
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 3
:0

9:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Edge hydrogenat
aSchool of Physics, State Key Laboratory of

Jinan 250100, People's Republic of China.

edu.cn
bDepartment of Physics, Jining University, Q

† Electronic supplementary informa
10.1039/c7ra02624b

Cite this: RSC Adv., 2017, 7, 25244

Received 3rd March 2017
Accepted 12th April 2017

DOI: 10.1039/c7ra02624b

rsc.li/rsc-advances

25244 | RSC Adv., 2017, 7, 25244–2525
ion-induced spin-filtering and
negative differential resistance effects in zigzag
silicene nanoribbons with line defects†

Xiaoteng Li, a Dongqing Zou,a Bin Cui,a Changfeng Fang,b Jingfen Zhao,a

Dongmei Li*a and Desheng Liu *ab

We investigate the effects of line defects (558-defect and 57-defect) and edge hydrogenation (mono-

hydrogenation and di-hydrogenation) on magnetism and spin transport of zigzag silicene nanoribbons

(ZSiNRs) by first-principles calculations. The line defects and edge hydrogenation are able to tune the

edge and interedge spin polarization in the defective ZSiNRs. The ZSiNRs can be formed into

antiferromagnetic (AFM)-metals, ferromagnetic (FM)-metals, AFM and FM semiconductors through

modulating the line defects and edge hydrogenation. Moreover, the perfect spin-filtering effect (SFE)

with 100% spin polarization and negative differential resistance (NDR) effect can be achieved by di-

hydrogenation in our proposed devices. Our findings demonstrate that the ZSiNRs with diverse line

defects and edge hydrogenation are promising materials for spintronic applications.
1. Introduction

Silicene, a hexagonal network with single atomic layer of
silicon, has gained much interest because it shows comparable
electronic characteristics to graphene.1–6 For example, a Dirac-
fermion-containing, zero-gap semimetal and high Fermi
velocity have been discovered in a free-standing sheet of sili-
cene.1,3,4,7,8 Unlike at graphene, the stable structure of silicene
is buckled due to weak p–p overlaps,9 which results in mixed
sp2 and sp3 hybridization in silicene. Moreover, owing to its
buckled nature, silicene becomes superior than graphene in
many aspects, such as having an enhanced quantum Hall
effect,7 electrically tunable band-gap3 and better surface reac-
tivity.10 Another obvious advantage of silicene is the better
compatibility with current silicon-based technologies.10–12 Very
recently, silicene nanosheet has been fabricated successfully on
several metallic substrates, such as Ag(111),4 Ir(111),13 Au(110),14

etc. Subsequently, its one-dimensional derivatives, silicene
nanoribbons (SiNRs) have also been synthesized by experi-
menters.15,16 SiNRs has two edge types, i.e., zigzag silicene
nanoribbons (ZSiNRs) and armchair silicene nanoribbons
(ASiNRs), which is similar to graphene nanoribbons (GNRs).
Investigations demonstrate that the ground state of ZSiNRs is
antiferromagnetic coupling between the two edges, leading to
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zero total magnetization.17 This hinders the actual applications
of pristine ZSiNRs in spintronic.

In order to tune the magnetism and electronic properties of
ZSiNRs, many efforts have been devoted to modify spin polari-
zation, such as doping,18,19 edge hydrogenation20–22 and intro-
ducing defects.23,24 Defects are oen the rst concern in the
actual application of two-dimensional materials because they
can greatly alter the mechanical, electronic, magnetic, and
transport properties of pure sheets.25–27 In particular, line
defects which could remain structurally stable have been
extensively introduced into the graphene lattice. Recently, Tang
et al.28 reported the effect of one-dimensional defects, contain-
ing octagonal and paired pentagonal sp2-carbon rings (558-
defect), on the magnetism of ZGNRs. The results indicate that
ZGNRs with 558-defect on one side exhibit long-range ferro-
magnetic ordering on the other side, and the corresponding
spin-lter efficiency could reach 60%. Besides that, another line
defect, linkages of a pentagon and a heptagon (57-defect), has
also been theoretically introduced into ZGNRs.29 It is concluded
that the 558-defect or 57-defect on one edge could facilely tailor
the magnetism and electronic properties of ZGNRs. Given that
the reconstructed ZGNRs show many excellent properties, the
research on magnetic and spin transport features of ZSiNRs
with extended defects will also be a meaningful topic. To date
several kinds of grain boundaries (GBs) being observed during
the synthesis of silicene on Ag(111).30 Therefore, the possibility
of nding a controlled manner to modify these GBs to insert
different kinds of line defects in SiNRs is hugely increased.
Moreover, theoretical investigations have predicted the possi-
bility of existing 558-defect and 57-defect in SiNRs.24,31While the
This journal is © The Royal Society of Chemistry 2017
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inuence of the extended defects on magnetism, electronic
structures and transport properties of ZSiNRs is rarely reported.

