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ABSTRACT

Nanostructured alloy surfaces present unique physical properties and chemical reactivities that are quite different from those of the close-
packed low-index surfaces. This can be beneficial for the design of new catalysts and electronic and data-storage devices. However, the
growth of such surface nanostructures is not straightforward at the atomic scale. The cluster-based bulk structure of intermetallic compounds
presents an original alternative to build surfaces with specific morphologies, in comparison to more traditional methods based on mechanical,
chemical, or plasma treatments. It relies on their specific electronic structures—built from a network of bonds with a combination of ionic,
covalent-like, and metallic characters, and also depends on the experimental conditions. In this paper, a few surface structures of cluster-
based intermetallics are reviewed, with a special emphasis on quasicrystals and clathrates. We show how the intrinsic electronic properties of
such compounds, as well as the surface preparation conditions, impact their surface morphologies, which can further influence the growth of

atomic and molecular thin films at their surface.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038103

INTRODUCTION

Most of the close-packed metal low-index surfaces observed
under ultrahigh vacuum (UHV) conditions are bulk truncated flat
planes separated by atomic steps."” Exceptions are the surfaces of
a few 5d-transition metals that reconstruct to increase the packing
density”” or the surfaces that suffer from roughening and faceting.”
Great efforts are taken to control the metallic surface structures
and morphologies, with the aim to enhance their properties for a
wide range of applications, such as wetting,” plasmonic behavior, "’
or chemical reactivity.'"'* The search for metallic nanostructured
surfaces, which represents one of the most promising practical low-
cost approaches for nanofabrication, requires, then, to adopt specific
strategies.

For several years, mechanical, chemical, or plasma treat-
ments have been used to tune the surface roughness of metals.
Overlayers or thin films, grown at the surface, can modify not only

the surface morphologies but also their functionalities.'”'* Strongly
corrugated monolayers of sp>-bonded materials, such as hexag-
onal boron nitride (h-BN) and graphene,'”'® formed on lattice-
mismatched transition metal substrates, provide interesting poten-
tial energy landscapes. The strategy that consists in taking advantage
of the intrinsic structural and electronic properties of the metallic
materials to design a nanostructured surface is less frequent. It relies
on the observation that most of the intermetallic crystal structures
are based on polyhedral entities. According to the statistical and
topological investigations of the crystal structures displayed by the
38000 intermetallic compounds gathered in the Inorganic Crystal
Structure Database (ICSD)'” and Pearson’s Crystal Data, ¥ 12-vertex
polyhedra are the most frequent (33%) and almost half of them are
icosahedron-like (46%)."”

Cage-like compounds have attracted strong interest in
the last few years due to their potential industrial applica-

. . . 20,21 .
tions in diverse fields such as gas storage’””' or thermoelectric
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applications.”” Focusing on surfaces, the question arises about the
role of three-dimensional bulk polyhedra in determining surface
morphologies. This fundamental question—also linked to the ques-
tion of the physical or chemical nature of the building blocks, which
is not revealed by the previous statistical analysis—is also related to
applications because the surface morphology has a non-negligible
influence on several surface properties.

In this paper, we focus on a few cluster-based intermetallic
compounds, from quasicrystals to clathrates. Several reviews have
already addressed the topic of complex intermetallic or quasicrys-
talline surface structures these last years.”” *’ Here, we put the
emphasis on phases belonging to the family of cage compounds.
Their bulk structure can be described by three-dimensional (3D)
frameworks of host atoms forming cages. Their surface morphol-
ogy generally strongly depends on the chemical potentials, i.e., on
the surface preparation and on the exact composition of the sin-
gle crystalline ingot used for the experiments (number of vacancies,
anti-sites, etc.).“("f The investigation of the role of bulk clusters in
surface morphologies requires detailed determinations of surface
structures, usually through combinations of experimental and the-
oretical methods. Electronic and structural determinations on the
basis of a single surface science technique, such as photoemission
spectroscopy, low energy electron diffraction (LEED), surface x-ray
diffraction (SXRD), or scanning tunneling microscopy (STM), are
often a challenge because they are indirect methods to probe the
surface atomic structure. Optimizations involving a large number
of parameters are required to fit LEED or SXRD data, while STM
reveals the surface electronic structure.

On the other hand, theoretical methods, often based on Density
Functional Theory (DFT), can compare the thermodynamic stabil-
ity of different structural models but lack the experimental obser-
vations. Combining both approaches, by theoretical simulations of
STM images, SXRD rods, or dynamical LEED, usually leads to reli-
able results. Three important aspects of the interaction between the
3D bulk structure and the 2D surface are detailed in the following:
how the electronic properties of intermetallic compounds impact
its surface morphologies, what is the influence of the experimen-
tal conditions (preparation and operating conditions) on the surface
morphologies, and how the surface structures of cluster-based inter-
metallic compounds can be used to grow molecular and atomic thin
films with specific surface morphologies.

