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By employing non-equilibrium Green’s function combined with the spin-polarized density-functional theory, we in-
vestigate the spin-dependent electronic transport properties of armchair arsenene nanoribbons (aAsNRs). Our results show
that the spin-metal and spin-semiconductor properties can be observed in aAsNRs with different widths. We also find that
there is nearly 100% bipolar spin-filtering behavior in the aAsNR-based device with antiparallel spin configuration. More-
over, rectifying behavior and giant magnetoresistance are found in the device. The corresponding physical analyses have
been given.
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1. Introduction

Arsenene is single-atom-thick layer of arsenic, which
has recently been proposed as a new member of group-V
nanostructures.['! The two-dimensional (2D) arsenene is of
a hexagonal lattice structure and one of the elemental 2D ma-
terials with the lowest thermal conductivities.[%! Single layer
grey arsenene displays a wide band gap (about 2.49 eV) for hy-
brid exchange and a correlation functional of Heyd—Scuseria—
Ernzerhof level of theory with high stability which is suit-
able for optoelectronic devices with photoresponse in the blue
and ultraviolet range.!!! Now, more and more attention has
been paid to the arsenene due to its promising properties

78] nega-

such as a direct band gap,!!! high carrier mobility,
tive Poisson’s ratio,[®] and excellent optical and thermoelectric
response. (%]

Arsenic is located in the same group as phosphorus in the
periodic table. As a result of bulk grey arsenic, phosphorus has
certain characteristics, and it has a stable layered structure un-
der ambient condition.!'%! The arsenene nanosheet prefers the
structure of blue phosphorus to the black phosphorus one. >3]
Its buckling structure is different from that of phosporene,
which results in an indirect band gap in arsenene.!'3] Zhang
et al. have found that multilayered arsenic exhibits the prop-
erty of metal, and transit to semiconductor when thinned to
one-layer.l!! They further calculated the band structure of ar-
The 2.49 eV indirect

bandgap decreases gradually with the biaxial tensile strain in-

senene under biaxial tensile strain.
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creasing. Moreover, when the strain reaches 4%, the indi-
rect bandgap becomes direct bandgap. Furthermore, Zhu et
al. found that the strain-induced metal-semiconductor transi-
tion is triggered by changing the band ordering near the top
of the valence band, which causes an abrupt change from ¢
to 7 character of the frontier states.!'!l Cao et al.!'?! investi-
gated their mechanical and electronic properties under in-plain
biaxial strains, and they found that monolayer arsenene has a
linear decrease in the buckling height with strain increasing.
When the tensile strains are large enough, there exists a struc-
tural transition. Tunable quantum spin Hall effect via strain
in 2D arsenene monolayer was predicted by first-principles
calculations,[13-10 and Dirac-like cone was observed when
applying an in-plane strain to it.!!®! Zhang et al. demonstrated
that the multilayer arsenene possesses much high hole mo-
bility (as high as ~ 4x 103 cm?-V~!.s7!) in 5-layer-thick ar-
senene, while the typical carrier mobility in MoS is in a range
of 200-500 cm?-V~1.s~1.[7 Moreover, it has been proved that
doping is an effective method of modifying electronic and
magnetic properties of arsenene.[!7-1]

Recently, with the development of experimental tech-
nique, multilayer arsenene nanoribbons (AsNRs) have been
successfully synthesized.””) The band gap of multilayer
AsNR is estimated at ~ 2.3 eV by the photoluminescence
measurement, indicating that AsNR possesses great poten-
tial applications in switching and light-emitting devices.>]
In addition, studies also show that AsNRs still preserve semi-
conducting properties./?!->?! It is also found that the quantum
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confinement is stronger in the armchair arsenene nanoribbon
(aAsNR) than in the zigzag arsenene nanoribbon (zAsNR),
causing bigger and more stable band gaps in the armchair
case.??] However, neither the transport property nor magnetic
property of the aAsNR is found. In this paper, we will inves-
tigate the band structure and spin property of the aAsNR. In
order to in depth understand the magnetic mechanism, we will
study the effect of magnetic configuration on spin-dependent
transport property.

