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Abstract: The AlsCr; compound is considered to exhibit an
approximant structure of the icosahedral Al.Cr phase. Its (010)
surface has been investigated in detail using density functional
calculations. Surface energy calculations show that the stable
terminations {result} from a cleavage of the crystal between adjacent
atomic planes, in agreement with the layered structure of the
compound. The integrity of the icosahedral atomic arrangements
(icosahedral clusters) found in the bulk structure, is predicted to be
removed at the surface. This result is in contrast to what has been
previously concluded for the (010) surface of the Al.sFes quasicrystal
approximant. Our findings are discussed in relation to the bonding
network in the compound, calculated using the Crystal Orbital
Hamiltonian Population approach, as possible reasons for such
contrasted behavior.

Introduction

Intermetallics belong to a class of inorganic compounds which is
considered to be one of the most complex, both by the diversity
of its crystal structures and by the large number of atoms
contained in the corresponding crystal cells. More than 900
structure types are identified among binary compounds [1], and
giant cells that contain hundreds and thousands of atoms have
been recently identified in a few ternaries [2,3,4]. Such complex
structures originate from the ability of the constituent atoms to
adopt a range of coordination numbers and a variety of
coordination environments, thus leading to a description of bulk
structures as stacking of highly symmetric atomic polyhedra.
Intensive studies of the chemical and physical properties of
intermetallic compounds have led to many suggestions for
potential applications [5], such as thermoelectric, magnetic,
corrosion resistant and hydrogen storage materials, etc.
Applications involving intermetallics surfaces, like coatings and
heterogeneous catalysts, are maybe the most promising [6,7,8].
However, while the surface structures of simple metals and
alloys have been extensively studied these last years, surfaces
of complex intermetallic compounds still represent a largely
unexplored field.

In the case of simple metals or alloys, a surface model would
typically be a flat plane, with atomic steps separating terraces, if
deep restructuring phenomena like reconstruction, segregation
or roughening are excluded [9,10]. It is also what is observed
with Al-based quasicrystals prepared under ultra-high vacuum
by cycles of sputtering and annealing : terminations form at
specific bulk planes, i.e. dense planes with a high content of the
lowest surface energy element presenting large interlayer
spacing in the bulk [11,12,13]. However, when dealing with
complex intermetallic compound surfaces, more corrugated
surface structures may arise, as already observed in a few
cases [14,15,16,17], in the form of highly cohesive clusters
emerging from the bulk lattice.

In this paper, we focus on the (010) surface of the AlsCry
compound, considered to exhibit an approximant structure of
the icosahedral i-Al,Cr phase. The bulk structure, first deter-
mined by Cooper (mC104, C2/m) [18], is characterized by
icosahedrally coordinated Cr. Like other intermetallics in the Al-

WILEY-VCH

rich part of the Al-Cr phase diagram [19,20] — n-Al..Cr, [21] and
several polymorphs of AlCr (u-Al,Cr [22], €-Al.Cr [23]) — this
compound presents characteristic features of pseudo-
icosahedral symmetry. The investigation of Al,;sCr7(010) will then
contribute to extend our knowledge on cluster-based inter-
metallic surfaces.

Another motivation for this work comes from metallurgy.
Chromium is well-known as a grain refiner in the aluminum
foundry industry [24], and recent experiments suggest that the
formation of the face-centered cubic Aluminum phase in the
under-cooled liquid occurs on icosahedron quasicrystals or
related phases, like the parent stable Al;sCr; phase [25,26].
Recent surface science experiments performed under ultra-high
vacuum support the formation of an fcc Al film with (111)
orientation on AlsCr7(010), while suggesting a nano-structured
surface morphology for the substrate [27]. However, no surface
model has been proposed so far for Al;sCr7(010).

Here, using different theoretical methods based on Density
Functional Theory, we discuss possible structures for the (010)
surface of AlsCry. Electronic structure calculations, including
band structure calculations, projected density of states and
projected crystal orbital Hamilton populations, help to
characterize the bonding network in the bulk compound. The
interplay  between the three-dimensional bulk atomic
arrangements and the two-dimensional surface is further
investigated, based on surface energy calculations.

