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Abstract: The adsorption of low-coverage of F and Cl adatoms on the Mg (0001) surface was investigated using first-principles
calculations based on the density functional theory (DFT). The stability of the (2 % 2) structures formed by halogen atoms adsorbed at
different sites was determined. The difference between the adsorption of F and Cl on Mg (0001) surface was also discussed. The
calculation results show that hollow sites are the energetically most favorable at the low-coverage. It can be concluded from the
Mulliken charges and density of states that electrons transfer from the substrate Mg atoms to the adatoms, which leads to the
formation of adsorbate bond and further causes the stronger interaction between Mg atom and adatom. The interaction between Cl

and Mg atoms is weaker than the interaction between F and Mg.
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1 Introduction

As the lightest non-ferrous materials of the practical
metals, magnesium alloys have been widely used in the
fields of aerospace, automotive, electronic information
and civil appliances. However, magnesium alloys have
the highest chemical and electrochemical activities,
which lead to them prone to electrochemical corrosion in
the humid atmosphere and marine environment
containing the halogens [1]. The electrochemical reaction
on the magnesium surface is so fast that the atomic scale
study on the magnesium surface is difficult to solve by
experiments. First-principles calculations based on the
density functional theory have been confirmed to be a
powerful tool to accurately investigate the physical and
chemical properties of metal and compound surfaces
[2—5]. The calculations provide a possibility to explain
and predict the physical properties of surfaces which are
previously inaccessible by experiments. At present, the
investigation of adsorption on magnesium surface in

atomic scale is concentrated on the Mg (0001) surface
and atoms or small molecules adsorption on the Mg
(0001) surface [6,7]. At coverage 0.25 monolayer (ML),
K atoms adsorption on the surface at FCC-hollow site is
most favorable while a substitution of Na atom in place
of one of the Mg surface atoms is energetically most
favored [8,9]. As for H atoms and H,O molecule, H
atoms adsorption at the FCC-hollow sites and H,O
molecule adsorption at the on-top sites are most
favorable, respectively [10—12]. The compressive
(negative) strains facilitate the formation of the H-Mg—
H trilayers, a precursor of the transition to magnesium
hydride, due to the fact that the lattice constant of
H—Mg—H trilayer is shorter than that of pure Mg [13]. At
lower H absorption (less than one monolayer), H atoms
prefer to adsorb at on-surface FCC sites, and the bonding
strength increases with the absorption due to the
enhanced hybridization between H and Mg substrates
[14]. In the respect of oxygen atoms adsorption on the
Mg (0001) surface, it is found that there is a negative
dissociation barrier in the process of oxygen dissociation
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on Mg (0001) surface and oxygen monomer adsorption
to Mg (0001) is demonstrated to be on subsurface
[15-17].

Halogen atoms adsorption on simple metal surface
is considered a model for understanding more complicated
systems under acid conditions. The theoretical
investigations of halogen atoms adsorption and
co-adsorption on metals, such as Al and Si, have shown a
variety of phenomena that halogen atoms can form
strong ionic bonds with the metal atoms on the surface
[18]; adatoms will induce reconstruction of the substrate
surface [19]; the halogen atoms are absorbed on the
surface with no energy barrier [20]. Adsorption on
magnesium surfaces is far less studied experimentally, to
our knowledge. No atomistic first-principles calculations
for halogen/magnesium system have been performed so
far.

In this work, low-coverage (2 X 2) structures of
fluorine and chlorine adlayers on Mg (0001) surface are
investigated in order to obtain the adsorption position of
halogen atoms and the interaction between halogen
atoms and the Mg surface. The results are useful to
further study the corrosion mechanism of Mg alloy under
the environment containing halogens.

2 Computational

We applied first-principles methods based on the
density functional theory (DFT) implemented in
CASTEP (Cambridge sequential total energy package)
code [21]. Ultrasoft pseudo-potentials were employed to
represent the interactions between ionic core and valence
electrons. The exchange-correlation energy was
described by the generalized gradient approximation
(GGA) of PBE scheme [22].

