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Abstract — The adsorption effects of atomic N on atomic
configurations, bonding characteristics, and electronic
structures of MgO(001) surface are investigated by
performing the plane-wave pseudopotential calculations
within the density functional theory. After structure
optimizations, it is found that not only the stability of N but
the surface distortions are deeply dependent on the relative
position of the adsorbed N atom to the surface. Based on the
analysis of energy band structures, projected densities of
states and electron densities difference of the surface atoms, it
is revealed that the N-induced electron states are closely
related to electron transfer from the adsorbed N to the surface.
Qur results suggest that atomic N adsorption would improve
the catalytic activity of pure MgO(001) surface.
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I. INTRODUCTION

Nitrogen (N) doping of oxides materials have been paid
to much attention in recent years because of its extensive
application in the field of photocatalysts, remediation and
solar energy conversion [1-4]. Along with the various oxide
materials mentioned above, N-doped MgO is also receiving
extensive research interests due to its functional application
in potential spintronics devices [5-8]. Experimentally, Liu
et al. [5] reported that the nitrogen doping is considered to
be the main origin of ferromagnetism from the
microstructure, optical property and magnetism of nitrogen
ion implanted MgO single crystals. Theoretically, Nickel et
al. [6] has found that the appearance of the localized gap
states is caused by N, molecule incorporation into bulk
MgO. Afterwards, Pacchioni et al. [7] investigated the
defect nature of nitrogen-doped bulk MgO, which indicates
that both substitutional and interstitial N introduce magnetic
impurities in bulk MgO and generate new energy levels at
about 0.5-1.7 eV above the top of the MgO valence band.
Additionally, Kim et al. [8] have explored the magnetic
properties of ultrathin C and N layers on MgO(001) surface,
which shows that the free standing C layer has a
ferromagnetic (FM) ordering, while the free standing N
layer with the same coverage displays an antiferromagnetic
(AFM) state. In general, the presence of nitrogen adsorbates
on oxide surfaces would influence the defect formation,
surface reconstruction, and chemical reactions at the
surface. For instance, atomic nitrogen adsorption on the
Ti02(110) and SrTi03(001) surfaces would give rise to both
remarkable surface distortions and the significant change of
electronic properties [9, 10]. To the best of our knowledge,
there is very little theoretical investigation on N-adsorbed
MgO(001) surfaces so far. In the present work, the
adsorption effects of atomic N on the atomic configurations,
bonding characteristics, and electronic structures of

MgO(001) surface are studied by using the plane-wave
pseudopotential calculations based on the density
functional theory.

II. COMPUTATIONAL DETAILS
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Fig. 1. Schematics of the computational cell for the N-
adsorbed MgO(001) surfaces. (a) is the side view of the
surfaces; (b) and (c) display the atomic structure of the
(001)MgO surface layers. The green and red spheres are
corresponding to Mg and O atoms, and the different
adsorption sites (Mgs, Os and interstice) on the surface
layer are marked by the black arrows and dash circles.

First-principles calculations have been successfully used
in the microscopic understanding of the structural and
electronic properties of MgO surfaces [11, 12]. In the
present study, the plane-wave pseudo-potential(PWPP
calculations are performed within the density functional
theory by using the CASTEP code [13]. The generalized
gradient approximation (GGA) was used for all the atomic
calculations and the formation of the pseudo-potentials[14,
15]. The most frequently used functional form of the GGA
is PWO91 [16], which have been proven to be well working
[17]. The MgO(001) surface system was represented by 2x2
supercell models with three-dimensional periodicity as
schematically illustrated in Fig. 1(a), in which the slab of
MgO(001) surface was consisting of seven atomic layers
with alternating atomic planes as shown in Figs. 1(b) and
1(c). Fig. 1(a) shows the atomic structure of pure MgO(001)
surface and the N-adsorbed surfaces are defined by the
different N adsorption sites (Mgs, Os, and interstice (dashed
circle)) on the surface layer, respectively, as displayed in
Figs. 1(b) and 1(c). Furthermore, it should be pointed out
that MgO(001) surface slabs with seven atomic layers were
large enough to describe the electronic structures of atomic
adsorption on MgO(001) surfaces [11]. Moreover, the 2x2
MgO(001) surface supercell is labeled by the mirror-
symmetrical slabs with the central layer, in which the
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surface slab is sandwiched by two vacuum layers (14 A),
the thickness of which sufficiently is large to avoid spurious
interactions between the periodic images of the supercell
perpendicular to the surfaces [12]. In the present
calculations, the plane-wave energy cutoff is set to 350 eV.
The 6x6x1 Monkhorst-Pack k-point meshes [18] are used
in the Brillouin zone integration. All the atoms in each
supercell are relaxed until the total energy difference
between two steps is smaller than 1x10-5 eV/atom. The
total energy is minimized by means of a conjugate gradient
technique [19]. The Vanderbilt ultrasoft pseudopotentials
[20] of different types of atoms in each supercell are taken
to determine the appropriate plane-wave basis set. The
density-mixing scheme based on the Pulay algorithm [21]
is used for self-consistent-field (SCF) calculation, in which
the SCF tolerance is set at 1x10-6 eV/atom. After geometry
optimizations, the remaining forces on the atoms are less
than 0.03 eV/A, and the remaining stress is less than 0.05
GPa. For a consistent comparison, all of the MgO(001)
surface supercells have been fully relaxed, not only in the
vertical direction but also within lateral relaxation of atoms.

