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We present a comprehensive study of Bi thin-film growth on quasicrystal surfaces. The substrates used for
the growth are the fivefold surface of icosahedral �i�-Al-Cu-Fe and i-Al-Pd-Mn and the tenfold surface of
decagonal �d�-Al-Ni-Co quasicrystals. The growth is investigated at 300 and 525 K substrate temperatures and
at different coverage ��� ranging from submonolayer to ten monolayers. The film is characterized by scanning
tunneling microscopy, reflection high-energy electron diffraction, and x-ray photoelectron spectroscopy. At 300
K, the deposited Bi yields a quasicrystalline film for ��1. For 1���5, it forms nanocrystallites with �100�
surface orientation. The islands have magic heights, which correspond to the stacking of four atomic layers
�predominantly�. The selection of magic heights is interpreted in terms of quantum size effects arising from the
electron confinement within the film thickness. The islands establish rotational epitaxial relationship with the
substrate. For higher coverage, the film grows with monatomic height, not with magic heights, and reflects the
symmetry of the bulk Bi. When deposition is performed at 525 K, terrace diffusion is more effective, resulting
in the aggregation of Bi adatoms developing into a smooth monolayer with quasiperiodic order. At this
temperature, multilayers do not adsorb.

DOI: 10.1103/PhysRevB.78.155416 PACS number�s�: 61.44.Br, 68.55.�a, 68.37.Ef

I. INTRODUCTION

Quasicrystals are perfectly ordered structures like regular
crystals, but they lack periodicity.1 Their diffraction pattern
shows sharp well-defined peaks that often distribute in recip-
rocal space according to the icosahedral �i� or decagonal �d�
symmetry. These noncrystallographic rotational symmetries
are reflected in the growth shape of most single-grain quasi-
crystals, presenting pentagonal or decagonal facets.2 Their
unique atomic structure correlates with unexpected elec-
tronic properties different from those of both amorphous and
crystalline alloys.2 For example, low values of the electrical
conductivity � are typical in Al-based quasicrystals, and �
increases with increasing temperature, contrary to the usual
metallic behavior. Their electronic structure is characterized
by a minimum in the electronic density of states located at
the Fermi level, termed as pseudogap, which is ascribed to
both structural and hybridization effects.3

The surfaces of quasicrystals have received increasing in-
terest in the past few years, which is motivated in part by
their potentially useful properties such as reduced friction
and adhesion or corrosion resistance. Developments in the
synthesis of large single-grain quasicrystals of high structural
quality have opened the possibility to investigate the struc-
ture and properties of clean quasicrystalline surfaces in ultra-
high vacuum �UHV� environment. Most studies performed
so far have focused on the tenfold surface of the Al-Ni-Co
decagonal phase and the fivefold surface of the Al-Pd-Mn
and Al-Cu-Fe icosahedral phases. It has been found that un-
der suitable preparation conditions, the surface of quasicrys-

tals are well-ordered two-dimensional �2D� quasiperiodic ob-
jects that correspond to perfect truncation of the bulk
structure, with no chemical segregation or surface recon-
struction, except for some interlayer relaxation �refer to Ref.
4 for recent review�.

These progresses have enabled the study of new epitaxial
systems: solid-film growth on quasiperiodic substrates. Here
the original idea was to use quasicrystals as template to grow
another quasiperiodic systems of reduced dimensionality that
could not form otherwise. Different observations have shown
that some of the symmetry elements of the quasiperiodic
substrate are mediated into the film during the growth, either
at a mesoscopic scale through the formation of fivefold or
tenfold twinning of nanocrystals or at an atomic scale when
pseudomorphic growth can be achieved.4,5 The structure of
the film strongly depends on the adsorbate species and the
growth mode, which in turn depends on both energetic and
kinetic factors. The various observations reported so far in
the field of thin-film growth on quasicrystalline surfaces
clearly show that it is not possible to predict
the film morphology, either smooth 2D or rough three-
dimensional �3D� growth, based on thermodynamic relation-
ship between the substrate and adsorbate surface energies
and the interfacial energy, because growth occurs far from
equilibrium and/or unknown interfacial energy. A more ato-
mistic description of the growth phenomena that would take
into accounts both energetic and kinetic factors appears nec-
essary to explain the various observations reported so far.

Franke et al.6 reported the epitaxial growth of either Bi or
Sb monolayers on either the tenfold surface of d-Al-Ni-Co or
the fivefold surface of i-Al-Pd-Mn quasicrystals. The depo-
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sition was performed at 523–573 K temperatures, which are
above the multiplayer desorption temperature. The quasiperi-
odic structure of the deposited Bi or Sb monolayer was dem-
onstrated by low-energy electron diffraction and helium-
atom scattering �HAS�. Recent ab initio studies confirmed
the stability of such supported quasiperiodic monolayers and
a structure model has been proposed.7,8