The more stable surface structures are found to result from a
cleavage of the crystal between adjacent atomic planes, in
agreement with the layered structure of the compound. The
integrity of the icosahedral atomic arrangements (icosahedral
clusters) found in the bulk structure, is predicted to be removed
at the surface. This result is in contrast to what has been
previously concluded for the (010) surface of the AlisFes
quasicrystal approximant [14,28]. More precisely, a recent
investigation of Al;sFes(010) using both experimental and ab
initio computational methods indicated that the topmost surface
layers correspond to incomplete puckered planes present in the
bulk crystal structure, the main building block of the corrugated
termination consisting of two adjacent pentagons of Al atoms,
each centered by a protruding Fe atom. Differences in the
bonding network of AlisFes and Al,sCr; are raised as possible
reasons for such contrasted behavior.

Models and Methods

Computational details

Electronic structure calculations were performed using the plane
wave Vienna ab initio simulation package (VASP) [29-32]. We
applied the spin polarized projector-augmented wave method
[33,34], within the generalized gradient approximation (GGA-
PBE) [35,36], to describe the interactions between the valence
electrons and the ionic core. We considered atomic valences to
be 3s23p* (Al) and 3p®4s?3d® (Cr). Total energies were minimized
until the energy differences were less than 10° eV between two
electronic cycles during the structural optimizations. Atomic



structures were relaxed until the Hellmann-Feynman forces were
as low as 0.02 eV/A. They were plotted using the VESTA
software [37].

Bulk calculations were performed using a 450 eV cut-off energy
and a l-centered 5x13x9 k-point grid. We used the projected
Crystal Orbital Hamilton Population (pCOHP) approach,
implemented in the LOBSTER code [38-41], to analyze the
chemical bonding. This method re-extracts Hamilton-weighted
populations from plane-wave electronic structure calculations to
develop a tool analogous to the crystal orbital Hamilton
population method [39]. The electrons wave functions were
projected onto the atomic local basis used for the DFT
calculations (3s?3p* for Al, 3p®4s*3d® for Cr). The charge spilling,
i.e. electrons which cannot be projected onto the local basis,
was found to be 1.71 %. Possible charge transfers were probed
through Bader charge analysis on a charge density grid [42-45].

Surface energy calculations

The approach used to compute surface energies in this work is
the typical symmetric slab model, wherein a supercell of the
AlssCr crystal oriented to expose its (010) surface is generated
(p-layer thick symmetric slabs with p = 10), and atoms are
removed from a portion of the supercell to create a vacuum (void
thickness = 15 A). This set-up for surface modeling leads to
surface energies converged within 10 mJ/m? (Fig. 1).
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Figure 1. Surface energy as a function of the slab thickness, calculated with
the P"™ model (see section Results and Discussion).

In the case of an elemental metal, surface energies of (hkl)
orientations calculated within the symmetric slab model are
given by

s _E glab(hkl) ~ Ngiap E puii(ik)
Y ()=

2Iqslab(hkl)

where Egamg iS the total energy of the slab model with
termination o, Emupw iS the energy per atom of the bulk built
using an oriented unit cell where the a and b lattice vectors are
parallel to the (hkl) plane, nsasme is the total number of atoms in
the slab structure, Asamqg iS the surface area of the slab
structure, and the factor of 2 in the denominator accounts for the
two surfaces in the slab model.

In the case of compounds, the stoichiometry of the slab
generally differs from the one of the bulk. The surface energy is
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then determined as a function of the chemical potentials (u;) and
number of atoms () of type i in the slab [46]:

o _ E:lab(hkl)<Ni)_Z Nk
Y () 2Aszab(hkl)

In the previous equation, the numerator can be understood as
the difference between the total energy of the slab and the
energy of the corresponding “bulk” with the same stoichiometry.

For condensed states, the chemical potential of species i (u),
defined as the derivative of the Gibbs free enthalpy G for a given
phase with respect to the number of particles i and fixed
numbers of other particles {N} apart from N, that is

u=|2G
©|oN; P,T,N, ’

atom calculated at T = 0 K. In the case of elemental metals, the

can be taken as the total energy per

chemical potentials are then calculated as the cohesive
E,  —E
. . bulk t
energies, that is, Ewh =" T2 where Epux and Eaom are
N bui

the total energies of the bulk and an isolated atom of the same
crystal, respectively, and Nyu is the number of atoms in the
crystal cell. In the case of intermetallic compounds, the chemical
potentials are given by the Gibbs phase rule (equilibrium
conditions).

