Superlattices and Microstructures 125 (2019) 95–102

Contents lists available at ScienceDirect

Superlattices and Microstructures
journal homepage: www.elsevier.com/locate/superlattices

Spin transport properties of Fe, Co and Ni doped hydrogenated
zigzag silicene nanoribbons: Negative differential resistance and
spin filtering effect

T

Mojtaba Akbarzadeha,b, Mahmood Rezaee Roknabadia,b,∗, Shaban Reza Ghorbania,
Mohammad Behdania
a
b

Department of Physics, Faculty of Science, Ferdowsi University of Mashhad, Iran
Angstrom Thin Film Laboratory, Department of Physics, Faculty of Science, Ferdowsi University of Mashhad, Iran

ARTICLE INFO

ABSTRACT

Keywords:
Spintronics
Silicene nanoribbons
DFT
Non-equilibrium Green's functions
NDR
SFE

Spin dependent transport of transition metals doped Zigzag Silicene Nano-Ribbons (ZSiNR) are
investigated through the Density Functional Theory (DFT) and Non-Equilibrium Green's
Functions (NEGF) formalism. The edge dangling bonds are passivated with hydrogen atoms. The
DOS and Transmission functions are calculated and the resulting I-V curves show a behavior
characteristics of spin polarized currents. These facts results in Negative Differential Resistance
(NDR) and a reasonable Spin-Filtering Effect (SFE) in doped ZSiNRs compared to the pristine
ZSiNR which shows the applicability of the considered structures in spintronic devices.

1. Introduction
Creation, manipulation and calculation of the charge current forms the basics of modern electronic devices. However, future
electronic industry looks forward to control the spin current using the intrinsic up and down spin states of the electronic charges
[1–4]. The energy consumption is less in changing a spin state compared to the energy needed for controlling the charge current, so
spin devices can perform faster and more efficient [1]. Choosing the right material to pave the way of spintronic science and
technology is the most essential part. Maintaining the Moore's law [5] makes scientific community to search in nanomaterials to build
smaller and more efficient devices. The discovery of the 2D materials [6] made a fascinating search avenue for condensed matter
physicists and material scientists in this way. Promising features of 2D materials makes them a hopeful candidate to be used as the
basic materials in electronic devices such as nano-transistors, nano-LEDs, etc. [7–14] and also a practical candidate for spintronic
industry.
Among the vast number of 2D materials, silicene and its allotropes are in a special attention due to their compatibility with
current Silicon based transistor technology. In addition, bare silicene and silicene nanoribbons are both have been synthetized on Ag
substrates [15–19] [20–24], which makes them more probable to be used in real electronic and spintronic devices. To use the
materials in spintronic devices, there should be a spin polarization, but most of the 2D materials show semiconducting behavior with
no polarization.
Although the most stable configuration of zigzag silicene nanoribbons (ZSiNRs) shows an anti-ferromagnetic (AFM) spin state in
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Fig. 1. a) bare zigzag silicene nanoribbon with hydrogen atoms on the two edges (ZSiNR). b), c) and d) correspond to Fe, Ni and Co doped at ZSiNR,
respectively.

edges but it does not make any serious difference in the up and down spin currents [25–27]. A common way to make this difference
more significant is to add magnetic-impurity elements such as transition metals (TMs) to the nanoribbon structure [28–30].
So, in this study, the magnetic impurities of Fe, Co and Ni are substituted in hydrogenated 4-ZSiNRs structures to investigate any
changes in the up and down spin currents. Then, the I-V characteristics of the ribbons such as negative differential resistance (NDR)
and spin filtering efficiency are obtained. Calculations are based on the Density Functional Theory (DFT) [31,32] along with the NonEquilibrium Greens Functions (NEGF) formalism [33–35] to obtain electronic structure properties and I-V characteristics, respectively.
2. Methods
Using the OpenMX ab initio simulation package [36], the geometry of bare and doped hydrogen passivated zigzag silicene
nanoribbon (H-ZSiNR which is written as ZSiNR in this article) structures in Fig. 1 are optimized. The width of the nanoribbons is
chosen to be 4 (transport properties of bare and Co-doped ZSiNR of width 6 (6-ZSiNR) is considered in other papers [37,38]). The
doping elements are Fe, Co and Ni atoms, which are substituted at the center of the ZSiNR (Fig. 1) (transport properties of other
elements such as Al, P in 8-ZSiNR is presented in Ref. [39]), in which the atoms are substituted near the edges of the nanoribbon).
The energy cutoff is 360 eV for all electronic DFT calculations. For exchange and correlation effects, the Perdew-Burke-Ernzerhof
(PBE) in generalized gradient approximation (GGA) is adopted for all structures (In Ref. [38], the LDA approximation is used for DFT
calculations). The relaxation of the atoms in the unit cell is done until the maximum force on each atom is no more than 0.01 eV/Å.
The effect of core electrons are considered through Troullier-Martins norm-conserving pseudo potential. A Monkhorstpack k-grid of
1 × 1 × 24 points is considered for the reciprocal space band calculations. also, the vacuum layer of 15 Å is adopted to avoid the
interaction of the adjacent systems.
The Transport calculations are performed using the Non-Equilibrium Green's Function (NEGF) formalism as implemented in the
TranMain module in OpenMX Package. The basis set for the electron wave function is chosen to be the double zeta orbitals plus one
polarization orbital (DZP). The energy cutoff is 150 Ry and the k-mesh size is 1 × 1 × 100 . The two-electrode device structure
containing a central region for transport calculations is shown in Fig. 1.
The spin polarized currents is calculated by the ballistic Landauer-Btticker formula:

