INTRODUCTION

A few decades ago, quasicrystals (QC) were discovered
by Shechtman as a new type of solid.' It was found that qua-
sicrystals can be thermodynamically stable,* and their atomic
arrangement has been scrutinized by single-grain x-ray diffrac-
tion analysis (XRD), high-resolution transmission electron
microscopy (HRTEM), convergence beam electron diffraction
(CBED), scanning transmission electron microscopy (STEM),
and other techniques. Since a QC structure in two-dimensional
(2D) or three-dimensional (3D) space can be obtained by
projection from a structure with a higher dimension, the
determination of the atomic arrangement is equivalent to the
determination of an occupation domain in a high-dimensional
periodic space. While much effort has been devoted to the
determination of the bulk structures of quasicrystals, much
less is known about their surface structures.

Studies of 2D quasicrystal have mainly focused on decago-
nal (d-) Al-Co-Ni and d-Al-Co-Cu quasicrystals.* For the 2D
quasicrystals, HRTEM and STEM are successful methods to
directly identify the atomic arrangement in real space.’>”'> In
particular, STEM has been drastically improved in that the
diameter of the scanning electron beam became smaller than
an atomic radius; therefore, the collaboration of XRD and
STEM has attracted a great deal of attention to identify the
atomic arrangement of 2D quasicrystals.'®!* The d-Al-Co-Ni
quasicrystals show several stable quasiperiodic phases, with
different Co:Ni ratios.!> On the other hand, d-Al-Co-Cu
quasicrystals show a single stable decagonal phase.'®'8

Studies of d-Al-Co-Cu using the atom location by
channeling-enhanced microanalysis (ALCHEMI) method
showed that the Co and Cu sites are well ordered and occupy
different sublattices, whereas it was found that the Co and
Ni sites are randomly disordered in Co-rich d-Al-Co-Ni."”
These results indicate that there are different stabilization
mechanisms in d-Al-Co-Ni and d-Al-Co-Cu. Monte Carlo
simulations also indicate that the strong chemical ordering
of Co and Cu is important for the quasiperiodicity of
d-Al-Co-Cu.?°
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Concerning the atomic arrangement in 2-nm clusters of
d-Alg5Co0Cuys, it has been proposed by XRD that the
decagonal structure is composed of two equivalent quasiperi-
odic layers, related by a 36° rotation, and ABAB stacking,
resulting in a tenfold rotational symmetry of the crystal.'?
Recently, the atomic arrangement in 2-nm columnar clusters
of d-AlgsCoyCujy has been directly observed by STEM,
showing that the atomic arrangement in the 2-nm clusters has
fivefold, not tenfold symmetry.'? The structure of d-Al-Co-Cu
has been shown to be close to that of the W-(AICoNi)
approximant crystal, except for occasional exchange of Al
and TM (transition metal) atoms around the cluster centers
in d-Al-Co-Cu.!? The structural model of the W-(AICoNi)
crystalline approximant has been determined by XRD to
be two inequivalent layers, the flat A and the puckered B
layer.”! Therefore, the W-(AICoNi) structural model is very
useful for density functional theory (DFT) calculations to
determine the atomic arrangement of d-Al-Co-Cu quasicrys-
tals, similar to the previous DFT studies of the Al-Co-Ni
quasicrystals.?>?