The Monkhorst—Pack scheme was used for k-point
sampling in the first irreducible Brillouin zone (BZ). For
Mg primitive cell, we used 11 x 11 x 1 k-point mesh and
the maximum cutoff energy was 400.0 eV for plane wave
expansions after convergence tests. The optimized lattice
parameters of Mg were a=0.3212 nm, ¢/a=1.621, which
agreed well with the experimental values (¢=0.321 nm,
c/a=1.624) [23]. Based on the optimized Mg cell, we
calculated a series of Mg (0001) surface slabs consisting
of 1-9 atomic layers and vacuum region of 0.5-2.5 nm
in order to obtain reasonable parameters of the slab. For
Mg (0001) surface, we used 7 x 7 x 1 k-point mesh and
the maximum cutoff energy was 400 eV after
convergence tests (5 x5 x 1,6 x6x1,7x7x1,8%x8x
1 k-point meshes and 300, 350, 400, 450, 500 eV cutoff
energies were selected in the convergence tests; the total
energy in the case of 7 X 7 x 1 k-point mesh and 400 eV
cutoff energy is stabilized ). The difference of the surface
energies of the 7, 8 and 9 layers Mg (0001) surfaces with

1.5 nm slab is less than 0.08 J/m” and the relaxed 7-layer
Mg (0001) surface is more stable, which shows that the
suitable vacuum layer thickness and atomic layer number
are 1.5 nm and 7 for Mg (0001) surface, respectively.

Four topmost Mg atomic layers fully relaxed while
three lowermost Mg atomic layers were fixed in the
7-layer Mg (0001) surface slab with the vacuum
thickness of 1.5 nm. The calculated relaxations for the
four topmost atomic layers gave expansion of 1.98%,
1.02%, —0.36% and 0.004%, respectively. The three
upper layers in our calculated four topmost atomic layers
agreed well with the three topmost layers experimentally
measured values of 1.9%, 0.8% and —0.4% at 100 K [24].
We employed low-coverage of 0.25 monolayer of
fluorine and chlorine using a (2 x 2) Mg (0001) surface
structure (Fig. 1). As shown in Fig. 1, F and Cl atoms
were adsorbed on (2 x 2) Mg (0001) surface at four
different adsorption sites which are on-top, FCC-hollow,
bridge, and HCP-hollow, respectively. Adatoms and
atoms of four topmost Mg layers were relaxed until the
forces on all atoms were less than 0.001 eV/nm.

Fig. 1 Adsorption sites of Mg (0001) surface with 2 x 2 surface
unit cell (The adsorption sites marked by black dots appear
from the left to the right in the following order: on-top,
HCP-hollow, bridge and FCC-hollow)

The adsorption energies of different on-surface
atoms sites are calculated from the following difference
of total energies:

E\=(Ename0001yEmgo001yEnar) (D

where Hal denotes halogen (F or Cl); E, is the
adsorption energy of halogen adsorbed on Mg (0001)
surface; Euaymg 0001y and Enig 0001y are the total energies of
the adsorbate covered Mg (0001) slab and a clean
relaxed Mg (0001) slab, respectively; Ey, is the total
energy of a free halogens atom. Positive adsorption
energy of absorption system corresponds to an exothermic
process and a more stable halogen/Mg(001) surface than
the clean Mg (0001) surface. Greater adsorption energy
means a stronger adsorption action of halogen
atoms-surface and a more stable adsorption structure.

The work function is the important properties of the
metal surface. The work function @ is a measurement of
the minimum energy required to extract an electron from
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the surface of a solid and is defined as [25]
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where A¢ is the change in electrostatic potential across
the dipole layer created by the spilling out of electrons
on the surface and the value for Mg is 3.67 [25]; u is
the chemical potential of the electrons in the bulk metal
reative to the mean electrostatic potential; A is the bulk
Fermi wave number; x is the exchange and correlation
part of the chemical potential of an infinite uniform
electron gas of density n ; FE,. is the exchange and
correlation energy per particle of the uniform gas; y is
the Wigner—Seitz radius and y; of Mg is 2.65 [25].

