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Abstract

Based on the nonequilibrium Green’s function (NEGF) method combined with the density func-

tional theory (DFT), we investigate the spin-dependent thermoelectric transport properties of the

zigzag-edged silicene nanoribbons (ZSiNRs) doped by a Al-P bonded pair at different edge po-

sitions. For the ferromagnetic (FM) configuration, the strong quantum destructive interference

effects between the localized states induced by the Al-P bonded pair and side quantum states

results in the appearance of the spin-dependent transmission dips near the Fermi level. This fact

leads to the simultaneous enhancements of the spin-filter efficiency and spin Seebeck coefficient at

the Fermi level, meanwhile their signs are dependent on the doping positions. Moreover, for the

antiferromagnetic (AFM) configuration, the spin-dependent transmission peaks with the ordinary

lorentzian shapes near the Fermi level can be introduced by the Al-P bonded pair. Interestingly,

a pure spin current in the doped AFM ZSiNRs can be achieved by modulating the temperature.

In this case, the spin-filter efficiency can reach infinite, meanwhile the thermal magnetoresistance

(TMR) between the FM and AFM configurations can also reach infinite.

PACS numbers: 85.75.-d; 72.15.Jf; 85.80.-b

Keywords: Zigzag-edged silicene nanoribbons; Thermal magnetoresistance; Spin-filter efficiency; Spin See-

beck effects
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I. INTRODUCTION

Since graphene, a monolayer of carbon atoms with the honeycomb lattice, is experimen-

tally realized in 2004 [1], the graphene-like materials have been widely studied in recent

years. Among them, silicene, the monolayer honeycomb structure of silicon, has been pro-

posed as an important material due to its graphene-like features and the compatibility to

silicon-based electronic devices [2]. In addition to similar properties such as high mobility

charges, quantum spin Hall effect, and a Dirac core in band structures, silicene has a large

spin-orbit gap at the Dirac point [3], experimentally accessible quantum spin Hall effect [4],

electrically tunable band gap [5] and a valley-polarized metal phase [6]. Different from the

planar structure of graphene, silicene has a low-buckled structure resulting from the weaker

π-π overlaps than graphene. Until now, though the free-standing silicene has yet not been

reported experimentally, the high-quality silicene sheets with the low-buckled structure have

been successfully created on the silver [7], ZrB2 [8], and Ir(111) substrates [9]. Earlier ex-

periments have also demonstrated the capability of fabricating the one-dimensional silicene

nanoribbons (SiNRs) [10, 11]. The SiNRs with different edges exhibit the entirely differen-

t electronic structures. For example, the armchair-edged SiNRs (ASiNRs) are metallic or

semiconductors by modulating their width. However, for the zigzag-edged SiNRs (ZSiNRs),

the antiferromagnetic (AFM) semiconducting state is the stable ground state. Using an

external magnetic field, we can realize the switch between the ferromagnetic (FM) excited

state and the AFM ground state.

In addition, the transport properties of SiNRs or graphene nanoribbons (GNRs) have

also attracted much attention in recent years. For instance, the single-spin electric current

in the doped zigzag-edged GNRs (ZGNRs) shows the negative differential resistance (NDR),

while the other-spin electric current is monotonically increased with the bias voltage [12,
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13]. The strong spin-dependent NDR is also reported in composite armchair GNRs-based

superlattices with a set of ferromagnetic insulator strips [14]. Kang et. al. presented a first-

principles calculation to investigate the symmetry-dependent transport properties of ZSiNRs

[15]. Even-number and odd-number ZSiNRs show different current-voltage relationships,

which are attributed to the different parity of the wave functions. The magnetoresistance in

even-number ZSiNRs can reach 107% [15]. By changing the edge spin direction of ZSiNRs, a

giant magnetoresistance can be predicted [16]. Very recently, Chen et. al. also found a very

large magnetoresistance in monohydrogenated ZSiNRs doped by the elements in groups III

and V [17].

