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a  b  s  t  r  a  c  t

By  using  first-principles  pseudopotential  calculations,  we  investigate  the  magnetic  and  electronic  prop-
erties  of  hydrosilicon  honeycomb  structure  (silicane)  with  hydrogen  vacancies  on  its  surface.  It is found
that a  single  vacancy  created  on  the  nonmagnetic  silicane  can  induce  a magnetic  moment  of  one  �B.
When  a  domain  of  vacancies  is considered,  the  magnetization  is  determined  by  the size  and  geometry
of  the  domain,  and  whether  it is  single-  or double-sided.  Compared  with  the  energy  band  structure  of
eywords:
ilicane
irst-principles
urface vacancies
agnetic properties

silicane, the  creation  of  domain  causes  very  flat  bands  around  the  Fermi  level  and  tends  to reduce  the
band  gap.  It  is interesting  to find  that  the  systems  with  single-sided  domain  all  exhibit  a band  gap  of
about  1.0 eV  while  those  of double-sided  domain  exhibit  strong  size  dependence.

© 2012 Elsevier B.V. All rights reserved.
lectronic properties

. Introduction

Since the pioneering fabrication of graphene by mechanical
xfoliation of graphite [1],  this two-dimensional honeycomb struc-
ure of carbon has been the subject of intensive studies because
f its versatile electronic properties [2–6]. A graphene can be
ade magnetic by cutting it into nanoribbons with varying widths

nd edges [5,7–10] or by the presence of topological defects
11–14]. Recently, a hydrocarbon derivative of graphene called
raphane was synthesized by direct exposure to H2 plasma, and the
eversible hydrogenation–dehydrogenation with changing tem-
erature has been revealed [15]. In addition to their interesting
lectronic properties [16–20],  magnetism can be obtained in the
raphane with domain of surface hydrogen vacancies [21–23].  It
herefore provides a practical alternative to graphene nanorib-
ons where magnetic moment only appears in the zigzag edges, or
raphene with defects where the integrity of honeycomb structure
s destroyed.

The rapid raise of graphene research has stimulated a lot of
ork to investigate the honeycomb lattices of other group IV ele-
ents. For example, it was theoretically predicated that silicon
oneycomb structure (silicene) with a puckered geometry could
e stable, and the corresponding electronic properties is similar
o that of graphene [24–28].  Moreover, it is found that a vertical

∗ Corresponding author.
E-mail address: phlhj@whu.edu.cn (H.J. Liu).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.06.092
electric field can open a band gap in semimetallic silicene [29].
Indeed, the graphene-like structure of silicon has been experi-
mentally synthesized through epitaxial growth on a close-packed
silver surface [30]. Compared with graphene, the integration of
silicene into Si-based nanoelectronics would be more favorable.
Very recently, the electronic structures of completely hydrogenated
silicene (silicane) has also been predicated [31–34].  To see if con-
trollable magnetism can be obtained in the two-dimensional silicon
materials, in this work, we  focus on the so-called silicane with
hydrogen vacancies on its surfaces. Such kinds of structure are very
similar to the graphane counterpart, but have different magnetic
and electronic properties according to our first-principles calcula-
tions.

2. Computational details

Our calculations have been performed by using a plane-wave
pseudopotential formulation [35–37] within the framework of
density functional theory (DFT). The code is implemented in the
Vienna ab initio simulation package (VASP). We  use ultrasoft
pseudopotentials for the silicon and hydrogen atoms, and the
exchange-correlation energy is in the form of Perdew-Wang-91
[38]. The silicane structure with surface hydrogen vacancies is
modeled by using a 6 × 6 × 1 supercell geometry where the clos-

est distance between the Si layer and its periodic image is set to
10 Å. At such a separation, the layer-layer interactions are very
small so that they can be treated as independent entities. The plane-
wave cutoff is set to 200 eV, and the Brillouin zone is sampled with

dx.doi.org/10.1016/j.apsusc.2012.06.092
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:phlhj@whu.edu.cn
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ig. 1. (a) Top and side views of silicane structure, where the buckling distance � 

or  silicane. The Fermi level is at zero.

