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Using density functional theory, we have calculated an atomic, electronic structures
and energetics of the B/Mo(110) surface and as well as from these calculations we
have also studied B-segregation in the Mo substrate. The calculated segregation
energy is negative which means that the non-segregated B-capped structure
is disallow to be stable comparing the B atoms occupy the second-layer of Mo
substrate. We have added new explanation for B segregation in Mo surface using

the concept of bond numbers between Mo and B atoms.
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In the calculated electronic band structure of B segregation in the Mo(110) surface,
we have determined a chemical bonding between Mo d-orbital and B p-orbitals
which are clearly overlap. The other surface states are contributed individual orbital
of Mo and B atoms.

1. Introduction

Transition metal surfaces such as (W, Ta, Mo, Nb)
have been studied by theoretically and experimen-
tally with using various techniques. Their common
properties are mainly to be cubic and closed packet
structures. Regarding the adsorption of these met-
als with elemental atoms and molecules are also
studied in order to enhance physical and chemical
properties of their surfaces and interfaces. Among of
them, the Mo(110) surface is also very attractive due
to the industrial application. The stability and flatness
of the Mo(110) surface allow adsorption and thin film
growth [1-5]. Especially, some of recent study, C on
the Mo(110) surface or with various molecules [6,7], O
on Mo(110) [8,9], H on Mo(110) [10-13], B on Mo(110)
[14] and Sb on Mo(110) [15] surface have been inves-
tigated their atomic and electronic properties. For ex-
ample, one of the theoretical study for O adsorption on
the Mo(110) surface is studied by Zhou et al. [9] where
O placed on-surface and subsurface sites. They found
that O prefers to stay hollow site and the work-function
increases with rising coverage at this site. They also
showed that subsurface adsorption sites are less sta-
ble than on-surface sites.

Another interesting element is boron which is a
unique element of the group 13 of the periodic table.
It is known that due to the electron deficient, bonding
nature for boron increases reactiveness with chemi-
cal compounds with very different elements. In gen-
eral review of heavy transition metal borides have
been broadly investigated to understand the poten-
tial ultra-incompressible and hard materials [16-33].

Molybdenum borides, due to their mechanical proper-
ties [27-32], can be easily synthesized under ambient
pressure conditions. Thus, they are highly preferred
in industrial applications on this view. It is necessary
to say that it is very difficult to determine the crystal
structure of Mo, B experimentally by x-ray diffraction
(XRD) patterns "since multicenter bonds and sp, sp?,
sp® hybridization of these bonds [34-36]. The crystal
structure of molybdenum borides is a problem that re-
mains incomplete. In studies, crystal structures of mo-
lybdenum borides are predicted by ab initio method
[28-33]. One of these studies, the Mo,B (14/m) struc-
ture is found to be mechanically and dynamically sta-
ble while Mo,B (AL Cu-type (14/mcm)) is unstable [33].
It indicates ultra-incompressible behavior since it has
strong three-dimensional covalent Mo-B bonds. These
above alloy systems can be different in physically and
chemically on surface. In theoretical aspect, these can
be analyzed by using simple physical arguments such
as surface segregation with B and Mo. In experimental
aspect, the study by Magkoev and coworker [14] using
Auger electron spectroscopy (AES), x-ray photoelec-
tron spectroscopy (XPS), electron energy loss spec-
troscopy (EELS) and work function measurements,
they have clearly indicated the penetration of B atoms
into Mo substrate. Their another important finding was
about bonds between B and Mo atoms and related
state of B-Mo bond.

As far as we know that there is no any theoretical
study regarding B on Mo surface. In order to clarify
physical and chemical behavior of B in the Mo(110)
surface, we have studied B segregation in the Mo(110)
surface by using density functional theory. We have
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found in energetic point of view that the B segregation
in the Mo(110) surface is favorable considering B atom
topmost layer of Mo.

2. Computational methods

All the calculations performed with Vienna Ab-initio
simulation package (VASP) [37-38]. Perdew, Burke
and Ernzerhof (PBE) functional [39] was represented
for exchange-correlation. The ion-electron interaction
is described by the Projector-augmented-wave (PAW)
method [40] potentials with a cut off energy of 600 eV
for plane-wave basis expansion. A set of 20x20x1
Monkhorst-Pack [41] k-points were adopted for the
sample of Brillouin zone (BZ). Geometry optimization
was processed until, the total energy convergence
was set to be 1x10° eV/atom and Hellmann—Feyn-
man force forces on the atoms less than 0.01 eV/A.
The optimized lattice parameter is 3.151 A which is
good agreement with experimental value of ~3.15 A
[42-44] and the theoretical calculated value of 3.16 A
and 3.153 A [8,9].

