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By performing first-principle quantum transport calculations, we predict a giant magnetoresistance in

zigzag silicene nanoribbons (ZSiNRs) connecting two semi-infinite silicene electrodes through switch of

the edge spin direction of ZSiNRs. Spin-filter efficiency of both the antiferromagnetic and

ferromagnetic ZSiNRs is sign-changeable with the bias voltage. Therefore, potential application of

silicene in spintronics devices is suggested.
1. Introduction

Graphene, flat single-layer graphite with hexagonal structure,

has aroused considerable research enthusiasm experimentally1,2

and theoretically3,4 ever since its first mechanical isolation.1 Its

unique properties, such as massless Dirac Fermion behavior,5,6

high mobility,1,7 long spin relaxation time and length,2,8,9 and

anomalous quantum Hall effect10,11 make it a promising candi-

date for future electronic devices. Geometric confinement of the

two-dimensional graphene sheet yields quasi one-dimensional

graphene nanoribbons (GNRs).12,13 The various properties of

GNRs have been widely investigated14–16 as well. The unique

properties of graphene evoke interest in honeycomb single-layer

structures formed by other group IV elements: Si, Ge, and Sn

(referred to as silicene, germanene, and symbene, respectively).

Silicene has been fabricated experimentally by means of depos-

iting silicon on Ag(111) surfaces.17 First-principles calculations

have predicted that the most stable structure of silicene and ger-

manene has a buckling configuration.18 The method of depositing

siliconhas beenused togrowperfectly aligned silicene nanoribbons

(SiNRs) on Ag(110)19 or (100)20 surfaces, and the nanoribbons are

16 �A in width and several hundred nanometers in length. Both

STM19 and density functional theory (DFT)21 show that these

nanoribbons are zigzag-edged with 5 chains across the width.

The band structure of silicene is similar to that of graphene and

featured by a linearly-dispersed Dirac cone at the K points in the
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Brillouin zone.18,22,23 The ground state of a H-passivated zigzag

SiNR (ZSiNR) has the two edges antiferromagnetically (AFM)

coupled, which is slightly lower in energy than the state with the

two edges ferromagnetically (FM) coupled. The AFM state of

a ZSiNR is semiconducting, while the FM state is metallic. If

applying a proper magnetic field, ZSiNRs can switch between the

AFM and the FM configurations, and consequently a large

magnetoresistance (MR) is expected because of a large current

difference between the semiconducting AFM and the metallic

FM configurations.24–27 In a SiNR-based spintronics device, the

spin-polarization of carriers will be partially kept when carriers

have traveled across the conducting channel, as long as the

channel length is shorter than the spin relaxation length.28 One

remarkable property of silicon-based spintronics devices is that

charge carriers in silicon nanomaterials have very long spin

relaxation times (ss ¼ 0.14 ns for electrons and 0.27 ns for holes

at 300 K (ref. 29)) and large spin coherence lengths (ls ¼ 0.23 mm

for electrons and 0.31 mm for holes at 300 K (ref. 29)), compa-

rable to those in graphene (ss ¼ 0.1–0.4 ns and ls ¼ 1.5–2.4 mm at

room temperature (ref. 9,30)). Another attractive property of

silicon-based spintronics devices is their possible compatibility

with the contemporary semiconductor industry.

In this article, we study the quantum transport properties of

ZSiNRs connecting two semi-infinite silicene electrodes under

finite bias voltages by using DFT coupled with non-equilibrium

Green’s function (NEGF) formalism. MR up to 1960% is pre-

dicted at 300 K, which is several times larger than the previous

best experimental results at room temperature.31,32 Moreover, the

polarization direction of the current can be controlled by the bias

voltage in both the AFM and FM configurations. To the best of

our knowledge, this is the first theoretical work exploring the

possible application of silicene in a spin-valve device.