We recently reported on investigations by scanning tun-
neling microscopy �STM� and reflection high-energy elec-
tron diffraction �RHEED� of a similar system: Bi deposited
on the fivefold surface of i-Al-Cu-Fe.9 The Al-Pd-Mn and
Al-Cu-Fe icosahedral phases are almost isostructural and
their surfaces perpendicular to a fivefold axis are almost
identical down to the atomic level,10 although their chemical
compositions in the near surface region are different. The
thin-film growth was investigated at room temperature. We
observed pseudomorphic growth at submonolayer coverage.
At coverage of about five monolayers �MLs�, we found the
formation of crystalline Bi islands with flat tops and steep
edges on top of a Bi wetting layer. The Bi islands have
uniform heights, corresponding to four atomic layers or a
multiple of this height, which are the so-called “magic
heights.” Similar phenomena were also observed for Ag thin
films grown on the fivefold surface of i-Al-Pd-Mn at 365 K.9

We argued that the driving force for the island height selec-
tion is related to quantum size effects �QSEs� induced by the
confinement of the electrons within the film thickness in the
direction normal to the surface. In such systems, quantum
well states develop and their position with respect to the
Fermi level depends on the film thickness. Then minimiza-
tion of the electronic energy favors preferred thickness of the
Bi islands.9 Quantum size effects were later confirmed by
Moras et al.11 who directly observed sp-derived quantum
well states by photoemission spectroscopy in Ag thin films
deposited on quasicrystalline templates. It was argued that
the confining barrier is mainly driven by the incompatible
symmetries of the wave functions at the film substrate inter-
face rather than by the pseudogap in the electronic structure
of the substrate.

In this paper, we present extensive studies of Bi thin-film
growth observed by various techniques including STM,
RHEED, and x-ray photoelectron spectroscopy �XPS�. The
substrates on which the films are grown include the fivefold
surface of both i-Al-Pd-Mn and i-Al-Cu-Fe as well as the
tenfold surface of d -Al-Ni-Co. Thin films were grown either
at room temperature or at 523 K, a temperature which is
above the multilayer desorption temperature. Film thick-
nesses range from submonolayer coverage up to 10 ML. A
wide variety of structures are observed depending on experi-
mental conditions. This includes quasiperiodic Bi wetting
layer, formation of nanocrystallites with magic heights, rota-
tional epitaxial relationship between the film and the sub-
strate, and terrace-dependent film morphologies as well.

II. EXPERIMENT

Single-grain icosahedral Al63Cu24Fe13 and Al70Pd21Mn9
quasicrystals were cut perpendicular to a fivefold axis. Simi-
larly, single-grain decagonal Al71.7Ni18.7Co9.6 quasicrystal

was cut perpendicular to the tenfold axis. The surfaces were
then mechanically polished using diamond paste down to
0.25 �m. A clean surface was prepared in UHV �base pres-
sure of 1�10−10 mbar� by repeated cycles of ion sputtering
�Ar+, 1–3 keV, 30 min� and annealing until no traces of con-
taminants could be detected by XPS. The annealing tempera-
tures for Al-Cu-Fe, Al-Pd-Mn, and Al-Ni-Co were, respec-
tively, up to 1023, 923, and 1123 K, leading to a terrace and
steps surface termination as checked by STM prior to depo-
sition experiments.

Bi was evaporated from a fully outgassed Knudsen cell.
The pressure was kept low �10−9 mbar� during deposition.
Bi has a rhombohedral structure, which can be considered as
a slightly distorted simple-cubic structure. It is only poorly
metallic with a low carrier density, and its surface energy is
rather low ��Bi=0.54 J /m2�.12

The deposition flux for a specific setting of the Bi source
was estimated from the intensity of the XPS core-level spec-
tra. Specifically, a Bi film of thickness d was deposited on a
Pd�111� surface held at room temperature and the intensity of
the Pd 3d core level was monitored as a function of the
takeoff angle 	 �with respect to the surface normal� of the
emitted photoelectrons. If I0 is the intensity of the Pd 3d
signal at the substrate film interface, the measured signal I is
to a first approximation I= I0e−d/
cos�	�, where 
 is the inelas-
tic mean-free path of the Pd 3d photoelectrons in the Bi film.

The deposition flux estimated from XPS experiments was
crosschecked by analysis of STM images. Bi was deposited
at submonolayer coverage on Pd�111� surface, which results
in 2D islands. The coverage was then estimated by calculat-
ing the area covered by the Bi islands. The flux calculated in
this way was close to the value found in XPS measurements.
The Bi thin films were characterized using an Omicron
room-temperature STM and by RHEED.