2. Calculation models and method

The schematic geometry of aAsNR is illustrated in Fig. 1.
The width of the aAsNR, N, is defined as the number of dim-
mer arsenic chains along the width direction. Since the chair-
buckled structure in arsenene is analogous to blue-phosphorus
and silicene ones, following previous convention of nanorib-
bons, the aAsNRs are constructed by cutting the sheets along
the (1100) direction, as shown in Fig. 1. Our calculations
are based on first-principle method with Atomistix ToolKit
(ATK)!23241 package which is based on the spin density-
functional theory and the nonequilibrium Green’s function
method. The device consists of electrodes and the central scat-
tering region. For both spin states, the spin-dependent electron
transmission probability T4 (E, V4) is evaluated as a function of
energy by using the relation

r

Ts (E\Vy) = T, [Im {Z(E,Vb)}c;g (E,Vp)
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where o represents the spin-up (1) or spin-down ({), G ig
the retarded (advanced) Green’s function of the scattering re-
gion, and Y| (Yr) is the retarded self-energy matrix which
takes into account the left (right) electrodes.

Under the applied bias (V;), the electrochemical poten-
tials of the left and right electrode will be shifted down
and up, respectively (namely, u,(Vp) = ur.(0) — eVy/2 and
Ur (Vo) = Ur(0) — €Vp/2). Therefore, the spin-dependent cur-
rent through the scattering region at a given voltage can be

calculated from Laudauer—Biittiker formulal?°!

o) = 5 [ {Ta(E. V) [A(E. V)
—fR(E,Vb)] }dE, 2)

where f (r)(E, V) is the Fermi-Dirac distribution function of
the left (right) electrode.

In our calculations, the local spin density approxima-
tion is employed for the exchange-correlation potential. The
local spin density approximation proposed by Perdew and
Zunger!>*! is adopted to describe the exchange and correlation
energy. Single-zeta polarized basis set is used for all arsenic
atoms. The molecular junctions are extended along the z-axis

and the molecular width is extended along the x-axis. In our
work, a 10 A vacuum layer is used to eliminate the interaction
between aAsNRs in neighboring cells. Geometry optimization
is carried out with an atomic force threshold of 0.05 eV/A as
a nuclear convergence criterion, while the convergence crite-
rion for the total energy is 107> eV. Furthermore, the mesh
cutoff is set to be 150 Ry, and the Monkhorst—Pack method is
used. The k-point samplings are 1, 1, and 100 in the x, y, and
z directions.
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Fig. 1. (color online) Top (upper) and lateral (lower) view of armchair
arsenene nanoribbons. The purple spheres denote arsenic atoms. The
N corresponds to the number of the dimer lines across the nanoribbon
width. The bond lengths of nanoribbon are indicated, and the dash rect-
angle represents one of the unit cell.

3. Results and discussion

Firstly, we calculate the electronic structures of aAsNRs
with N =6, 7, 8, 9, 10 as shown in Fig. 2. It is found that
the spin-up and spin-down bands are split, which means that
there appear the magnetic characteristics in all aAsNRs. For
N = 6 and 7, it is noted that the valence band maximum of
spin-up state and the conduction band minimum of spin-down
state overlap with Fermi level, thus the spin-metal property
can be observed. For N > 8, it is interesting that the va-
lence band maximum of spin-up state gradually approaches
the Fermi level at the I" point with the increase in the width of
the nanoribbon. While the conduction band minimum of spin-
down state turns up, a spin-semiconductor property appears.
To explain the mechanism of the spin-dependent band struc-
ture of aAsNR, we take N = 10 for example. Figures 2(f) and
2(g) show the density of state (DOS) and projected density of
state (PDOS) of 10-aAsNR. It is clear that the spin-down DOS
peak is above the Fermi energy and several spin-up DOS peaks
are below the Fermi level, which corresponds to the two sub-
bands at the Fermi level. According to the PDOS, one can see
that the two opposite spin DOS peaks around the Fermi level
are determined by the edge atom As1 and its neighboring atom
As3. Furthermore, the spin-density distributions at Fermi level
for 10-AsNR are shown in Fig. 2(h), which are in accordance
with the scenario of the PDOS.
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Fig. 2. (color online) (a)—(e) Energy band structures of aAsNRs with N = 6-10. The zero of energy is set at Fermi level in each system.
The red (black) curves represent the spin-up (spin-down) states. (f), (g) DOS and PDOS of 10-aAsNR. (h) Spatial spin distributions
(up-down) for the unit cell of 10-aAsNR. The yellow part corresponds to the spin-up electron density greater than the spin-down

electron density.

left electrode scattering region right electrode

M3: AP-FM

Fig. 3. (color online) (a) Device model constructed from aAsNR. (b)
Spin density distribution of aAsNR. M1, M2, M3, and M4 refer to the
10-aAsNR under P-FM, P-AMF, AP-FM, and AP-AFM spin configura-
tions, respectively. The red and blue colors refer to the magnetizations
M =1 and M = —1, respectively.