 × 4 × 1 Monkhorst-Pack k-meshes. Optimal atomic positions are
etermined until the magnitude of the forces acting on all atoms
ecomes less than 0.05 eV/Å. In addition, noncollinear magnetism
ith spin–orbit interaction is included in our calculations [39].

. Results and discussions

We begin with the silicane structure shown in Fig. 1(a). Simi-
ar to graphane, the system can be derived by the adsorption of a

 atom to each Si atom alternating between the top and bottom
ide in the honeycomb structure. The calculated buckling distance

 indicated in Fig. 1(a) is 0.72 Å, which is significantly larger than
hat of graphane (0.45 Å) [21] and silicene (0.44 Å) [26]. This is rea-
onable since Si prefers the sp3 rather than the sp2 hybridization.
ig. 1(b) plots the band structure of silicane where the primitive
ell containing two Si and two H atoms is used in the calculations.
n contrast to the semi-metallic silicene [26], we see that silicane is
emiconducting with an indirect band gap of 2.21 eV. The valence
and maximum appears at the � point while the conduction band
inimum at the M point. Our calculated results agree well with

hat found previously [31]. It is interesting to note that the carbon
ounterpart (graphane) has a direct band gap of 3.42 eV [21]. On
he other hand, our spin-polarized calculations find that silicane is
onmagnetic.

To create hydrogen vacancies on the surface of silicane, one
an use various techniques such as laser beam resonating with
urface–hydrogen bond [40] and stripping with ionic vapor [41].
ue to the dangling bond of unsaturated Si atom, we  find that a

ingle hydrogen vacancy created on the nonmagnetic honeycomb
tructure surface yields a net magnetic moment of 1 �B. This can
e attributed to the polarization of the unpaired electrons caused
y the under-coordination-induced densely, deeply, and locally
ntrapped bonding electrons, as observed in both the graphene [42]
nd ZnO [43] containing defects. If there are two hydrogen vacan-
ies arranged as the nearest neighbor in the honeycomb structure,
he system is found to be nonmagnetic because of �–� pairing of
he two unsaturated Si atoms. When the two hydrogen vacancies
re farther away from each other, the system becomes magnetic
ferromagnetic or antiferromagnetic) since the �–� interaction
etween the two unsaturated Si atoms will vanish.

We now discuss the magnetic moment attained in a domain of

ydrogen vacancies. Fig. 2 shows some examples with single-sided
ydrogen vacancies in the honeycomb structure. Here we label the
omain as Ls

n, Ts
n or Hs

n, where L, T, and H correspond to the lane,
riangular, and hexagonal domain, respectively. The superscript s
e bond lengths dSi–Si and dSi–H are indicated. (b) Calculated energy band structure

indicates that the domain is single-sided, while the subscript n rep-
resents the number of Si atoms at one edge. Compared with that of
silicane, our calculations find that single-sided hydrogen vacancies
only lead to very small changes of the relaxed structures. Moreover,
the spins of unsaturated Si atoms in the single-sided domain are all
ferromagnetically ordered, which is in good agreement with Lieb’s
theorem [44]. For a lane domain Ls

3 where the H atoms attached to
the three Si atoms located at the edge are all removed, we see from
Fig. 2(a) that the spin density is mainly located at the three unsat-
urated Si atoms which yield a net magnetic moment of 3 �B. For
a triangular domain specified as Ts

2, we  see from Fig. 2(b) that the
spins of three unsaturated Si atoms at the corner are parallel and
induce a net magnetic moment of 3 �B. In the case of a hexagonal
domain Hs