2. Model and method

A supercell model is built to study silicene and ZSiNRs with the

interlayer distance separated by 10�A to eliminate possible mirror

interaction. The edge silicon atoms of ZSiNRs are terminated
Nanoscale, 2012, 4, 3111–3117 | 3111
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with hydrogen atoms so as to eliminate the dangling bonds of

silicon atoms.N-ZSiNR is used to denote a ZSiNR withN dimer

chains across the ribbon width. In our study,N¼ 3, 4, 5, 6, 7, and

8 are considered. Geometry optimization and electronic structure

calculations are performed with the double numerical plus

polarization (DNP) basis set implemented in the DMol3

package.33,34 A generalized gradient approximation (GGA) of

Perdew–Burke–Ernzerhof (PBE)35 functional form is chosen to

describe the exchange and correlation interaction. The positions

of the atoms are relaxed until the maximum force on each atom is

no more than 0.01 eV �A�1. The first Brillouin zone is sampled

with a 6 � 6 � 1, 1 � 6 � 1, 50 � 50 � 1, and 1 � 50 � 1

Monkhorst–Pack36 k-point mesh for optimization of silicene and

ZSiNRs and energy band calculations of silicene and ZSiNRs,

respectively.

Our junction consists of a finite ZSiNR connected to two semi-

infinite silicene electrodes. This structure can be built by electron

irradiating a protected silicene, like similar treatments based on

graphene.37,38 The AFM and FM configurations of two ZSiNRs

are displayed in Fig. 1a and b, respectively. Two adjacent in-

plane (out-of-plane) ZSiNRs are separated by no less than 12.7

(10) �A to eliminate possible mirror interactions. All the finite

ZSiNRs are 44.0 �A in length unless otherwise specified.

The relaxation and quantum transport calculation of our

junctions are carried out by using DFT coupled with NEGF

formalism implemented in the ATK package,39–41 utilizing the

GGA-PBE35 form of functionals, single-zeta (SZ) basis set, and

10 � 1 � 100 Monkhorst-Pack36 k-point mesh. Hellmann–

Feynman forces after the relaxation are no more than

0.05 eV �A�1 on each atom. The temperature of electrodes is set to

300 K. At room-temperature, the mean free paths of electrons

and phonons in bulk silicon are in order of micrometers.42,43 The

spin-coherence length of carriers in bulk silicon are ls ¼ 0.23 mm

for electrons and 0.31 mm for holes.29 If the mean free paths and

spin-coherence lengths of carriers in silicene and SiNRs

are similar to those in bulk silicon, our SiNR-based devices

(7.7 or 9.6 nm in total length) would work well at room

temperature.
Fig. 1 Schematic model of a H-passivated ZSiNR connected to two

armchair-edged semi-infinite silicene structures. (a) The 3-ZSiNR in the

AFM configuration. (b) The 4-ZSiNR in the FM configuration. Applying

or removing magnetic field adjusts the ferromagnetic coupling of the two

edges. The yellow (gray) balls denote silicon (hydrogen) atoms. The

arrows represent spin directions on the edges.

3112 | Nanoscale, 2012, 4, 3111–3117
Spin-polarized current under bias voltage is calculated using

the Landauer–Buttiker formula:44

IsðVbiasÞ ¼ e

h

ðn
TsðE;VbiasÞ

h
fLðE;VbiasÞ � fRðE;VbiasÞ

io
dE;

(1)

where Ts(E, Vbias) is the spin-polarized transmission probability,

fL/R(E, Vbias) is the Fermi–Dirac distribution function of the left

(L)/right (R) electrode, and s represents spin freedom.

Usually the optimistic definition is adopted to calculate MR,

which is defined as:

MRðVbiasÞ ¼ IFM � IAFM

IAFM

; (2)

where Vbias is the applied bias voltage, IFM (IAFM) is the total

currents of the FM (AFM) configuration. Pessimistic definition

of MR, (IFM � IAFM)/IFM, is not chosen because IFM is generally

much larger than IAFM so that the pessimistic MR approaches

close to 100%, which is hard to compare with each other.

Spin-filter efficiency (SFE) at a finite bias voltage is defined as

SFEðVbiasÞ ¼ Iup � Idown

Iup þ Idown
; (3)

where Iup (Idown) is the current of up (down) spin.

3. Results and discussion

After relaxation, the silicene was found to have a hexagonal

lattice constant of 3.87 �A and a buckling of 0.45 �A, consistent

with earlier theoretical values.18Although the buckling of silicene

suggests a sp2–sp3 hybridization in contrast to a pure sp2

hybridization in graphene, the band structure of silicene (Fig. 2a)

are similar to that of graphene, featured by a Dirac cone near Ef

at the highly symmetric K point.