The surface structures of d-Al-Co-Ni and d-Al-Co-Cu
have been studied by scanning tunneling microscopy (STM),
showing several types of clusters with fivefold symmetry on
the surface.2*3% However, a structural model has not been
obtained because of the difficulty to determine the surface
composition quantitatively. So far, the surface composition
of a Co-rich d-Al-Co-Ni quasicrystal has been investigated
by Auger electron spectroscopy (AES) and low-energy ion
scattering (LEIS), indicating that Al atoms segregate to the
surface on annealing.’® Another AES study came to the
conclusion that the surface concentration after annealing was
the same as a cleaved surface.’' In that study, however, the
high-energy 1396-eV Al KLL line was used, which implies
a low sensitivity to the surface concentration compared to
low-energy AES lines or LEIS. The surfaces of d-Al-Co-Ni
have been also examined by low-energy electron diffraction
(LEED)-1V analysis, where only truncated-bulk models were
considered.??34 Assuming the structure of the W-(AlCoNi)
approximant, it was found that the Al-rich B layer of the
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approximant results in a better agreement with experiment than
the TM-rich A layer models.** LEED-IV must be considered
problematic for this application, however, as it has been
shown that LEED-IV studies of alloys comprising Al and
3d transition metals suffer from strong coupling between the
composition and Debye Waller factor (which includes static
disorder, certainly present in QCs).%® In Ref. 23, simulated
STM images of the bulk-terminated W-(AlCoNi) approximant
have been compared to experimental images of d-Al-Co-Ni.?®
Only partial agreement was found, with some local fivefold
clusters in the STM image similar to the simulation of the
Al-rich B layer; others were interpreted as comparable to sites
in the TM-rich A layer. In summary, no clear picture arises
for the composition and structure of these surfaces, and it is
still controversial whether Al segregation or a truncated bulk
structure describes the surface.

In our previous study, we have shown characteristic clusters
on the d-Al-Co-Cu surface by STM.?® We have shown that
each layer has only fivefold, not tenfold symmetry, and that
the characteristic fivefold clusters become rotated by 36°
(inverted) when ascending or descending one ~2-A terrace
level. This observation agrees with several models having
equivalent (but inverted) adjacent layers.'**® The model of
Burkov®® is based on clusters with a 2-nm diameter and
pentagonal symmetry. In our STM images, two types of
smaller pentagonal clusters were identified as forming the
corners of the 2-nm clusters. While the atomic arrangements
of the A and B layers of the W-(AICoNi) approximant
are different, and also electron microscopy data suggest
inequivalent A and B layers,>*!> STM images of two adjacent
terraces, which should correspond to the A and B layer,
show the same structure, apart from the opposite orientation
of the clusters.”” Also, we did not observe alternating large
and small terraces, which indicates that we do not have two
significantly different surface structures with different surface
energies. This may indicate that either there is no significant
difference between A and B layers in the bulk (apart from
the 36° rotation, as in the models of Refs. 13 and 36) or
that the surface structure is different from the bulk and not
significantly affected by the difference between an A and
B layer below. Very recently, Schaub et al. have studied
d-Al-Co-Cu by x-ray diffraction and present a new model
with a four-layer periodicity along z, but only alternating
layers are structurally different (flat and puckered).’’ Based
on the three-dimensional pair distribution function, they also
concluded that the lateral correlation between the columnar
units is weak for d-Al-Co-Cu, which can imply that the surface
structures of two adjacent terraces can be equivalent when
averaged over larger areas.’’

In this paper, we present a combined experimental and
computational study on the d-Al-Co-Cu surface. We study
the surface structure and composition by means of low-
energy electron diffraction (LEED), AES, LEIS, STM,
and scanning tunneling spectroscopy (STS). We also draw
conclusions on the atomic arrangement of the two types
of the characteristic clusters from a comparison of ex-
perimental STM and simulated STM images obtained by
DFT.
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II. EXPERIMENT AND CALCULATION

The experiment was performed using two very similar
ultrahigh-vacuum systems in Nagoya and Vienna. Each system
consisted of a preparation chamber with a base pressure below
2 x 107! mbar, and an analysis chamber with a base pressure
below 107! mbar. Single-grain d-Al-Co-Cu quasicrystals
were used in the present experiment. High-resolution STM,
STS, and LEED were performed on a d-AlgsCo;7Cu;7 surface
prepared by the Bridgman method®® and a d-AlgsCoyCu;s
surface prepared by the Czochralski method.*® The latter
sample was also used for the AES and LEIS studies. Both
samples were cut perpendicular to the tenfold axis and polished
with 0.25-pum diamond paste.