HOW THE ELECTRONIC PROPERTIES
OF INTERMETALLIC COMPOUNDS IMPACT
THEIR SURFACE MORPHOLOGIES

The observation of a specific termination at complex inter-
metallic surfaces is driven by the minimization of the surface energy,
i.e., the excess energy at the surface in comparison to bulk. It depends
on the bond network and the cohesive energy of the solid. Indeed,
the stronger the bonds in the compound, the more expensive it is to
break them and, therefore, to create a surface. In turn, the higher is
the surface energy. Thus, the intrinsic electronic properties of inter-
metallic compounds play a decisive role in the occurrence of specific
morphologies at their surfaces.

The range of electronic structures exhibited by intermetallic
cage compounds is rather large, from compounds with a metal-
lic character to semiconducting ones. In several ordered alloys,
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the electronic structure can be understood within the (nearly) free
electron model, leading to specific composition-averaged valence
according to the Hume-Rothery electron concentration rule. The
electronic energy is minimized for a specific e/a (electron per
atom) ratio, thanks to the formation of a pseudo-gap in the elec-
tronic density of states.”” Experimentally, the magnitude of the
pseudogap, related to the interaction of the Fermi sphere with
the Brillouin zone boundary, was found to critically depend on
the periodicity. It has been demonstrated by the measurement of
the Hume-Rothery gap for the periodic and quasiperiodic direc-
tions of the decagonal AI-Ni-Co quasicrystal, using soft x-ray
angle-resolved photoemission spectroscopy.”’ In other types of
compounds, containing elements with rather different electroneg-
ativities, charge transfers occur so that the most electronegative ele-
ments either use those electrons to form a closed-shell ion or, if
there are not enough electrons for this, to form bonds in order to
achieve a full octet of electrons. Between these two limit cases, polar
intermetallics exhibit a network of bonds with a combination of
ionic, covalent-like, and metallic characters. In the following, sev-
eral examples are presented, in relation to their intrinsic electronic
properties.

Bulk cage Hume-Rothery compounds

Hume-Rothery compounds include structures of different
complexities ranging from the simple close-packed to the more com-
plex y-brasses™ and quasicrystals.”"”* In the following, we focus on
y-brass solids, which can be viewed as a collection of 3 x 3 x 3 CsCl
units including two vacancies.”””" The y-brass structures can also
be described as a bce arrangement of 26-atom polyhedra,” made
of concentric inner tetrahedral, outer tetrahedral, octahedral, and
cubo-octahedral polyhedra [red, green, orange, and blue clusters in
Fig. 1(a)]. While surface structure investigations of the most simple
alloys are quite common, the studies of the atomic arrangement at
the surface of y-brass compounds are rather scarce. To our knowl-
edge, attempts in this direction are limited to the Ni-Zn and Al-Cu
y-brass phases.”®**

As a Hume-Rothery compound,™ with a valence electron per
unit volume (0.127e/A%) close to that of the icosahedral i-AlCuFe
phase (0.124¢/A%),”° Al4Cus can be considered as a prototype for
non-polar Al-based quasicrystalline approximants. Focusing on the
oriented (110) single crystal surface, two types of terminations have
been revealed experimentally under UHV, " using a surface pre-
pared by cycles of sputtering and annealing. Theoretical calculations
based on DFT identified two possible terminations, built by bulk
truncation and selection of dense planes at the surface. Their sur-
face energies are very similar (within 0.06 J/m?). The corresponding
simulated STM images are in reasonable agreement with the exper-
imental ones and mirror the experimental voltage dependence. The
two terminations differ by their surface composition and by the fact
that only one of the two cuts the inner tetrahedra. Such a surface
morphology leads to a rather small surface corrugation (0.6-0.7 A),
in agreement with the general trends observed for related quasicrys-
talline phases. Similarly to what occurs in alloy surfaces, a weak
segregation, i.e., a weak enrichment of the surface in one of the
components in comparison to the bulk concentration, seems to take
place at this surface. In this case, the role of the three-dimensional
cages on the surface morphology is negligible.
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The y-brass compounds can also be prepared as nanoparticles
of rather small size (<10 nm)." Simple probe reactions can be used
in that case to characterize their surfaces as catalytic kinetics are
directly affected by the surface properties. This indirect method has
been applied to the Ni-Zn y-brass,” using several compounds with
different Ni contents. Two chemical reactions were considered—
hydrogen-deuterium exchange and ethylene hydrogenation. The
insensitivity of the catalytic performances to the considered sam-
ple was attributed to the absence of Ni trimer sites at the surface.
Thus, it excludes the presence of the {110} planes at the surface of
the nanoparticle, according to the authors.