When including the spin degeneracy, each edge of ZSiNRs is

ferromagnetically coupled. The lowest energy state is the one
Fig. 2 Band structures of (a) silicene, (b) the AFM 5-ZSiNR, and (c) the

FM 5-ZSiNR. Spin density of (d) the AFM 5-ZSiNR and (e) FM

5-ZSiNR. The band structures of silicene and the AFM 5-ZSiNR are

spin-degenerate but the FM 5-ZSiNR is non-degenerate. The isovalues of

(d) and (e) are both 0.004 a.u.

This journal is ª The Royal Society of Chemistry 2012
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with antimagnetic coupling between the two edges, namely the

AFM state, as illustrated by the spatial spin density distribution

(Fig. 2d). With respect to the AFM state, a 5-ZSiNR is 7.8 meV

per cell higher in the FM state, where the two edges are

magnetically coupled as the spatial spin density shown in Fig. 2e.

The nonmagnetic (NM) configuration of the 5-ZSiNR is

42.0 meV per cell higher than the AFM state.

In the AFM configuration, the magnetic ordering on the edges

results in staggered sublattice potentials, realized by the opposite

spin occupation on different sublattices,16 especially on the

opposite edges (Fig. 2d). The energy degeneracy of atoms on

different sublattices no longer holds since the atoms experience

different sublattice potentials, resulting in the separation of the

conducting band and the valence band. Therefore, an energy gap

is opened universally for the AFM ZSiNRs. In the FM config-

uration, however, there are no staggered sublattice potentials

since the spin-up and spin-down occupation appears in both

sublattices (Fig. 2e). Both the spin-up and spin-down electrons

are free to propagate in the reciprocal space so that the FM state

is metallic. From the band structures of the AFM and FM

5-ZSiNR, respectively plotted in Fig. 2b and c, we see clearly that

the AFM case has a direct gap of 0.34 eV, while the FM case is

metallic with two bands across Ef.

We utilize the difference between the semiconducting AFM

and metallic FM states of a ZSiNR to obtain MR by using

a magnetic field to switch the magnetic coupling between the two

edges. When a magnetic field is absent, a ZSiNR stays at its

semiconducting AFM ground state. The electronic transport is

suppressed and occurs through tunneling. When a magnetic field

is applied on the central ZSiNR, the ZSiNR is forced to enter the

metallic FM state. The ballistic transport of electrons emerges

throughout the conducting channel.

As shown in Fig. 3a, the currents of the finite FM 5-ZSiNR are

obviously larger than those in the semiconducting AFM state.

The currents of other ZSiNRs, provided in ESI,† exhibit similar

behavior. Consequently, giant MRs (GMRs) for all the checked

ZSiNRs are obtained, as displayed in Fig. 3b. The MRs of

different ZSiNRs at the same bias voltage drop generally with

increasing ribbon width, except 4-ZSiNR. In the examined bias

range from 0.05 to 0.5 V, the MRs peak at Vbias ¼ 0.05 V for

most ZSiNRs except the 4-ZSiNR (peaking at Vbias ¼ 0.25 V).

The maximum MRs of the ZSiNRs are 261–1960%.

Traditionally, the most efficient MR junctions are those with

insulating MgO layers bridging two ferromagnetic metals (FM/

MgO/FM), and they are predicted to have a potential maximum

optimistic MR of over 1000%.45–47 In recent years, this limit has
Fig. 3 (a) I–Vbias characteristics of the 5-ZSiNR at the AFM and FM

configurations. (b) MRs of different-width ZSiNRs as a function of bias

voltage.

This journal is ª The Royal Society of Chemistry 2012
been reached in CoFeB/MgO/CoFeB junctions with MR of 500–