Table 1. Lattice constants a,, bulk modulus B, and band
gap of MgO according to earlier experiments and recent
calculations based on various methods.

B Band
Methods ao(A) ( GI:a) Gap References
(eV)
Experiment. 0.4210 160 7.83 22,23
FP-KKR?® 0.4248 153 24
TB-LMTO"  0.4160 5.20 25
FP-LAPW®¢ 0.4165 171 5.00 26
PWPP-GGA 0.4301 177 4.94 This study

“Full potential Korringa-Kohn-Rostoker Green’s function
® Tight-Binding Linear muffin-tin orbital method
°Full potential linear augmented plane-wave method

To examine the above-mentioned parameters, we first
employed the PWPP-GGA method to calculate the
structural properties for bulk MgO. Table 1 lists the
calculated and experimental lattice constants, bulk modulus,
and band gaps of bulk MgO. The calculated crystal lattice
constants and bulk modulus agree well with the
experimental [22-23] and other theoretical values [24-26],
although our calculated band gap of bulk MgO (4.94 eV) is
much less than the experimental value (7.83 eV) which is
typical for DFT calculations. Accordingly, in this work, the
PWPP-GGA calculations within the density functional
theory are performed to investigate the electronic structures
of N-adsorbed MgO(001) surfaces.

III. RESULTS AND CONCLUSIONS

For the N-adsorbed MgO(001) surfaces, the adsorption
energy of N, Eaqs, can be calculated by
Eads = EN-ads _EPerI'c:cl _le(Nz) (1)
whereEn-ads and Eperrect are the total energies of N adsorption
and perfect surface supercell after structure optimizations,
respectively. E(N») is the total energy of an isolated N,
molecule. In Eq. (1), the adsorption energy Faqs is defined
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negative for the adsorbed N atom on the MgO(001) surface.
As we know the shortcoming of the density functional
theory method tends to overestimate binding energies.
Accuracy of binding energies depends on the choice of the
exchange and correlation functional, leading to
discrepancies in absolute values. In the present study, we
are interested in the qualitative trends of the adsorption and
substitution energies, and not in absolute values, therefore
not interfering in the main conclusions of this work.Table 2
lists the adsorption energies and the distances between the
adsorbed N atom and different adsorption sites on the
surface layer. For the adsorbed N on MgO(001) surface,
interstice site is the most stable site since it has the highest
adsorption energy and the smallest distance. Besides, it is
worth noting that Os are more favorable sites than Mg,
which implies that the adsorbed N atom would like to bond
to O atom on the surface.

Table 2. Adsorption energies (Eags) and atomic distances
(Ds) between the adsorbed N anddifferent adsorption sites
on MgO(001) surface after structure optimizations.

AdsorptionSites Eads D;s (A)
Models #) (eV/atom) (N and #)
B Mg -0.48 2.06
C 0 -1.35 1.48
D Interstice -1.69 1.12
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Fig. 2. Optimized atomic structures of the N-adsorbed
MgO(001) surface, in which (a), (b), and (c) are the side
view of the N adsorbed on Mgs, Os and interstice on the

surface only shown in the surface layers respectively;
while (d), (e), and (f) are the top view of the N adsorbed

on different adsorption sites corresponding to (a), (b), and

(c), only displayed in two atomic layers of MgO(001)

surface, respectively.