In summary, the interaction of the 3D bulk structure and the
2D surfaces is expected to lead to rather flat surface morphologies for
Hume-Rothery y-brass compounds, large cages predicted to be bro-
ken at the surface. This conclusion is in agreement with the general
trends observed for quasicrystalline surfaces, although the degree of
complexity of the y-brass phase, set by the number of atoms per unit
cell, is sensibly lower.

Zintl clathrates

Zintl clathrates are a vast family of cage compounds whose
structure can be described by a rigid network of covalently bonded
atoms, consisting of large polyhedral cages. The most common poly-
hedron is the 20-vertex pentagonal dodecahedron, which contains
fivefold symmetry axes and, thus, is combined with polyhedra of
other types to build a 3D periodic structure.

ARTICLE scitation.orgljournalljcp

FIG. 1. Bulk structure of several
cage compounds: (a) y-AlsCug, (b)
BagAus 25Geso 75, (C) AlisFes, and (d)
A|45CT7.

Surface science studies on intermetallic clathrate surfaces are
very scarce. A nanosized layer of phosphorus-doped silica has been
revealed by X-ray Photoelectron Spectroscopy (XPS) at the surface
of the type III Si-P-Te clathrate,”’ with a sample heat-treated in air
at 1273 K. When the surface is prepared under UHV, by cycles of
sputtering and annealing, no oxide layer is formed, as demonstrated
with the type I Ba-Au-Ge clathrate low-index surfaces.””"’ In the
following, we focus on the latter compound whose bulk structure
consists of a rigid framework of sp> bonded Ge and Au atoms, with
Ba atoms in the center of the cages.

Surface nanostructuration of Zintl clathrates is expected with
intact cages at the surface. It has been evidenced by the structure
investigations of the low index—(100) and (110)—surfaces of Ba-
Au-Ge, a Zintl compound made of two types of cages [tetrakaidec-
ahedra and dodecahedra, Fig. 1(b)]. In both cases, the termina-
tion contains low coordination surface Au and Ge (sp®) atoms. An
ordered arrangement of Ba cations at the surface, located in the cen-
ter of the cages, which were dissected following the bulk truncation
process, contributes to the surface stabilization. It proceeds through
a passivation of the dangling bonds by a charge transfer from the
electropositive surface Ba atoms to the neighboring electronegative
Ge and Au atoms, similarly to what occurs on semiconductor sur-
faces."""” The surface orientation—(100) or (110)—controls the sur-
face nanostructuration of the Ba-Au-Ge clathrate by the selection of
cages at the surface: tetrakaidecahedra clusters (with 12 pentagonal
faces and two hexagonal faces) at the (100) surface and dodecahe-
dra (with 12 pentagonal faces) at the (110) surface. In both cases, the
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surface corrugation is rather high (~ 2 A) and depends on the size of
the cages in the bulk compound.

Binary AI-TM quasicrystalline approximants

Most of the AI-TM (TM = transition metal) quasicrystalline
approximants belong to the family of polar intermetallics. The bond-
ing network of these compounds presents a covalent-like, ionic, and
metallic character,” " thus giving rise to a large variety of struc-
tures. At the surface, the range of structures is even wider because of
the different possible surface orientations.

Surface investigations of Al-based polar intermetallics include
the AlsCo, low index surfaces,”’””! the pseudo-tenfold surfaces of
Ali3TMy (TM = Co, Fe, and Ru) binaries [Fig. l(c)],‘;l * and
AlysCr;(010) [Fig. 1(d)]. The previous Al-TM compounds present
a cluster-based structure with characteristic features of pseudo-
icosahedral symmetry, with the exception of AlsCo» for which pen-
tagonal atomic arrangements are present in the bulk but without
such symmetry for the atomic polyhedra. They all also show a bulk
structure described as a stacking of at least two types of planes.
Rather flat terminations are predicted for AlssCr7(010), according
to surface energy calculations.”” A similar conclusion was drawn
for Al;3Co04(100), prepared by cycles of sputtering and annealing,
under UHYV, according to a combination of surface science stud-
ies and DFT-based calculations.”””" It means that in both cases, the
surface terminations consist of truncated clusters. In contrast, the
surface morphology of Al;3Fe4(010) is highly corrugated, the clus-
ters of the bulk being kept intact at the surface,’ ? while Al;3Ru4(010)
shows a surface morphology characterized by an atypical surface
reconstruction with the occurrence of pentagonal motifs and vacan-
cies.”® It is worth noting that the surface morphologies here strongly
depend on the surface orientation, as demonstrated by the faceted
and columnar structures of A113C04(010).3S

Rationalizing the diversity of surface structures described in the
previous paragraph is not straightforward. Attempts have been made
based on the Crystal Orbital Hamilton Population (COHP) method
to evaluate the strength of the typical bonds that ensure the cohesion
of the cages. In Al;3Co4 and Aly5Cr, the averaged integrated COHPs
of the typical Al-Co and Al-Cr bonds, which support the cages, are
calculated to be 1.6 eV/bond,”” i.e., weaker than the Al-Fe and
Al-Ru bonds in Alj3Fey (1.8 eV/bond) and Alj3Ruy (2.3 eV/bond).
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This may explain the different behavior between the compound’s
surfaces.