The change in work function (A®) can well
describe charge transfer caused by the adsorption. Based
on the Helmholtz equation, the relationship between
dipole moment up and A® is [26]

up=(121) "AAD/O 3)

where A4 is the surface area of the (1 x 1) Mg(0001) with
the unit of A% 6 is the coverage and 6=0.25 in this work.

The effective radius of the adsorbate is calculated as
follows:

rad:dnn_ng (4)

where d,, is the adsorbate bond length and 7y, is the
metallic radius of bulk Mg (1.56 A) [27].

3 Results and discussion

3.1 Fon Mg (0001) surface
3.1.1 Adsorption energy

The calculated adsorption energies of F atom at
different adsorption sites are listed in Table 1. It can be
seen from Table 1, the differences of adsorption energies
of F atom in FCC-hollow, HCP-hollow and bridge sites
are very small and remain within 0.18 eV. For
low-coverage considered here, the adsorption energies of
the FCC-hollow and HCP-hollow sites are similarly
equal to 6.54 eV. The adsorption energy of F atom in the
FCC-hollow or HCP-hollow sites is the highest while
that in the on-top site is the lowest, indicating that the
two hollow sites should be most favorable and the least
favored adsorption position is the on-top site at 0.25

monolayer coverage. It is noted that the adsorption
energy decreases with the F coordination number Cr in
FCC-hollow (C¢=3), HCP-hollow (Cy=3), bridge (C¢=2),
and on-top (Cg=1) site. For the hollow-site adsorption of
F atom, the F atom will interact with three Mg atoms and
the adsorption energy is the sum of the interactions of
one F atom and three Mg atoms. The interaction atom
number of Mg is reduced to 2 and 1 when F atom
adsorbs at bridge and on-top sites, respectively,
indicating that the adsorption energy decreases due to the
reduced interacted atom number.

Table 1 Adsorption energy, adsorbate height z,4, bond length
dy,, change in work function A®, dipole moment up and
adatom effective radius r,q for F atom

Site Ead/eV Zad/A dnn/A AD/eV /,tD/D rad/A
FCC 6.54 091  2.09 0.01 0.01  0.53

HCP 6.54 091  2.09 0.02 0.02 0.53
Bridge  6.36 0.78 198 0.09 0.09 042
On-top  5.49 0.61 1.83 0.16 0.15 0.27

3.1.2 Geometric structure

The adsorbate height which is defined as a vertical
distance between the adsorbate and the average position
of the top Mg atomic layer, decreases followed by the
order: hollow, bridge and on-top structures from Table 1.
The calculated adsorption energies of F in FCC-hollow
and HCP-hollow sites are similar to the others. This
means that their vertical distances of the adsorbate to the
surface (z,q) should be nearly the same. Both of the
adsorbate heights of F atom in FCC and HCP-hollow site
are 0.91 A. The bond length of F adsorbed in the
FCC-hollow and HCP-hollow site on Mg (0001) surface
is 2.09 A. For the bridge and top-site adsorption, the
bond lengths are 1.98 A and 1.83 A, respectively, and
they are smaller than hollow-site adsorption which is
related to the adsorption site. In hollow-site adsorption
the F atom is located upon the center of the triangle
formed by three Mg atoms in uppermost Mg atomic layer,
while the F atoms are located upon the center of two Mg
atoms and one Mg atom in the bridge and top sites,
respectively. Although the adsorbate moves close to the
uppermost Mg atomic layer, the adsorbate height in
hollow-site adsorption is still higher than that in bridge
and top sites. So, the bond length in hollow-site
adsorption is larger than that in bridge and top sites.