Clean surfaces were prepared by 2-keV Ar* ion sputtering
at room temperature followed by annealing the sample up to
800 °C or 880 °C. The sample temperature was monitored by
aradiation thermometer and a type-K thermocouple mounted
on the base plate of the sample holder. The cleanliness of the
surface was measured by AES after sputtering and annealing;
no contaminants such as C and O were observed within the
detection limits.

The LEED, STM, and STS experiments were conducted
at Nagoya University in an UHV chamber equipped with a
customized Omicron room temperature STM (STM-1), and
four-grid LEED optics. STM images were obtained in constant
current mode. STS spectra were obtained with a setpoint of
+0.5 V/0.3 nA. For each characteristic position, more than
15 spectra of equivalent sites were obtained and averaged. We
have taken care to exclude spectra where the tip was unstable.

The AES and LEIS experiments were performed at
Technische Universitat Wien in an UHV chamber equipped
with a customized Omicron room-temperature micro-STM, a
cylindrical mirror analyzer with coaxial electron gun (3 keV)
for AES, and an ion source and hemispherical analyzer for
LEIS. The elemental concentrations in the surfaces were
estimated from converting the AES peak-to-peak heights into
concentrations, based on the sensitivity factors 0.23 for Al
(68 eV), 0.26 for Co (775 eV), and 0.21 for Cu (920 eV).*0
Since the Al LMM (68 eV) peak partially overlaps with the
Cu MNN (60 eV), the Al peak-to-peak height was estimated
from the difference between the minimum and the baseline
of the differentiated Al signal. This procedure reduces the
influence of the Cu peak, which is at lower energy and thus
mainly influences the maximum of the differentiated signal.
Similarly, the Co LMM (775 eV) peak overlaps with the
Cu LMM (778 eV) peak, thus, the Co peak-to-peak height
at 775 eV was calculated from the Co peak-to-peak height
at 716 eV and the ratio of these peaks was measured on a
pure Co sample. The escape depths at perpendicular emission
are ~0.26, 1.21, and 1.49 nm for the Al, Co, and Cu peaks,
respectively.*!4?

The surface densities (atoms per unit area) and concen-
trations of Al, Co, and Cu in the topmost and second layers
were estimated from the LEIS spectra compared to those of
standard samples, Al(111), Co(0001), and Cu(111), which
were cleaned by cycles of 2-keV Ar™ sputtering at room
temperature followed by annealing for 10 min at 400 °C,
300°C, and 500 °C, respectively. In the LEIS experiments,
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a 1-keV He™ ion beam was incident at the angle of 45° and the
scattered He™ ions were detected at a scattering angle of 90°.
The approximant used for our DFT studies was based on the
W-(AICoNi) structure, which is justified by the similarity of the
2-nm clusters in d-Al-Co-Cu found by STEM. '? Therefore, we
have replaced the Ni atoms in the W-(AlCoNi) bulk model by
Cu, creating a W-(AlCoCu) structure. The W-(AlCoNi) bulk
model, with stacking sequence A, B, A’, B, was taken from No.
92 in the Mihalkovi¢ database.*> To reduce the computational
effort, our model was built by cutting the W-(AICoCu) cell
perpendicular to the @ axis in half, resulting in a = 19.88 A,
b =23.39 A. In the ¢ direction, we have used four layers with
the two bottom layers frozen and 10-A vacuum. The structural
optimization has been performed with DFT using the Vienna
ab initio simulation package (VASP),** using the projector
augmented wave (PAW) method* and generalized gradient
approximation with a plane-wave cutoff of 250 eV.*® Residual
forces were smaller than 0.02 eV/A. STM simulations were
performed by DFT and the Tersoff-Hamann approach.*’

III. RESULTS AND DISCUSSION

A. Experiments

Figure 1 shows the LEED pattern of the d-AlegsCooCuys
surface after the cycles of sputtering and annealing. Since the
LEED pattern showed sharp spots with tenfold symmetry at
T scaling distances (approximately 1:1.618), the well-ordered
quasiperiodic surface was obtained, as in our previous study of
d-AlgsCo17Cu;y7 tenfold surface.?” It was confirmed that both
of the annealing temperatures of 800 °C and 880 °C were high
enough to form the tenfold quasiperiodic surface.