In summary, several surface morphologies can be observed,
from rather flat terminations to nanostructured ones. Overall, struc-
tures made with metallic elements lead to rather flat surfaces, while
rigid networks made of Ge, for example, keep intact the cages at
the surface. The case of Ce3Pd;Sis(100) is intermediate, with com-
plete Pdi,Sis polyhedra at the surface, but with additional Pd surface
atoms between the cages, lowering the surface corrugation.”

HOW THE OPERATING CONDITIONS IMPACT
THE SURFACE MORPHOLOGIES

Experimental investigations under UHV conditions usually
require well-oriented single crystal surfaces that need to be cleaned
to remove the oxide and carbonaceous species adsorbed due to air
exposure prior to inserting the sample in the UHV system. Some-
times, this can be achieved by cleaving the sample in situ, such as to
create a pristine surface, which can be analyzed immediately after.
This method is pretty straightforward but has many drawbacks: it is
sample consuming, the samples should be brittle enough to cleave
mechanically, and the resulting surface morphology may not be flat.
Another method consists in sputtering the contaminated surfaces
with energetic rare gas ions, followed by thermal annealing cycles to
restore the surface atomic order. Sputtering and annealing cycles are
repeated until a clean surface is obtained, with no traces of oxygen or
carbon. The annealing temperature should be high enough to allow
for atomic diffusion in order to restore the structural order, but it
can also induce chemical segregation or preferential evaporation of
some of the elements in the compound.

In the case of quasicrystals, both methods have been used,
resulting in very different surface morphologies. Ebert et al. first
investigated the surface morphology of icosahedral AIPdMn qua-
sicrystalline samples cleaved perpendicular to a fivefold or twofold
rotational axis [Fig. 2(a)].°%" STM images revealed a rough sur-
face, which was interpreted as resulting from the propagation of
the crack through the weakest bonds at the boundary between the
cluster building blocks. It thus relies on the hypothesis of a special
stability associated with the cluster units. The rough surface had a
typical elementary cluster with a diameter of about 1 nm, attributed
to the Mackay-type cluster units. It was also suggested that, as along

FIG. 2. (a) STM image of an i-AIPdMn quasicrystal cleaved
perpendicular to a fivefold axis showing a clustered struc-
ture. Adapted from Ref. 60. (b) STM image (200 x 200 nm?)
of an i-AIPdMn quasicrystal prepared by sputter-annealing
methods showing a step-terrace morphology.
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as surface phase transformations are excluded, the surface of qua-
sicrystal should always be rough due to the arrangements of the
cluster building blocks in the quasicrystal due to inter-cluster cleav-
age. This interpretation was later questioned as similar roughnesses
have also been observed at the fracture surfaces of disordered and
ordered materials.”” Based on an analysis of the roughness statis-
tical scaling properties using the same set of STM images, Ponson
et al. concluded that the fracture surface roughness of quasicrystals
obeys the same scaling behavior as many different types of materials.
The nanoscale roughness could instead be interpreted as resulting
from mechanical damages at the crack tip, and not as the signature
of Mackay building blocks.

A contrario, quasicrystalline surfaces prepared by sputter-
annealing cycles present a terrace-step morphology, similar to con-
ventional crystals [Fig. 2(b)].”"*" However, atomically flat terraces
are separated by steps of unequal heights. The two smallest heights
are related by the golden number, which is an irrational number.
Other step heights are a linear combination of these two fundamen-
tal heights. In a conventional crystal, unequal step heights usually
result from step bunching and are thus an integral number of a sin-
gle fundamental step height. These particular step heights observed
at quasicrystalline surfaces had been puzzling for quite some time.
Indeed, it is known from bulk structural models that no two planes
of atoms can be identical in a quasicrystal. Therefore, why should
particular step heights be observed at all? Does it relate to the clus-
ter building blocks and their spatial arrangement? The answer to
this question came after a large number of investigations using
different techniques including dynamical low-energy electron
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diffraction, STM, helium atom scattering, medium and low energy
ion scattering, and photoelectron diffraction. It is now accepted that
quasicrystalline surfaces such as the fivefold surface of i-AIPdMn
or i-AlCuFe model systems are bulk terminated. The specific step
heights arise due to the selection of a specific set of bulk planes
as surface terminations. The planes share specific characteristics:
they are all chemically Al-rich and structurally dense planes. In
the refined bulk structural models derived using x-ray diffraction
data, relaxation of most atoms from their ideal position of geo-
metric models leads to the emergence of blocks of atomic planes
separated by larger gaps. The thicknesses of the blocks of atoms cor-
respond to the observed step heights. Therefore, the planes selected
as surface terminations are the Al-rich dense planes terminating
these blocks of layers. High-resolution STM images of these planes
reveal many features such as dark stars (DSs) and white-flower (WF)
motifs [Fig. 3(a)]. The pentagonal star, for example, is identified as
a Bergman cluster that is cut at its midpoint and is surrounded by
other Bergman clusters hanging downwards into the bulk.”” There-
fore, some of the clusters’ building blocks are truncated by the sur-
face termination. It does not mean that the clusters do not play
any role, but the energy associated with the formation of dense
surface planes is larger than that associated with the preservation
of the cluster integrity. Similar conclusions have been reached for
different quasicrystalline systems such as the icosahedral AgInYb
phase whose bulk structure is described by the packing of Tsai-type
clusters.”” Here also, low-index surfaces present a terrace-step mor-
phology, and the surface terminations are identified as specific bulk
planes that intersect the cluster building blocks.