As an important property of the metal surface, the
calculated work function of the clean Mg (0 0 0 1)
surface is 3.33 eV which is slightly smaller than the
experimental result of 3.66 eV [28]. Generally, the work
function calculated by GGA method is slightly smaller
than that by the LDA method or experimental value [29].
With adsorption of F atom, the work function and the
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dipole moment per adatom increase. The reason for the
increase of the work function with adsorption of F atom
is that, when the F atom adsorbed on the Mg (0001)
surface, electrons transfer between the Mg surface atoms
and F atom, causing that the F adatom has negative
charges and Mg (0001) surface possesses positive
charges, thereby forming a surface dipole moment. The
largest increase of work function is noticed for
adsorption at the on-top site, while the smallest increase
occurs at the FCC-hollow site which is approximately
1/20 that at the on-top site.

The ionic binding between F and Mg atoms
obviously shortens the effective atomic radius of F (r5)
which is 0.57 A [30]. Since a strong ionic bond is formed
between Mg atom and F atom, the two atoms close each
other under the binding force, resulting in the effective
atomic radius of F atom decreasing. The effective radius
of the adsorbate varies from 0.53 A at FCC-hollow site
to 0.27 A at on-top site.

The difference of changes in the middle two Mg
atomic positions within the same layer in Fig. 2 is less
than 0.01 A, and thus the lateral Mg atoms are not
considered in this work. In response to the presence of
the adsorbate atom, the three atoms of each relaxed layer
of Mg (0001) surface move vertically together with the
corresponding adsorbate atom. The rumples of Mg layers
when F atom adsorbed at different adsorption sites on the
p (2 x 2) Mg (0001) surface are shown in Fig. 2. The
adsorption in different adsorption sites leads the

@60 0O
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000

Fig. 2 Rumpling pattern for different adsorption positions of F
atom on Mg (0001) surface: (a) FCC-hollow; (b) HCP-hollow;
(c) Bridge; (d) On-top (The horizontal lines indicate average

position of each atomic layer; the arrows indicate the vertical
displacements of particular atomic positions (A) relative to the
average layer distance.)

interlayer distance to change. The interlayer distance
refers to the average position of the relaxed Mg atomic
layer.

For F adsorption at FCC- and HCP-hollow sites, all
interlayer separations contract and there are two nearest
neighbor and one secondary neighbor Mg atoms on the
topmost layer around the F adatom as shown in Fig. 2.
The interaction between F adatom and Mg atoms is
different, that is, the two nearest neighbor Mg atoms are
pushed up by 0.06 A while the secondary neighbor Mg
atom is pushed down by 0.12 A. By calculating the
root-mean-square deviation (RMSD), the distances of d|,
dy3, d34 and dys (the changes of two adjacent Mg atomic
layers by relaxation) are contracted slightly by 3.02%,
0.39%, —0.39% and 0.39%, respectively.

F adsorption at the bridge site leads to a decrease of
the topmost interlayer as well and the contraction is 0.01
A smaller than that of FCC- or HCP-hollow. The
distance of d), contracts by 2.64% while the distance of
d»; is unchanged. For the on-top site adsorption, the
uppermost layer increases by 1.13% (0.03 A) and there is
a very small expansion of dy4 and dys.

It also can be seen from Fig. 2, different from the
Na and K adsorption on the Mg (0001) surface [8], in all
considered cases the F atom pushes up the nearest Mg
atoms while the furthest away Mg atoms are pushed
down. The changes in the relaxation of deeper layers are
much smaller.

3.1.3 Net Mulliken charge

The formation of the Mg (0001) surface induces the
changes in the charges of surface atoms with respect to
bulk Mg. According to the Mulliken population analysis
[31], we obtained the atomic charges on the clean Mg
(0001) and F/Mg (0001) surface. The results are listed in
Table 2.

