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Ar adsorptions on Al (111) and Ir (111)
surfaces: a first-principles study*
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We investigate the adsorptions of Ar on Al (111) and Ir (111) surfaces at the four high symmetry sites, i.e., top,
bridge, fcc- and hep-hollow sites at the coverage of 0.25 monolayer (ML) using the density functional theory within the
generalized gradient approximation of Perdew, Burke and Ernzerhof functions. The geometric structures, the binding
energies, the electronic properties of argon atoms adsorbed on Al (111) and Ir (111) surfaces, the difference in electron
density between on the Al (111) surface and on the Ir (111) surface and the total density of states are calculated. Our
studies indicate that the most stable adsorption site of Ar on the Al (111) surface is found to be the fcc-hollow site for
the (2 x 2) structure. The corresponding binding energy of an argon atom at this site is 0.538 eV /Ar atom at a coverage
of 0.25 ML. For the Ar adsorption on Ir (111) surface at the same coverage, the most favourable site is the hcp-hollow
site, with a corresponding binding energy of 0.493 eV. The total density of states (TDOS) is analysed for Ar adsorption
on Al (111) surface and it is concluded that the adsorption behaviour is dominated by the interaction between 3s, 3p
orbits of Ar atom and the 3p orbit of the base Al metal and the formation of sp hybrid orbital. For Ar adsorption on
Ir (111) surface, the conclusion is that the main interaction in the process of Ar adsorption on Ir (111) surface comes

from the 3s and 3p orbits of argon atom and 5d orbit of Ir atom.
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1. Introduction

Aluminum is one of the most metal storages in
the world. Aluminum powder is the most commonly
used as metallic additive in explosives, propellants and
pyrotechnic in order to improve the performances of
high energetic materials.'] The aluminum is utilized
to augment the energy to the burning effect and raise
the flame temperature in rocket propellants and is
used to enhance the blast-effect of explosives and im-

(1=4] Al nanoparti-

prove the performance underwater.
cle can promote chemical reactions for its large sur-
face area, small size (the particle size was between
100 nm—200 nm) and lots of other performances. Ad-
diton of Al nanopowder into propellants can improve
the burning performance and enhance the burning ra-
tio. Some researchers have reported that addition of
Al nanoparticle into explosion can strengthen explode
properties.[2~8]

The study on the application of aluminum

nanoparticle has made certain progress in solid propel-

DOI: 10.1088/1674-1056/21,/2,/026802

lants and found that addition of aluminum nanopar-
ticle (Alex)P! into solid propellants results in an in-
crease in the burn rate. But an important issue, par-
ticularly for nanoscale Al powder, is that aluminum is
a highly reactive metal and interacts with oxygen easi-
ly in the air, leading to the generation of a pre-pressing
and solid oxide overcoat before its burning, which in-
hibits the efficient burning and severely reduces the
utilization rate of aluminum. Gaol®! reported that the
combustion ratio of aluminum nanoparticle increases
nearly two orders of magnitude than that of normal
aluminum, so it was coated using the inert materials
in order to maintain its performances. Because of its
notable inertness, argon gas is considered to serve as
a shielding gas in aircraft manufacturing, shipbuild-
ing, atomic energy industry and machinery industry.
In metal smelting and electronic industry, argon gas
always plays a protective role.

Because iridium-based alloys can form an effec-
tive antioxidizing diffusion barrier, they are impor-
tant for developing ultrahigh-temperature oxidation-
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resistant coatings.['%' In order to avoid the forma-
tion of the toxic gaseous oxide, IrOgs, iridium always
alloyed with aluminum.!*?! In this paper, we present a
detailed study of using rare-gas to protect it, for rare-
gas atom has closed shells (spherical symmetry), the
simple electronic structure and the weak interaction
with surfaces. Chemical reactions easily take place
on Al (111) and Ir (111) surfaces, so those topics are
very hot for chemical model investigations for the re-
searchers. In the present paper, we begin with study-
ing the inert material argon adsorptions on Al (111)
and Ir (111) surfaces. As is well known, there are no
experimental or first-principles studies of those sys-
tems and there is little theoretical work on the study
of the electronic properties of argon adsorption on Al
(111) and Ir (111) surfaces. Hence, these topics are
necessary to understand first the atomic and the elec-
tronic structures of the Ar/Al and Ar/Ir alloys. The
remainder of the present paper is organized as follows.
In Section 2, a brief description of our computational
method is given and parameters settings are listed. In
Section 3, the results and the discussions are present-
ed. Finally the conclusions are dawn from the present
study in Section 4.