What's more, the edges of SiNRs are oen chemically
modied because the edge dangling bonds of pristine SiNRs are
unstable. Edge hydrogenation has been widely employed to
tune properties of ZSiNRs.19,20 For example, Ding et al. studies
the H-poor and H-rich surroundings have an important inu-
ence on electronic structures of ZSiNRs with one Klein edge.21

They also reported that ZSiNRs with asymmetric sp2–sp3 edges
exhibit an interesting bipolar magnetic semiconducting
behaviour.32 Deng et al. investigate the spin transport of a het-
erostructure, consisting of semi-hydrogenation ZSiNRs and
ZSiNRs.33 The result shows that semi-hydrogenation and full-
hydrogenation have different inuence on electronic structure
of ZSiNRs. Also they report the spin transport features of the
Al-doping ZSiNRs with asymmetric edge hydrogenation and
perfect spin ltering and rectifying effect can be achieved in
such devices.34 In this work, using the rst-principles approach,
we focus on the impact of the line defects (558-defect and
57-defect) and edge hydrogenation (mono-hydrogenation and
di-hydrogenation) on magnetism and spin transport properties
of ZSiNRs. The results show that the spin polarization and spin-
transport of ZSiNRs can be tuned via the introduction of line
defects and edge hydrogenation. And the nearly 100% spin-lter
and negative differential resistance (NDR) effect can be
observed in our proposed devices.
2. Models and methods

The geometries of ZSiNRs with line defects and edge hydroge-
nation are presented in Fig. 1(a) and (b), which consist of eight
Fig. 1 (a) and (b) show ZSiNRs unit cell with extended line defects. M1 and
orange) located at the center and edge, and the silicon atoms on edge
defects located at one side of the nanoribbons, and all they have one mo
located at one side, and the edge silicon atoms are saturated with di-H.

This journal is © The Royal Society of Chemistry 2017
zigzag silicon chains across the width. Two kinds of line defects
are considered in the ten ribbons, labeled with M1–M5 for 558-
defect and M6–M10 for 57-defect. M1 and M2 (M6 and M7)
represent that 558-defect (57-defect) is at the center and edge of
the nanoribbons, respectively. And all edge silicon atoms of
these four unit cells are passivated by one hydrogen atom
(mono-H). M3 and M4 (M8 and M9) represent that one edge of
558-defect (57-defect) ZSiNRs is saturated by two hydrogen
atoms (di-H) and the other one is still mono-hydrogenated. M5
andM10 represent both sides of the nanoribbons are passivated
by di-H. Aer geometric optimizations, the Si–Si bond lengths
of pentagonal and octagonal rings are within 2.28–2.33 �A for
M1, M2 and M3, and 2.22–2.36 �A for M4 and M5 in 558-defect
ZSiNRs. In 57-defect ZSiNRs, the Si–Si bond lengths of pentag-
onal and heptagonal rings are within 2.27–2.39 �A for M6, M7
and M8, and little larger within 2.3–2.42 �A for M9 and M10.
Then the two-probe systems are built as depicted in Fig. 1(c).
Here we only display the case of the M5 system as an example.
The edge energy which determine the stabilities of different
edge types is calculated (Table S1, ESI†). It can be concluded
that 558-defect (57-defect) ZSiNRs become more and more
stable with increasing the number of H atoms.