Figure 2 shows the AES spectra of the d-AlgsCoyyCuys
surfaces after sputtering and annealing at 800 °C and 880 °C.
Using the procedure described above, we found a surface
composition after sputtering of Alg;Co,5Cu;3, which is more
Co rich than the bulk. As sputtering will destroy the QC order,
one should expect segregation in the altered layer based on
surface energies, i.e., Al segregating to the surface of the
altered layer, irrespective of whether annealed QCs have a
bulk-terminated surface after annealing or not. This effect

FIG. 1. (Color online) LEED pattern of the d-AlgsCoy0Cuys
tenfold surface at 60 eV electron energy. The quasiperiodicity is
illustrated with pentagons.
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FIG. 2. (Color online) AES spectra of d-AlgsCoyCu,s surfaces
after sputtering and after annealing at 800 °C and 880 °C.

will be superimposed on the Al depletion due to preferential
sputtering.**% Because of the highly surface-sensitive low-
energy AES line of Al, the present result should be significantly
influenced by the Al segregation to the top; the Al concentra-
tion in the subsurface layers is, of course, lower. The surface
composition after annealing was obtained as Al77Co;oCu;s. It
was confirmed that there was no difference between the AES
spectra after annealing at 800 °C and 880 °C. Compared to the
bulk composition or the surface composition after sputtering,
after annealing, the surface is Al rich and Co poor.

The composition of the uppermost layer(s) of
d-AlgsCoyCu;s was also examined using LEIS, which
is a very surface-sensitive technique. Figure 3(a) shows
the LEIS spectra of the standard samples of Al(111),
Co(0001), and Cu(111). The surface densities of AI(111),
Co(0001), and Cu(111) are 1.41 x 10 atoms/cm?,
1.83 x 10 atoms/cm?, and 1.77 x 10" atoms/cm?,
respectively. Figures 3(b) and 3(c) show the LEIS spectra
of the d-AlegsCoyCus surfaces after sputtering and after
annealing at 880°C. The LEIS spectra after annealing at
800 °C were very similar to those at 880 °C. We obtained the
surface densities by comparison between the LEIS spectra
of the d-Alg;sCoyoCuys surface and the standard samples,
Al(111), Co(0001), and Cu(111), without considering any
matrix effects.’’ The resulting Al, Co, and Cu densities in
the d-AlgsCoy0Cuys surface after sputtering are 8.9 x 10",
1.0 x 10, and 1.6 x 10" atoms/cmz, respectively, while
those after annealing are 14.0 x 10'4,0.3 x 10'*,and 1.4 x
10'* atoms/cm?, respectively. For comparison, in the bulk
the average layer densities are 8.8 x 10'#,2.0 x 10'4, and
2.7 x 10 atoms / cm? for Al, Co, and Cu, respectively. These
LEIS results indicate that annealing induces Al segregation
to the surface; the Co surface concentration decreases, while
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FIG. 3. (Color online) LEIS spectra of (a) standard samples of
Al(111), Co(0001), and Cu(111), and a d-AlgsCoyyCu;s surface,
(b) after sputtering and (c) after annealing at 880 °C.

the Cu surface concentration does not change significantly.
The concentration changes obtained by LEIS qualitatively
agree with those estimated from AES. The observation of Al
enrichment and Co depletion also agrees with the expected
surface segregation, considering that Al has the lowest and
Co the highest surface energy of the three alloy constituents.

Figures 4(a) and 4(b) show STM images of the
d-AlgsCoy7Cuy; surfaces at sample bias voltages of 0.5 and
—0.3 V, respectively. The images of the d-AlgsCoyCuys
sample are very similar (not shown). The solid and broken
lines indicate two types of the dominant clusters at the surface
that have been named G and Y cluster in our previous study.?’
These STM images show no strong bias voltage dependence;
the appearance of the G and Y clusters is similar at positive
and negative voltage. Therefore, each bright spot in the
cluster seems to correspond to a single atom or a very small
group of atoms. The smaller circles indicate ~0.1-nm-high
protrusions, which tend to be observed mainly at the edge
of Y clusters. Similar protrusions were also observed on the
d-Al-Co-Ni surface and attributed to impurities, e.g., oxide
clusters.?