2. Calculation method

In this paper all the calculations are performed
in the framework of the density functional theory
(DFT),!*31] as implemented in the CASTEP!'5) pack-
age, where we employ the generalized-gradient ap-
proximation (GGA) of Perdew, Burke and Ernzer-
hof (PBE)!*0! for the exchangecorrelation functional.
Ultrasoft pseudopotentials'”! are used for all calcula-
tions. The Al (111) and the Ir (111) surfaces are mod-
eled in the supercell slab approach, where five layer Al
(111) and Ir (111) slabs with a vacuum region of 12 A
(1 A =0.1 nm) and (2 x 2) structure of all calcula-
tions are used and the periodic supercell contains 20
metal atoms in the five-layer slab of Al and Ir. The
argon atom is adsorbed on one side of the slab only at
a quarter monolayer coverage (0.25 ML).

In our calculations, Ar atoms are adsorbed on Al
(111) and Ir (111) at the four high symmetry sites:
the top, bridge, fcc-hollow and hcep-hollow sites. The
positions of atoms in the two topmost Al (111) and Ir
(111) layers and the argon atoms in on-surface sites
are allowed to fully relax and the atomic coordinates
of the remaining three metal layers are fixed. For the

surface calculations, the wave functions are expand-
ed in a plane-wave basis set with an energy cutoff of
300 eV. The convergence criterion for the total ener-
gy, force on the atoms and displacements are set to
be 2 x 1075 eV, 5 x 107! eV/nm and 2 x 10~* n-
m. The Brillouin-zone integration is performed using
(4 x 4 x 1) Monkhorst—Pack (MP) grid of k-points for
the (2 x 2) surface unit cell. The effects of the spin
polarization for the systems are so small that in our
calculations they can be ignored.['8] Convergence tests
indicate that these settings are sufficient to achieve a
high accuracy by changing the k-points and the cutoff
energy.

The stability of Ar/metal structure with respec-
t to adsorption of Ar is obtained by calculating the
average binding energy per Ar adatom. The average

binding energy, E r/metal o defined as!lY)
Ei)Ar/metal
1
— _NA [EAr/metal _ (Enmetal + NArEAr)], (1)

where Nar, EAr/mem}7 E™etal and EAT are the num-
ber of Ar atoms per unit cell, the total energies of
the adsorbate-ubstrate system, the clean surface and
the isolated argon atom respectively. A positive num-
ber of the binding energy indicates that the adsorp-
tion process is exothermic with respect to the free Ar
atom and a negative value shows that the process is
endothermic.

An important quantity which helps to character-
ize the orbitals that are related to the interaction be-
tween adsorbate and substrate is the difference in elec-

tron density, n®(r), which is calculated as!*‘!

,nA (T‘) _ ,nAr/metal(r) o nmetal(r) o nAr—layer(r)7 (2)

where n/metl(1) is the total electron density of the

Ar/metal system, n™*!(r) and nA*71%er(r) are the
total electron densities of the clean surface and the
free Ar-layer, respectively.

3. Results and discussion

3.1. Bulk and clean surfaces

Before studying the effects of argon adsorption on
Al (111) and Ir (111) surfaces, we first calculate the
properties of the bulk metal systems and analyse the
metal surface structures in their most stable phases,
i.e., the face-centered cubic for Al and Ir. Our cal-

culations show clearly that the bulk lattice constant
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of Al is oy = 4.004 A with neglecting zero-point vi-
bration. The bulk modulus, B = 0.700 Mbar (1 bar
= 10° Pa) and the cohesive energy, E.on, = 4.00 eV,
which are in agreement with the commonly established
experimental values o = 4.05 A,2%) B = 0.720 Mbar
and Feon = 3.39 eV.[2U The values are also in-line
with other reported results which are listed in Table
1. For Ir bulk the lattice constant is ayp = 3.86 A
with neglecting zero-point vibration, the bulk mod-
ulus B = 3.50 Mbar and the cohesive energy, Fcon,
is calculated to be 7.16 eV, which are also in reason-
able agreement with experimental values ag = 3.84 A,
B = 3.55 Mbar, E.,, = 6.94 eV,[22] and other calcu-
lations are listed in Table 1.