Our values for the Al and Cr chemical potentials (u%lk, p’é’fk) in

fcc Al and bcc Cr, respectively, are in good agreement with
experimental data as well with other DFT calculations (Tab. 1).
The chemical potentials of Al (u.) and Cr (uc) at the surface of

the ordered Al-Cr alloy with bulk composition Al.sCr; are given

by 52[,1%7507: 450 0 +7 Hg, They are constrained in a

52
range, i.e. 15 AHfS[JAl—[J%lkS 0 for Al, where AH; is the

formation enthalpy of the
Al;Cr, Al Cr
Epik ' —90E,, —14E, where FALsCr
' bulk
104 !

total energy of bulk AlsCr; and E?Lilk and El(;:,k are the total

energies per atom of the elemental Al and Cr metals,
respectively. We calculated AH; = -0.117 eV/at., in good
agreement with other experimental or theoretical values (Tab. 1)
[47, 48, 20].

complex phase:

is the

AH,=

Table 1. Cohesive energies for fcc Al and bcc Cr. Formation enthalpy of
A|45CI'7.

Econ (V) Ref.
Al fcc -3.48 our work
-3.55 calc. [49]
-3.39 exp. [50]
Cr bce -4.09 our work
-3.80 calc. [51]
-4.00 calc. [52]
-4.15 calc. [53]
-4.10 exp. [50,54]
AH; (eVlat.) Ref.
AlssCr -0.117 our work
-0.085 calc. [47]
-0.139 Exp. [48,20]




Results and Discussion

Bulk A|45Cr7

Bulk AlsCr; crystallizes in the C2/m space group, with a
monoclinic crystal cell containing 104 atoms (90 Al + 14 Cr). The
lattice parameters are a = 2.0650(2) nm, b = 0.75978(8) nm, ¢ =
1.0967(1) nm and B = 107.308(2)° [18,55], in good agreement
with those deduced from DFT calculations (a = 2.059 nm, b =
0.756 nm, ¢ = 1.092 nm and S = 107.35°) and used in this
study.

The AlsCr; bulk has a layered structure described by the
stacking of two types of layers in the [010] direction : flat layers
(L") made of 17 Al and 3 Cr atoms per surface cell, and
puckered layers (L*"), having 28 Al and 4 Cr atoms per surface
cell. The stacking sequence is LilatLiorr Lgngorrand the
interlayer distance is approximately 2 A. Symmetries include a
mirror plane, coincident with a L™ plane, i.e. perpendicular to
[010], and a 2-fold axis, along [010]. An alternative description of
bulk AlsCr; is based on distorted icosahedral building blocks
which form chains in the monoclinic direction ([010] direction).
Three types of such building blocks are found in the bulk
structure, as shown in Fig. 2, centered at three different Wyckoff
positions (2a, 4f and 8i). They are equatorially truncated by L™
planes (blue and green icosahedral clusters) or by L®" planes
(red clusters).

Figure 2. AlisCr; bulk structure (Atomic color code: Al = light blue, Cr = dark
blue). The three Cr atom types are surrounded by icosahedral polyhedra
(Cr1(2a) = green ; Cr2(4f) = blue; Cr3(8i) = red).

The electronic structure of Al,sCr; shows a parabolic dispersion
in the [-11,-4] eV region, with a main contribution from sp-Al
states (Fig. 3). Two strong maxima are noticeable in the [-3,3]
eV region, caused by localized and weakly dispersive Cr-d
states. A deep pseudo-gap is found between these two maxima,
at the Fermi energy, which contributes to the stability of this
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phase [56,57]. According to a previous study, the origin of the
pseudo-gap is attributed to both a Hume-Rothery mechanism
coupled with a strong sp-d hybridization [27].

Using the partitioning criteria proposed by Bader [44], we
calculated an averaged electron transfer between Al (+0.23 e)
and Cr (-1.47 e) atoms. This is consistent with the slightly larger
Pauling electronegativity for Cr compared to Al. The same trend
is found in the other complex AlsCrs phase (R-cell y-brass) [58],
with an equivalent electron depletion for Al atoms (Al : +0.30 e,
Cr : -0.47 e). The shapes found for the Bader volumes around Cr
atoms reflect their environment and are far from spherical (Fig. 4a).
Bonding analysis based on the COHP curves and their
integrated values indicates that the majority of the bonding
interactions reside between the Al-Al and Al-Cr pairs, whereas
the homoatomic Cr-Cr interactions play minor roles and exhibit a
small antibonding character (Fig. 4, ICOHP = -0.79 eV/bond, rc.
o = 2.68 A). Indeed, the ICOHP values, averaged over Al-Al and
Al-Cr distances (2.45 A <r < 2.81 A) are calculated to be -1.81
eV/bond and -1.19 eV/bond, respectively. The strongest ICOHPs
are -2.24 eV (raa = 2.80 A) and -1.60 eV (rc.a = 2.48 A) for Al-Al
and Al-Cr interactions, respectively. Hybridization of Al-sp with
Cr-d states is maximum around -2 eV. On average, the AlsCr;
structure avoid any antibonding Al-Al and AI-Cr interactions,
which contributes to the stability of the compound (Fig. 4b).