FIG. 3. (a) High resolution STM image showing the DS and
WF motifs on the 5-f i-AIPdMn surface.** (b) Schematic
representation of the ten-atom Pb starfish model made of
pentagonal inner and outer rings (green spheres) grown on
the quasicrystal surface.” (c) Structure of the 5-f i-AgInYb

surface where green and red spheres correspond to Yb
and Ag/In atoms, respectively.® (d) Representation of the
quasiperiodic Sn clathrate atomic structure corresponding
to the 5/3 approximant. The starfish cluster formed in the
submonolayer regime upon adsorption of Sn on the 5-f i-
AIPdMn surface is highlighted in the Sn structure.®’ [(a),
(b), and (d)] are reprinted with permission from the Ameri-
can Physical Society. (c) is reprinted with permission from
Springer Nature.
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FIG. 4. (a) SEM image of the twofold
(12110) surface of d-AINiCo showing
the columnar structure motif extending
along the tenfold axis. The white circle
highlights an area of column endings.
(b) 3D STM image representation of the
d-AINiCo (12110) surface showing the
faceting of the surface along the aperi-
odic direction (10000), straight or blue
for the (12110) and inclined or red for
the (10 000 facet), respectively. Adapted
from Ref. 73.

50 nm

We have seen that different surface preparation conditions lead
to different surface morphologies. It also modifies the surface elec-
tronic structure, as evidenced by x-ray photoemission core level line
shape analysis. Core level line shapes in metals are asymmetric due
to electron-hole excitations across the Fermi level and the asymme-
try parameter reflecting the electronic density of states at the Fermi
level. In quasicrystals, the metal core levels become narrow and the
asymmetry parameter is small due to the presence of a pseudogap
in the electron density of states at the Fermi level. The pseudogap
is not retained up to the surface immediately after fracture but can
be restored by annealing or by sputter annealing the sample to suf-
ficiently high temperatures.”” "> Therefore, the surface preparation
conditions also affect the surface electronic structure.

Some other quasicrystalline systems have shown some faceting
upon surface preparation under UHV conditions. One example is
the decagonal AINiCo phase (Fig. 4).*7* Tts structure consists of
quasiperiodic planes, which are stacked periodically along the ten-
fold rotational [00001] axis. Alternatively, it can be described by
decagonal columnar clusters having a diameter of 2 nm and extend-
ing along the [00001] direction that are located at the node of
a pentagonal Penrose tiling.”” In the quasiperiodic planes, there
are two different types of twofold axes orthogonal to each other:
[12110] and [10000]. Both types of two twofold surfaces contain
a periodic and an aperiodic direction orthogonal to each other.
They both display large and flat terraces with a columnar struc-
ture extending along the periodic direction. However, while the
(10000) surface remains flat, the (12 110) surface becomes faceted
into (12110) and (10000) facets with a 1:1 area ratio. Atomic res-
olution STM images have been obtained, allowing to identify both
types of terminations as a set of dense planes of the bulk struc-
ture, with some slight differences in surface chemistry and atomic
densities.

