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Abstract
We present an ab initio density-functional study for aluminium adsorption on Ir(1 1 1) at high symmetry sites, namely, the fcc-, hcp-hollow, top
and bridge sites. In each case, we calculate the atomic geometry, average binding energy, work function, and surface dipole moment at the coverage
of 0.25 monolayer. We find the favourable structure to be Al at threefold hcp-hollow site, with a corresponding binding energy of 4.46 eV. We
present and compare the electronic properties of the two lowest energy structures, i.e., at the threefold hollow sites and discuss the nature of the Al–
Ir bond and binding site preference. In particular, we observe a large hybridization of Al-3s, 3p and Ir-5d states near Fermi level, forming an intermetallic bonds. This results in a significant electron transfer from the Al atoms to the Ir(1 1 1) substrate, inducing an outward pointing surface
dipole moment and a large decrease in the work function of 1.69 eV for Al in the hcp-hollow site. Compared to the fcc-hollow site, adsorption in the
hcp-hollow site results in a lower density-of-states at the Fermi level, as well as a greater hybridization in the bonding states.
# 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Iridium-based alloys are important for developing ultrahightemperature oxidation-resistant coatings [1,2], due to their
function as an effective oxygen diffusion barrier which is
required for multilayered ultrahigh-temperature coatings. To
avoid the formation of the toxic gaseous oxide, IrO3, iridium is
usually alloyed with aluminium. It has been found that oxidized
Ir/Al-based alloys can form protective double-layered coating
structures, comprising of an iridium layer as an oxygen
diffusion barrier followed by another layer of Al2O3layer to
protect this barrier [3]. To understand the microscopic
properties of such ultrahigh-temperature oxidation-resistant
coatings, it is necessary to first understand the atomic and
electronic structure of the Al/Ir alloy. In the present paper, we
begin by studying the chemisorption of Al on Ir(1 1 1) using
first-principles calculations. Experimentally, the interaction of

Al with an Ir(1 1 1) surface has been studied under ultra-high
vacuum (UHV) conditions with Auger electron spectroscopy
over a wide range of temperatures, i.e., from 300 to 2000 K [4].
At room temperature, layer-by-layer growth of an aluminium
film was observed, which was commensurate with the substrate.
However, at much higher temperatures (i.e., 1100–1300 K), a
so-called ‘‘surface aluminide’’ is proposed to form and this
phase decomposes at a temperature range of 1500–1900 K [4].
Detailed atomic and electronic structure of these low- and hightemperature phases are still lacking however, and to our
knowledge, there are no further experimental or first-principles
studies of this system. We consider adsorption of Al on Ir(1 1 1)
at high symmetry sites, for a coverage of a quarter of a
monolayer (ML) of Al. We first report the atomic geometry and
binding energies, and proceed to analyze the electronic
structure and bonding nature of Al–Ir.
2. Calculation method
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All calculations are performed using density-functional
theory (DFT) as implemented in the all-electron DMol3code
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[5,6], where we employ the generalized gradient approximation
(GGA) of Perdew, Burke, Ernzerhof (PBE) [7] for the
exchange-correlation functional. The Ir(1 1 1) surface is
modeled using a supercell slab approach, where we use
seven-layer Ir(1 1 1) slabs with a vacuum region of 25 Å.
Aluminium atoms are adsorbed on both sides of the slab,
preserving inversion symmetry. The aluminium atoms and the
outmost two Ir layers are allowed to fully relax. The wave
functions are expanded in terms of a double-numerical quality
localized basis set with a real-space cutoff of 10 Bohr for both
the bulk Ir and the surface. Polarization functions and scalarrelativistic corrections are also incorporated explicitly. The
convergence criteria for the total energy, force on the atoms,
and displacements are set to within 1  106 Ha
(2:7  105 eV), 3  104 Ha/Bohr (1:5  102 eV/Å) and
3  104 Bohr (1:6  102 Å), respectively. The Brillouinzone integrations are performed using a (12  12  1)
Monkhorst-Pack (MP) grid for the (1  1) surface unit cell,
yielding 19 special k-points in the irreducible surface Brillouinzone. The change in cohesive energy of bulk Ir is less than
10 meV per Ir atom when increasing the real space cutoff radius
from 8 to 12 Bohr. The variation of the change in cohesive
energy of bulk Ir is less than 3 meV per Ir atom when changing
the k-mesh from (6  6  6) to (16  16  16). We thus adopt
a cutoff radius of 10 Bohr and a MP k-point mesh of
(12  12  12). For the surface calculations, we use the same
cutoff radius with a MP k-point mesh of (12  12  1) for the
surface unit cell [8].
We address the stability of Al/Ir(1 1 1) structures with
respect to adsorption of Al by calculating the average binding
energy per Al adatom. The average binding energy per Al atom,
Al=Ir
Eb , is defined as [9]:
Al=Ir