IR

13
i

f
J

B bl

E—Ep/eV

total
—
— Al

Mp[D,A  T|Ly T A +
Wavevector k DOS

Figure. 3. Band structure and projected density of states for bulk AlsCry.
States are projected over Al (red) and Cr (blue) atoms.
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Al4sCr(010) : surface energy calculations

We started our work with a systematic screening of surface
orientations, using the approach proposed by Ref. [59] based on
the assumption that low-energy surfaces are planes with high
atomic density. This step leads to the conclusion that triplets of
atoms sample the (010) surface the most frequently, at 41.3 %
of the time, followed by (001) and (100) with 28.4 % and 20.2 %
each, and then (201), (110), (310) (the corresponding screening
heuristic lies between 1 % and 3 %).

We then focused on the AlsCrr(010) surface structure. We
started the investigation using four types of surface models built
from bulk truncation (Fig. 5). Two of them are built by selecting
the dense L™ or L" layers as topmost layer, leading to the P™
and P*" models, respectively. The terminations of the two other
types of models are much more corrugated. They keep the

cluster substructure intact at the surface, either with the green

and blue icosahedral polyhedra protruding (P;lzsfjri model), , or

with the red ones emerging (P;I}‘S[er model). Additional models
result from the formation of surface Cr vacancies (labeled with
vac). We also tested the influence of surface Al vacancies : the

cluster

. model is one of those.
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Figure 5. Surface models considered in this study (top and side views). Al =
light blue, Cr = dark blue.

The surface energies of all models have been calculated. The
most stable ones are shown in Fig. 6. All cluster terminated
models present a high surface energy (the highest one being the

one of Pgl;'swr) which is attributed to the open character of the

surface. The almost cluster-based terminated model (Q;lgs_tzri),

although more stable than P;I;’S‘er and P;I;’Sffﬂ. presents a

higher surface energy than the ones of P™ and "*P*" (Fig. 6).

vac chuster
The addition of surface Cr vacancies ( 2a-4i ) strongly
destabilizes this surface model: the surface energy ranges from
_ bulk _ . bulk
1.37 ymz( Hat=Hai )0 1.61 yimz ( Hcr=Hcer ),
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Models built by selecting a bulk atomic plane as termination
plane are the most stable. As in the case of simple metals, the
surface atomic density is a key factor for the surface stability: in
the full range of chemical potentials, the P*" model (32 at./surf.
cell) presents a lower surface energy than the P™ one (20
at./surf. cell). The presence of protruding surface Cr atoms is not
likely in the Al-rich region, in relation to the higher surface
exp

energy of Cr(110) compared to Al(111) (yCr(100)=2.35 Jim?,

yi\xf(’mf 1.14 J/m? [60]): surface : surface Cr vacancies lead to

a decrease of the calculated surface energy, in the Al-rich
region, for both P™ and P°" models. The previous observation
is valid in the full range of chemical potentials in the case of the
P*™ model, possibly related to the weaker bond strength of Al-Cr
compared to Al-Al.
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Figure 6. Surface energies of the considered models.

AusCr;(010) : surface electronic structures

STM images were simulated using the Tersoff-Hamann [61,62]
approach, which provides a reliable qualitative picture of the
surface topography. In this method, the surface is treated
exactly, while the tip is modeled as a locally spherical potential
well. The simulated images are quite different for the considered
models (Fig. 7), thus demonstrating that it could be possible to
discriminate them by a qualitative comparison with high-
resolution experimental STM images. In most cases, the
brightest contrasts are induced by the presence of protruding

] ] o
surface Cr atoms (P", ;gs_tzri, P52, The exception is the

case of the P™ and “*P™ models: the simulated STM images,
which look very similar, reveal large bright protrusions. The latter
do most probably not arise from single surface atoms but by
groups of topmost Al atoms. It seems then difficult to draw any
conclusion about the nano-structured character of the surface
based only on STM image observations.