III. RESULTS AND DISCUSSION

A. Structure of substrate surface

1. Fivefold surface of i-Al-Cu-Fe and i-Al-Pd-Mn

The structure of i-Al-Cu-Fe and i-Al-Pd-Mn substrates
has already been discussed elsewhere.13–16 Here, we only
provide a brief summary of the main results useful for the
understanding of the data presented in this paper. It is ob-
served that the fivefold surface of both samples prepared by
sputtering and annealing cycles leads to a terrace and step
morphology with atomically smooth terraces extending over
several hundreds of nanometers �Figs. 1�a� and 1�c��. STM
reveals steps of different heights: H=mS+nL with �m ,n�
being consecutive integers of the Fibonacci series, L
�0.41 nm, and S=L /�, where � is the golden mean.15 The
analysis of the step-height distribution, within the specific
surface preparation explained above, revealed that the most
frequent step heights are L, S+L, S+2L, and 2S+3L. The
occurrence of these steps of, for example, i-Al-Cu-Fe is
14%, 32%, 29%, and 15%. The step-height distribution can
be explained by bulk truncation at the positions where blocks
of atomic layers are separated by larger gaps above regions
of relatively dense and high Al content.17–20
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2. Tenfold surface of d-Al-Ni-Co

Compared to the surfaces of icosahedral quasicrystals, the
tenfold surface of decagonal quasicrystal is relatively simpler
because of existence of periodic order along the surface nor-
mal. Terraces are separated by steps of single height of 0.2
nm consistent with the interlayer spacing of the bulk struc-
ture. However, details of terrace morphology are sample spe-
cific or dependent on surface preparation or the exact com-
position of the sample �see Ref. 4�. The substrate used for
this study is d-Al71.7Ni18.7Co9.6. The sample shows the
S1-type modification and thus differs from the so-far-
investigated Co-rich phases or type-I superstructure phases,
for which the Co and Ni contents are almost identical.4

STM images shown in Figs. 1�d� and 1�e� were taken
from the tenfold d-Al71.7Ni18.7Co9.6 surface prepared at 1023
K. The surface of this phase exhibits fairly large terraces
compared to other phases. The typical size of terraces is in
the order of 100 nm. However, terraces up to 1 �m wide are
also observed occasionally �Fig. 1�e��. Frequently, we de-
tected small amount of material pining up the steps �Fig.
1�f��. The reason for this is not clear but we speculate that
annealing time during the surface preparation may not be
sufficient to allow the diffusion of the material into the ter-
races. Note that the surface was prepared by flash annealing
to avoid the increase in pressure in the UHV chamber during
surface preparation. The annealing time used in other studies
was generally 0.5–2 h. High-resolution images on terraces
exhibit protrusions of atomic height like the surface of other
Al-Ni-Co phases �not shown�.

B. High-temperature deposition

The growth of Bi at elevated temperature was investigated
by using the Al-Cu-Fe substrate. The substrate was held at
523 K during the deposition and observations were per-
formed at room temperature. Figure 2 shows STM images of
the surface exposed to approximately 4.5 ML of Bi. The
amount of adsorbed Bi estimated from these images is
clearly much lower in the submonolayer regime. This is evi-
denced in Fig. 2�a� where the small Bi islands with bright
contrast cover only partially the substrate. The fine structure

can still be resolved in uncovered area of the quasiperiodic
surface. As a result, the fast-Fourier transform �FFT� of the
image �Fig. 2�b�� still shows characteristics similar to that of
the clean surface with several decagonal rings of spots. The
diameters of the rings scale as 1:� :�2, and the decagonal
pattern are consistent with the fivefold symmetry of the qua-
siperiodic substrate. The small amount of adsorbed Bi indi-
cates that the sticking coefficient of Bi on the surface is
rather low and/or re-evaporation of Bi adatoms must be easy
at 523 K, which is above the multilayer desorption tempera-
ture. The Bi islands are approximately 0.2 nm in height.
Their lateral size is very limited �a few nanometers� and they
are highly irregular in shape. Nevertheless, the aggregation
of Bi adatoms into islands indicates that terrace diffusion is
activated within the conditions of the deposit.

It is obvious from Fig. 2�a� that the Bi coverage ��� is not
homogeneous over the entire surface but depends on specific
terraces. It is possible to estimate � for a specific terrace
from selected area of the STM images. The result of this
analysis shows that ��25%–30% on almost every terrace
except on those labeled L in Fig. 2�a� where ��60%. These
terraces are bordered by a specific set of step heights. The
label L refers to terraces bordered by a 0.66 nm �L�S� step
in the uphill direction and by a 0.41 �L� step on top of a 0.66
nm �LS� or �SL� block in the downhill direction. These L
terraces account for a limited surface area because L steps
represent only 14% of all steps and the L terraces are gener-
ally rather small.

Related observations were reported recently by Unal et
al.21 for Ag thin films grown on the fivefold surface of
i-Al-Pd-Mn at 365 K. At submonolayer coverage, it was
found that some specific terraces were decorated by a much
lower density of Ag islands as compared to other terraces. It
is striking that terraces exhibiting this particular behavior for
Ag/Al-Pd-Mn are the same specific L terraces presenting a
larger coverage compared to other terraces for Bi/Al-Cu-Fe.
Three possible explanations for the different island densities
were discussed in Ref. 21. The first is terrace width, which
can affect island densities due to competition between island
nucleation and capture at step edge, as step flow growth can
lead to lower island densities on smaller terraces. However,
although L terraces are small as noted above, we can always
find in STM images terraces of similar size but with a lower
Bi coverage. Thus terrace width cannot account for the ter-
race dependence of the coverage. The second possibility is
the Ehrlich-Schwoebel barrier associated with adatom diffu-

a

fed

cb

FIG. 1. STM images of the clean fivefold surface of i-Al-Cu-Fe
�a� 500�500 nm2 and �b� 10�10 nm2, i-Al-Pd-Mn �c� 1200
�1200 nm2, and the tenfold surface of d-Al-Ni-Co �d� 926
�926 nm2, �e� 1000�1000 nm2, and �f� 500�500 nm2.