Ab initio molecular dynamics simulations show the hydrogen (H)-passivated SiNRs have

the very good stability at the high temperature region, indicating the possibility of using

SiNRs as potential thermoelectric materials [18]. Recent theoretical researches have shown

that the thermoelectric effects of pristine ZSiNRs in the low-energy AFM state can be

obviously enhanced due to the existence of the energy gap at the Fermi level [19]. For

the pristine ZSiNRs in the FM state, the thermoelectric effects are very weak due to a

conductance platform at the Fermi level. However, by the edge doping, the spin Seebeck

effect (SSE) can be obviously enhanced [20]. Here, the SSE is defined by the generation of the

spin voltage arising from a temperature difference, which was first observed experimentally

in a metallic magnet by using a spin detection technique [21]. This innovative experiment

immediately inspires abundant theoretical and further experimental investigations in various

systems [22–31]. Recently, Zhao et. al. found a large thermal magnetoresistance (TMR)

effect under a small local gate voltage when the ZGNR is transformed between the FM state

and the AFM ground state [32].

Edge modifications, structure defects and systematic doping can effectively alter the

electronic structures and magnetic properties of GNRs and SiNRs. In the asymmetrical-
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ly hydrogenated ZGNR homojunction, an intrinsic spin-filter effect is exhibited [33]. In

addition, the half-metallicity is also reported in the ZGNRs with divacancies and divacan-

cies combined with the Stone-Wales-like (SW) defects at the Fermi level [34]. Among these

methods, the chemical doping is the more frequently performed to change the electron struc-

tures and transport properties. For example, Zheng et. al. reported a systematic study of

the ZGNRs with single and multiple dopants [35]. These dopants induce bound states and

qusibound states, resulting in the dips and peaks in the transmission spectra. Experimen-

tally, by using the atmospheric-pressure chemical vapor deposition, Lv et. al. described the

synthesis of large-area, highly-crystalline monolayer N-doped graphene (NG) sheets, and

the localized states in the conduction band induced by N doping could be revealed by the

scanning tunneling microscopy and spectroscopy [36]. To keep the whole system isoelec-

tric, Dutta et. al. performed a first-principles method to investigate the ZGNRs with the

B-N chemical dopants, and found the doping concentrations and positions can regulate the

electronic structures of ZGNRs [37]. The effects of these chemical dopants have also been

investigated experimentally in nanotubes [38]. And likewise, the chemical doping is also

way of improving electronic and transport properties of SiNRs. Very recently, Zberecki et.

al. investigated the spin effects in thermoelectric properties of ZSiNRs with Al or P dop-

ing, and the results showed that the spin thermopower can be obviously enhanced by these

impurities [39]. A quantum-mechanical Landauer-Büttiker approach has been performed to

evaluate the conductivities of doped SiNRs with various impurity concentrations including

B, N, Al, and P substitutions. The results showed that these substitutional doping could

widen transport gaps of silicene [40].

In this paper, motivated by the advances of recent experimental realizations and widely

theoretical works of ZSiNRs, we present a first-principles study of the spin-dependent ther-

moelectric transport properties of the ZSiNRs doped by the Al-P bonded pair at different
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doping positions, keeping the while system isoelectric. For the FM configuration, we find

that the spin-filter efficiency (SFE) and SSE at the Fermi level can be obviously enhanced

by doping the Al-P bonded pair . These results are attributed to the appearance of the spin-

dependent transmission dips originating from the strong destructive interference effects. In

addition, the signs of SFE and SSE are dependent on the doping positions. More inter-

estingly, a pure spin current without an accompanying charge current in the doped AFM

ZSiNRs is achieved by modulating the temperature. In this case, the SFE can reach infinite.

Meanwhile, the TMR between the FM and AFM configurations can also reach infinite.

II. MODEL AND COMPUTATIONAL METHODS

As illustrated in Figs. 1 (a) and (b), we divide the n-ZSiNR in FM and AFM states

into three regions: left semi-infinite electrode, central scattering region, and right semi-

infinite electrode. n in n-ZSiNR denotes the width of ZSiNRs, and here it is chosen to

be 6 in our work. The Atomistix ToolKit (ATK) package based on the NEGF combined

with the DFT is performed to obtain the spin-polarized transport properties [41, 42]. The

electron wave function is expanded in a basis set of double zeta orbitals plus one polarization

orbital (DZP). To separate ZSiNRs in neighbor suppercells and ensure the suppression of

the coupling between them, a vacuum region of width 15 Å is adopted. The energy cutoff

is chosen to be 150 Ry and the size of the mesh grid in k space for the electrode parts is

1 × 1 × 100. All the two-probe structures doped by the chemical dopants are fully relaxed

until the forces are smaller than 0.02 eV/Å on each atom. The spin-dependent transmission

function τσ is calculated by [41]

