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Silicene spintronics: Fe(111)/silicene system for efficient spin injection

Jiagi Zhou,"?* Arnaud Bournel,® Yin Wang,* Xiaoyang Lin,"? Yue Zhang,'?

and Weisheng Zhao'%?

'Fert Beijing Research Institute, Beihang University, BDBC, Beijing 100191, China
2School of Electronic and Information Engineering, Beihang University, Beijing 100191, China
3Centre de Nanoscience et de Nanotechnologies, Univ. Paris-Sud, Univ. Paris-Saclay, CNRS,

F-91405 Orsay, France

*Department of Physics and the Center of Theoretical and Computational Physics,

The University of Hong Kong, Hong Kong, China

(Received 6 August 2017; accepted 24 October 2017; published online 2 November 2017)

Silicene is an emerging 2D material with advantages of high carrier mobility, compatibility with
the silicon-based semiconductor industry, and the tunable gap by a vertical electrical field due to
the buckling structure. In this work, we report a first-principles investigation on the spin injection
system, which consists of a Fe(111)/silicene stack as the spin injector and pure silicene as the spin
channel. An extremely high spin injection efficiency (SIE) close to 100% is achieved. The partial
density of states of Fe layers in the Fe(111)/silicene stack shows that spin-down states dominate
above the Fermi level, resulting in a negligible spin-up current and high SIE. The transmission
spectra have been investigated to analyze the spin-resolved properties. The spin injection system
based on silicene is promising for the efficient silicon-based spintronics devices such as switching
transistors. Published by AIP Publishing. https://doi.org/10.1063/1.4999202

Spintronics utilizes the spin degree of freedom of elec-
trons to construct information storage and process devices,
such as the spin logic circuit.! To achieve spin logic devices
with merits of high-reliability and low-power operation, it is
necessary to develop a system with a high spin injection effi-
ciency (SIE) and excellent spin-transport properties.” Due to
the exceptional characters of low dimension, massless Dirac
fermion, and weak spin-orbit coupling (SOC),>* graphene
has been widely investigated as the spin transport chan-
nel.> 10 Meanwhile, silicene, the monolayer of silicon with
high Fermi velocity and mobility, has attracted increasing
interest,“f17 and many successful synthesis works have been
reported recently.'® 2! Superior to graphene, silicene over-
comes the problem of compatibility with the present silicon-
based semiconductor technology, which is critical for the
practical application of spin logic devices.'> Besides, it has
been reported that the tunable gap can be opened in silicene
by applying a vertical electrical field thanks to the buckling
structure.” This character has significant meaning for the
switching transistors and logic devices. Note that the SOC of
silicene is 1.55 meV, higher than that of graphene but much
lower than that of Cu and Ag, which are common materials
as spin transport channels for low-power spintronic devi-
ces. 2 As a result, silicene is a good candidate for spin
channels. Here, we propose a spin injection system based on
the Fe(111)/silicene stack and silicene channel and report a
remarkable spin injection efficiency.

In this work, we present a non-equilibrium first-princi-
ples study on the spin injection system based on the Fe(111)/
silicene structure. The atomic structure of the spin injection
system is shown in Fig. 1. It is known that Fe is one of the
most common metals used in the ferromagnetic device.”
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The whole transport system consists of the Fe(111)/silicene
(FS) stack and pure silicene channel, where the former (lat-
ter) acts as the left (right) lead, and both leads are semi-
infinite. Experimental work has reported that silicene can be
transferred by the encapsulation method, so we assume that
silicene is transferred on Fe layers while keeping the silicene
structure.’®*® The surface condition matters greatly in den-
sity functional theory (DFT) calculation.?” For the primitive
cell FS stack, the Si atom at a high position is at the top of
the second Fe atom layer, while the low-position Si atom
locates exactly above the third Fe atom layer. This configura-
tion, with 1.1 A interlayer space between silicene and the top
Fe layer, as well as the closest Si-Fe distance of 2.48 A, has
been demonstrated as the most stable structure by the surface
separation test with 33 x 33 x 1 k-mesh in VASP.?®?° The
spin transport is along the x direction, and the scattering
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FIG. 1. Diagram of the spin injection system. The silicene monolayer is on
the Fe(111) layers. The black arrows indicate the left and right leads, extend-
ing to *oo, which consist of the Fe(111)/silicene stack (left lead) as the
spin injector and pure silicene (right lead) as the spin transport channel. (a)
The side view. (b) The top view. The red box indicates the unit cell of the
Fe(111)/silicene stack.
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region along the transport direction is 26.74 A. The system
extends periodically in the y direction, and the normal direc-
tion of the silicene plane is the z direction where the vacuum
layer exists. The unit cell is shown in the red box, and the
lattice constant is kept to be 3.86 A. Note that the lattice
constant of bec Fe is 2.86 A, silicene has the lattice constant
of 3.86 A, and the buckling distance was 0.46 A22% For
the sake of Fe(111)/silicene match, Fe is homogeneously
strained by less than 5%, which makes negligible influence
on the band structure.