The geometry optimization and electronic properties are
calculated by Atomistix ToolKit (ATK 2013.8) package, which is
based on the density functional theory (DFT) combined with the
non-equilibrium Green's function (NEGF).35–38 The spin-
dependent generalized gradient approximation with the Per-
dew–Burke–Ernzerhof (SGGA-PBE) is employed for the
exchange–correlation potential and the double-zeta polarized
basis set (DZP) is used for electron wave functions. The struc-
tures are relaxed until the atoms forces converge to 0.02 eV�A�1.
M2 (M6 andM7) correspond to the 558-defect (57-defect) (pictured by
s are saturated with mono-H. M3, M4, M8 and M9 correspond to line
no-H edge and one di-H edge. M5 and M10 correspond to line defects
(c) Schematic view of the two-probe system constituted by M5.

RSC Adv., 2017, 7, 25244–25252 | 25245
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Fig. 2 Top and cross views of spin polarization density (r[–rY) at the
ground state for M1, M2, M6 and M7, respectively. The isosurface level
is 0.02 (Å�3 eV�1). Purple numbers 1, 2, 3 and 4 represent four Si atoms
of the 558-defect, denoted by Si1, Si2, Si3 and Si4, respectively.
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The spin polarized current Is through the central region is
evaluated by the Landauer–Büttiker formula:

IsðVÞ ¼ e

h

ðþN

�N
TsðE;VÞ½ fLðE � mLÞ � fRðE � mRÞ�dE

where s is a spin index, s ¼ [ (spin-up) and s ¼ Y (spin-down),
mR/L ¼ EF � eV/2 is the electrochemical potential of the le/right
electrode, and EF is the Fermi energy that is set to zero. The
spin-resolved transmission coefficient, Ts(E, V) ¼ Tr
[GLG

R
sGRG

A
s], represents the probability that an electron with

a spin s transmits from the le electrode, through the central
region, and then into the right electrode. Among that, GR(A)

s is
the retarded (advanced) Green's function of the central region
and GL(R) is the contact broadening function relevant to the le/
right electrodes. The Fermi–Dirac distribution function of
electrons in the le/right electrodes is described with fL/R(E) ¼
1/{1 + exp[E � mL/R/KBT]}.
3. Results and discussion
3.1 The effect of defect position on ZSiNRs terminated by
mono-hydrogenation (M1, M2, M6, M7)

For comparison with the ideal ZSiNRs which have the antifer-
romagnetically coupled state, we rstly calculate the ground
energies for the ten defective structures drawn in Fig. 1(a) and
(b) under the different initial spin congurations as shown in
Table 1. Here, the spin conguration notations are dened to be
the coupling between the two ferro-magnetic edge states: (i)
ferromagnetic, FM (M5), (ii) antiferromagnetic, AFM (M1, M4
and M6), (iii) no spin polarization, NM (none). Other congu-
rations cannot be claried directly.

To know the spin polarization of defective ZSiNRs with
mono-H, we plot the distribution of spin polarization density
(SPD) (r[–rY) on their lowest-energy states [see Fig. 2]. Appar-
ently, intense spin polarization mainly occurs at the edge Si
atoms in 558- and 57-defect ZSiNRs terminated by mono-
hydrogenation. For 558-defect ZSiNRs, the directions of spin
polarization of the Si atoms on both edges in M1 are just
opposite. Therefore, the ground state of M1 is an
Table 1 Total energy of different magnetic configurations, ferro-
magnetism (FM), antiferromagnetism (AFM) and non-magnetism (NM)
for M1–M10

Total energy (eV)

ComparisonNM FM AFM

M1 �6151.317 �6151.373 �6151.377 NM > FM > AFM
M2 �6151.481 �6151.515 �6151.515 NM > FM ¼ AFM
M3 �6184.042 �6184.117 �6184.117 NM > FM ¼ AFM
M4 �6184.508 �6184.556 �6184.563 NM > FM > AFM
M5 �6217.052 �6217.163 �6217.146 NM > AFM > FM
M6 �6509.300 �6509.367 �6509.368 NM > FM > AFM
M7 �5792.762 �5792.793 �5792.793 NM > FM ¼ AFM
M8 �5825.391 �5825.414 �5825.414 NM > FM ¼ AFM
M9 �5825.906 �5825.937 �5825.937 NM > FM ¼ AFM
M10 �5858.535 �5858.582 �5858.582 NM > FM ¼ AFM