a b

L

L

FIG. 2. STM images of the fivefold i-Al-Cu-Fe surface after
dosing Bi of approximately 4.5 ML at 523 K �a: 300�300 nm2, b:
70�70 nm2�. The amount of Bi adsorbed on the surface is in sub-
monolayer regime. Inset: Fourier transform of image �inset�.
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sion downward a step. In our case, the larger coverage ob-
served on L terraces would suggest that a particle diffusing
on this terrace will have to overcome a higher energy barrier
for downhill diffusion than on other terraces. However in this
case, one should observe a region of increased coverage bor-
dering the downward step, which is in contradiction with the
experiment. The third possible explanation relies on the in-
trinsic nature of the L terraces. Terraces of icosahedral qua-
sicrystals are expected to differ in their exact atomic struc-
tures, both in chemistry and atomic densities, which can
affect the average distribution of diffusion barrier. In addi-
tion, although all terraces are different, they share some com-
mon local configurations that appear at different densities.
For example the density of the dark stars which has been
identified as nucleation sites in a number of studies varies
from terrace to terrace in agreement with bulk structure
models.22 Based on rate equation analysis of the experimen-
tal data, it was argued that the different island densities ob-
served for Ag/Al-Pd-Mn deposited at 365 K is most likely
due to a terrace dependence in the diffusion barrier. In our
case, the situation is different because the deposition occurs
at much higher temperature �523 K� and desorption of ada-
toms must be taken into account. If one assumes that the
density of trap sites is higher on L terrace, easier nucleation
should result in less desorption and higher � on L terraces.

Another phenomenon that may share some similarities
with the present case was reported by Cai et al.23 It concerns
the morphology of a 1-ML-thick Al film deposited at room
temperature on the same fivefold Al-Cu-Fe surface. It was
found that the Al thin film has a lumpy aspect with no well-
defined island shape on the vast majority of the terraces ex-
cept on a few terraces where larger islands with atomically
flat tops are observed. As was noted in Ref. 23, these special
terraces may correspond to atomic planes containing no
nucleation sites identified on other terraces. In this experi-
ment, the coverage was uniform because no evaporation of
Al adatoms occurs at room temperature. Sharma et al.24 also
reported the observation of terrace-dependent morphology of
Sn film deposited on the i-Al-Cu-Fe surface.

Figure 3 shows an STM image of the surface covered by
a complete Bi monolayer on the fivefold i-Al-Cu-Fe. In this
case, the deposition time was long enough to produce the
expected Bi monolayer, and the deposition temperature was
high enough to achieve �almost� complete desorption of Bi
multilayer. Therefore the film is relatively smooth and the
terrace and step morphology of the substrate are not modified
by the film. However, the roughness on the terraces is still

larger for the clean substrate mainly due to the remaining
small amount of adatoms on top of the monolayer appearing
as white dots in Fig. 3. This increased roughness is detrimen-
tal to the STM resolution and we could not obtain informa-
tion on the atomic structure of the Bi monolayer. Annealing
of the Bi monolayer could be used in later studies to improve
its structural quality, as demonstrated in the recent studies
of quasiperiodic Pb monolayers formed on the fivefold
i-Al-Pd-Mn surface.25 Figure 4 shows a RHEED pattern ob-
tained either before or after the formation of the Bi wetting
layer. Both diffraction patterns are characteristic of a quasi-
crystalline surface with streaks separated by long �L� and
short �S� spacing with L /S��. This result does not prove
unambiguously that the Bi monolayer has adopted the qua-
siperiodic substrate structure �because the thickness probed
by RHEED is typically several nanometers, i.e., much larger
than the film thickness�. It is consistent with previous obser-
vation by HAS reported by Franke et al.6 demonstrating the
quasiperiodic nature of the Bi monolayer formed on the iso-
structural fivefold surface of i-Al-Pd-Mn. Finally we men-
tion the recent report by Smerdon et al.26 demonstrating the
quasiperiodic structure of a similar Bi monolayer grown on
the fivefold surface of i-Al-Pd-Mn by STM.

C. Room-temperature deposition

1. i-Al-Cu-Fe substrate
a. Growth of a quasiperiodic monolayer. By depositing

Bi at lower substrate temperature, one expects a reduced
probability for the re-evaporation of adatoms as well as re-
duced adatom mobility. The STM image in Fig. 5�a� encom-
passes one single terrace of the surface dosed with approxi-
mately 0.35 ML of Bi. The coverage estimated from such
images is about a third of a monolayer, which is very close to
the deposited amount. Therefore the sticking coefficient of
Bi on the quasicrystalline surface is close to unity at room
temperature, and re-evaporation of adatoms is inhibited as

FIG. 3. STM image of the fivefold i-Al-Cu-Fe surface covered
by a complete monolayer of Bi. The deposition temperature was
523 K �158�80 nm2�.