Fig. 2 shows the optimized structures of the N-adsorbed
MgO(001) surface. It is clearly shown that the presence of
the adsorbed N on the surface causes the surface distortions
in different degrees. For the adsorbed N on Mgs in Figs. 2(a)
and 2(d), it is seen that there is no obvious surface
distortions, while the distance (2.06 A) between N and Mg
is much larger than that (1.48 A (1.12 A)) between N and
O (interstice) in Figs. 2(b) and 2(c). For the adsorbed N on
Os in Figs. 2(b) and 2(e), it can be found that the O, atom
deviates from the surface layer and moves down along the
[001] direction, which result in the distance (1.48 A)
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between N and O is little larger than that (1.48 A) between
N and interstice in Fig. 2(c). For the adsorbed N on
interstice in Figs. 2(c) and 2(f), it is observed that the
nearest two Oy(Mgs) atoms of the interstice are slightly
displaced away from the interstice site, which implies that
the adsorbed N will interact with both two Os (Mgs) atoms
on the surface. Therefore, all of above make the interstice
more favorable site for the adsorbed N than other adsorption
sites on MgO(001) surface.

LR
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Fig. 3. Band structure of MgO(001) surfaces with and
without atomic N adsorptions. Herein, (a) stands for pure
surface; (b), (c), and (d) are the N-adsorbed surfaces
corresponding to different adsorption sites (Mgs, Os and
interstice) on the surface layer, respectively. Note that N-
induced electron states are denoted by black arrows, and
the Fermi energy level is represented by the black dot-line.
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To understand the fundamental properties of the N-
adsorbed surface, Fig. 3 presents the band structure of the
pure and N-adsorbed MgO(001) surfaces. For the pure
surface in Fig. 3(a), it can be seen that thetop ofthe valence
bands is at the Zpoint of the Brillouin zone, which mainly
comes from the 2p orbitals of the surface oxygenatoms. The
two lowestconduction bands are degenerateat the Z point of
the Brillouin zone,whichare predominantly contributedby
the 2p orbitals of the surfaceoxygen atoms and 2s, 2p
orbitals ofthe surfaceMg atoms. Therefore, the direct band
gap of pure MgO(001) surface will be about 4.53 eV since
there are no surface distortions in the pure surface (not
shown in this paper). These characteristics of band
structures for pure MgO(001) surface agree well with bulk
MgO [25, 26], although the band gap of pure MgO(001)
surface is less than that (4.94 eV) of bulk MgO listed in
Table 1.

For the surface with N adsorbed on Mg; in Fig. 3(b), the
most important characteristic is that atomic N adsorption
causes two narrow hybrid bands just across the Fermi level,
while there is almost no change in the conduction band
structures. This is because that in this case the structural
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distortion caused by N adsorption is very small as shown in
Figs. 2(a) and 2(d). However, it is notable that the two
lowest conduction bands become nondegenerate at the Z
point of the Brillouin zone as compared with the pure
surface. In addition, the band gap in this case is 4.49 eV just
little less than that (4.53 eV) of the pure surface, which
indicates that the electronic properties of MgO(001) surface
with N adsorption on the surface Mg atoms is very similar
with that of the pure surface.
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Fig. 4. PDOSs of different atoms on the surface layer in
the N-adsorbed MgO(001) supercells, where (a), (b), and
(c) are corresponding to the different adsorption sites
(Mgs, Os and interstice) on the surface layer, respectively.

For the surface with N adsorbed on Os in Fig. 3(c), it is
also clearly observed that two narrow hybrid bands with 2p
character of N and Os appear right across the Fermi level,
while the two lowest conduction bands become
nondegenerate at the Z point of the Brillouin zone.
Moreover, it should be noticed that the presence of two
narrow hybrid bands in the valance bands region (around -
7.5 eV), which mainly come from 2p orbital of the adsorbed
N and Os with the vertical movement into the surface layer
as shown in Fig. 2(b), suggests that the hybridization effects
in valance bands between 2p orbital electrons of the
adsorbed N and Os atoms would become stronger than that
of the pure surface. All of above makes the bad gap (3.46
eV) in this case much less than that of the pure surface,
which could lead to change in the insulating nature of the
pure surface, such as the photocatalytic activity of MgO
film [11, 12].

For the surface with N adsorbed on the interstice in Fig.
3(d), it can be found that the total band structures are very
different from that of the other surfaces. This is because in
this case that atomic N adsorption leads to obvious change
in not only the structural symmetry of this system but also
the atomic configuration of the surface as displayed in Fig.
2(c) and (f). More importantly, it is worth noting that there
are three narrow hybrid bands around the Fermi level,
predominantly contributed by hybridization interactions
between 2p orbital electrons of the adsorbed N and two O
atoms on the surface layer, which means that in this case the
surface could become metallic in contrast to that of the pure
surface.