We have studied these high protrusions and the center of
two types of the clusters in Fig. 4(a) by STS to investigate their
local density of states (LDOS). Figure 5 shows the STS spectra
of the protrusions and the G and Y clusters. Positive sample
bias represents unoccupied states and negative sample bias
represents occupied states. All the STS spectra are qualitatively
similar and have a shoulder at the bias voltage of 0.3 eV. The
STS spectra of the 0.1-nm-high protrusions for the d-Al-Co-Cu
are very different from those for the d-Al-Co-Ni. As all the STS
spectra are similar in the d-Al-Co-Cu case, we do not attribute
these protrusions to oxide but rather to metallic clusters.

PHYSICAL REVIEW B 86, 115422 (2012)

FIG. 4. (Color online) STM images of the d-Al-Co-Cu surface
(a) positive (V;, = 0.5V, I, = 0.3 A) and (b) negative sample bias
(Vi=-03V,I,=1.0A).
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FIG. 5. (Coloronline) STS spectra of the 0.1-nm-high protrusions
and the G and Y clusters of the d-Al-Co-Cu surface, indicated by
circles, triangles, and squares, respectively.
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B. Computational results

DFT calculations were performed for more than 15 different
W-(AICoCu) surface models. Apart from the bulk-terminated
models, we have only considered models with surface enrich-
ment of Al and depletion of Co, as observed by AES and
LEIS. We have put focus especially on the fivefold clusters
at the corners of the 2-nm clusters, which have a prominent
role in the STM images (G and Y clusters; cf. Ref. 29).
Figure 6 shows such a model, which turned out to be the
one fitting the experimental STM images. Figure 6(a) shows
the bulk W-(AICoCu) approximant. Two 2-nm clusters are
marked with red circles. Figures 6(b) and 6(c) show the
original A layer and its modification. The Al, Co, and Cu
atoms are represented with different diameter (Al atoms are
larger) and different brightness/color (silver, blue, and green,
respectively). In constructing an initial model, all transition
metal atoms in the topmost layer were removed and the Al
atoms of the pentagonal cluster indicated by the arrows in
Fig. 6(b) were replaced with Cu atoms, as shown in Fig. 6(c).
Figures 6(d) and 6(e) show the top and side views of the
W-(AlICoCu) initial state of this model before relaxation by
DFT. The topmost layer in this model is the modified A layer.
The other three layers (B, A’, and B layers) are the same as
the original. The composition of this model (all four layers)
is Al76Co2Cuj,, which is close to the estimate from AES,
Al77Co01¢Cuy3. Since we have a rather open surface, LEIS will
see a contribution of the second layer. When neglecting matrix
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effects, we can assume that the contribution of the first layer
is 100%, i.e., each atom contributes to the LEIS spectrum
as much as an atom in the respective standard. Then, the
model is in accordance to the LEIS result if the contribution
of the second layer is estimated to be 56%, 16%, and 30%
for Al, Co, and Cu atoms, respectively. These values are in
qualitative agreement with the fact that the TM atoms of the
second layer are mostly covered by Al in the first layer, while
many second-layer Al atoms are uncovered [see also the final
configuration in Fig. 6(h)]. Figures 6(f) and 6(g) show top and
side views of the structure-optimized W-(AlCoCu) model. The
Cu atoms in the topmost layer relaxed inwards, towards the
bulk and at the same time the Cus pentagon was expanding.
Each of these Cu atoms resides in a rather deep fourfold hollow
site, with only Al atoms below and a fifth Al neighbor in the
surface (the distance to the Cu neighbors in the pentagon is
rather large, 3.6 A, slightly larger than the distance to the Al
atom directly below the Cu in the third layer). Maximizing the
number of bonds between the transition metal (TM) and Al is
typical for Al-TM alloys, and leads to a high stability of these
alloys (e.g., superalloys). Thus, arriving at such a configuration
provides a posteriori justification for replacing the Al atoms
with Cu. As a further result of the Cu atoms relaxing inwards,
the surface corrugation in STM is mainly due to the Al atoms
appearing as protrusions.