25246 | RSC Adv., 2017, 7, 25244–25252
antiferromagnetic spin conguration. At the position of 558-
defect, atoms Si1, Si2, Si3 and Si4 also appear slight spin
polarization, which results in the total magnetic moment Mtot

being 0.43 mB. Therefore, introducing 558-defect in the center of
ZSiNRs can effectively enhance magnetization. When the 558-
defect shis from the center to the top edge, the edge Si atoms
will adopt sp2 hybridization and atoms Si1, Si2, Si3 and Si4 will
adopt sp3 hybridization. So the SPD of the top edge will reduce
to zero affected by edge mono-hydrogenation. Due to the
ferromagnetic ordering of the Si atoms on the bottom edge, the
ground state of M2 corresponds to FM conguration with a 0.69
mB magnetic moment. There is an analogous phenomenon in
57-defect ZSiNRs. When the line defect locates in the center, the
ground state of M6 is an AFM spin conguration and the total
net spin is zero. Aer the 57-defect moves to the top edge, the Si
atoms on the top edge are spin-nonpolarized and those on the
bottom edge are ferromagnetic coupling. Thus M7 exhibits FM
conguration, Mtot ¼ 0.61 mB. It suggests that the 57-defect has
an obvious inhibitory effect on the spin polarization in ZSiNRs.
And both 558- and 57-defect ZSiNRs with mono-H can be tuned
from AFM to FM state via changing the line-defect position from
the center to the edge.

Then we explore the electronic band structures of the four
systems at the ground state as shown in Fig. 3. From the band
structures of 558-defect ZSiNRs indicated in M1 and M2, the
spin degeneracy is lied at the Fermi level and there is no band
gap for either spin-up or spin-down, thus both M1 and M2 are
evidently in metallic states. For 57-defect ZSiNRs, the energy
bands of spin-up and spin-down in M6 are nearly degenerate,
while those of M7 are spin-splitting near the Fermi level. It can
be concluded that the spin polarization is intensied with the
57-defect moving from the center to edge. Moreover, there are
no band gaps in M7 and almost zero band gaps in M6 for the
two spin channels, so M6 and M7 are in metallic states.
3.2 The effect of edge hydrogenation on defective ZSiNRs
(M3–M5, M8–M10)

Furthermore, we explore the magnetism of the 558- and 57-
defect ZSiNRs with various edge-hydrogenation in M3–M5 and
M8–M10 systems, illustrated in Fig. 1(a) and (b). It reveals that
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Spin polarized band structures at the ground state for M1, M2, M6 and M7 (spin up, black solid line; spin down, red short dashed line).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 3
:0

9:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the combination of different types of edge-hydrogenation could
give rise to diverse magnetic states for the defective ZSiNRs.
Seeing from the comparison of the total energy [Table 1], the
favorable magnetic state is FM for M5, AFM for M6 but not
conrmed for M7–M10. Then Fig. 4 depicts the SPD on the
lowest-energy states of the defective nanoribbons with different
edge hydrogenation. As far as we know, edge silicon atoms
passivated regularly by one H atom will adopt sp2 hybridization,
while ones passivated doubly prefer sp3 hybridization. When
the Si atoms are sp3 hybridized, the pz orbitals will deep in the
valence bands. And the pz orbitals of Si atoms next to edge ones
will contribute to magnetic properties.32 For 558-defect ZSiNRs,
Fig. 4 Top and cross views of spin polarization density (r[–rY) at the
ground state for M3–M5, M8–M10, respectively. The isosurface level is
0.02 (�A�3 eV�1). Purple numbers 1, 2, 3 and 4 represent four Si atoms of
558-defect, denoted by Si1, Si2, Si3 and Si4, respectively.