Table 2 Net Mulliken charges for F atom adsorption on Mg
(0001) surface

Adsorption site Clean Mg
Atom  Layer
FCC HCP Bridge On-top (0001) surface
First 0.80 0.80 0.75 0.64 -0.12
Mg Second 0.09 0.09 0.05 0.06 0.12

atomic  Third 0.02 0.02 0.02 0.03 0

Forth —0.04 —0.04 —0.04 —0.04 —0.04
F atom -0.75 -0.75 -0.73 -0.71

For the clean Mg (0001) surface, the charges of the
first, second, third, and forth Mg atomic layers are —0.12,
0.12, 0, and —0.04, respectively. When F atom is
adsorbed on the (0001) surface, the charges on the
surface are distributed again. It is obvious that the charge
of the first Mg atomic layer increases obviously, while
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the charges of the second and third Mg atomic layers are
slight and the charge of the forth Mg atomic layer is
unchanged from Table 2. This indicates that the electron
charge mainly transfers from the uppermost Mg atomic
layer to the adatoms. For the hollow-site adsorption of F
atom, the charge of the first Mg atomic layer is 0.80,
while the charges reduce to 0.75 and 0.64 in the bridge
and top sites adsorption, respectively. The change trend
in charge is similar to that in adsorption energy. The
negative charges of F atoms also indicate the ionic
character of F—Mg bond.

3.1.4 Density of states

The partial density of states (PDOS) for the clean
Mg (0001) surface and F adsorption on Mg (0001)
surface are shown in Fig. 3 (a). For the clean Mg (0001)
surface, the PDOS is composed of one evident band
ranging from —7 eV to Fermi level which is dominated
by Mg 3s and 2p orbitals.

In the case of F adsorption on Mg (0001) surface,
the hybridization arises between F 2p orbital and Mg 3s
orbital from —7 eV to the Fermi level. The Mg 3s orbital
is full-filled with electrons while the F 2p orbital is
unfilled, which lead to electrons transfer from Mg 3s
orbital to F 2p orbital and final form adsorbate bonds.
For F adsorption in FCC- or HCP-hollow, the
hybridization between F 2p orbital and Mg 3s orbital
from —7 eV to the Fermi level causes the band of isolated
F atom broadening, further forming bonding state and
anti-bonding state from —7 eV to Fermi level, as shown
in Fig. 3 (b). The difference between the DOS of the
clean and the adsorbate-covered surfaces (AN) (AN>0
means bonding states mentioned by TODOROVA et al
[32]) clearly reveals the F-Mg bonding and anti-bonding
states. For F atom adsorption at hollow site, the bonding
state is mostly occupied by electrons in Fig. 3(b),
indicating that the interaction between F and Mg atoms is
strong and the adsorption energy of F adsorption in
hollow-site is up to 6.54 eV. For the bridge-site
adsorption, the bonding state and anti-bonding state
move close to Fermi level. Moreover, the peak intensity
of bonding state is weakening, revealing that the
interaction between F and Mg atoms is weaker than that
between FCC- and HCP-hollow sites. The adsorption
energy of F adsorption at bridge site reduces to 6.36 eV.
The adsorption of F at on-top site leads to an
obvious change in DOS that the peak intensity of
bonding state is the weakest and not evident. This
indicates that the interaction between F and Mg atoms is
the weakest with the adsorption energy dropping to 5.49
eV at on-top site.

3.2 Cl on Mg (0001) surface
3.2.1 Adsorption energy
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Fig. 3 Partial density of states of clean Mg (0001) surface and F
adsorption on Mg (0001) surface at different adsorption sites (a)
and corresponding differences of DOS (b)

In order to obtain a chemical trend for different
halogens, a similar series of calculations were repeated
for chlorine adsorbate. The calculated adsorption
energies of Cl atoms adsorbed at different sites are
shown in Table 3. Similar to F atoms, the two more
favored positions for Cl atoms adsorption are FCC- and
HCP-hollows. Compared with the adsorption of F atom,
the adsorption energy of Cl atom at corresponding
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adsorption site is smaller than that of F atom, and the
larger radius of Cl (steric) and less electronegativity
compared with F can be attributed to the difference of
Mg—Cl and Mg—F, indicating that the interaction
between Cl and Mg atoms is weaker than that between F
and Mg atoms. The decrease trend of adsorption energy
with the Cl coordination number C¢; is followed by 3
(FCC-hollow), 3 (HCP-hollow), 2 (bridge), and 1
(on-top).