cluster
2a—41

cluster
2a—41

Figure 7. Simulated STM images (2.1x4.1 Nm?, Viias= 1 V)

The surface electronic structure has been calculated for the
vepe” model (Fig. 8), using a thicker slab than previously
(thickness = 16 A). The contributions of s-states located close to
the Fermi energy, are shifted at the surface, in comparison to the
bulk. In addition, the presence of Cr atoms slightly below the
mean position of the termination plane leads to small differences
between surface and bulk contributions, especially in the d-
states. Surface COHP have been determined, using a 12.5 A
thick slab, but no noticeable differences have been found when
comparing the AI-Cr bonding environment between Cr atoms
located in the subsurface layer or in the center of the slab (L™
layers).
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Figure 8. Contributions of s-, p- and d-states to the electronic structure of the
most stable surface model. Color code: surface layer = black, equivalent
atomic layer in the center of the slab = red, equivalent atomic layer in the bulk
system = green. The agreement of the bulklike and bulk contributions

WILEY-VCH

illustrates that the slab is thick enough to render a bulklike behavior in the
center of the slab.

Al;sCr;(010) versus Ali;Fe,(010)

The surface energies of simple metals are a fraction of their
cohesive energy, the proportionality constant being correlated to
the number of broken bonds at the surface. The broken bond
model however fails to predict the correct proportionality
constant, because it neglects the variation of the bond strength
with the coordination number. For example, bonds between an
atom with a few neighbors are generally stronger than those
between an atom with many neighbors [63,64]. In the case of
intermetallics, the situation is even more complex, since
additional phenomena, like charge transfer, make the chemical
bond polar and asymmetric. In addition, the surface energy is
influenced by the chemical potentials involved, i. e. on the
experimental conditions (exact composition of the compound,
surface preparation conditions, etc). The impact is all the larger
on the absolute values of surface energies that the stoichiometry
of the slab used to model the surface is far from that of the bulk
system.

While a few structural features are shared between the two
complex AlisFes and AlisCr; compounds -- they both present a
monoclinic cell, their bulk structure being described as a
stacking of two types of planes -- their surface structures are
quite different. In the full range of chemical potentials, the
Al;sCr7(010) terminations with the lowest surface energies
among the considered surface models, result from the selection
of specific atomic planes as surface planes, possibly with Cr
vacancies. The combination of surface science experiments and
DFT calculations show that the Al;sFe,(010) surface forms at
incomplete puckered planes that exist in the bulk structure [14].
These highly corrugated planes result from the preservation of
the cluster building blocks at the surface, in relation to strong
covalent interactions present in this compound [28].

What can be the origin of the contrasted AlsFes(010) and
Al4sCr(010) surfaces structures? The ratio

ICOHP (Al— Al)
ICOHP (AlI-TM)

is very similar in Al;zFe, and AlisCr : it is calculated to be 1.4.
The contrasted values for the strongest AI-TM bonds in the two
compounds -- AlisFe, ((ICOHP=1.83 eV/bond [28]) and AlsCr (-
ICOHP=1.60 eV/bond) -- may provide an explanation, if we
assume a negligible role of the chemical potential: breaking the
strong Al-Fe bonds which supports the Henley-type cluster in
AlisFesis more difficult than breaking the Al-Cr bonds supporting
the clusters in AlssCr .

of the strongest Al-Al and Al-TM bonds

Conclusions

We have reported a detailed analysis of the Al4sCr7(010) surface,
using calculations based on the Density Functional Theory.
Electronic structure calculations point the presence of a deep
pseudo-gap at the Fermi level, which may contribute to the
stability of the compound. The COHP analysis reveals the
strength of the Al-Al and Al-Cr bonds.

Several slabs were built to model the surface. Our calculations
show that the (010) termination with the lowest surface energy in
a wide range of chemical potentials in the Al-rich region is the
one resulting from the selection of the densest atomic plane as
surface plane, with Cr vacancies. The cluster terminated surface
models are not identified as the most stable ones. This



conclusion is consistent with what has already been determined
for Al-based quasicrystals and approximants [65], like
Al13C04(100) [66]. Our surface model for Al4;sCr,(010) is however
quite different from the one of AlisFe4(010), a corrugated surface
keeping intact the cluster substructure up to the surface, even if
the two compounds share common structural features, like the
monoclinic cell and the description of the bulk as a stacking of
two types of planes. Further experimental work is required to
assess the surface model proposed in this paper.
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