FIG. 4. RHEED patterns from the clean fivefold surface of
i-Al-Cu-Fe �a� and the same surface after the deposition of a
complete monolayer �b�.
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expected. The film morphology is significantly different from
that in Fig. 2�b�. There is no island formation and dots of
bright contrast in Fig. 5 must correspond to a single Bi ada-
tom. As expected, terrace diffusion is not activated at room
temperature in the submonolayer regime. Height profiles
taken across Bi adatoms give a value of about 0.15 nm,
which is significantly smaller than the island height mea-
sured for high-temperature growth �0.2 nm�. This effect must
result from a different Bi-substrate bonding depending on
whether the Bi adatoms is isolated or embedded in an island.

At this submonolayer coverage, the fine structure of the
quasiperiodic substrate can still be resolved. As a result, the
FFT of the STM images is a tenfold symmetric pattern �Fig.
5�c��. FFT of STM image, obtained by applying an appropri-
ate height threshold to select the Bi adatoms, also demon-
strates the tenfold symmetric arrangement of the adatoms.
This as well as the observation of local fivefold configuration
of Bi adatoms �Fig. 5�b�� is consistent with a quasiperiodic
growth of the first Bi monolayer.

b. Nanocrystallites and rotational epitaxy. For coverage
larger than one monolayer, once the first Bi wetting layer has
been completed, we observe the formation of islands. Fig-
ures 6�a�–6�c� shows an STM image of the surface exposed
to 4.5 ML of Bi. Most of the islands have sharp edges and
smooth tops. The RHEED pattern of the Bi film is shown in
Fig. 6�d�. The pattern consists of diffraction spots �not
streaks� aligned along straight lines, indicating transmission-
reflection diffraction through the 3D Bi islands. The distri-
bution of spots shows that the film grows with a pseudocubic
�100� orientation, which is equivalent to �012� in the rhom-

bohedral system.27 The small-spot size also shows the good
crystallinity of the islands. Our system allows for in situ
azimuthal rotation around the surface normal and it is ob-
served that the same diffraction pattern appears every 72°.
This demonstrates that the epitaxial relationship within the
surface plane is defined by the alignment of a crystallo-
graphic axis of the Bi islands with one of five equivalent
directions within the Bi wetting layer. The fivefold twinning
of the Bi crystallites can also be deduced from angles be-
tween step edges of adjacent Bi islands, which are multiples
of  /10, consistent with the fivefold rotational symmetry of
the first Bi layer.

c. Magic heights. Most interesting is the fact that the Bi
crystallites have a specific height of �1.3 nm or a multiple
of this height. In a few cases, islands with approximately half
of this height could also be observed but never one-layer-
thick islands. These islands are of irregular shape and are
only observed immediately after the deposition, but they dis-
appeared with time. In the rhombohedral system, the inter-
layer spacing along the �012� direction is d012=0.328 nm
and therefore we conclude that the vast majority of islands
has a thickness corresponding to the stacking of four atomic
layers in the �012� orientation or a multiple of this height.
The occurrence of magic island heights reveals a special sta-
bility for certain thickness, which we are going to discuss in
Sec. III C 4.

2. i-Al-Pd-Mn substrate

Figure 7 shows the i-Al-Pd-Mn surface after Bi deposition
at 1.02 and 4.5 ML, which covers the amount of Bi occupied
by islands and the underneath Bi wetting layer. The growth
mode of Bi on this substrate is similar to that observed on the
i-Al-Cu-Fe substrate. For both coverage, the deposited Bi
forms islands corresponding to the stacking of four �012�
layers �4L islands� or a multiple of this height. The bilayer
islands were also observed at early stages of the growth but
again they disappeared afterward. Similarly, the islands grow

(a)

(b) (c)

a

b c

FIG. 5. �a� STM topography �30�30 nm2� of the fivefold
Al63Cu24Fe13 surface dosed with 0.35 ML of Bi. �b� Local pentago-
nal motif formed by five Bi adatoms �2.5�2.5 nm2�. �c� FFT of the
image in �a�.

72o

54o
a b

c d

FIG. 6. �a�–�c� STM images of the fivefold surface of
i-Al-Cu-Fe after deposition of about 4.5 ML of Bi at room
temperature: �a� 150�150 nm2, �b� 185�185 nm2, and �c� 500
�500 nm2. �d� RHEED pattern from the same surface.
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with the �012� rhombohedral axis �i.e., pseudocubic �100�
axis� being parallel to the surface normal. Within the surface
plane, islands have five different possible orientations with
respect to the substrate rotated by angles of n /10 from each
others. Furthermore, the stability of islands was investigated
by annealing the surface at different temperatures, which will
be described in Sec. III C 5.