Interestingly, compared with the adsorption of F
atom, the adsorption energy of Cl atom at corresponding
adsorption site is smaller than that of F atom, indicating
that the interaction between Cl and Mg atoms is weaker
than that between F and Mg atoms. It also reveals that
the binding between F atom and Mg (0001) surface is
stronger than Cl atom. This suggests that MgF,
protective film is easier to form and more stable than
MgCl, on Mg surface, and further the corrosion velocity
of Mg alloy in F-containing solution is smaller than that
in Cl-containing solution. It is agreement with the
corrosion behaviors of Mg—Li alloy [1] and AZ91D
magnesium alloy [33] in F, CI, Br and I halide solutions,
which increases in the order of F<I<Br< Cl.

Table 3 Adsorption energy, adsorbate height z,4, bond length
dy, change in work function A®, dipole moment up and
adatom effective radius 7,4 for CI atom

Site  E,/eV  z/A  dy/A  ADEN  up/D  rd/A
FCC 646 146 249 012 011 0.93
HCP 646 146 248  0.15 014 092
Bridge 621 138 242 015 014 092
On-top 521 131 236 022 021 086

3.2.2 Geometric structure

The height of adsorbed Cl atom, bond length,
changes in work function, dipole moment and effective
radius are presented in Table 3. At both F and Cl on-top
sites adsorption, the work function changes and dipole
moments are the largest among all four adsorption sites
considered. For a bridge site the values of A® and up are
the second larger followed by HCP-hollow site, and
FCC-hollow site possesses the least values.

The degeneracy in the adsorption energy of the Cl
adsorbate in hollows, bridge and top sites is also
reflected in the corresponding geometric structures. As
can be seen in Table 3, the adsorbate height is almost the
same for hollows, bridge and on-top sites with a
difference within 0.15 A. The adsorption height and
bond length of Cl adsorption on Mg (0001) surface are
larger than those of F adsorption on Mg (0001) surface,
while the adsorption energy is opposite. This reveals that
the adsorption affinity of F atom on Mg (0001) surface is
larger than that of Cl atom in the corresponding

adsorption position. For Cl/Cu (111) system the
adsorption height and bond length for FCC-hollow are
1.86 A and 2.144 A, respectively [34]. Generally, for
Cl/Mg (0001) system the adsorption height for
FCC-hollow position is lower by about 0.4 A than that
for Cl/Cu(111) system. The bond lengths for Cl/Mg
(0001) and Cl/Cu (111) systems are very similar. It is the
longest for FCC-hollow and the shortest for on-top site.

The effective radius of Cl adsorbate depending on
the corresponding site is bigger than that for F/Mg
(0001) system. According to the adsorption energy,
absorption height and bond length, the ionic binding
between F and Mg atoms is larger than that between Cl
and Mg atom. The atomic radii of F and Cl atoms are
0.57 A and 0.97 A [35], respectively; the effective radii
of F and Cl atoms are 0.53 A at 0.93 A at FCC-hollow
site adsorption, respectively. The effective radii of F and
Cl atoms decrease by 6.49% and 4.54%, respectively.
The reported values of effective radius for K/Mg (0001)
and Na/Mg (0001) [8] are larger than those for F/Mg
(0001) and ClI/Mg (0001). This is due to a larger atomic
radius of K and Na compared with F and Cl.

Similar to the F adsorption on Mg (0001) surface,
the variations in the average interlayer distance are
limited to the uppermost layer. For the ClI/Mg (0001)
system the model of Mg atomic layer relaxations is
different for each layer. Both F and Cl adsorptions at
FCC-hollow site (Fig. 2(a) and 4(a)) cause the
largest rumpling of the uppermost layers. From Fig. 4,