The obtained interlayer relaxations of the clean Al
(111) and the Ir (111) surfaces, A;; = (di; — d)/d x
100% between layers 7 and j with respect to the bulk s-
pacing (d = 2.334 A for Al and d = 2.224 A for Ir), are
shown in Table 1 for the two topmost atomic layers.
The positive value indicates that atoms stretch out-

ward, on the contrary, the negative value shows that

atoms contract inward. The obtained metal interlayer
distances are dis = 2.300 A and dos = 2.307 A for
the clean Al (111) surface, showing a contraction of
1.46% for d;5 relative to the Al bulk value and 1.11%
for the second interlayer distance. For the second in-
terlayer distances, which are in good agreement with
experimental values 2.1% and 0.6%, respectively.[27:28]
It indicates that there are certain relaxations on Al
(111) and Ir (111) surfaces and the effect of relaxation
of surface atom is weakened from the first layer to the

third layer.

3.2. Ar adsorption on metal surface

The values of binding energy E{? r/metal ond the
geometric parameters of the systems at the four high
symmetry sites, with respect to those of the free argon
atom, are displayed in Table 2. For fcc (111) struc-
ture, the two three-fold sites (fcc and hep sites), differ
in that the fcc site has a substrate atom directly under
it in the third layer and the hcp site has a substrate
atom directly under it in the second layer.

Table 1. Lattice constants, bulk modulus and relaxations of outermost layers for Al (111) and Ir (111) for

0.25 ML. d12 and d23 are the first and second metal interlayer spacings, respectively.

Surface ap/A B/Mbar Econ/eV di2/A das/A
Al (111) Experimental 4.05% 0.720° 3.39P
This work 4.00 0.700 4.00 2.300 2.307
Other calculations 4.044 0.7804 3.604
4.04¢ 0.705¢
Ir (111) Experimental 3.84¢ 3.55¢ 6.94¢
This work 3.86 3.50 7.16
Other calculations 3.85f 3.57" 7.45¢ 2.168 2.200
3.898 3.438

aRef. [20], PRef. [21],°Ref. [22], 9Ref. [23], °Ref. [24], fRef. [25], £Ref. [26].

Table 2. Calculated binding energies (in e€V), relative to those of a free Ar atom and the relevant geometric

parameters (in A) for Ar atomic adsorption at the four high symmetry sites (top, bridge, fcc- and hep-hollow

sites) for 0.25 ML. day_metal is the bond-length between Ar atom and the nearest metal atom. dp; is the vertical

height of Ar atomic to the topmost metal layer. Aj2 is the change in distance between the first interlayer and

the second metal interlayer and Aa3 is the change in distance between the second layer and the third interlayer.

(relative bulk spacings d = 2.334 A and d = 2.224 A, respectively).

Surface Site Ey/eV dAr—metal/A do1/A AN12(%) Na3(%)
Al (111) fce-hollow —0.538 3.810 3.460 -2.51 -2.39
Al (111) hcep-hollow —0.536 3.778 3.457 -2.83 -1.35
Al (111) bridge —0.506 3.763 3.512 —2.23 -1.18
Al (111) top ~0.534 3.444 3.444 ~1.89 ~1.31
Ir (111) fcc-hollow -0.401 3.852 3.530 -2.15 -0.71
Ir (111) hcp-hollow -0.493 3.802 3.460 -2.47 —0.58
Ir (111) bridge 0.375 3.984 3.739 2,02 ~0.81
Ir (111) top -0.393 3.517 3.515 —2.56 —0.58
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As shown in Table 2, the more stable sites for
Ar adsorption on Al (111) surface are the two three-
fold sites, and the fcc-hollow site is energetically most
favourable and has a corresponding binding energy of
0.538 eV at 0.25 ML. As is well known, the adsorption
for inert gas on surface is weak generally and the bind-
ing energy is about 0.434 eV, such as Xe adsorption
on Pd (111), which has an adsorption energy range of
0.36 €V-0.33 €V at the high symmetry sites,?? and Ar
adsorption on Pd (111) surface, which has a binding
energy of 0.159 eV at the most favourable site (the
top site) correspondingly.[2?) The results show that
this rule is also applicable to the case of Ar atom ad-
sorption on metal surfaces. And the favourable site is
consistent with that obtained from the corollary (the
on-top site preference for Xe, Kr and He adatoms, but
the two three-fold sites for Ne and Ar).?° Our calcu-
lations demonstrate that the binding energies of Ar
on Al (111) surface at the fce- and hep-hollow sites
are similar. For Ar at the hcp-hollow site, the bind-
ing energy is just 0.002 eV less favourable than that
This indicates that the most
stable site is the fcc-hollow site of Ar adsorption on
Al (111) surface, but the bond length of Ar at the
fcc-hollow site is 3.810 A (as compared with 3.778 A).
From this table, it can be seen that the situation of Ar