600% at 300 K31,32 and 1100% at 5 K.31,32 The rise of silicene as

well as graphene provides possible alternative access to a new

type of spin-valves with a larger MR than the FM/MgO/FM

junctions. The maximum MRs of the checked ZSiNRs are

comparable to or several times larger than the best experimental

values at the room temperature.31,32

To provide an insight into the GMR behavior, we investigate

the transmission spectrum, the spatially resolved local density of

states (LDOS), and the spatially resolved transmission eigen-

states of the 5-ZSiNR at Vbias ¼ 0.2 V. The transmission coef-

ficients (Fig. 4a) of the FM configuration are always higher than

those of the AFM case throughout the whole bias voltage

window. Such a difference in the transmission spectra between

the AFM and the FM configurations is in accord with the

difference in the currents, according to eqn (1). The LDOS at Ef

of the AFM (FM) configuration is shown in Fig. 4b and c. The

LDOS decreases from both sides to the middle in the AFM

configuration but remains almost invariant throughout the

nanoribbon in the FM state. It is evident that the LDOS of the

FM configuration is much higher than that of the AFM config-

uration in the middle of the ZSiNR. The difference between the

AFM and FM configurations is also reflected in the spin-resolved

transmission eigenstates, as presented in Fig. 4d–g. The trans-

mission eigenstates of the spin-up (Fig. 4d) and spin-down

(Fig. 4f) electrons in the AFM configuration are highly localized
Fig. 4 Transmission spectra, LDOSs, and transmission eigenstates of

the AFM and FM 5-ZSiNR at Vbias ¼ 0.2 V. (a) Transmission spectra.

Dashed lines denote the bias voltage window. (b) and (c) LDOSs at Ef,

(d)–(g) Transmission eigenstates at Ef and the G point. The red (green) in

(d)–(g) indicates the positive (negative) values of the wave functions. The

isovalues of (d) and (c) are 0.001 a.u., and (d)–(g) are 0.01 a.u.

Nanoscale, 2012, 4, 3111–3117 | 3113
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Fig. 5 Spin-resolved I–Vbias characteristics of (a) the 3-ZSiNR and (b) 6-

ZSiNR in the AFM and FM configurations. SFE of the (c) AFM

asymmetric, (d) AFM symmetric, (e) FM asymmetric, and (f) FM

symmetric ZSiNRs as a function of bias voltage. Inset in panel (a): Spin-

resolved I–Vbias characteristics of the 3-ZSiNR under a bias voltage less

than 0.25 V. The currents with up spin and down spin of the 6-ZSiNR in

the AFM configuration nearly coincide in panel (b).

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

01
2.

 D
ow

nl
oa

de
d 

by
 S

ou
th

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 (

SU
ST

C
) 

on
 1

1/
23

/2
01

8 
3:

21
:2

3 
A

M
. 

View Article Online
and nearly vanish at the right electrode area, resulting in

a blockade of electron transport. In contrast, the transmission

eigenstates of the FM configuration (Fig. 4e and g) are contin-

uously distributed throughout the two-probe model, causing the

metallic conduction. The contrasts in the transmission spectra,

LDOSs, and transmission eigenstates converge to one point: that

the currents in the FM configuration are much larger than those

in the AFM configuration.

Our earlier quantum transport calculations predicted

a maximum MR up to about 4000% at room temperature for

a similar two-probe model based on a zigzag graphene nano-

ribbon (ZGNR) channel and graphene electrodes,26 where the

same transition mechanism works. The reason why the MRs of

N-ZSiNRs are not as large as those ofN-ZGNRs at the same bias

voltage lies in the fact that an AFM ZSiNR has a smaller band

gap than the AFM ZGNR with the same N. For example, the

band gap of the AFM 5-ZSiNR (0.34 eV) is only 62% of that of

the AFM 5-ZGNR (0.55 eV) obtained by the same DFTmethod.

Therefore, the tunneling of electrons is less suppressed in the

AFM N-ZSiNR than in the AFM N-ZGNR, resulting in the

currents of the former being about one order of magnitude larger

at the same bias voltage. On the other hand, the currents in the

FMN-ZSiNR are only two to three times larger than the currents

in the FM N-ZGNR at the same bias voltage. The combination

of the contrasting effects mentioned above yields smaller MRs of

the ZSiNRs than the ZGNRs with the same N at the same bias

voltage.