This journal is © The Royal Society of Chemistry 2017
it clearly shows that intense spin polarization occurs at the edge
or interedge Si atoms. In M3, the defect edge is passivated by
mono-H, so the edge Si atoms adopt sp2 hybridization and the
atoms Si1 and Si2 adopt sp3 hybridization. It results in atoms of
558-defect on the top edge being spin-nonpolarized. The zigzag
edge of M3 is passivated by di-H, so the interedge Si atoms are
sp2 hybridized. The zigzag edge is ferromagnetically coupling,
causing M3 being FM conguration with Mtot ¼ 1.14 mB. In M4,
when the defect edge is passivated by di-H, the atoms Si1 and
Si2 are sp2 hybridized. So the spin polarization on the position
of 558-defect appears again. The directions of spin polarization
on both edges are just inverse, so M4 corresponds to AFM
conguration. When both edges of the nanoribbons are
di-hydrogenated, just as M5, the interedge Si atoms on two sides
show intense spin polarization. And the spin polarized direc-
tions are consistent, leading to the FM conguration for M5,
Mtot ¼ 1.90 mB. It suggests that the 558-defect ZSiNRs with
di-hydrogenated edges have the strongest spin polarization
effect. What's more, comparing the SPD of M1–M5, it can be
concluded that 558-defect can effectively intensify spin polari-
zation in ZSiNRs but it subjects to the constraint of edge
hydrogenation. For 57-defect ZSiNRs, it can be seen that intense
spin polarization only occurs on the zigzag edge because
57-defect has an inhibitory effect on the spin polarization. The
zigzag edge is di-hydrogenated for M8 and M10 and mono-
hydrogenated for M9. Therefore, the interedge Si atoms of M8
and M10 and the edge Si atoms of M9 are sp2 hybridized. All the
three systems are ferromagnetically coupling on zigzag edge.
Consequently, the ground states of M8, M9 and M10 corre-
spond to FM congurations and their total magnetic moment
are 0.78, 0.77 and 1.00 mB. Comparing M6–M10, it can be found
that when the 57-defect is on one edge in ZSiNRs, the ground
state will prefer FM conguration no matter what types of
hydrogenation the edges are.

The electronic band structures of M3–M5 and M8–M10 for
both spin channels at the ground states are shown in Fig. 5. The
energy bands at the Fermi level mainly determined by the edge
Si atoms on mono-hydrogenated edges and the interedge Si
atoms on di-hydrogenated edges. From the band structures of
558-defect ZSiNRs indicated in M3–M5, we can notice that all
the three systems are spin polarized, especially more obviously
RSC Adv., 2017, 7, 25244–25252 | 25247
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Fig. 5 The spin polarized band structures of 558-defect ZSiNRs with different hydrogenated edges, i.e.M3–M5; 57-defect ZSiNRs with different
hydrogenated edges, i.e. M8–M10.
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for M5. It indicates that the system that both edges are satu-
rated with di-H has the strongest spin polarization in 558-defect
ZSiNRs. And the spin-lter effect in the devices constructed by
M3–M5 will be more intense than that in the devices con-
structed by M1 and M2. Moreover, intense spin polarization
creates band gaps for both spin channels, about 0.25 and 0.2 eV
energy gaps for M4 and 0.48 and 0.40 eV energy gaps for M5. It
means that 558-defect ZSiNRs can be changed from an initial
metallic state to a semiconductor state by adjusting edge
hydrogenation. In addition, the whole bottom conduction and
top valence bands in M5 belong to different spin channels
completely, that reveals a typical bipolar character for spin-
tronic applications.39 From the band structures of 57-defect
ZSiNRs as displayed in M8–M10, it can be viewed that the
energy bands of spin-up and spin-down in M8–M10 split obvi-
ously. It suggests the intense spin polarization occurs when 57-
defect ZSiNRs are hydrogenated by two H atoms. And some
bands get across the Fermi level in these systems which implies
that M8–M10 are all ferromagnetic metals. In general, the
defective ZSiNRs can be transformed to antiferromagnetic
semiconductors, ferromagnetic semiconductors and ferromag-
netic metals through modulating edge hydrogenation.
25248 | RSC Adv., 2017, 7, 25244–25252
3.3 Spin transport properties in defective ZSiNRs with
different edge hydrogenation (devices constructed by M3–M5
and M8–M10)