The clean Mo(110) surface was modeled by slab ge-
ometry including nine layers of Mo with 30 A vacuum
thickness (making supercell). After force acting test on
Mo, the vacuum region and the thickness of slab are
found to be enough that the surface does not affect
from the deeper layers of Mo. In this symmetric slab
with 1x1 unit cell, all the atoms have been allowed to
relax into their minimum energy position except middle
three Mo layers. When our calculations included spin-
polarization, there are any difference in energies and
lattice parameter. For this reason, our results do not
include spin-polarization calculation.

3. Results and discussion

We have first explored the clean Mo(110) surface with
nine layers. The optimized atomic structure of clean
Mo(110) and its related electronic band structures
are given in Figure 1.a and Figure 2.a, respectively.

(c)

Figure 1. The atomic structure of a) clean, b) B atom at first layer c) B atom at second layer and d) B atom at third layer. Gray and pink balls
indicate Mo and B atoms, respectively. d,, represents vertical distance between layers. Only the five top layers are schematically shown.

We have determined a total of seven surface
states (S; — S7). The clean Mo surface shows the me-
tallic character as expected. For comparison reason,
Rot et al. [45] studied Li/W(110) and Li/Mo(110) sur-
faces, the electronic band structures of Mo bulk pro-
jected and clean Mo(110) surface were given in their
work. Their experimental data from AES are shown as
solid circle in Figure 1.a. As seen from Figure 1.a, our
results are excellent agreement with their study. The
states, S, — S, are below the Fermi level and mainly re-
lated to Mo-Mo atoms interaction with some contribu-
tion d-orbital (4 lobes are in the z-direction) of the Mo
atoms as seen in Figure 3.a. The states, 5§, — S,, are
mainly contributed from Mo surface atoms and some
degree of contribution from bulk Mo atoms. Their orbital
characters are drawn between the pointof T — H and
shown in Figure 3.b.

After these, we have focused B segregation in the
Mo(110) surface. It means that Mo atom replaced by a
B atom, allowing segregation of B atoms into the first,
second, and third layers. The atomic structures are
presented in Figures 1.b-c. In order to understand the
segregation characterization of the B atom in Mo(110)
surface, the segregation energies have been cal-
culated as following equation;

Eseg

Eseg = EMo(llO)(B,nth—layer) - EMo(llO)(B,Brd—layer) (1)

where  Eyo(110)(8nth-layer) 1S the total energy of B is
located in n®™ (n= 1 or 2) Mo(110) surface and
Emo(110)(B,3rd-1ayer) indicates the total energy of B is
located in 3rd atomic layer. When this equation gives
a negative value, B atom segregates through the
Mo(110) surface.

The calculated surface segregation energies using
Eq.1 are given in Table 1. According to our calcula-
tions, the segregation energy is found to be -0.45 eV
where B is located in 2nd layer. This result shows a
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(a)

clear segregation than the others. When B is located in
1st layer, the segregation energy is found to be +1.45
eV. This positive result represents that B does not pre-
fer to stay at the first layer.

In previous study, Yu et al. [46] investigated Mo seg-
regation in MoNi(111) system using DFT, and found
Mo atom prefer to stay in second layer. In addition,
another work of them considered some transition met-
als segregation in Ni(111) surface such as W, Mo, V,
Fe, Cr [47]. These elements prefer to occupy a site in
the second layer. They also analyzed energy lowering
in segregation using two rules; (i) avoiding the higher
surface energy of B and (ii) by locating at the second
layer, the system can largely release the elastic energy
due to the atomic size mismatch. In addition to that, we
could add another rule about segregation. The number
of bonds between B and Mo is increased from 2 to 4
when the B atoms are segregated to the dipper layers.
This could also dominate factor for segregation prefer-
entially into dipper layers.