Another type of spin-valve based on ZGNRs has been

proposed,24 where ZGNRs serve as the electrodes. It works by

changing the relative magnetic directions on the opposite ZGNR

electrodes. The predicted GMR is up to 1 million percent for

H-passivated ZGNR devices24 and 1 billion percent for bare

ZGNR devices25 at room temperature. This is because of the

requirement of additional orbital symmetry matching in addition

to the traditional spin matching. Experimentally, the current of

GNRs (width �15 nm and length �800 nm) can be tuned by

a magnetic field, with maximum optimistic MR around 130% at

285 K.37 However, the mechanism of this MR is that a perpen-

dicular magnetic field reduces the quantum confinement through

the emergence of cyclotron orbits.48–50

The spin-resolved I–Vbias characteristics of the 3-ZSiNR

(6-ZSiNR) in the AFM and FM configurations are presented in

Fig. 5a and b. The current with up spin of the FM 3-ZSiNR is

larger than that with down spin as Vbias # 0.3 V but smaller than

the latter as Vbias > 0.3 V. Therefore, the current polarization

of the 3-ZSiNR can be controlled by the bias voltage. In contrast,

the current with up spin of the FM 6-ZSiNR is always larger than

that with down spin. The spin-resolved I–Vbias characteristics of

other ZSiNRs are provided in the ESI.† The SFEs of the six

ZSiNRs are shown in Fig. 5c–f. The AFM asymmetric ZSiNRs

(N ¼ 3, 5, and 7) (Fig. 5c) have larger absolute maximum SFEs

than the symmetric ones (N¼ 4, 6, and 8) (Fig. 5d). The absolute

maximum SFEs are 19%, 9%, and 9% for the 3-, 5-, and

7-ZSiNR, respectively. The SFEs of the AFM symmetric

ZSiNRs are no more than 3% and can almost be neglected. Sign-

switching of SFEs are obtained in the AFM 3- and 5-ZSiNR.

Such reversal of spin-polarization induced by bias voltage could

find a potential use in logic spintronics devices. Actually, this

reversal has already been detected experimentally in the Fe/GaAs
3114 | Nanoscale, 2012, 4, 3111–3117
(001) interface8 and predicted theoretically in the organic

molecular junction.51 Among the FM asymmetric ZSiNRs, the

3-ZSiNR apparently has a larger absolute maximum SFE than

5- and 7-ZSiNR (Fig. 5e). The absolute maximum SFEs of the

FM 3-, 5-, and 7-ZSiNRs are 35%, 13%, and 15%, respectively.

The absolute maximum values of SFEs of the FM 4-, 6-, and

8-ZSiNRs are 30%, 41%, and 26%, respectively. Notably, the FM

3-, 4-, and 5-ZSiNR also show sign-changing SFE against bias

voltage.

To analyze the origin of the SFE, we study the transmission

spectra, LDOSs at Ef, and transmission eigenstates at the Ef and

G points of the AFM 3-ZSiNR at Vbias ¼ 0.15 V (the left column

of Fig. 6), at Vbias ¼ 0.5 V (the middle column of Fig. 6), and the

FM 6-ZSiNR at Vbias ¼ 0.1 V (the right column of Fig. 6). The

transmission coefficients of spin up electron are larger than or

equivalent to those of spin down electron within the bias voltage

window for the AFM 3-ZSiNR at Vbias ¼ 0.15 V (Fig. 6a). The

difference between the LDOSs of spin up and spin down elec-

trons is not in the central region but in the electrode area. The

LDOS of a spin up electron (Fig. 6d) is connected in the electrode

area, while that of a spin down (Fig. 6g) electron is more local-

ized and forms hexagonal rings. In the right electrode area, the

transmission eigenstate of a spin down electron (Fig. 6m) is

slightly more localized than the spin up case (Fig. 6j). The

contrasts mentioned above all indicate that the spin up electron

dominates over the spin down electron for AFM 3-ZSiNR, in

agreement with a positive SFE (19%) at Vbias¼ 0.15 V. However,

the dominance between the spin up and spin down electrons of

the AFM 3-ZSiNR is overturned at Vbias ¼ 0.5 V.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Transmission spectra, spin-resolved LDOSs, and spin-resolved transmission eigenstates of the AFM 3-ZSiNR atVbias¼ 0.15 V (left column), the

AFM 3-ZSiNR atVbias¼ 0.5 V (middle column), and the FM 6-ZSiNR atVbias¼ 0.1 V (right column), respectively. (a)–(c) Transmission spectra, (d)–(i)

LDOSs at Ef, (j)–(o) Transmission eigenstates at Ef and at the G point in the Brillouin zone. The red (green) in (j)–(o) indicates the positive (negative)

values of the wave functions. The isovalues of (d)–(i) are 0.001 a.u., (j) and (m) are 0.002 a.u., (k) and (n) are 0.004 a.u., and (l) and (o) are 0.01 a.u.