Eb

¼

1
½EAl=Ir  ðEIr þ N Al EAl Þ;
N Al

(1)

where N Al ; EAl=Ir ; EIr and EAl are the number of Al atoms in the
surface unit cell, the total energies of the adsorbate–ubstrate
system, the clean surface, and the free Al atom, respectively. A
spin-unrestricted calculation using non-spherical densities is
performed for the aluminium atom. To achieve excellent
numerical accuracy, the real-space cutoff for the calculation
of the aluminium atom is increased to 20 Bohr, with the largest
basis set available in the DMol3 code. The binding energy is
thus energy that a free Al atom gains upon adsorption on the Ir
surface. A positive number indicates that the binding energy is
exothermic with respect to the free Al atom, and a negative
value endothermic.
To analyze the nature of bonding, we consider the difference
electron density, nD (r), which is defined as [9]:
nD ðrÞ ¼ nAl=Ir ðrÞ  nIr ðrÞ  nAl ðrÞ;

(2)

where nAl=Ir (r), nAl (r) and nIr (r) are the total electron densities
of the adsorbate system, the clean surface, and that of the
corresponding isolated Al adlayer. The atomic positions of the
clean Ir surface and Al adlayers are taken to be the ones of the
relaxed adsorbate system.

Using the Helmholtz equation, the surface dipole moment m
(in Debye) is calculated according to the formula [10,11]:
m¼

A DF
;
12pQ

(3)

where A is the surface area in Å2 per (1  1) surface unit cell,
DF is the work-function change in eV, and Q is the coverage in
ML. DF is calculated by taking the difference between the
workfunction, F of the adsorbate system and the clean surface,
with F being defined as the difference between the averaged
electrostatic potential in the middle of the vacuum and the
Fermi energy of the slab.
3. Results and discussions
The calculated bulk lattice constant of Ir is a0 ¼ 3:85 Å,
neglecting zero-point vibrations. The cohesive energy, Ecoh , is
calculated to be 7.45 eV and the bulk modulus, B ¼ 3:57 Mbar
[8]. The corresponding experimental values are a0 ¼ 3:84 Å,
Ecoh ¼ 6:94 eV, and B ¼ 3:55 Mbar [12]. The obtained
interlayer relaxations of the clean Ir(1 1 1) surface,
Di j ¼ ðd i j  dÞ=d  100%, between layers i and j with respect
to the bulk spacing, d ¼ 2:224 Å, are D12 ¼ 1:57% and
D23 ¼ 0:49% for the topmost layers. Early low energy
electron diffraction experiments reported a contraction of the
top Ir layer by 2.16 % [13].
We consider adsorption at the fcc- and hcp-hollow sites, the
Al=Ir
top site, and the bridge site. The binding energies Eb of Al on
the Ir(1 1 1) surface at these sites, at coverage 0.25 ML are
listed in Table 1, given with respect to the free Al atom.
It can be seen from Table 1 that the hcp-hollow site is
energetically favourable with a binding energy 4.46 eV at 0.25
ML, which is higher than the cohesive energy of Al bulk, with a
value of 3.39 eV (experimental) [12] and 3.54 and 3.60 eV from
DFT-GGA-PBE calculations using the pseudopotential and
full-potential linearized–augmented plane-wave methods,
respectively [14]. For the fcc hollow site, the binding energy
is found to be very similar to that of hcp site, just 0.05 eV less
favourable. The slightly more favourable adsorption energy of
Al at the hcp-hollow site is also reflected by the slightly shorter
Al–Ir bond length (2.47 Å compared to 2.49Å). In order to
check the effect of relaxation of interatomic layers deeper in the
substrate, we perform a geometry relaxation with the outermost
Table 1
Calculated binding energy (in eV) and structural parameters (in Å) for an
aluminium coverage of 0.25 ML at the fcc-, hcp-hollow, top and bridge sites
Adsorption site