Furthermore, to pave the way to future experimental
studies, we have calculated key parameter such as
vertical distance d;; from the Mo to Mo(or B) atoms
between the it" and j*™ layer. The calculated values
are listed in Table 1 and labels are shown in Figures
1.b-d. It is interesting to say that when the B atom at
the second layer, the perpendicular distance between
B and Mo is elongated to = % 12, comparing with B at
the first layer case. This result actually promotes the
rules explained above.

As calculated segregation energy point of view, the
calculated electronic band structure corresponding to

(b)

Figure 2. Electronic band structures of a) clean and b) B atom at second layer. The blue dashed lines, black solid lines and red dashed line
represent electronic band structure of Mo bulk projected, surface states and Fermi Level, respectively. The solid circles are taken from AES
measurement [14]. Also, the Surface Brilliouin Zone (SBZ) is shown schematically.

B segregation in the 2nd layer is presented in Figure
3.b. Due to overlap of Fermi level with surface states,
it shows metallic in character. We have determined a
total of thirteen surface states as labelled s, — 5,; Their
charge density plots are depicted in Figures 4.a-f. Fig-
ure 4.a. represents the states S; and S, and mainly
related to B atoms. The states S; and S5 are mainly
the similar orbital characters and comes from topmost
Mo atoms. The interesting orbital character is depicted
in Figure 4.c. for S, and S, . These states clearly indi-
cate the interaction of B atoms with surrounding Mo
atoms. However, only topmost surface Mo atoms and
B atoms interaction can be contributed the states of
Ss¢ and S,. The complex interesting orbital character
can be seen in Figure 4.d which are mainly d-orbital of
topmost Mo atoms and some contribution comes from
p-orbital B atoms. The states S is entirely bulk region.
The states S;, and S, are related to only topmost Mo
atoms. These states are similar to states S, —Ss for
the clean case, i.e. without B atom case. Interesting
d-orbital character can be seen in Figure 4.f which
makes the surface states of S;; and Sis-

In Magkoev et. al. [14] studies, they have found clearly
changes in the electronic structure due to the B pen-
etration into Mo(110) using concept of surface plas-
mon mode. Furthermore, in their study, they have also
indicated possible Mo-B chemical bonding formations.
These two clear indicators can be comparable with
present study as discussed above. We find explicitly
that the B atoms can be found energetically favorable
when the B atom is underneath of topmost surface of
Mo(110). This phenomena can be described as seg-
regation of B in Mo(110). For the calculated electronic
band structure for the case B/Mo(110), the chemical
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D O O O (p 0 0 O ¢

Figure 3. The electronic charge density plots of the individual states for the clean Mo(110) surface. On the plane cutting vertically through
the Mo atoms (a) S, — S; at the H point, (b) S, and S; between the point of ' — H and (c) S, and S, between the point of T — H.

Table 1. The relative energies (in eV) for B segregation at the layers of Mo(110) and the calculated structural parameter (in A).

Position of the B AE (eV) dy; (A) dy3 (A) d3, (A)
First layer +1.18 1.37 2.27 2.22
Second layer -0.45 1.48 1.55 2.26
Third layer 0.00 2.17 1.59 1.56

(b) S5 S5

Figure 4. The electronic charge density plots of the individual states for B segregation at the second layer of Mo(110). On the plane cutting
vertically through the Mo-B atoms a) S;and S, at the H point, b) S; and Ss at the H, ¢)S;and s, between the point of H, d) Sgand S, between
the point of H, e) Sy, , S, and f)S;, and S;5.between the pointof T —H .

bonds between Mo-B can be seen as surface states
which are fully or partially overlap of the orbitals come
from Mo- and B atoms. The only overlap can be seenin
the states S, and S, (q.v. Figure 4.c) can be compa-
rable with the experimental measurements for chemi-
cal bonding between Mo- and B. The d-orbital of Mo is
overlap with p-orbital of B.

4. Conclusion

Segregation behavior of B atoms in Mo(110) surface
was investigated by means of density functional the-
ory. The results are indicated that the B atom prefers

to stay underneath of the topmost Mo surface as ener-
getically. We have also calculated the electronic band
structures and determined the surface related states.
It is interesting to say that the chemical bondings have
been calculated for only in two states due the overlap
between Mo d-orbital and B p-orbitals. The other sur-
face states are contributed individual orbital of Mo and
B atoms.
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