3. d-Al-Ni-Co substrate
a. Coverage-dependent growth mode. The d-Al-Ni-Co

substrate was used to investigate the growth of Bi at wider
coverage ranges. STM images from the surface for different
coverage up to 10 ML are shown in Fig. 8. Three different
growth modes are observed depending on �. For ��1, a
smooth growth is observed as shown in Fig. 8�a�. The Fou-
rier transform of the image shows tenfold symmetry and �
scaling relationships �Fig. 8�a� inset� suggesting again a qua-
siperiodic structure of the first wetting layer. For 1���5,
islands are formed. The height of almost all islands is 1.26
nm ��=0.03�, corresponding to 4L islands with �012� orien-
tation. In rare cases, 8L islands were also observed. These
results are consistent with those observed on the i-Al-Cu-Fe
and i-Al-Pd-Mn surfaces. For increasing coverage, the is-
lands predominantly grow laterally.

Above 5 ML, Bi grows with monatomic step height. In-
dications of an early stage of this third growth mode are
apparent already for �=4.3 ML as monatomic steps already
appears �marked by arrows in Fig. 8�f��. Figure 9 shows a 3D
view of an STM image for 10 ML coverage showing a pyra-
midlike island with triangular shape on top of a smooth film.
The step height measured on triangular islands is 0.37 nm
��=0.01�, which is close the interlayer spacing d001

=0.39 nm in the rhombohedral notation. RHEED patterns
from the surface confirm the �001� surface orientation of the
film at this stage �Fig. 10�. The change from the �012� to the
�001� orientation was also observed for Bi growth on the
Si�111� substrate.27 The triangular symmetry is expected
from the bulk Bi.27 These triangular islands have different
in-plane orientations rotated by n /10 with each other. This
results from the fivefold twinning of the Bi domains with
�012� orientation on which the growth started. As a conse-
quence, grain boundaries can be observed on STM images
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FIG. 7. STM images of the fivefold surface of i -Al-Pd-Mn after
deposition of �a� 1.02 ML �150�150 nm2� and 4.5 ML �400
�400 nm2� of Bi at room temperature. The height of the islands in
ML units is indicated in �b�.
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hg
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3.00 ML 10 ML4.32 ML

FIG. 8. �a�–�g� STM images of the tenfold surface of
d-Al-Ni-Co after deposition of Bi at different coverage at room
temperature: �a� 80�80 nm2; inset: Fourier transform of the
image, �b� 300�300 nm2, �c� 400�400 nm2, �d� 300�300 nm2,
�e� 250�250 nm2, �f� 250�250 nm2, and �g� 200�200 nm2.
�h� Fourier transform of image �b�.

2.02 nm

0.37nm

FIG. 9. A section of STM image in Fig. 8�g� in a 3D view
�68�68 nm2�.

a

b

FIG. 10. RHEED patterns from the tenfold surface of
d-Al-Ni-Co. �a� Clean surface and �b� after the deposition of
10 ML Bi.
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separating adjacent domains with different orientations.
b. Evolution of islands with magic heights. In our experi-

mental systems, the deposition of Bi and the STM measure-
ments were carried out in two different chambers. Therefore,
it was not possible to monitor the growth of the Bi film
simultaneously during deposition. In order to observe the
early stage of the growth, we minimized the time between
deposition and the first acquisition of STM images down to
10 min �compared to an hour or more for previous experi-
ments on i-Al-Cu-Fe and i-Al-Pd-Mn�. Just after deposition,
a high density of two atomic height islands could be ob-
served. The precise height estimated from a large number of
2L islands is found to be 0.68 nm. The expected height of the
4L islands should thus be equal to 1.36 nm, which is signifi-
cantly larger than their measured height �1.26 nm� using the
same tunneling parameters. The evolution of the film mor-
phology into 4L islands could be followed by recording STM
images of the same area over several hours. We found that
two different processes occur. The 2L islands either reshaped
themselves into 4L islands or they coalesce with neighboring
4L islands as described below.

Figures 11�a�–11�d� show STM images after the deposi-
tion of 1.02 ML and recorded at the same place with same
tunneling parameters but at different times �given in the fig-
ure�. We collected 50 images in 4 h. The images recorded at
selected time intervals are given in the figure. As previously
observed for Bi on i-Al-Cu-Fe or i-Al-Pd-Mn surfaces, 2L
islands are irregular in shape, whereas 4L islands are highly
faceted. As can be seen, the shape of the 4L islands remain
unchanged in the given measurement time, but the 2L islands
�marked by circles in the figure� gradually rearrange them-
selves. There is a mass transportation within the islands in

order to reorder themselves into 4L islands with highly ori-
ented edges.

Islands are often embedded at step edges of the substrate,
suggesting easy diffusion of Bi adatoms on the wetting layer
and preferential nucleation at step edges. Sometimes, islands
extend over step edges �indicated by arrows in Fig. 11�d��
and the step height on the islands reproduces the step height
of the substrate.