I =

e
h

d (fL

fR ) T ( , Vbias )

(1)

where σ denotes the spin state to be up or down and fL, R is the Fermi-Dirac distribution of the left and right electrodes. T is the
electronic transmission function for the spin up and spin down electrons which is defined as follows:

T ( , Vbias ) = Tr (

L

( ) G Ret ( )

R

(2)

( ) G Adv ( )).

( ) and ( ) are the left and right electrode couplings to the system and G ( ) and G ( ) are the retarded and advanced Green's
functions, respectively.
The spin filter efficiency (SFE) at each Vbias is calculated using the following definition:
L

R

SFE (%) =

Ret

(I
I)
× 100
(I + I )

Adv

(3)

Where I and I denote the up-spin and down-spin currents, respectively.
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Fig. 2. The structures in Fig. 1 after geometry relaxation. a), b) and c) are the top views. d), e) and f) are the side views of the relaxed geometries.

3. Results and discussion
3.1. Structural optimization and spin density of states
First, the bare and doped structures are relaxed as illustrated in Fig. 2. Silicon atom on the two edges are passivated by one
hydrogen for sp2 hybridization [40]. As in Fig. 2a–f, the position of Fe, Co and Ni atoms has changed due to the different bond lengths
of Si-Si, Fe-Si, Co-Si and Ni-Si. Then, density of states (DOS) at zero bias voltage for the whole device is calculated. Fig. 3a–c shows
the total DOS and also projected DOS (PDOS) for both spin-up and spin-down electronic channels. As can be seen, by adding Fe, Co
and Ni to the structures, the available states near the Fermi level has increased. Afterwards, the PDOS for s-, p- and d-orbitals (sPDOS,
pPDOS and dPDOS, respectively) are obtained for spin-up and spin-down electrons as illustrated in Fig. 4a–f. The results confirm that
the contribution is mostly due to the p-orbital and at the next level due to d-orbital and s-orbital electrons, respectively. Also, the
results confirm the Bethe-Slater curve for magnetic materials and Band theory of solids which denotes that there is more difference
between up and down electronic states near Fermi energy for a more magnetic material [ [41], chap.4].
To study the stability of the considered structure, the binding energies are calculated. Table 1 shows the formation energies in
which the formation energy for doping is calculated as:

Eformation (eV ) =

Ed + Eud

(4)