A similar phenomenon has been observed in the orthorhom-
bic crystalline approximant of the decagonal phase, the 0-Al;3Co4
phase.”® The structure of this crystal is also described by the
packing of pseudo-decagonal clusters extending along the [100]
pseudo-tenfold axis. A very closely related structure is the mono-
clinic approximant m-Al;3Coy, in which the same pseudo-decagonal
clusters are arranged in a slightly different manner. Both struc-
tures can coexist sometimes, giving rise to interface defects such
as twins. The pseudo-twofold (010) surface of the o-Al;3Cos
phase has been investigated both experimentally and using DFT

calculations. It was found to display a columnar structure similar
to that observed for the decagonal phase upon surface prepara-
tion. The columns extend along the [100] pseudo-tenfold axis. A
surface model has been proposed consisting in the coexistence of
flat 0-Al;3C04(010) terraces and inclined facets of m-Al;3Co4(201).
The surface energies of the facets, determined through DFT calcu-
lations, are significantly lower than that of the flat 0-Al;3C04(010)
surface, and therefore, faceting is seen as a mechanism stabilizing
the system. In this way, intrinsically nanostructured surfaces are
obtained.

While the previous observation is strongly related to the pres-
ence of both monoclinic and orthorhombic phases, as well as
extended defects in the bulk Al;3Coy, such as twins, surface nanos-
tructuration is also expected with surfaces exposed under hydro-
genation reaction conditions. It is based on the fact that adsorbates
can indeed strongly modify surface energies.”” This has been demon-
strated using the Al;3Co4(100) surface as a model system. Hydrogen
adsorption modifies the relatively flat surface structure identified
under UHYV, in the form of highly cohesive clusters emerging from
the bulk lattice, thus leading to a nanostructured surface structure
similar to the one of A113Fe4(010).7(’

HOW THE SUBSTRATE IMPACTS THE SURFACE
MORPHOLOGIES OF THIN FILMS

In this section, few examples will be selected to demonstrate
how the surfaces of the above described intermetallic compounds
can impact thin film nucleation, growth, and in fine overall mor-
phology (for comprehensive reviews on the adsorption and complex
intermetallics, readers are referred to Refs. 77-80).

As explained above, the preparation of Hume-Rothery com-
pounds under ultrahigh vacuum conditions generally leads to a rel-
atively flat surface morphology.”**" For quasicrystals, the formation
of a 2D surface implies dissecting highly symmetric clusters, basic
building blocks of the 3D structure. The truncation of such struc-
turally and chemically complex entities results in a unique potential
energy landscape, with a rich variety of adsorption sites and with
surfaces of various atomic densities. To illustrate this feature, we can
consider the real space structure of i-AlCuFe and i-AlPdMn qua-
sicrystals, which are built from interpenetrating Bergman (33 atoms)
and pseudo-Mackay (51 atoms) clusters. Upon adsorption of Al
atoms on the fivefold i-AlCuFe surface, the growth proceeds with the
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formation of pseudomorphic islands, which resemble starfish.”” The
pentagonal DS sites have been identified as preferential nucleation
sites. At low coverage, diffusing adatoms will be trapped at the cen-
ter of such depressions and then stabilize five additional Al atoms
in its periphery.”>* Once all DS sites become populated, a disor-
dered 3D growth mode is observed, i.e., the starfish do not grow
laterally.

Pentagonal islands have also been observed at the early stages
of Pb and Bi nucleation on the fivefold i-AIPdMn surface.””"” Con-
trary to the previous system, the starfish are located atop WEF sites
[Fig. 3(b)]. Except for its fivefold symmetric shape, the WF site is
also chemically unique as it is centered by a Mn atom. Upon adsorp-
tion of Pb atoms, a quasiperiodic monolayer is formed via self-
assembly of an interconnected network of ten-atom Pb starfish.*”"*
Adatom-adatom interaction is key to stabilize the Pb starfish upon
which the aperiodic film will grow. The adsorption of Bi atoms
on the same quasicrystalline surface proceeds initially with the
nucleation of pentagonal clusters on the WF site and then to the
growth of a quasiperiodic overlayer. Contrary to the Pb adatom,
each starfish is composed of five adatoms (only the inner ring).
The high density of WF is sufficient to build a quasiperiodic frame-
work,”” the remaining gaps (less energetically favorable adsorption
sites) being filled by impinging adatoms. Once complete, the cor-
rugation of the overlayer is three times higher than for the clean
surface.

We have reported above that WF sites are centered by Mn
atoms. A chemically driven adsorption of one adatom atop Mn
atoms would also highlight the spatial distribution of this tran-
sition metal on terraces. Because Mn atoms are quasiperiodically
distributed but of low density, the resulting overlayer should not
be dense but fivefold symmetric. This was achieved when adsorb-
ing Si atoms on the fivefold i-AIPdMn surface, adatoms that tend
to form directional covalent bonds (sp® configuration) instead of
maximizing the coordination as it would have been the case at DS
sites.”’ Moreover, the distribution of these Mn atoms also plays
a crucial role and impacts the morphology of the molecular thin
film.