To further explore the electronic structures of the N-
adsorbed surface, Fig. 4 shows the calculated projected
density of states (PDOSs) of the surface atoms. For the
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surface with N adsorbed on Mgs in Fig. 4(a), it is seen that
the very sharp peak of the N 2p states just around the Fermi
level is coincide with the weak peak of the O 2p states,
which implies that the hybridization effects between the 2p
states of N and Os result in the appearance of two narrow
bands just across the Fermi level as presented in Fig. 3(b).
For the surface with N adsorbed on Oy in Fig. 4(b), it is
also found that the very sharppeak of the N 2p states is
corresponding to the stronger peak of the Os 2p states
around the Fermi level, which leads to the presence of
twonarrow bands just across the Fermi level as displayed in
Fig. 3(c). Meaning while, it is obvious that two
hybridization peaks the betweenthe 2p statesof Nand Os
appear around -7.5 eV, which are consistent with the two
narrow hybridbands in the valance bandsregion in Fig. 3(c).
For the surface with N adsorbed on the interstice in Fig.
4(c), it is notable that there are three hybridization peaks the
betweenthe 2p statesof Nand Oj in the energy region from -
3.5 eV to 2.5 eV, which are in agreement with the band
structures around the Fermi level as marked in Fig. 3(d).
Furthermore, it should be noticed that the hybridization
effects between 2p electron states of N and Os atoms in the
energy region from -8.0 eV to 2.0 eV increases in sequence
fromNags-Mgs to Nags-Osand  thenNags-interstice, which
agrees well with the trend of the adsorption energies of N
on differNent adsorption sites listed in Table 2.
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Fig. 5. Electron density difference of the surface atoms
inN-adsorbed MgO(001) supercells, in which (a),(b), and
(c) correspond to the different adsorption sites (Mgs, Os
and interstice) on the surface layer, respectively.

Theisosurfaces at the value of 0.14 ¢/A® and -0.14 ¢/A3
are depicted by the blue and pink contours, respectively,
which represent the electronaccumulation and depletion
regions around the surface atoms, respectively. The green
and red spheres are corresponding to Mg and O atoms,
respectively, in the same as those shown in Fig.1.

To better understand the effects of N adsorption on
electronic structures of MgO(001) surface, wecalculated the
electron density difference of the surface atoms as shown in
Fig. 5.1t is clearly observed in the three cases that both the
depletion and accumulation regionsof orbital electrons are
all around the adsorbed N atom on the surface, but the
electron redistribution of the surface O atoms are very
different from each other. For the surface with N adsorbed
on Mg in Fig. 5(a), just the accumulation regions of orbital
electrons appears around the surface O atoms, which
indicates that the hybridization effects between N and Mg;
is very weak. For the surface with N adsorbed on Mg; in
Fig. 5(b), both the depletion and accumulation regionsof
orbital electrons are also found around the Osatom, which
means that the adsorbed N atom would like to bond to the
O; atom while other surface O atoms (surrounding by the
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accumulation regionsof orbital electrons) prefer to gain
electrons form the adsorbed N atom. For the surface with N
adsorbed on the interstice in Fig. 5(c), it is obvious that the
depletion regionsof orbital electrons can be seen around the
two Os atoms nearest the adsorbed N, which results from
the surfacedistortions caused by N adsorption as shown in
Figs. 3(c) and 3(f). More importantly, all of above suggests
that electron transfer from the adsorbed N to the surface
increases gradually fromNags-Mgs to Nags-Osand thenNags-
interstice, which is consistent with the change trend of
hybridization effects between 2p electron states of N and O,
in the valance band region as presented in Fig.4. These
results means that the N-induced electron states in N-
adsorbed surfaces in Fig.3 mainly come from the electron
transfer from the adsorbed N to the surface, which implies
that the catalytic activity of N-adsorbed surface is superior
to that of the pure oxide surface [9, 10].

IV. CONCLUSION

The atomic N adsorption effects on electronic structures
of MgO(001) surface are investigated by using PWPP-GGA
calculations based on the density functional theory. After
surfaces relaxations, it is found that both the stability of the
adsorbed N atom and surface distortions are deeply
dependent on the N atomic position on the surface. The
energetically favorable site for atomic N adsorption is the
interstices on the surface layer, and the adsorbed N atom
prefers to bond to the surface O atoms. From the analysis of
the energy band structures, PDOSs and electron densities
difference of the surface atoms, it is revealed that the
unoccupied electron states caused by atomic N adsorption
are closely related to electron transfer from the adsorbed N
to the surface, which improves the catalytic activity of the
pure surface.
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