Fig. 7 (a) I–Vbias characteristics and (b) MRs of different-length

5-ZSiNR in the AFM and FM configurations.
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The comparison of transmission spectra (Fig. 6b), LDOSs

(Fig. 6e and h), and transmission eigenstates (Fig. 6k and n) all

indicate a dominance of the spin down electron over the spin up

electron for the AFM 3-ZSiNR at Vbias ¼ 0.5 V, in accord with

a negative SFE of �12%. The changing dominance of the two

spins from Vbias ¼ 0.15 to 0.5 V explains the sign-changing of the

SFEs in the AFM 3-ZSiNR. The contrasts of transmission

spectra (Fig. 6c), LDOSs (Fig. 6f and i), and transmission

eigenstates (Fig. 6l and o) in the FM 6-ZSiNR at Vbias ¼ 0.1 V

suggest that the spin up electron dominates over the spin down

electron and results in a positive SFE of 41%.

We then checked the dependence of the currents, GMR, and

SFE on the length of ZSiNRs. The tunneling currents in the

AFM ZSiNRs are reduced with the increasing ribbon length,

while the metallic transport current in the FM ZSiNRs did not

change significantly (Fig. 7a). Therefore, the MRs are generally

enhanced as the ribbon length increases (Fig. 7b). The SFEs

change insignificantly with increasing ribbon length. The spin-

resolved currents and SFEs of the 5-ZSiNR in the AFM and FM

configurations with different ribbon lengths are presented in the

ESI†.

The magnetic moments of the two outmost edge Si atoms of

the infinite 5-ZSiNR are 0.34 and �0.34 mB in the AFM config-

uration, while both the magnetic moments are 0.31 mB in the FM

configuration. These magnetic moments of the edge Si atoms are

about one order of magnitude larger than those of the central Si

atoms regardless of the spin coupling between the two edges. The

critical magnetic field B* required to switch a ZSiNR between the
This journal is ª The Royal Society of Chemistry 2012
AFM and FM configurations can be estimated from the

relation:27

B* ¼ D

gmBMT

; (4)

where D is the energy difference between the AFM and FM

configurations, g ¼ 2 is the Landauer factor of silicene, mB ¼
0.058 meV T�1 is the Bohr magneton, andMT is the total spin on

edge atoms. The resulting B* of the 5-ZSiNR is 8.6 T, which is

easily attainable in the laboratory.

So far the spin correlation length ls, a physical quantity

enabling the operation of a spin-valve, in a one-dimensional

ZSiNR has not been investigated. We can simply estimate it

according to the ls of ZGNRs52 because the spin states in both

kinds of nanoribbons stem from the hybrid pz orbitals at the
Nanoscale, 2012, 4, 3111–3117 | 3115
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zigzag edge atoms.14 We notice that the spin diffusion lengths in

silicon materials are also comparable to those in carbon mate-

rials.28 The calculated 7.8 meV energy difference between the

AFM and FM 5-ZSiNR corresponds to a temperature of 90.5 K,

above which the AFM state can transit to the FM state spon-

taneously and the device is invalidated. At 90.5 K, the calculated

ls of a ZGNR edge is about 4–5 nm.52 Thus we estimate the ls of

a ZSiNR edge to be about 4–5 nm at 90.5 K. The lengths of the

ZSiNRs in our devices (4.4 or 6.6 nm) are in the same scale,

suggesting that the devices work properly at 90.5 K. The spin

correlation length grows inversely or exponentially with

decreasing temperature,52 and therefore the spintronics devices

we proposed can operate more efficiently below 90.5 K.

Since the planar silicene and perfectly aligned ZSiNRs have

been successfully fabricated, the device fabrication and property

measurements become feasible. Direct measurement of spin

relaxation time and coherence length of silicene and SiNRs are in

urgent demand, as they will provide the fundamental basis for

further research on silicene-based spin-valves.
4. Conclusion

In summary, we have studied the electron transport properties of

finite ZSiNRs connecting two planar silicene electrodes. We find

that the devices, especially with narrow ZSiNRs, have

a remarkable GMR at a finite bias voltage. The devices also have

a sign-changeable SFE with respect to the bias voltage. Based on

the giant magnetoresistance and sign-changeable spin-filter effi-

ciency, our devices are potentially useful in nanoscale silicon

spintronics.
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