Fcc-hollow

Hcp-hollow

Bridge

Top

Binding energy (Eb )
Bond-length (d AlIr )
Vertical height (d 01 )
Interlayer distance (D12 )
Interlayer distance (D23 )

4.41
2.49
1.91
0.39
0.24

4.46
2.47
1.88
S0.64
S0.16

4.18
2.42
1.96
0.44
0.47

3.57
2.36
2.35
0.89
0.31

d AlIr is the bond length between aluminium and the nearest surface iridium
atom and d01 is the planar averaged vertical height of Al above the topmost Ir
layer. D12 and D23 (in %) are the change in the first and second metal interlayer
distances (with respect to the computed bulk spacing, d ¼ 2:22 Å) where the
center of mass of the layer is used.

H. Zhang et al. / Applied Surface Science 254 (2008) 7655–7658

7657

Table 2
Mulliken charge populations (in electrons) of the Al adatom and the corresponding (Al-bonded) surface Ir atom for the fcc-, hcp-hollow and top sites

Al at fcc-site (Alfcc)
Surface Ir bonded to Alfcc
Al at hcp-site (Alhcp)
Surface Ir bonded to Alhcp
Al at top-site (Altop)
Surface Ir bonded to Altop

Al-3s

Al-3p

Ir-6s

Ir-6p

Ir-5d

Charge

1.27
–
1.26
–
1.61
–

0.84
–
0.86
–
0.74
–

–
0.96
–
0.95
–
0.99

–
0.73
–
0.74
–
0.65

–
7.60
–
7.61
–
7.50

0.77
0.29
0.75
0.30
0.85
0.50

The aluminium coverage is 0.25 ML.

three Ir layers (as opposed to just two Ir layers) and Al adatom
fully relaxed, for both the fcc- and hcp-hollow site. Indeed, we
find an almost negligible effect on the binding energy
(  3 meV). Thus the slight favouring of the hcp-site over
the fcc-site is mainly due to effects from the first and second
interatomic layers, i.e., due to the presence of an Ir atom in the
second layer directly below the Al atom for the hcp-hollow site,
while for the fcc-hollow site, there is no Ir atom directly below
it in the second layer.
At this coverage of 0.25 ML, the binding energy of Al at the
bridge site is 0.28 eV less favourable than that at the hcp-hollow
site. This gives an estimate of the diffusion energy barrier of
0.28 eV, which is considerably lower than that for O on Ir(1 1 1)
(0.65 eV) [8]. This is, in part, due to the stronger binding of O
(4.62 eV) on Ir(1 1 1) than Al (4.46 eV). Once again, this is also
captured in the notably shorter O–Ir bond length of 2.06Å [8] as
opposed to 2.47Å in the Al–Ir bond.
With regard to the value of the calculated adsorption energy,
Gall et al. [4] reported an estimated activation energy, Edes , for
thermal desorption of Al atoms from the (1 1 1) surface of
iridium from thermal desorption data of about 3.5–4.5 eV,
assuming that all surface atoms have an equal probability of
desorbing, and that the desorption flux from the surface obeys
the Arrhenius relation. The value of Edes is thus consistent with
our calculated binding energy. We now consider the electronic
structure of the Al/Ir(1 1 1) system. The electron charge
population for Al on Ir(1 1 1) at the fcc-, hcp-hollow and top
sites are listed out in Table 2. The charge populations are
calculated by the Mulliken charge population analysis. Due to
the limitations of this type of analysis [15], the charges can only
be considered in qualitative terms. It can be seen that there is a
charge transfer from the Al atoms to the nearest neighboring Ir
atoms. For Al in the favoured hcp-hollow site, the value is about
0.75 e. A similar value of 0.77 e is seen for Al at the fcc-hollow
site. In contrast, the charge transfer is about 0.85 e when Al is at
the top site. This indicates that the electron redistribution is
rather similar for Al at each of the threefold hollow sites.
This partial charge transfer is also reflected in the difference
electron density distribution shown in Fig. 1, where electron
transfer from the Al atom towards the 6s and 6p states of the
nearest-neighbour Ir atoms can be clearly seen. There is also a
polarization of the surface Ir atoms. This is similar to the
behaviour reported for Pt/Al(1 1 1) system [16]. The
formation of an Al–Ir bond induces a rather similar
redistribution of charge for the fcc-hollow site and the hcphollow site. This redistribution induces an outward pointing