We next turn to study spin transport properties of devices
structured by M3–M5 and M8–M10 plotted in Fig. 1(c). The
spin-resolved current–voltage (I–V) curves are presented in
Fig. 6(a). For 558-defect ZSiNRs, in M4 and M5 devices, the
currents of spin-up and spin-down are almost completely sup-
pressed under small voltages and then increase quickly. It
presents a typical semiconductor characteristic and the
threshold voltages of both spins are about 0.2 V, 0.2 V for M4
and 0.4 V, 0.5 V for M5, as shown in the rst-row panels of
Fig. 6(a). In M3, the I–V curves of spin-up and spin-down
increase with voltage rapidly before 0.5 V and then drop
slightly. The spin polarization of M3 and M4 is much weaker
than that of M5. This can be quantied directly by the spin
ltering efficiency (SFE) as a function of bias voltage in Fig. 6(b).
SFE is dened in terms of the spin-resolved current: SFE ¼
(Iup � Idown)/(Iup + Idown), where Iup/down represents the spin-up/
spin-down current at nite bias. The value of SFE is about 100%
at 0.2 V and�90% at 0.4 and 0.5 V inM5. It indicates that device
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) The spin-resolved current–voltage characteristics of defective ZSiNRs with different hydrogenation. (b) The corresponding SFE of
M3–M5 and M8–M10.
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M5 is a potential candidate for the dual-direction spin lters.
For 57-defect ZSiNRs, in device M8, an intriguing spin negative
differential resistance (NDR) develops in the bias range 0.1–
0.3 V for spin-up electrons and 0.3–0.4 V for spin-down elec-
trons. The spin-up (spin-down) current reaches a maximum at
0.1 (0.3) V and then decreases signicantly to a minimum at 0.3
(0.4) V before it increases again. Besides, the spin-lter in M8 is
quite excellent and the SFE could maintain 60–100% as 0.15 #

Vb # 0.4 V. In device M9, the current of spin-up increases
quickly and keeps larger than that of spin-down. On the
contrary, the spin-down current always remains higher than the
spin-up current in device M10. The peak values of SFE in M9
and M10 are about 60% and �50%, respectively. In conclusion,
This journal is © The Royal Society of Chemistry 2017
edge hydrogenation plays a notable role in improving SFE for
558- and 57-defect ZSiNRs. And our proposed all-silicon devices
can present multiple high-performance spin-dependent trans-
port properties.

To gain a better understanding of the transport properties of
these several systems, we plot 3D contour plots of the spin-up
and spin-down transmission spectra versus the applied bias
voltage and the electron energy in Fig. 7 for devices M4, M5 and
M8. The two white solid lines in each panel indicate the
transport window in which the transmission contributes to the
currents. In M4 system, the electrons of opposite spins behave
in the similar way. There are conductance gaps of width 0.25
and 0.2 eV at EF under zero bias for both spins corresponding to
RSC Adv., 2017, 7, 25244–25252 | 25249
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Fig. 7 Spin-up, (a), (c) and (e), and spin-down, (b), (d) and (f), transmission spectra as functions of the electron energy and the applied bias voltage
for samples M4, M5 and M8. The region between the two white solid lines is referred to as the transport window.
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the band gaps of M4. Aer the bias higher than the threshold
voltage 0.2 V, a central transmission spectrum emerges in both
channels and the currents begin to increase with voltage as
shown in Fig. 7(a) and (b). Similarly in M5 system, large
conductance gaps of width 0.48 and 0.4 eV occurs at EF under
zero bias [see Fig. 7(c) and (d)]. And the conductance gaps are
always wider than the transport window at low bias. Therefore,
the spin-up and spin-down currents are almost entirely sup-
pressed at low bias. Not until 0.6 V for up channel and 0.5 V for
down channel does the weak transmission peak appears. Since
the spin-up transmission is always weaker than the spin-down
transmission in the bias window aer 0.3 V, so the spin-up
current through the system is much smaller than the spin-
down current. Especially at 0.5 V, the spin-down channel has
been opened but the spin-up channel is still blocked, resulting
25250 | RSC Adv., 2017, 7, 25244–25252
in the SFE up to 96%. The NDR effect appears in M8 system is
explained in Fig. 7(e) and (f). There are obvious peaks in
transmission spectra at EF under zero bias for both spins. And
the transmission integration increases gradually under low
voltage. For spin-up electrons, when the voltage increases to
0.2 V, a large conductance gap appears because of the mismatch
of spin-up energy bands. Therefore, the spin-up current
increases from 0 to 0.1 V and then decreases to zero at 0.3 V. As
a result, the NDR occurs. For spin-down electrons, the trans-
mission does not decrease until the bias is higher than 0.3 V. So
the spin-down current increases from 0 to 0.3 V and then
decreases to the minimum at 0.4 V. And the NDR occurs. In
other words, the NDR occurs for both spin-up and spin-down
electrons in M8. Moreover, the transmission of spin-down is
much larger than that of spin-up, especially between 0.2 and
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Spin-dependent transmission spectra for (a) M3, (b) M9. (c) M10 at several voltages. The region between the two blue dash lines is referred
to as the transport window.
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0.3 V where the spin-up transport is completely suppressed. As
a consequence, the fantastic spin-ltering behavior appears and
the SFE is up to nearly 100% in device M8.