The coalescence of islands is illustrated in Fig. 12 show-
ing a sequence of STM images recorded on the same area of
a single terrace after the deposition of 1.34 ML on a freshly
prepared surface. Again, we can identify two types of is-
lands: elongated 4L islands and irregularly shaped 2L is-
lands. It is obvious that Bi atoms diffuse from 2L islands to
4L islands resulting in larger 4L islands and a lower density
of 2L islands with time. Interestingly, Bi atoms tend to attach
preferentially at the end of the islands rather than at the sides,
and therefore the islands grow anisotropically. As noted
above, the diffusion of Bi adatoms on the wetting layer is
easy, contrasting with the reduced mobility on the clean sur-
face �as explained in Sec. III C 1�. This is consistent with
earlier observation by He-atom scattering revealing the inert-
ness of the wetting layer.6

We found that the 2L islands have completely disappeared
from all part of the surface several hours after the deposition.
An example of such STM images is shown in Fig. 8�c�. The
few islands with lumpy aspects observed at the early state of
the growth �middle left right part of Fig. 12� also disappeared
after this time.

c. Growth direction. As explained in Sec. III C 3 b, the
growth of 4L islands is anisotropic. The growth direction can
be determined with respect to the substrate high-symmetry
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FIG. 11. STM images recorded at different time intervals �given� from a certain place of the tenfold d-Al-Ni-Co surface after the
deposition of 1.02 ML Bi �700�700 nm2�. The height of the islands is given. White arrows in �d� indicate step edges of Bi islands.
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FIG. 12. STM images recorded at different time interval �given� from a single terrace of the tenfold d-Al-Ni-Co surface after the
deposition of 1.34 ML Bi �170�170 nm2�.
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axes by analyzing Fourier transform of STM images. The
Fourier transform of the STM image given in Fig. 8�b�,
which was obtained at 1.02 ML coverage, is shown in Fig.
8�h�. This shows two distinct features: rings of bright spots
and a slit, which is perpendicular to the Bi rod. The spots
result from the structure of the wetting layer while the slit is
related to the Bi rod. The two rings of spots have � scaling
relationship and exhibit tenfold symmetry. This further con-
firms that the wetting layer underneath the islands is
quasiperiodic.

The substrate comprises two nonequivalent set of twofold
axes. In the Fourier transform, the directions along the
brightest spots from the center correspond to one set of the
twofold axes, while another set is rotated by 18° with respect
to this set. Representative of these axes is indicted by arrows
in the Fourier transform image. The slit is rotated by 9° from
these high-symmetry axes of the substrate. This reveals that
growth direction of the Bi islands is not along the twofold
axes of the substrate but in between them. The high-
symmetry axes of the bulk Bi in the islands could not be
determined because our attempts to resolve atomic structure
of the islands by STM were unsuccessful.

4. Interpretation of magic heights

The interpretation of the special stability associated with
specific film thicknesses or island heights relies on QSE. As
the thickness of a film is reduced to the nanometer scale, the
confinement of the electron at the film/substrate and film/
vacuum interfaces leads to the formation of discrete elec-
tronic states �quantum well states�. Because the energy of the
quantum well states depends on the film thickness t, the
physical properties of the film also vary with t. This is true
also for the film stability because the electronic contribution
to the total energy of the film depends on t. As a result, films
or islands of specific thicknesses can have an enhanced sta-
bility over other thicknesses due to QSEs. The existence of
quantum well states close to the Fermi level will enhance the
DOS at the Fermi level, increasing the electronic contribu-
tion to the total energy of the film. Preferred films or islands
thicknesses with enhanced stability are those for which the
energies of the quantum well states are well below the Fermi
level. The occurrence of specific island height selection has
been reported not only in several metal thin films grown on
semiconductor substrates such as Ag, Pb, and Bi on Si�111�
�Refs. 27–29� or Ag on GaAs �110� �Ref. 30� but also in
metal heterostructures such as Pb on Cu�111� �Ref. 31� or Ag
on Fe�100�.32 For recent review on QSE in metallic thin
films with more examples, see Refs. 33 and 34.

In our earlier report, we interpreted the occurrence of
magic island heights observed on Ag/Al-Pd-Mn and Bi/Al-
Cu-Fe as a manifestation of QSE. We hypothesized that the
origin of the confinement at the film/substrate interface could
be due to the reduced density of states at the Fermi charac-
teristic of these alloys. Later, Moras et al.11 directly observed
by photoemission spectroscopy the quantum well states in
Ag thin films deposited on either the fivefold surface of
i-Al-Pd-Mn or the tenfold surface of d-Al-Ni-Co, thus con-
firming the suggested electronic growth mechanism. How-

ever, it was found that these quantum well states did not
display any dependence on the density of states of the qua-
sicrystalline substrates, which are significantly different for
both substrates. It was therefore concluded that the confine-
ment may be driven by the incompatible symmetries of the
electronic states of the crystalline film and the quasicrystal-
line substrate. Our observations of a height selection mecha-
nism in the case of Bi deposited on three different systems
shows that QSE appears to be rather general on quasiperiodic
substrates independent of their detailed electronic structure.
We mentioned earlier that the height of the unstable 2L is-
lands on Al-Ni-Co substrate measured by STM is signifi-
cantly larger than half of the value for the 4L islands. This is
consistent with a larger local density of states in the vicinity
of the Fermi level for 2L islands compared to 4L islands.
Therefore the driven force for the islands to reshape into 4L
islands would be to lower N�EF� and thus the electronic en-
ergy of the system.