at the fcc-hollow site.

adsorption on Ir (111) surface is the same as that on
Al (111) surface and the two three-fold sites are more
stable than the top site and the bridge site. Instead,
the more stable site is the hcp-hollow site of Ar adsorp-
tion on Ir (111) surface and the corresponding binding
energy is 0.493 eV. The next stable site is the fcc-
hollow site and the binding energy is 0.401 eV, which
is 0.092 eV less favourable than that at the hep-hollow
site. This indicates that the most stable site of Ar ad-
sorption on Ir (111) surface is the hep-hollow site. The
more favourable adsorption site for Ar adsorption on
Ir (111) is also reflected by the bond-length of Ar—
Ir and the bond-length of Ar at the hcp-hollow site
is 3.802 A (as compared with 3.852 A). In order to
check the effect of the adsorption stability of surface
substrate, we need to relax the topmost three metal
layers (as compared with two metal layers) and fully
relax the Ar atom and we find that the effect on the
binding energy is almost negligible.

The calculated atomic geometries of the Ar/metal
structure are given in Table 2. Topmost interlayer s-
pacing relaxation with respect to the ideal interlayer
surface spacing, is A;; = (d;; —d)/dx100%. The posi-
tive (negative) sign for the substrate rumpling demon-

strates an outward (inward) displacement of the metal
atom under the Ar adatom. For argon adsorption on
Al (111) at the fcc-hollow site, i.e., the most favourable
site, the contractions of the topmost two interlayer s-
pacings are Ajs = —2.51% and Asz = —2.39% rela-
tive to those of the clean Al (111) surface and a rel-
ative bulk spacing is d = 2.334 A. Compared with
Ar adsorption on Ir (111) at the most favourable site,
i.e., the hcp-hollow site, the contractions of the top-
most two interlayer spacings are Ajp = —2.51% and
Agz = —2.39% relative to those of the clean Ir (111)
surface and a relative bulk spacing is d = 2.224 A.
The charge population properties for Ar adsorp-
tion on Al (111) and Ir (111) at the two three-fold sites
are discussed to further study the electronic structures
of the Ar/Al and Ar/Ir systems and the results are
detailed in Table 3. The Mulliken charge population
analysis is implemented to analyse the charge trans-
fer. It should be pointed out that this method has
a certain limitation, so the charge can be considered
only in qualitative concept. It can be seen from Ta-
ble 3 that the values of the charge transfer are positive
when Ar adsorptions on Al (111) and Ir (111) surfaces
take place at the two hollow sites, which indicates that
there is a charge transfer from Ar atoms to the near-
est neighbouring metal atoms, i.e., Ar atom behaves
as the electron donor and metal atoms as the elec-
tron acceptor. From Table 3, it can be seen that no
matter whether Ar appears at the fcc-hollow site or
hep-hollow site of Ar/Al system, the charge transfer
is unchanged. For Ar on Al (111) at the favourable
site (the fcc-hollow site), a charge transfer of 0.01 e oc-
curs from argon atom to the aluminum metal, similar
to that when Ar adsorption takes place at the hcp-
hollow site. Therefore, we know that the adsorption
situations of Ar on Al (111) at the two hollow sites
are very close. For Ar/Ir system, the charge transfer
is about 0.02 e when Ar adsorption occurs at the hcp-
hollow site, a same value of 0.02 e is seen for Ar at the
fce-hollow site. The results show that the adsorption
situations of Ar on Ir (111) at the two hollow sites
are similar. This indicates that the electron redistri-
butions of Ar on the two metal surfaces are similar to
those for Ar at each of the two threefold sites. As is
well known, when the electronegativity gradually in-
creases, its ability to attract electron increases grad-
ually. The electronegativity of the Ir atom is 2.20,
which is larger than the electronegativity of Al atom,
1.61,13% so Ir atom can easily obtain electron than Al
atom. The results are consistent with our calculations.
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Table 3. Mulliken charge populations (in e) of Ar adsorption on metal surfaces at the fcc- and