τσ(E) =
e2

h
Tr[ΓL

σ (E)Gr
σ(E)ΓR

σ (E)Ga
σ(E)], (1)
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Γ
L(R)
σ (E) Green’s function is obtained by Gr

σ(E) = [EI −H + i(ΓL
σ + ΓR

σ )/2]−1, where I

is the unit matrix and H the Hamiltonian of the scattering region. The advanced Green’s

function Ga
σ(E) is obtained by Ga

σ = [Gr
σ]†. The spin-filter efficiency (SFE) at the Fermi

level is given by,

SFE =
τ↑ − τ↓
τ↑ + τ↓

|E=EF × 100%. (2)

When a thermal bias ∆T is applied across these two-probe devices, the spin-polarized current

is,

Iσ =
e

h

∫
dE(fL − fR)τσ(E) (3)

where fL(R) is the Fermi-Dirac distribution of the left (right) electrode. The SFE under a

thermal bias ∆T is defined as,

η(T,∆T ) =
I↑(T,∆T )− I↓(T,∆T )

I↑(T,∆T ) + I↓(T,∆T )
. (4)

Using an external magnetic field, we can force the AFM ground state to be a FM excited

state. Thus the TMR at the different difference is defined as [43]

TMR(T,∆T ) =
|IFM(T,∆T )| − |IAFM(T,∆T )|

|IAFM(T,∆T )|
(5)

where IFM(AFM)(= I↑ + I↓) is the total electric current of the FM (AFM) configuration un-

der a thermal bias ∆T . An experiment measurement for the magnetoresistance in graphene

has been reported [44]. In addition, the spin-dependent Seebeck coefficient Sσ can be ob-

tained by assuming a spin thermovoltage ∆Vσ induced by the thermal bias ∆T , letting

Iσ(∆Vσ, T )|∆T=0 +Iσ(∆T, T )|∆Vσ=0 = 0. After expanding the Fermi-Dirac distribution func-

tion to the first order in ∆T and ∆Vσ, we have

Sσ = − 1

eT

L1σ(µ, T )

L0σ(µ, T )
, (6)

where Lνσ(µ, T ) = −
∫
dE{∂f(E, µ, T )/∂E}(ε − µ)ντσ(E)(ν = 0, 1). µ is the chemical

potential of the electrodes.
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RESULTS AND DISCUSSIONS

As illustrated in Fig. 1 (c), the pristine ZSiNR and three different doping positions

of the Al-P bonded pair in ZSiNRs are considered in this work. For the pristine ZSiNR,

the optimized Si-Si bond length is about 2.28 Å, and the buckled height is about 0.45Å.

These parameters are in consistent with the previous results [45]. After a Al-P bonded

pair is doped, the optimized structures at the doping regions show that the band lengths

are effectively amended. For example, the P-Si bond length is shorter than the intrinsic

Si-Si bond, while the Al-Si bond length is longer than it. The Al-P bond length in the

(1,2) position is smaller by 0.09 Å in comparison to that in the (2,3) and (3,4) doping

positions. In addition, it is well known that the spin denisty is mainly accumulated in the

edge Si atoms for the pristine FM ZSiNR, as depicted in Fig. 2(a1). The corresponding

transmission spectrum shows a metallic behavior, and τσ(= 1) at the Fermi level is the spin

degenerate. Therefore, the SFE at the Fermi level at the low temperature regime is near

zero. In addition, a wider transmission peak is located at about E= -0.2 eV and a narrower

transmission peak at about E= 0.15 eV (see Fig. 2(a3)). At same energy positions, there

exist two DOS peaks (see Fig. 2(a2)). We also plot Sσ as a function of energy at T = 70K

in Fig. 2(a4). A negative maximum of S↑(S↓) is located in the below transmission peak in

the negative (positive) energy region and a positive maximum of S↑(S↓) in the above the

transmission peak in the negative (positive) energy region. These numerical results can be

well explained by,

Sσ(E) ' −π
2k2
BT

3e

τ ′σ(E)

τσ(E)
. (7)

The above equation clearly shows that Sσ is related not only to the magnitude of τσ(E)

but also to its slope at energy E. For example, S↑ has a negative value due to τ ′σ(E) > 0 in

the below transmission peak at E = −0.2eV . When the Al-P bonded pair is doped at the
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(1,2) and (2,3) positions, the spin polarization of the edge Si atom near the doping atom

is obviously weaken (see Figs. 2(b1) and (c1)). The edge magnetism can be restored when

the doping moves to the (3,4) position, as shown in Fig. 2(d1). In addition, it is interesting

is that some localized quantum states appear and then induce some narrower DOS peaks

(see Fig. 2(b2)). We also note that some spin-dependent Fano dips in the transmission

spectra near these quantum states can be induced as shown in Fig. 3(b3)), which come from

the quantum destructive interference effects between these localized quantum states and

their neighboring the continuum state. Similar results are also reported in the mesoscopic

systems [46]. For the (1,2) doping position, a spin-down transmission dip appears close to

the Fermi level at E = 0.03eV , meanwhile τ↑ is nearly invariable at this energy region.