2 shown in Fig. 2(c), we  see there are totally seven H atoms
removed from one side which gives a total magnetic moment of
7 �B. Summarizing our results, we find that the magnetic moment
of single-sided domain is only determined by the total number of
unsaturated Si atom (each contributes a magnetic moment of 1 �B)
and does not depend on the geometry of the domain. Such finding
is very different from that of graphane [21] where the magnetic
moment is determined by both the size and shape of a domain. For
the single-sided domain in graphane, H atoms tend to relocate in
order to pair the spins of adjacent C atoms to form �-bonds which
give a vanished magnetic moment. Nevertheless, we do not observe
the relocation of H atoms for the domain in silicane, which is again
due to the fact that Si atom prefers the sp3 hybridization. On the
other hand, we  have considered a half-hydrogenated silicene, the
unit cell of which contains two Si atoms and only one of them is
passivated by H atom. Such special configuration corresponds to
the largest domain of single-sided hydrogen vacancies on the sur-
face. Our calculations indicate that the energy of the ferromagnetic
(FM) state is 11 meV/cell lower than that of the antiferromagnetic
(AFM) state and each unit cell carries a magnetic moment of 1 �B.

The magnetic moment can be also attained in the domain of
double-sided hydrogen vacancies. As shown in Fig. 3, all the H
atoms within a given domain are removed from silicane. Unlike
that in the single-sided domain, we  find that the buckled structures
in the double-sided domain tend to be flattened upon geometry
optimization. On the other hand, the spin of the unsaturated Si
atom on the top side is found to be opposite to that on the bot-
tom side. For a lane domain labeled as Ld

3, the three spins are thus

AFM ordered and the net magnetic moment is 1 �B, which is also
confirmed by the spin density plot shown in Fig. 3(a). It should be
mentioned that if a lane domain has even number of unsaturated Si
atoms, the system becomes nonmagnetic due to the entirely paired
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ig. 2. The configuration of single-sided domain and the corresponding spin density
ote  the red balls indicate unsaturated Si atoms and other atoms are just the same

-orbitals. In the triangular domain Td
2 shown in Fig. 3(b), there are

hree unsaturated Si atoms on the top side and one on the bot-
om side which gives a net magnetic moment of 2 �B. It should
e mentioned there is a significant contraction of the Si Si bond

nside the domain (from 2.35 Å to 2.26 Å), and is associated with
he polarization of the unpaired electrons discussed above. Similar
ndings are observed in other domains of vacancy. As can be seen

rom Fig. 3(c), the net magnetic moment of the rectangular domain
d
2 is zero since there is equal number of unsaturated Si atoms on
he top and bottom side and the spin of each other is cancelled.
n general, the total magnetic moment of a double-sided hydro-
en vacancies domain can be given by �T = (Nt − Nb)�B, where
t and Nb represent the number of removed H atoms from the top
nd bottom side, respectively. We  have also considered the domain
ontaining both single-sided and double-sided hydrogen vacancies
nd having arbitrary shape (not shown here). We  find that the cor-
esponding magnetic moment can be calculated as a sum of those
rom the single-sided and double-sided domain. Our results thus
uggest that by controlling the size and/or shape of a domain, one
an effectively manipulate its magnetic moment.

We now move to the electronic properties of silicane with
ydrogen vacancies on its surface. For simplicity, we  only consider
he lane and triangular domains. Fig. 4 shows the calculated energy
and structures for the above-mentioned Ls

3, Ld
3, Ts

2 and Td
2 domains.

ote the spin–orbit interaction is included in the calculations and

here is only one set of energy bands. We  see that all of them
emain semiconducting and the overall topology can be roughly
erived by folding the band structure of silicane shown in Fig. 1(b).
ue to the creation of hydrogen vacancies on the surface and the
for (a) Ls
3, (b) Ts

2, and (c) Hs
2. The total magnetic moment of each system is indicated.

se shown in Fig. 1.

associated polarization of the unpaired electrons, however, we
observe additional flat bands (shown as red lines) around the Fermi
level. Note that similar result was  found previously in the graphene
[42] and ZnO [43] systems. As a result, the corresponding band gaps
become smaller compared with that of silicane. Detailed analysis of
Fig. 4 indicates that the number of flat bands below the Fermi level
equals to that above the Fermi level, which is closely related to the
corresponding magnetic moment and can be simply calculated as
�T /�B. For example, both the Ls

3 and Ts
2 domain exhibit a total mag-

netic moment �T = 3 �B, and there are 3 flat bands both below and
above the Fermi level as shown in Fig. 4(a) and (c). It should be men-
tioned that some of them are degenerated. The magnetic moments
attained in double-sided domains Ld

3 and Td
2 are 1 �B and 2 �B, and

we see from Fig. 4(b) and (d) that the corresponding numbers of flat
bands are 1 and 2 (doubly degenerate), respectively. Such correla-
tion suggests that the flat bands around the Fermi level are induced
by the unsaturated Si atoms in the domain.