Fig. 8 depicts the spin-resolved transmission spectra at
several voltages for devices M3, M9 and M10. It clearly shows
that the transmission spectra at zero bias are conducive to
transport in the three systems. In M3 and M10, the integration
of the spin-down transmission function in the transport
window is always larger than that of the spin-up transmission
function, but just opposite in M9. Therefore, the spin-down
current is always larger than the spin-up current in M3 and
M10, and M9 is inverse. In the case of 0.2 V in M3, the obvious
difference between spin-up and spin-down transmission results
in the SFE up to a maximum nearly 40%. In M9, there is a large
conductance gap in the energy region [�0.1, 0.06 eV] for spin
down electrons but an obvious transmission platform in [�0.1,
0.15 eV] for spin up electrons at 0.3 V, shown in Fig. 8(b).
Therefore, the SFE of M9 reaches a maximum about 60% at
0.3 V. A similar phenomenon can also be observed from the
transmission spectra in M10 as shown in Fig. 8(c). And the SFE
of M10 achieves a peak value about 50% at 0.3 V. Furthermore,
the electron transmission pathways in central region of M3, M9
and M10 are plotted in Fig. S1.† It can be seen that the spin-up
and spin-down electrons of M3 at 0 eV energy with 0.2 V
transmit mainly via the upper edge of the nanoribbons. For M9,
the spin-up electrons at EF with 0.3 V could transmit through
the up and down edges [Fig. S1(c), ESI†], but the spin-down
This journal is © The Royal Society of Chemistry 2017
channel is blocked completely. For M10, the transmission
pathways of spin-down electrons at 0.1 eV with 0.3 V mainly go
along the top edge of the nanoribbon as shown in Fig. S1(d),†
and the spin-up channel is suppressed.

4. Conclusions

In conclusion, employing the density functional theory
combined with the non-equilibrium Green's function method,
we have investigated the electronic structure, magnetism and
spin transport properties of ZSiNRs with line defects (558- and
57-defect) and edge hydrogenation. When 558-defect (57-defect)
is introduced in ZSiNRs with mono-H, the edge silicon atoms
exhibit intense spin polarization. And the defective ZSiNRs can
realize a transition from AFM to FM via varying the position of
line defects from the center to the edge. Moreover, the intro-
duction of 558-defect in ZSiNRs can effectively enhance the spin
polarization of the nanoribbons. Then we consider the effect of
edge hydrogenation on the properties of the defective ZSiNRs.
When the edge is di-hydrogenated, the interedge silicon atoms
exhibit intense spin polarization. For 558-defect ZSiNRs, the
ground state can be tuned from an initial FM metallic state to
a FM semiconductor and an AFM semiconductor by adjusting
mono- or di-hydrogenation. But for 57-defect ZSiNRs, the
ground state always remains a FM metallic state in these
systems with different kinds of edge hydrogenation. In addi-
tion, the spin-transport of the defective ZSiNRs with various
edge hydrogenation is studied. The NDR is predicted for both
RSC Adv., 2017, 7, 25244–25252 | 25251
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spins in the device constructed by the 57-defect ZSiNRs with one
mono-hydrogenated 57-defect edge and one di-hydrogenated
zigzag edge. The perfect spin-lter effect is also observed in
these devices. It can be concluded that edge hydrogenation has
an important impact on the spin polarization and spin-
transport of 558- and 57-defect ZSiNRs. These results may be
useful for the fabrication of high performance spin-related
devices based on silicene nanospintronics.
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