Fig. 4 Rumpling pattern for different adsorption positions of Cl
atom on Mg (0001) surface: (a) FCC-hollow; (b) HCP-hollow;
(c) Bridge; (d) On-top (The horizontal lines indicate average
position of each layer. The arrows with number indicate the
vertical displacements of particular atomic positions (A)
relative to the average layer distance)
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Cl adsorption in FCC-hollow causes the nearest Mg
atoms to push up by 0.06 A while the furthest away Mg
atom to push down by 0.16 A. The rumpling of the
uppermost Mg atomic layer is the largest (0.22 A) at the
considered sites, followed by HCP-hollow (0.17 A),
bridge and on-top sites (0.14 A). Although the
contractions of deeper layers are slightly increased or
decreased, the changes in the relaxation of deeper layers
are still much smaller relative to the uppermost layer.
3.2.3 Net Mulliken charge

As the same as F adsorption on Mg (0001) surface,
the charge of the first Mg atomic layer in the hollow-site
adsorption of Cl atom possesses the largest value
followed by the bridge and top sites (Table 4). However,
the electronegativity of F (3.98) is greater than that of Cl
(3.16) [36], resulting in the fact that F atom obtains
electrons from Mg atom easier than Cl atom when these
two halogens adsorbed on Mg (0001) surface. So the
charge of F atom adsorbed on the surface is more
negative than that of Cl atom. The more negative charge
also indicates that the bond length of F—Mg is shorter
than that of C1-Mg as listed in Table 1 and Table 3.

Table 4 Net Mulliken charges for Cl atom adsorption on Mg
(0001) surface

Adsorption site Clean Mg
Atom  Layer
FCC HCP Bridge On-top (0001) surface

First 0.62 0.62 0.60 0.56 —-0.12
Mg Second 0.04 0.04 0.03 0.02 0.12
atomic  Third 0.03 0.03 0.02 0.02 0

Forth —0.04 —0.04 —0.04 —0.04 —-0.04
Cl atom -0.51 -0.51 —0.50 -0.48

3.2.4 Density of states

Figure 5(a) shows the partial density of states
(PDOS) for the clean Mg (0001) surface and CI
adsorption on Mg (0001) surface. Similar to the F
absorbate, for Cl adsorption on Mg (0001) surface, the
hybridization from —6.4 eV to Fermi level between the
full-filled Mg 3s orbital and the unfilled CI 3p orbital
leads to forming adsorbate bonds. From CI adsorption in
FCC- and HCP-hollows, bridge to on-top sites, the
bonding state moves to Fermi level as shown in
Fig. 5(b). The peak intensity of bonding state decreases
and the area of bonding state reduces, revealing that the
interaction between Cl and Mg atoms is weakening and
the weakening trend is FCC-hollow, HCP-hollow, bridge
and on-top sites. Moreover, PDOS of the Cl 3p orbital
below the Fermi level were also analyzed. It is found that
the bonding electron numbers of the CI 3p orbitals at
FCC- and HCP-hollows, bridge, and on-top sites are
5.833, 5.830, 5.801 and 5.799 between —6.4eV and the
Fermi level, respectively. Larger bonding electron

number corresponds to stronger charge interaction [37],
that is, the stability of adsorption structure should be
more stable. Hence, the adsorption energy of Cl
adsorption in FCC-hollow is 6.46 ¢V and reduces to 5.21
eV in on-top site.
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Fig. 5 Partial density of states of clean Mg (0001)surface and
Cl adsorption on Mg (0001) surface at different adsorption sites
(a) and corresponding differences of DOS (b)

4 Conclusions

1) The hollow site is the energetically most
favorable for the F and CI adatoms considered with the
adsorption energies of 6.54 eV and 6.46 eV, respectively.
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2) The adsorption energy of Cl atom at the
corresponding adsorption site is smaller than that of F
atom, which indicates that the interaction between Cl and
Mg atoms is weaker than that between F and Mg atoms
and the bond length of F—Mg is shorter than that of
Cl—Mg.

3) It can be concluded from the Mulliken charges
and density of states that the electron transfer from the
substrate Mg atom to the adatom leads to the formation
of adsorbate bond, which further causes the stronger
interaction between Mg atom and adatom.
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