Fig. 5 plots the calculated band gap of the lane and triangular
domains as a function of domain size n, where both the single-
sided and double-sided hydrogen vacancies are considered. We  do
not consider hexagonal and rectangular domains since the corre-
sponding calculations with larger n is immense within the limit
of our computation resources. As can be seen from Fig. 5, all the
considered systems remain semiconducting. If we  focus on the
single-sided hydrogen vacancies, it is interesting to note that both

the lane (Ls

n) and triangular domains (Ts
n) exhibit a band gap of

about 1.0 eV and there is little change with the domain size n.
This is however not the case for the double-sided hydrogen vacan-
cies, where the band gap depends on both the shape and size of
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Fig. 3. The configuration of double-sided domain and the corresponding spin density plot for (a) Ld
3, (b) Td

2 , and (c) Rd
2. The total magnetic moment of each system is indicated.

Note  the red balls indicate unsaturated Si atoms and other atoms are just the same as those shown in Fig. 1.

Fig. 4. The calculated energy band structures for silicane with domains (a) Ls
3, (b) Ld

3, (c) Ts
2, and (d) Td

2 . The Fermi level is at zero.



L. Pan et al. / Applied Surface Scien

F
a

a
o
t
�
a
d
w
t
t
e
w
t
g
v
b

4

t
s
s
u
n
t
d
m
u
T
a
b
m
t
a
w
n

A

(
d

[

[

[

[

[
[

[
[

[
[

[

[
[
[
[
[
[

[

[
[

[

[

[

[

[

[
[
[
[
[
[
[

ig. 5. The band gap as a function of domain size n for various domains Ls
n , Ts

n , Ld
n ,

nd  Td
n .

 domain. For the lane domain Ld
n, the band gap exhibits an obvi-

us size-dependent even-odd oscillation. If n is an even number,
he unsaturated Si atoms in the domain prefer to pair adjacent
-orbitals to form maximum number of �-bonds, while there are
lways additional unpaired spins of Si atoms for the odd-numbered
omain. According to the above discussions, the unpaired spin
ill induce additional flat bands around the Fermi level which

ends to reduce the band gap. It is thus reasonable to expect that
he band gap of odd-numbered domain is smaller than that of
ven-numbered one. The oscillation behavior decreases gradually
ith increasing domain size and can be attributed to the quan-

um confinement effect. For the triangular domain Td
n , the band

ap decreases monotonically as the domain size is increased. At
ery large n, one may  expect a vanishing band gap since the system
ecome more like a semi-metallic silicene [26].

. Summary

In summary, our first-principles calculations indicate that con-
rollable magnetism can be obtained by dehydrogenation on the
urface of silicane, without destroying the integrity of honeycomb
tructure or adsorptions of transition metal atoms. The spins of
nsaturated Si atoms in the single-sided domain are ferromag-
etically ordered and the magnetic moment is determined by the
otal number of unsaturated Si atoms. In contrast, the double-sided
omain is anti-ferromagnetic and the corresponding magnetic
oment can be given by the difference between the number of

nsaturated Si atoms on the top side and that on the bottom side.
he creation of hydrogen vacancies on the silicane surface induces
dditional flat bands in the original band structure, and the num-
er of which is closely related to the corresponding total magnetic
oment. Moreover, the band gap can be manipulated by changing

he size and/or shape of a certain domain. Due to the rich magnetic
nd electronic properties, the hydrosilicon honeycomb structure
ith hydrogen vacancies may  have potential applications in future
ano-scale magnetic and electronic devices.
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