ESi + EX

where Ed and Eud are the total energies of doped and undoped structures, respectively. ESi and EX are the energies of isolated Si and
doping atoms (X = Fe, Co and Ni), respectively. According to the definition of formation energy in Eq. (4), the results in Table 1
confirm the stability of the optimized structures. So, we can assume the formation possibility of considered structures and continue
our calculations to obtain the transport properties.
After calculating the spin dependant electronic DOS, the electronic transport properties can be investigated for each spin channel.
3.2. Spin transport properties
Total, spin-up and spin-down I-V curves are presented in Fig. 5a, b and 5c, respectively. The applied bias voltages start from 0 to
2 V and the consequent electronic currents ranges in [0,38µA] for spin down and [0,33µA] for spin up electrons. The total I-V curve
(Fig. 5a) shows an interesting behavior known as negative differential resistance (NDR) for bare ZSiNRs in the range [1V , 1.5V ]
(black-dotted curves). This behavior is consistent with the results obtained for transport properties of bare ZSiNRs elsewhere [37].
The NDR effect continue to exist in doped structures but gradually fades away from Ni (blue-solid) to Co (purple-solid) and Fe
(yellow-solid) doped structures gradually, until no NDR can be seen in Fe@ZSiNR. The important point is that NDR in total I-V curve
is due to the NDR in up-spin electronic current and no NDR is found for down-spin electrons. To better understand the NDR behavior
we can look at the electronic transmission spectra in the corresponding voltage range of [1.2, 1.6V ] (Fig. 6).
As can be seen, despite the increasing of the bias window from 1.2 V to 1.6 V, the area under the curves decreases which result in a
decrease of electronic current. As a result, the transmission functions plotted for bare and doped systems explains the ascending and
descending behavior of I-V curves in [1.2V , 1.4V ] and [1.4V , 1.6V ] ranges, respectively.
This phenomena could be justified by resonant tunneling of the up or down electrons through the leads and the central system [
[42], chap.5]. The other parameter, resulting from the spin-dependent I-V curves, is SFE factor, which is the ability to filter or pass
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Fig. 3. a) Total (black), b) up-spin(green) and c) down-spin (red) electronic density of states.
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Fig. 4. Contribution of a) p-orbital, b) d-orbital and c) s-orbital states in up-spin (green) electronic DOS. Contribution of d) p-orbital, e) d-orbital and
f) s-orbital states in down-spin (red) electronic DOS.
Table 1
Calculated formation energies (eV) corresponding to different
doping elements.
Doped Element at ZSiNR

Eformation (eV)

Fe@ZSiNR
Co@ZSiNR
Ni@ZSiNR

10.13
9.32
7.48
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Table 2
Max SFE, Min SFE and their corresponding voltages.

Max SFE(%)
Voltage(V)
Min SFE(%)
Voltage(V)

ZSiNR

Co@ZSiNR

Fe@ZSiNR

Ni@ZSiNR

11.31
0.28
18.10
1.31

38.95
0.91
0.74
2

100
0.09
14.96
1.43

46.55
0.53
0.98
1.37

Fig. 5. a) Total, b) down-spin and c) up-spin electronic I-V graphs.

one of the spin electronic channels more compared to the other one. The SFE is calculated using Eq. (3) and plotted in Fig. 7. It shows
promising trend for Fe@ZSiNR in low bias voltages (at 0.09V ) as good as SFE = 100% and it lowers by increasing the voltage. For
other systems, the best SFE value is about 46.55% for Ni@ZSiNR (Table 1). This behavior is one of the outstanding properties,
especially in nanomaterials, which could be developed and used in many practical spintronic devices and industrial applications [
[42], chap.5]. A sign changing is also observable in SFE with increasing bias voltage, which reaches to a maximum value of 20% in
ZSiNR.The sign of SFE changes due to the change in the role of up-spin or down-spin currents as the majority carriers by definition
(see Eq. (3)). The effect of doping is quite outstanding in improving the spin filter efficiency, since the SFE is in a range of [ 20%, 10%]
in bare-ZSiNR two probe system and changes up to a range of [ 20%, 100%] for Fe@ZSiNR. So, doping magnetic impurities in
considered structures improve the spin dependant properties such as NDR and SFE, which improves the possibility of their usage in
real spintronic devices such as spin valves and GMR (Giant Magneto Resistance) based devices.
4. Conclusion
The spin polarized electronic transport in Hydrogen passivated ZSiNR of width 4 (4-ZSiNR) and Co, Fe and Ni doped 4-ZSiNR
structures are investigated through the first principle methods. The contribution of the s-, p- and d-orbitals are studied. The stability
of doped devices are considered by calculating the formation energies. Then, the electronic transmission functions and corresponding
I-V curves are obtained. The structures show spin dependent I-V along with NDR phenomena, which arises from the NDR in up-spin
electronic currents. The SFE parameter is also calculated which shows fascinating changes by doping which gets up to 100% in Fe@
ZSiNR and changes sign which goes down to 14.96% . Adding magnetic impurity atoms to HZSiNRs changes and improves the spin
dependent electronic transport properties and the results show an interest in using these structures in spintronic applications and also
100
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Fig. 6. Spin-up transmission spectra for bias voltages of 1.2 V, 1.4 V and 1.6 V, corresponding to the NDR region in I-V curves of Fig. 5. [vertical lines
show the bias windows].

Fig. 7. Spin Filter Efficiency of bare-ZSiNR, Co@ZSiNR, Fe@ZSiNR and Ni@ZSiNR calculated through the I-V curves and Eq. 3.

the possibility of still further developing their properties to be used as practical candidates in real spintronic devices.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.spmi.2018.05.030.
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