surface dipole moment, giving rise to a decrease in the work
function of the clean surface of 1.69 eV for Al at the favoured
hcp-hollow site. The calculated surface dipole moment, m, is
1:15 Debye according to Eq. 3. The work function for clean
Ir(1 1 1) and Al/Ir(1 1 1) at the hcp-hollow site is calculated to
be 5.88 and 4.19 eV, respectively.
To provide further insight into the electronic structure of this
system, we consider the projected density-of-states (PDOS) of
both threefold hollow sites, as shown in Fig. 2 (a) and (b). In
both cases, we see a strong overlap of Al-3s and Ir-5d states at
around about 5.2 eV below the Fermi level, and an effective
(bonding) hybridization between Ir-6s and 5d states at around
6.5 eV below the Fermi level. However, there are a few notable
differences: The Ir-5d states for Al adsorption at the hcp-hollow
site (see Fig. 2(b)) is slightly broader than that at the fcc-hollow
site (see Fig. 2(a)), suggesting a greater hybridization of states
for Al at the hcp-hollow site (e.g., of Ir-6s and 5d and of the Al3s and Ir-5d). In addition, at the Fermi level, the Ir-5d states are
higher for Al at the fcc-hollow site compared to that at the hcphollow site, which indicates that Al adsorption at the fcc-hollow
site is less stable. These differences in the PDOS, thus suggest
why Al could be expected to adsorb slightly more favourably at
the hcp-hollow site.

Fig. 1. (Colour online) Difference electron density plot for 0.25 ML of
aluminium adsorbed on Ir(1 1 1) at (a) the fcc-hollow and (b) the hcp-hollow
site. Inserts show the top-view of the atomic structure of Al/Ir(1 1 1) at the fcchollow and hcp-hollow site, respectively. Ir substrate atoms are represented by
large spheres while Al adatoms are shown as small circles. For each site, a dotdashed line is drawn to show the plane in which the difference electron density
contour plot is drawn. For the contour plots, dashed lines represent charge
depletion and solid lines charge accumulation. The lowest positive contour line
is at 0.001 e Bohr3while the highest negative contour line corresponds to a
value of 0:001 e Bohr3. In between, the electron density changes successively by a factor of 101=3 e Bohr3.

7658

H. Zhang et al. / Applied Surface Science 254 (2008) 7655–7658

this supports the slightly favourable hcp-hollow site. The
projected density-of-states (PDOS) also shows that there is a
significant hybridization of Al-3s, 3p and Ir-5d states near
Fermi level, forming inter-metallic bonds. The slight preference of Al adsorption at the hcp-hollow site is reflected in the
greater broadening of the Ir-5d states which affords more
effective hybridization of states, as well as a lower DOS at the
Fermi level which promotes the stability of Al at the hcp-hollow
site.
Acknowledgments

Fig. 2. (Colour online) Projected density-of-states for 0.25 ML of aluminium
adsorbed on Ir(1 1 1) at (a) the fcc-hollow and (b) the hcp-hollow site. The dark
(black) continuous line represents the 5d states of the Ir atom bonded to the Al
adatom. Ir-6s states are plotted in the light (orange) dot-dashed line, and 6p
states are shaded in light grey. Al-3s states are shown as a dark (red) continuous
line, while the 3p states are plotted in a dark (blue) dotted line. The Fermi level
is indicated by the vertical dashed line at 0 eV.

Thus by inspecting both the atomic and electronic structure
of Al/Ir(1 1 1), we find that the slight favouring of Al adsorbing
at the hcp-hollow site over the fcc-hollow site arises from the
broader Ir-5d states and more effective overlap of the bonding
states and a reduced DOS at the Fermi level, coupled with (and
inducing) a slight shortening of the Al–Ir bondlength.
4. Conclusion
For the coverage of a quarter monolayer, the physical and
electronic properties associated with Al adsorption on Ir(1 1 1)
at the fcc, hcp, top and bridge sites were investigated using firstprinciples DFT-GGA calculations. We find that Al adsorption at
the hcp-hollow site is energetically most favourable, with a
binding energy of 4.46 eV. There is a significant electron
transfer from Al atom to the Ir(1 1 1) substrate, inducing an
outward pointing surface dipole moment, resulting in a large
decrease in the work function of 1.69 eV. We find that the Al–Ir
bondlength is slightly shorter for Al at the hcp-hollow site and
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