Thus, the SFE at the Fermi level reaches 67%. The corresponding local density of states

(LDOSs) of spin-up and spin-down components at E = 0.03eV are shown in Fig4. (a) and

(b). We indeed find that a spin-down localized state is formed at the edge with the doping,

and the LDOS is suppressed at the region near the right electrode. For the spin-up case,

though the LDOS is obviously suppressed at the Al and P atoms, it is enhanced the sub-edge

Si atoms. Meanwhile, compared with the pristine case, the slope of τ↓ at the Fermi level

is obviously enhanced, and is negative. According to Eq. (7), S↓ is positive, and can be

enhanced to 78.7 µV/K at T = 70K, while S↑ has a small value about −1.7µV/K. When

the Al-P bonded pair is doped at the position (2,3), a spin-up transmission dip is located

at E = −0.04eV , and the spin-down transmission nearly remains unchanged. At the Fermi

level, the SFE becomes negative and about −63%. In Figs. 3 (c) and (d), we show the

spin-up and spin-down LDOSs at E = −0.036eV for the (2,3) doping position. For the spin-

up case, a localized state is formed, and its LDOS is suppressed near the doping position.

The spin-down LDOS nearly remains unchanged along the bottom Si atoms, resulting in

a larger electron transmission probabilities for the spin-down electrons at E = −0.036eV .
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In addition, since the slope of τ↓ at the Fermi level is positive, S↑ has a negative value

−46.8µV/K. Meanwhile, S↓ has a small value. This fact results in |SS| ' |SC | at the Fermi

level. Here SS(C)(= (S↑ − (+)S↓)/2) is the spin (charge) Seebeck coefficient [47]. Therefore

the signs of the SFE and SEE can be modulated by changing the doping positions of the Al-

P bonded pair. When the doping position moves to (3,4), the transmission dips are far away

from the Fermi level (see Fig. 2(d3)), leading to the weaker the SFE and spin-dependent

Seebeck effects at the Fermi level. To further conform the existence of the localized state, as

an example, we plot the spin-resolved band structures of the central scattering region with

the doping at (1,2) as an unit cell. A spin-down flat band appears near and above the Fermi

level, indicating a localized state is formed. The wave function of the spin-down band is

plotted in Fig. 4(d). We find that the wave functions of spin-down electrons only occupy

the several atoms near the doping atoms, and they are obviously suppressed on the edge

region of the central scattering region. By way of contrast, for the spin-up component, the

localized state can not be formed. We clearly see that the wave function of spin-up electrons

are enhanced near the edge of the central region, though the wave function of the spin-up

electrons are obviously suppressed (see Fig. 4 (c)).

For the AFM configuration, the spin with different direction is distributed on the edge

Si atoms (see Fig. 5), and the Al-P bonded pair in the (1,2) and (2,3) doping positions

can induce the suppression of the spin density near the doping atoms, as illustrated in Figs.

3 (b1) and (c1). Similar to the FM case, the spin on edge Si atoms can also be restored

when the doping position moves to (3,4). It well known that the spin is degenerate for the

pristine ZSiNR, and an obvious transmission and DOS gaps with the width of 0.26 eV is

opened. The DOS spectrum shows a similar behavior as the transmission spectrum. In Fig.

5 (a4), we plot the Sσ as a function of energy E. Due to a rapid changing of τσ near the

edge of the transmission gap, |Sσ| is enhanced to about 1500 µV/K near the Fermi level
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and even |Sσ| at the Fermi level can also reach 228 µV/K. When the Al-P bonded pair is

doped at the position (1,2), the spin-dependent DOS spectrum shows that the some new

quantum states appear not only in the outside of the gap but also in the inside of the gap

(see Fig. 5(b2)). The quantum destructive interference effect between these quantum states

in the outside of the gap and their neighboring quantum states lead to the transmission

dips at these special energy positions. However, the quantum states in the gap induce some

transmission peaks due to the absence of their neighboring quantum states (see Fig. 5(c2)).