When Cgp molecules are deposited on the twofold i-AIPdMn
surface, the molecular distribution at the surface is such that most
fullerenes lie at the vertices of a Fibonacci square grid, leading
to a quasiperiodic molecular network (a low density overlayer).
On the twofold i-AlPdMn surface, the terminating layers dissect
the pseudo-Mackay clusters such that exposed Mn atoms form a
Fibonacci square grid of similar dimensions.”’ Further experimental
analysis confirms the molecular bonding at Mn sites where a strong
interaction between the electron rich Mn and the electron acceptor
Ceo is expected.‘)1

Contrary to the above system, a dense quasiperiodic Cgo over-
layer can be grown on the fivefold i-AIPdMn surface.””” The pref-
erential nucleations at both DS and WS sites promote the forma-
tion of a dense self-organized molecular thin film with long-range
quasiperiodic order.”” The growth relies on a symmetry matching
between these local fivefold motifs and the fullerene pentagonal
faces. These specific configurations allow for an efficient electron
transfer from the substrate to the electron deficient molecular pen-
tagonal face. Once the film completed, molecules at the DS site
that lie closer to the surface will be imaged as dim molecules by
STM.

ARTICLE scitation.org/journalljcp

Exploring novel surfaces of other quasicrystal families opens
new horizons in thin film growth and morphology. This has been
recently verified when considering Tsai-type quasicrystals (here, i-
AgInYDb) as new templates. The bulk structure is best described as
an aperiodic arrangement of rhombic triacontrahedral (RTH) clus-
ters consisting of five concentric atomic shells, which encompass
for 93.8% of the atoms. The fivefold i-AgInYb surface is formed at
dense Yb rich bulk planes intersecting the center of the RTH entities.
Such a cut through the building units generates a complex struc-
ture where In/Ag and Yb decagonal rings along with Yb pentagons
of various sizes are the most striking motifs [Fig. 3(c)].”” While Pb
and Bi form a flat quasiperiodic monolayer on the fivefold i-AIPdMn
surface, the same elements adopt a quasiperiodic order in several
layers of low density on the fivefold i-AgInYb.”*”” Upon adsorption,
these elements are sequentially positioned on the surface at vacant
sites normally populated by atoms present in the intact RHT cluster.
This occurs with the adsorption of Pb adatoms at different heights
constituting several adlayers. In this system, the sufficiently short
adatom-adatom distances compared to bulk Pb suggest a strong
interaction between adatoms. Moreover, the adlayer-adlayer inter-
action is crucial to stabilize the formation of the 3D growth of qua-
sicrystalline Pb. This study also highlights the importance of the
adsorption order toward the 3D quasicrystalline formation.”

The adsorption of Bi atoms on the fivefold i-AgInYb” leads
to a comparable 3D quasicrystalline structure. However, the growth
mechanism is somehow different with the coexistence of Bi crescents
and pentagons at low coverage, whereas only pentagonal islands are
observed for the Pb adatoms. Moreover, the order in the adsorp-
tion of the layers differs between the two systems. Nevertheless, Bi
adatoms will also grow in layers of different heights and adsorption
energies to in fine occupy the atomic positions of the RTH clus-
ter. Can an identical 3D structure be formed on other quasicrystal
surfaces? Although only few other orientations have been tested so
far, Pb adsorption on threefold i-AgInYb™ can also be explained by
filling bulk vacant sites, resulting from the surface truncation. How-
ever, the growth mode is altered here due to a much lower atomic
density per threefold plane and a greater number of planes per nm
in z compared to the fivefold surfaces. The consequence on the film
morphology is a much more pronounced perpendicular growth to
the surface due to less available adsorption sites on the template.”

The atypical structural motifs and chemical distribution at the
fivefold i-AgInYb surface have been shown to also impact the growth
of the pentacene (Pn) thin film.”” The rod-shaped molecules consist
of five acene rings fused along C-C bonds. The molecules, imaged
by STM as four-lobed features, nucleate at quasiperiodic sites, hence
creating a quasiperiodic molecular ordering. From the twofold sym-
metry of the molecules, which limits the possible bonding configu-
rations to the substrate combined with the analysis of the molecu-
lar orientations and locations, the adsorption sites are identified as
tenfold symmetric points around RTH clusters. More precisely, Pn
molecules will interact with the substrate via the formation of two
bonds, each between a terminal Pn benzene ring and a substrate Yb
atom.”

On the same substrate, symmetry matching between Yb pen-
tagons and RTH cluster centers and other molecules, here, the
fivefold symmetric corannulene molecules (CxHio), enforces long-
range periodic order in the molecular films. The molecules with
their bowl-openings pointing away from the surface self-assemble
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into decagonal rings, recurrent motif identified within the overlayer.
However, due to steric hindrance, these adsorption sites could not
be populated simultaneously, which translated into an aperiodic thin
film of low density.”