Simulated STM images were calculated for all the structure-
optimized models and compared with the experimental STM
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FIG. 6. (Color online) Structure models of the G and Y clusters observed in STM images of d-Al-Co-Cu surface. Al, Co, and Cu atoms
are shown as silver, blue, and green balls, respectively. (a) Bulk W-(AlCoCu) approximant. Two 2-nm clusters are marked with solid circles.
(b) Truncated A layer of the unmodified W-(AlCoCu) approximant. (c) Compositionally modified topmost layer of the W-(AICoCu) model.
The Al atoms with the arrows in (b) were replaced with Cu atoms in (c). (d) Top view and (e) side view of the initial model. (f) and (h) Top

view and (g) side view of the structure-optimized model.
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FIG. 7. (Color online) (a) Negative-bias (V; = —0.3 V) simulated
STM image with the atomic arrangement of the topmost layer shown
as overlay. (b) Negative-bias (V; = —0.3 V) experimental STM image
of the d-Al-Co-Cu surface.

images. Most of the simulated images, including all structures
based on the B layer, do not reproduce the G and Y clusters
in the STM images, except the model of the modified A layer
shown in Figs. 6(f) and 6(g). Figure 7(a) shows the simulated
image of this model with a sample bias of —0.3 V, with
the atomic arrangement of the topmost layer superimposed.
Figure 7(b) shows a magnified part of the experimental image
of Fig. 4(b) (recorded at —0.3 V bias). The circles drawn
with solid and broken lines indicate the G and Y clusters
in each image. The appearance of the G and Y clusters in the
experimental image is clearly reproduced by the simulation; in
particular, the Y cluster shows very good agreement. When the
Cu pentagon in the topmost layer was eliminated or replaced
with an Al or Co pentagon, such a Y cluster did not appear
in the simulated image. When the Al pentagon arrowed in
Fig. 6(c) was eliminated or replaced with Cu atoms, neither
the experimental G nor the Y cluster could match the simulated
image around this site. This clearly demonstrates that not only
the atomic arrangement of the topmost layer but also chemical
species for the second layer are important to reproduce the
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3000

2500

2000 |-

1500 [

PDOS (1/eV)

1000 [

500 [

1000 |-

PDOS (1/eV)

500 [

Energy (eV)

FIG. 8. (Color online) Calculated partial densities of states of
(a) the bulk W-(AICoCu) approximant and (b) the uppermost two
layers of the slab representing the d-Al-Co-Cu surface.

appearance of the surface in the STM image: In the correct
structural model fitting the experiment, the Cu pentagon in the
topmost layer is located on an Al pentagon with a central Co
atom (second layer), while the Al pentagon arrowed in Fig. 6(c)
is not located around a central second-layer TM metal atom
but rather on a Cu pentagon. We also note that the quasicrystal
acts as a template for the “soft” Al to form a quasiperiodic
structure in the first layer, even in the absence of TM atoms in
this layer.

The choice of the final model was based on comparison of
the experimental and calculated STM images. Nevertheless,
we have also compared the surface energies of all models.
The surface energies of our final model and a truncated-bulk
model are degenerate within the error bars (25-10 meV/A?);
all other models are less favorable. The error bars are mainly
due to inaccurate chemical potentials of the elements (we have
derived the chemical potentials from the bulk energies of the
AlCll, A12Cu, A15C02, A113C04, AlgCOz, AICO, A112C04Cu,
and W-(AlCoCu) phases).