We also note that there is a spin-up (spin-down) transmission peak below (above) the Fermi

level. It can induce an obvious enhancement of the spin Seebeck effect at the Fermi level,

which is ascribed to the inverse sign of S↑ and S↓ due to τ ′↑(EF ) < 0 and τ ′↓(EF ) > 0.

Therefore, in this case, the spin Seebeck coefficient is larger than the corresponding charge

Seebeck coefficient. For example, at T=70K, |SS| is about 397 µV/K, while |SC | is about

176 µV/K (see Fig. 5(d2)). When the Al-P bonded pair is doped at the position (2,3), it

is interesting that the spin-up transmission peak appears above the Fermi level, while the

spin-down conductance transmission peak appears below and a little bit far away from the

Fermi level. Thus, the spin-down Seebeck coefficient at the Fermi level is strongly enhanced

to 964 µV/K at T = 70K. Even if the spin-dependent conductance transmission peaks are

far away from the Fermi level for the doping position (3,4), Sσ at the Fermi level is still

enhanced. In order to further evidence the importance of our findings, as an example, we

plot the spin-dependent transmission function as a function of the electron energy for the

single P and Al doping at position 1 and 2 in Figs. 6(a) and (c). After optimization, the P-Si

bond lengths are nearly equal to the intrinsic Si-Si band lengths, while Al-Si bond lengths

are obviously increased (see Figs. 6(b) and (d)). Importantly, we find that only spin-up

transmission peaks (for the Al doping) and only spin-down transmission peaks (for the P

doping) can be induced. These results indicate that the spin Seebeck effects are not larger
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than the corresponding the charge Seebeck effects in these single atom dopants.

Though |Sσ| of AFM ZSiNRs at the Fermi level is larger than that of FM ZSiNRs, we note

that this fact is due to the exceptionally low transmission at the Fermi level. In the following,

we will mainly focus on the thermally driven current in the FM and AFM ZSiNRs with Al-

P bonded pair doping. When a thermal bias is provided between the two electrodes, the

spin-dependent electric current can be obtained by Eq. (3). In the low-temperature linear

region, Iσ is simplified as [48]

Iσ '
∆T

2πkBT
[
π2

3
(kBT )2τ

′

σ(EF )], (8)

Different from Eq. (7) for the expression of Sσ, the thermal-bias-induced current Iσ is only

related to that the slope of τσ at the Fermi level. The direction of the current is dependent

on the sign of τ
′
σ at the Fermi level. Iσ > 0 means that electrons with the spin index σ

flow from the left (high-temperature) to the right (low-temperature) electrodes, meaning a

n-type thermoelectric devices for the spin index σ. When Iσ is negative, indicating that

the electrons with the spin index σ flow from the right (low-temperature) to the left (high-

temperature) electrodes. Actually, one can also think that the holes with the spin index

σ flow from the left (high-temperature) to right (low-temperature) electrodes. A p-type

thermoelectric device for the spin index σ is achieved. In Fig. 7, we plot Iσ of the doped

FM (left column) and AFM (right column) as functions of ∆T for T = 70K. Here we do

not present the results of the pristine ZSiNR due to τ ′(EF ) ' 0. For the FM configuration,

Iσ has a perfectly linear relation to ∆T , and the results can be well explained by Eq. (8).

When the Al-P bonded pair is doped at the position (1,2), I↑ is near zero due to τ
′

↑ ' 0,

but I↓ has a negative value because of τ
′

↓ < 0. The SFE under the thermal bias [0,25] K

is almost kept at a constant about -1.24 (see the red solid line in Fig. 8(a)). For the (2,3)

and (3,4) doping positions, the absolute values of SFE in the thermal bias region is lesser
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than 1 due to the same flowing direction of the current with the different spins. The linear

relations between Iσ and ∆T for the AFM configuration are broken, and Iσ is very small

(see the right column of Fig. (7)). More interestingly, when the (1,2) position is doped by

the Al-P bonded pair, the charge current is zero at ∆T = 20.6K. In this case, the spin-up

electrons and spin-down electrons with same probabilities flow along the opposite directions.