We employed the first-principles transport package
NanoDCAL***' to compute the spin-dependent transport
properties of the system. This package combines DFT with
the Keldysh Non-Equilibrium Green’s Function (NEGF) for-
malism. In the NEGF-DFT transport simulation, the physical
quantities are expanded by a linear combination of atomic
orbital (LCAO) basis sets at the double-zeta plus polarization
orbital (DZP) level. The spin-dependent current /,,, where ¢
indicates the spin-up or spin-down state, is obtained as
follows:

I, = _J Ong(E, WIfL(E, i) — fr(E, g)|dE, 1)

—00

where e, h, and T, are the electron charge, Plank’s constant,
and the transmission coefficient, respectively. f; and fx in the
equation are the Fermi distribution functions of the left and
right leads, respectively. Under the voltage bias V, the chem-
ical potentials of the left lead (right lead) is shifted to u;
=FEr — eV/2 (ug =Er+ €V/2), where Er is the Fermi level.
A 1 x 21 x 1 k-point mesh was used for the self-consistent
calculation of the device, and a much denser sampling of
1x500x1 was employed for transmission property
calculation.

Figure 2 presents the calculated spin-resolved currents
and total currents, as well as the SIE of the whole system.
The SIE is defined as

I up — I down

SIE = x 100%, ()

I up +1 down

where 1, is the spin-up current and /4, is the spin-down
current. In Fig. 2(a), it can be found that the spin-down cur-
rent is remarkably higher than the spin-up current at finite
positive bias voltage, and the spin-down current rises promi-
nently with the increasing bias, while the spin-up current
remains low, until the bias reaches up to 60 mV. For the neg-
ative bias, the condition is opposite and spin-up current is
higher than spin-down current. Figure 2(b) presents high SIE
at various biases. Due to the zero-current, SIE cannot be
defined at zero bias voltage, so this point is excluded. For the
positive bias, SIE is close to 100% from 10mV to 50mV
and declines from 60 mV. For the negative bias, SIE reaches
up to the 78% peak at —10mV and then decreases with the
increasing bias.

To understand the remarkable SIE, we investigated the
projected band structure and the partial density of states
(PDOS). Figure 3(a) shows the spin-up band, and Fig. 3(b)
presents the spin-down band. The black up-triangles (blue
down-triangles) show the 2p character of the high-position
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FIG. 2. Spin-resolved currents, the total current, and the spin injection effi-
ciency of the whole system. (a) Spin-resolved currents and the total current.
(b) Spin injection efficiency, which reaches up to nearly 100% between 10
mV and 50mV bias.

(low-position) Si atom, and the red dots represent the 3d
character of Fe atoms. It can be observed that the Dirac cone
of silicene disappears due to the influence of Fe layers, and
Fe 3d character bands cross the Ex and K point, while K is
the Dirac point in the pure silicene band. Figure 3(c) presents
the PDOS of all Fe atoms in the FS stack. It should be
noticed that there is almost no spin-up state above Ef.
Consequently, the spin-down state contributes primarily to
the current, and the d.” orbit is prominent shown as the red
line. This leads to high spin-down current and high SIE in
the FS-silicene channel transport system. Below E, spin-up
states occupy the leading position but not overwhelming,
which explains that for the negative bias, spin-up current
dominates, while the SIE is not relatively high.

The transmission spectrum T(E,V) at a finite bias for the
whole system is shown in Fig. 4. The current is obtained by
integrating the transmission probability over the bias window
—VI2<E< +V/2, and the bias window is shown as the
green dashed line. In Fig. 4(a), for 30 mV bias, the bias win-
dow nearly locates within the transmission gap for the spin-
up condition, resulting in a dominant spin-down transport
and nearly 100% SIE, as shown in Fig. 2. In Fig. 4(b), for
60mV bias, spin-down transmission strengthens with the
increasing bias, while spin-up transmission is still suppressed
by a transmission gap. In Fig. 4(c), for the 90 mV bias,
the spin-up transmission moves into the bias window and
narrows the difference between the spin-up current and spin-
down current. As a result, there is a decline in SIE, as shown
in Fig. 2(b). The transmission spectra correspond well to the
spin-resolved IV curves and further explain high SIEs.

In summary, we theoretically investigated the spin trans-
port in the silicene channel with the Fe(111)/silicene stack
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FIG. 3. Band structure of the Fe(111)/silicene primitive cell stack for the (a)
spin-up condition and (b) spin-down condition. Ef is indicated by the hori-
zontal dashed line, while the K point is indicated by the vertical dashed
lines. The black up-triangles (blue down-triangles) show the 2p character of
the high-position (low-position) Si atom, and the red dots represent the 3d
character of Fe atoms. (c) Partial density of states (PDOS) of Fe atoms in the
Fe(111)/silicene stack.

injector. Our non-equilibrium first-principles transport calcu-
lations illustrate that this spin injection system exhibits high
SIEs close to 100%, which originate from the unique PDOS
of Fe atoms in the Fe(111)/silicene stack. Only spin-down
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FIG. 4. Transmission coefficients versus electron energy for the whole sys-
tem at different bias voltages V: (a) V=30mV, (b) V=60mV, and (c)
V=90mV. The bias window is between the two green dashed lines, and the
zero energy point is set at the middle of the bias window.

states exist above Ep, which leads to an overwhelming spin-
down current and high SIE. The energy-resolved transmis-
sion spectra are investigated to understand the spin-resolved
current and high SIEs. This work presents the Fe(111)/sili-
cene structure as a good candidate for achieving efficient
spin injection devices, while silicene is an ideal spin channel
with prominent characters, such as tunable gap by the field
and compatibility with the silicon-based semiconductor
industry. This work would benefit the design of silicene devi-
ces and boost the development of silicene spintronics.
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