Recently, the realization of a metastable Sn quasicrystalline
clathrate on the fivefold i-AlPdMn surface has once more high-
lighted the impact of a complex adsorption landscape for the dis-
covery of novel nano-scale architectures and new phases.”” At the
early stage of the nucleation, Sn adatoms self-assemble into ten-atom
starfish clusters atop WF sites (as for the Pb element). The forma-
tion of these pentagonal islands is crucial for the formation of the
quasiperiodic overlayer. More importantly, the starfish configura-
tion is a part of the clathrate structure reported here [Fig. 3(d)]. The
inner Sn pentagons match the top pentagonal faces of the dodec-
ahedron present in the clathrate structure. In addition, the coin-
cidence between the cage-cage linkage lengths in the Sn clathrate
with the WF-to-WF separations on fivefold i-AlIPdMn is what makes
the growth of the Sn clathrate feasible.”” This interface compatibil-
ity prevents the formation of more stable crystalline structures and
promotes the quasiperiodic ordering of thick layer of elemental Sn
on the quasicrystal fivefold surface. The impact of the fivefold i-
AlPdMn surface on the morphology of an elemental thick film was
originally demonstrated for Cu and Co adsorptions. However, the
corresponding film structures were drastically different from the Sn
clathrate and understood as quasiperiodically modulated multilayer
structures.””””

The above examples demonstrate how the structurally and
chemically complex elementary clusters once truncated at the sur-
face influence the growth mode and morphology of thin films. For
polar intermetallics such as Al;3TMy quasicrystal approximants, the
influence of the substrate remains important on the elemental and
molecular adsorption mechanism. As opposed to Al-based qua-
sicrystal surfaces, the surface terminations can be flat or highly cor-
rugated depending on whether the bulk clusters are preserved intact
or dissected when exposed at the surface. For the highly corrugated
Al13Fe4(010) surface with deep trough and a low atomic density,
one could have initially expected the systematic growth of disor-
dered overlayers. However, the adsorption of Pb atoms leads to a
pseudomorphic growth as confirmed by LEED and STM analysis.
More importantly, the local adatom arrangements tend to replicate
the bipentagonal motifs’ characteristics of the clean substrate along
with a small rumpling.”

Similarly, the Pb adsorption study performed on Al;3Co4(100),
a flat surface, resulted once more in a pseudomorphic monolayer.'"’
High-temperature deposition increases the structural ordering
within the film. The structure of the film is composed of irregular
Pb pentagons distributed periodically across the terraces. These pen-
tagons are larger than those present on the clean substrate, but they
share common vertices with the beneath Al bipentagonal motifs.

Concentrating on molecular adsorption, it is possible that the
local fivefold motifs present on the Al;3C04(100) surface could also
act as preferred adsorption sites through symmetry matching for
fullerenes, presenting pentagonal carbon faces. In fact, DFT calcu-
lations have highlighted two strong adsorption configurations: one
with the hexagonal face of the Cg molecule facing the center of
one Al bipentagonal motif located slightly below the mean posi-
tion of the surface plane and a second with, indeed, the pentago-
nal Ce face parallel to the surface in between the two sets of Al

ARTICLE scitation.org/journalljcp

bipentagonal motifs.'”’ Due to steric considerations, both sites can-
not be
populated simultaneously, explaining part of the disorder observed
in the molecular film. For high-temperature deposition and low cov-
erage, the fullerenes gather into elongated islands aligned in specific
directions, which alternate on adjacent terraces. This anisotropic
growth is dictated by the orientation of the bipentagonal motifs
present on the clean substrate, which appear rotated on consecu-
tive terraces due to symmetry element. Once completed, the quasi-
ordered and rumpled Cq film adopts the orthorhombic unit mesh
of the substrate.'”’

CONCLUSION

In this paper, we reviewed the basic concepts related to the
exploitation of the cluster-based bulk structure of complex inter-
metallic compounds—quasicrystals and related phases—to design
surfaces with specific morphologies. We have shown that bulk cages
are not systematically kept intact at the surface and that surface mor-
phologies are mostly governed by both the intrinsic electronic struc-
ture of the compounds and the surface preparation conditions. The
remarkable properties of complex intermetallic nanostructures are
not yet intensively exploited, but a few of them already show promis-
ing catalytic properties.'””"'” The design of specific combinations of
host-guest cage structures'’® would open the door to the design of
surfaces with tunable morphologies for surface-related applications,
such as optical properties, or 2D quasiperiodic magnetic systems
through ordering of magnetic molecules.

Thin films, resulting from the arrangement of atomic or molec-
ular building blocks at the surface, can further modify the sur-
face morphologies. Here, again, the bulk cage structure impacts
the film morphologies. The complex potential energy landscape of
the substrate controls the growth and ordering, while the molecu-
lar film arrangements can be tuned by the molecule-adsorption site
symmetry and size matching.

Until now, only a very small number of cluster-based inter-
metallic surfaces have been investigated; thus, many of them remain
to be explored.
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