hep-hollow sites. The argon coverage is 0.25 ML.

Surface Site Ar-3s Ar-3p Charge
Al (111) Ar at fcc-hollow site 2.00 5.99 0.01
Al (111) Ar at hcp-hollow site 2.00 5.99 0.01
Ir (111) Ar at fce-hollow site 2.00 5.98 0.02
Ir (111) Ar at hcp-hollow site 2.00 5.98 0.02

The charge transfer situations of Ar on Al (111)
and Ir (111) surfaces at the two threefold sites are
also reflected from the difference electron densities
(Figs. 1 and 2). The white areas represent charge loss
and the black zones denote the charge accumulation.
The tangent plane is the (001) plane occupied by the
Ar atom and the nearest neighbouring metal atoms.
The difference electron density plots have almost the
same pattern of redistributions for Ar adsorption on
Al (111) and Ir (111) surfaces. The difference electron
density of Ar/Al system is shown in Fig. 1 and the dif-
ference electron density of Ar/Ir system is exhibited in
Fig. 2. It can be seen from Fig. 1 that there are some
situations of electronic loss and accumulation around
the Al atom. In addition, the charge density distri-
butions of Ar adsorptions on Al (111) surface at the
fce-hollow site and the hep-hollow site are very sim-
ilar. These characteristics are also reflected in Table
2. The binding energy of Ar on Al (111) at the hcp-
hollow site is just 0.002 eV less favourable than at the

Fig. 1. Difference electron density plots of Ar adsorption
on Al (111) at the two threefold sites (0.25 ML). The panel
(a) shows Ar at the fce-hollow site and panel (b) indicates
Ar at the hcp-hollow site.

Fig. 2. Difference electron density plots of Ar adsorption
on Ir (111) surface at the two three-fold sites (0.25 ML).
The panel (a) shows Ar at the fcc-hollow site and panel
(b) indicates Ar is at the hcp-hollow site.

fce-hollow site. For Ar/Ir system, there are also some
situations of electronic loss and accumulation around

the Ir atom. The difference is that the increase of
charge density of Ar at the hcp-hollow site is bigger
than at the fcc-hollow site. It indicates that the most
favourable site of Ar adsorption on Ir (111) surface is
the hep-hollow site.

In order to gain an insight into the electronic
structures of those systems, we consider the total den-
sity of states (TDOS) for argon atoms adsorbed on
Al (111) and Ir (111) surfaces with 0.25 ML coverage
at the four high symmetry sites, which are shown in
Figs. 3 and 4 respectively. For comparison, the TDOSs
for Al and Ir atoms near the Fermi level in the clean
Al (111) and Ir (111) surfaces are presented in Figs. 3
and 4, respectively, where the Fermi level has been
set to be zero. From Fig. 3 we can see that it mainly
consists of Al (111) 3p orbit. When argon atoms are
adsorbed on Al (111) surface, a prominent new peak
appears at about 20.5 eV below the Fermi level with
0.25 ML coverage, it is concluded that the contribu-
tion belongs to the 3s orbit of Ar atom; meanwhile, the
peak at the 6.5 eV below the Fermi level is enhanced,
owing to the 3p orbit of Ar atom. It is concluded that
the adsorption behaviour is dominated by the interac-
tion between the 3s, 3p orbit of Ar atom and the 3p
orbit of the base Al metal. We can see a strang overlap
of Al-3p and Ar-3p states at about 5.5 eV below the
Fermi level and an effective bonding between Al-3p
and Ar-3p states at about 6.5 eV below the Fermi lev-
el. However, there is a notable difference between the
two three-fold sites of the TDOS, i.e., the Al-3p states
for Ar adsorption at the fcc-hollow site (region from
~12.0 eV to +3.5 V) is slightly broader than that at
the hep-hollow site (region from —11.5 eV to +2.5 eV),
suggesting a greater hybridization of states for Ar at
the fcc-hollow site, which indicates that Ar adsorption
at the fcc-hollow site is more stable. The difference
in TDOS shows why Ar could be expected to be ad-
sorbed more favourably at the fcc-hollow site. From
Fig. 4, we can see that it mainly consists of Ir (111)
5d orbit. When Ar atoms are adsorbed on Ir (111)
surface, a prominent new peak appears about 18.5 eV
below the Fermi level with 0.25 ML coverage, it is
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Fig. 3. Total densities of states (TDOSs) for 0.25 ML of argon adsorbed on Al (111) at the four high symmetry