5. Thermal stability of the islands with magic heights

The stability of the Bi islands was examined by annealing
the 4.5-ML-thick Bi film �Fig. 7� at different temperatures up
to 623 K. The XPS spectra taken from the surface during
annealing suggest that Bi starts desorbing above room tem-
perature. However, a significant amount of Bi was still de-
tected after annealing the surface at 623 K. The sample was
then cooled down to room temperature and the surface was
imaged by STM. As seen in Fig. 13, the Bi islands com-
pletely desorbed and the first layer remains. The desorption
of the islands was expected because the employed tempera-
ture was above the multilayer desorption temperature of 523
K found by He-atom scattering data.6

A part of motivation of our annealing experiments was to
obtain a monolayer of Bi by desorbing atop islands and to
resolve atomic structure by STM. However, the film obtained
after annealing was found rougher than the monolayer ob-
tained by direct deposition on the i-Al-Pd-Mn surface at el-
evated temperature �Sec. III B� or on the d-Al-Ni-Co surface
at room temperature �Sec. III C 3�, making it difficult to get
atomically resolved STM images. The film obtained after
desorbing the islands can be seen in a magnified view in Fig.
13�b�. The RMS roughness is 0.2 nm.

6. Comparison with Bi growth on Si(111)

Previous studies by STM and ab initio have shown that Bi
growth on Si�111� also yields islands of magic heights.27,35

a b

FIG. 13. STM images of the fivefold i-Al-Pd-Mn surface after
the deposition of 4.5 ML Bi and annealing at 623 K. �a� 300
�300 nm2 and �b� 133�133 nm2.
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However, our results show the following features distinct
from these reports. First, these studies found that even num-
ber layer films are prominently stable, where 2L islands are
expected to be the most stable. The mechanism that induces
even number layer films was ascribed to large atomic relax-
ation, which paired each two neighboring layers and avoids
dangling bonds.27 However, we clearly observe that the 2L
islands are unstable in our case. They either reshape into 4L
islands or coalesce to the neighboring 4L islands �Sec.
III C 3 b�. Second, the model predicted that the pairing of the
layers occurs independently from the nature of the substrate.
However, we deposited Bi on the Pd�111� surface and found
no evidence of magic thicknesses or layer pairing effect.
Therefore, we believe that the origin of the magic height
thickness on quasicrystal surfaces is not the pairing effect but
rather the quantum size effect as described in Sec. III C 4.

IV. SUMMARY AND CONCLUSION

We investigated the growth of Bi on three different qua-
sicrystal surfaces at two different growth temperatures 300
and 525 K and at different coverage from submonolayer to
10 ML. The substrates were the fivefold i-Al-Cu-Fe and
i-Al-Pd-Mn surfaces and the tenfold d-Al-Ni-Co surface. We
combined various techniques including STM, RHEED, and
XPS to characterize the growth. A wide variety of structures
were observed depending on experimental conditions. This
includes quasiperiodic Bi layer, nanocrystallites of magic
heights, rotational epitaxial relation of the film with the sub-
strate, and terrace-dependent film morphologies.

At 300 K, three different growth modes were observed
depending on �. For ��1, it grows smoothly forming a qua-
siperiodic layer. For 1���5, nanoislands with �100� sur-

face orientation are formed. The islands have magic height of
four atomic layer �predominantly�. The islands are aligned
along certain directions of the substrates resulting in twin-
ning structures with the symmetry of the substrate. The is-
lands predominantly grow laterally with increasing coverage
and form almost a complete layer of four atomic height. For
higher coverage, it grows with monatomic height, not with
magic height, and reflects triangular symmetry expected
from the bulk Bi.

We were able to monitor the growth of islands with re-
spect to time by depositing Bi at converge slightly above 1
ML and measuring STM images of the same area in several-
minute intervals over several hours. We found that the four-
layer islands are most stable. The two-layer islands observed
immediately after deposition either reshaped themselves into
four-atom-high islands or coalesced with neighboring four-
layer islands. The selection of four atomic height is ascribed
to quantum size effects, arising from the confinement of the
electron within the film, which is manifested by the elec-
tronic structure of the quasicrystalline substrates.

At 525 K, only the first layer can be adsorbed, not the
multilayers. This temperature is enough to activate terrace
diffusion resulting in the aggregation of Bi adatoms and
yielding a smooth layer of quasiperiodic order at monolayer
coverage. At submonolayer coverage, the amount of Bi ob-
served on different terraces is found to be different, which is
explained in terms of re-evaporation of Bi from selective
terraces.
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