Figure 8 shows the calculated partial densities of states
(DOS) of Al, Co, and Cu (a) for the bulk W-(AlCoCu)
approximant and (b) of the uppermost two layers of the
slab representing the d-Al-Co-Cu surface. The DOSs of both
structures are similar except for the peak of the Cu DOS at
3 eV below the Fermi level Ex. The DOS of the Cu atoms
in the pentagonal cluster at the surface is shown as “5 Cu
sum;” it peaks at Er—2.8 eV. The narrow peak width (i.e.,
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narrow d band) is obviously related to the low coordination
of these Cu atoms and the equivalent positions of these five
atoms. It is interesting to note that these five Cu atoms are
not completely dark in the experimental and simulated STM
images (Fig. 7), in spite of being ~0.7 A below the average
height of the surface Al, and the low Cu DOS near the Fermi
level. We must recall, however, that the DOS peaks of the Cu
and Co atoms correspond to d electrons, which do not reach
far into the vacuum, where the STM tip probes the local DOS.
To a lesser degree, the same is true for the Al atoms, which
have a large p contribution to the DOS. On the other hand, the
DOS of the Cu atoms near Ef is due to s states, having the
weakest decay with distance from the atomic cores.

As we did not find an agreement between any model of a
modified B layer and the experimental STM images of the G
and Y clusters, it seems that we have to modify many atoms
in this structure to match the STM image. As noted above, the
observation of only one type of layer by STM and the absence
of any indication of alternating step widths (different surface
energies with A or B layer below) cannot be simply explained
by having always the same surface layer, but the second layer
being either A or B, depending on the terrace level. Instead,
this observation must be explained differently: One possibility
would be domain boundaries in the bulk, and each step would
coincide with the line where a domain boundary meets the
surface. In this scenario, the domain-boundary energies would
be rather low, so that the surface structure can easily impose the
domain structure on the underlying bulk. Another possibility
would be a kind of buffer layer (probably consisting of several
monolayers) mediating between the uppermost layers and the
layers below, where the strict distinction between A and B
layers is not present in the buffer layer. This would be a kind of
domain boundary parallel to the surface, and again the energy
associated with it has to be very low. In all these domain-
boundary-type models the domain boundaries must not break
the different orientations of adjacent layers, however, because
STM always shows that equivalent clusters on adjacent layers
are rotated by 36°.%° Both of these scenarios are comparable
to the result of a recent study by Schaub ez al., where only a
weak correlation over long distances was found.?’

It is also interesting to compare the present results with
those obtained for the surfaces of icosahedral 3D quasicrystals.
In the case of Al-Pd-Mn icosahedral quasicrystals, several

PHYSICAL REVIEW B 86, 115422 (2012)

papers have proposed that a surface with increased Al content
(Al segregation) better explains the experimental results than
the bulk-truncated model, although the atomic structure of
the topmost surface is rather similar to a truncated bulk.>?->
Therefore, the Al segregation found in the present work as
well as in our previous study of an Al-Ni-Co QC? is not a
unique case, and we consider it a rule rather than an exception.
To further confirm our results, surface studies of QCs using
complimentary techniques such as surface x-ray diffraction or
high-resolution core level photoemission spectroscopy would
be clearly desirable.

IV. CONCLUSION

The composition of the d-AlgsCo,(Cu;5 near-surface region
after annealing was estimated to be Al;7Co;9Cu,3, which is
Al richer and Co poorer than the bulk and the surface after
sputtering. This observation agrees with the expected surface
segregation behavior based on the surface energies of the
pure metal constituents. Two types of characteristic clusters,
named G and Y clusters, were observed in the STM images
at both positive and negative sample bias. The STS spectra
of the G and Y clusters revealed only subtle differences of
the unoccupied states. Structural optimization using DFT was
performed with different models based on the W-(AlCoCu)
approximant. The atomic arrangement of the topmost layer
was modified according to the composition estimated by
the AES and LEIS results. A surface structure with good
agreement of the simulated STM image with the experimental
ones was identified. This structure is based on a termination
with a partially occupied A layer, and it was found that the
topmost layer of the G cluster consists of a pentagon of Al
atoms, while that of the Y cluster attributed to a pentagon
of Cu atoms. The DFT study indicated that the relationship
between the topmost and second layers was also important in
constructing each cluster.
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