sites and the clean Al (111) surface for comparison. The energy reference is the Fermi energy (0 eV).
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concluded that it is due to the Ar-3s orbit; mean-
while, the peak at the 4.5 eV below the Fermi level is
enhanced, which is attributed to the Ar-3p orbit. It
indicates that the main interaction in the process of
Ar adsorption on Ir (111) surface comes from the 3s,
3p orbits of Ar atom and 5d orbit of Ir atom. Also we
can see a strange overlap of Ir-5d and Ar-3p states at
about 3.5 eV below the Fermi level and a greater hy-
bridization between Ir-5d and Ar-3p states at about
4.5 eV below the Fermi level. From this figure, we
also find that those TDOSs of Ar adsorption at the
four high symmetry sites very resemble. There is a
minor difference in TDOS between the two threefold
sites: the Ir-5d states for Ar adsorption at the hcp-
hollow site are higher than at the fcc-hollow site at
the Fermi level, which indicates that Ar adsorption at
hep-hollow site is more stable. From that we obtain
that Ar adsorptions on Ir (111) surface at the four high
symmetry sites are different from Ar adsorptions on Al
(111) surface. On Al (111) surface the fce-hollow site
is more stable and on Ir (111) surface the hep-hollow
site is more stable.

From the analyses of the electronic structures of
the Ar/Al (111) and Ar/Ir (111) systems, we find that
the Ar adsorptions on Al (111) and Ir (111) surfaces
at the two threefold sites are more stable than those
at the top and bridge sites with 0.25 ML. Difference
is that on Al (111) surface the fcc-hollow site is more
stable and on Ir (111) surface the hep-hollow site is
more stable.

4. Conclusions

In this paper, the physical and the electronic
properties of Ar adsorptions on Al (111) and Ir (111)
surfaces at the top, bridge, fcc- and hcep-hollow sites
with 0.25 ML are investigated systematically from first
principles within the generalized gradient approxima-
tion and a supercell approach. It can be seen that Ar
adsorptions at the two three-fold sites on those two
metal surfaces are more stable than at the top and
bridge sites. Our calculations demonstrate that Ar
adsorption at the fcc-hollow site on Al (111) is most
favourable and the corresponding binding energy is
0.538 eV. For Ar/Ir system, the most stable site of Ar
adsorption is Ar at the hep-hollow site, with a corre-
sponding energy of 0.493 eV. Furthermore, the total
densities of states (TDOSs) of Ar atoms adsorption-
s on Al (111) and Ir (111) surfaces are investigated.
The results are due mainly to the interaction between

orbits of Ar-3s, 3p and Al-3p orbit when Ar atoms are
adsorbed on Al (111) surface and the formation of sp
hybrid orbital. The Al-3p states for Ar adsorption at
the fce-hollow site are reflected broader, which shows
more effective hybridization of states. It indicates that
the Ar adsorption on Al (111) surface at the fce-hollow
site is more favourable. For the Ar on Ir (111) surface,
the results are due mainly to the interaction between
Ar-3s, 3p orbits and Ir-5d orbit, also we find that the
Ir-5d state at the hep-hollow site is higher than that at
the fcc-hollow site at the Fermi level. It indicates that
the Ar adsorption on Ir (111) surface at hep-hollow
site is more favourable.
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