Therefore, according to Eqs. (4) and (5), the SFE can reach infinite (see Fig. 8(c)), and

TMR between the FM and AFM states can also reach infinite due to IAFM = I↑ + I↓ = 0

(see Fig. 8(b)). In Fig. 8(d), we plot TMRs of the three doped ZSiNRs as functions of T for

the fixed ∆T . It is found that TMR is monotonically increased for position (1,2) and (3,4)

as T is reduced. While for the position (2,3), the maximum of TMR emerges at T= 75K.

For the position (1,2), the TMR is rapidly enhanced at about 70K. This result is due to the

appearance of the nearly pure spin current. These results manifest that SFE and TMR can

be effectively enhanced in the Al-P doped ZSiNRs by tuning the temperature. Especially it

is interesting that the SFE in the doped AFM ZSiNRs can even reach infinite at a certain

temperature, and then the corresponding TMR between the FM and AFM states can also

reach infinite.

In conclusion, based on the nonequilibrium Green’s functions (NEGF) combined with

the density-functional theory (DFT), we investigate the SSE and thermal-bias-induced spin

transport properties of the FM and AFM SiNRs doped by a Al-P bonded pair in different

edge regions. It is found that the SFE and SEE are obviously enhanced, and their signs are

related to the doping positions. More interestingly, the SFE in the doped AFM SiNRs can

reach infinite by modulating the temperature. This behavior is due to the appearance of the

pure spin current without an accompanying charge current. As a result, the TMR between

FM and AFM states can also reach infinite.
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FIG. 1: Two-probe structures of 6-ZSiNR in the FM (a) and AFM (b) quantum states. Some

bond lengths (in Å) near the doping positions are shown in (c). The label (n,m) denotes the a P

atom doped at n position and meanwhile an Al atom doped at m position. n and m positions are

indicated in Figs. 1(a) and (b).
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FIG. 2: (Color online) Spin density distributions of the 6-ZSiNRs on the central scattering region

(a1,b1,c1,d1), and spin-dependent DOSs (a2,b2,c2,d2), spin-dependent transmission function τσ

(a3,b3,c3,d3), and spin-dependent Seebeck coefficient Sσ (a4,b4,c4,d4) as functions of the electron

energy for the pristine and Al-P doped FM ZSiNRs, respectively. The thick red lines represent the

spin-up components and the thin blue lines mean the spin-down ones. The dotted lines denote the

Fermi level. The direction and amplitude of the spin polarization on each atom are indicated by the

color (up in red, down in blue) and the radius of the filled circle on the atom sphere, respectively.

The electrode temperature T is 70 K.
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FIG. 3: (Color online) (a) Spin-up LDOS at E = 0.03eV for the (1,2) doping. (b) Spin-down

LDOS at E = 0.03eV for the (1,2) doping. (c) Spin-up LDOS at E = −0.036eV for the (2,3)

doping. (d) Spin-down LDOS at E = −0.036eV for the (2,3) doping.
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FIG. 4: (Color online) Spin-resolved energy band structures for the (1,2) doping in the FM ZSiNR,

and the wave functions of the energy band 1 for spin-up component and 2 for the spin-down case.

Different colors represent the different phases.
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FIG. 5: (Color online) Spin density distributions of the 6-ZSiNRs on the central scattering region

(a1,b1,c1,d1), log-plot of spin-dependent DOSs (a2,b2,c2,d2), log-plot of spin-dependent transmis-

sion function τσ (a3,b3,c3,d3), and spin-dependent Seebeck coefficient Sσ (a4,b4,c4,d4) as functions

of the electron energy for pristine and Al-P doped AFM ZSiNRs. The thick red lines represent the

spin-up components and the thin blue lines mean the spin-down ones. The dotted lines denote the

Fermi level. The direction and amplitude of the spin polarization on each atom are indicated by the

color (up in red, down in blue) and the radius of the filled circle on the atom sphere, respectively.

The electrode temperature T is 70 K.
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The dotted lines denote the Fermi level. The corresponding bond lengths (in Å) near the doping
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FIG. 7: (Color online) Iσ of the doped FM (the left column) and AFM (the right column) ZSiNRs

as function of ∆T for T = 70K.
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FIG. 8: (Color online) SFE of the three doped (a) FM and (c) AFM ZSiNRs as functions of ∆T

for T = 70K. (b) TMR of the three doped ZSiNRs as a function of ∆T for T = 70K. (d) Log-plot

of the TMR of the three doped ZSiNRs as functions of T for ∆T = 20K.
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