We calculate the total energy of the unit cell in spin con-
figurations. Our results show that the total energy of the anti-
ferromagnetic (AFM) state is 32.28 meV lower than that of the
ferromagnetic (FM) state. The AFM state is the most stable
spin configuration. To further explore the magnetic property,
we construct a device model based on the aAsNR with N = 10
as shown in Fig. 3(a). One can control the spin orientations
of the electrodes by changing external magnetic field in the
two probe system.[20-3% In this work, we consider two types
of magnetic configuration. One is a p magnetic configuration,

where the right and left electrodes are set to be in the same
state by applying a perpendicular external magnetic field, and
the other is AP magnetic configuration, where two perpendic-
ular magnetic fields applied externally are antiparallel to two
electrodes. Since different spin states have great effects on the
graphene nanoribbons 3!l and silicon nanoribbons.?? we also
consider the effects of FM and AFM states on the aAsNRs.
Therefore, there are four types of magnetic configurations in
our calculations exhibited in Fig. 3(b), namely, P-FM, P-AFM,
AP-FM, and AP-AFM, which are denoted as M1, M2, M3,
and M4 for short. For Fig. 3(b), we can clearly see that the
spin density distribution of the aAsNR is mainly delocalized
on the edges of nanoribbons, and well controlled by the mag-
netic configurations of the electrodes.

Figures 4(a)-4(d) show the variations of current with ap-
plied bias voltage (I-V curve) for the four devices M1-M4,
respectively. For M1 as shown in Fig. 4(a), we can clearly
see that the current values of spin-up electrons are always zero
in the whole bias range considered. It is different from that
of spin-down electrons, when the bias voltage is larger than
1.0 V in the positive bias range, the current of spin-down elec-
trons goes up. In the negative bias voltage range, the spin-
down current increases when V;, < —1.0 V. Therefore, the de-
vice with the P-FM spin configuration favors the identical-
spin-directional filtering effect. For the I-V curve of M2 as
shown in Fig. 4(b), when |V,| > 1.0 V, we can see that both
the spin-up and spin-down currents first increase and then drop
with increasing bias voltage. In the AP-FM configuration, as
the scenario for M3 shows in Fig. 4(c), we can also observe
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that the current is spin-polarized in a very large range of bias
[-1.2 V, 1.2 V], but it is completely different from the M1
case with P configuration. When |V,] is lower than 0.8 V,
the current is nearly forbidden, and when |V, | is larger than
0.8 V, the spin-up electrons can pass through the system in
negative bias region, while they are still forbidden under pos-
itive bias. Furthermore, the spin-down electrons show just the
opposite case, they can flow through the system under posi-
tive bias and are almost forbidden in the negative bias voltage
region. As a result, M3 has a perfect dual spin-filtering ef-
fect and dual spin-rectifying behavior, which suggests that the

aAsNR-based device with AP-FM spin configuration can act
as a dual spin filter or a dual spin diode. For the I-V curve of
M4 system as shown in Fig. 4(d), in the bias voltage range of
[—0.8 V, 0.8 V], both spin state currents are nearly forbidden.
When the bias voltage is larger than 0.8 V, both currents go up
and the current of spin-down rises more quickly than that of
spin-up state. While in the negative bias range, the spin-down
current goes up more promptly than that of spin-up state. The
M4 system also presents the spin splitting phenomenon due to
both spin state currents having different trends.
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Fig. 4. (color online) The I-V curves of 10-aAsNR devices for (a) M1, (b) M2, (c) M3, (d) M4, respectively. The red and black

symbols represent the spin-down and spin-up states, respectively.

For the interesting spin splitting phenomena on the -V
curves as shown in Fig. 4, we plot spin-filtering efficiency
(SFE) in Fig. S.
quantitatively the spin-polarization phenomena of the spin de-

The SFE is often used to comprehend

vices, which is one of the most important parameter as the
spin-filtering function in spin device. The SFE is defined as
s 11
(down) electrons. Figure 5(a) presents the SFE in the negative
bias range [—1.2 V, —0.1 V], and figure 5(b) shows the SFE in
the positive bias range [0.1 V, 1.2 V] for M3. We can find that
sizable SFEs can be attained in all bias ranges considered. Es-
pecially, the SFEs for M3 in the voltage interval [0.8 V, 1.2 V]

are large, with a maximum magnitude of 100%. This finding

I where I; (1) represent the current of spin-up

shows that the M3 system we proposed has perfect dual spin-
filtering behavior when the applied bias voltage is larger than
0.8 V.

Furthermore, the dual spin-filtering suggests that M3 has
a rectifying effect. One can quantify the rectifying behavior in
Fig. 4 with the rectifying ratio (R). We can calculate R by us-
ing the formula, R = |[I(£V) |max /I (£Vb)|min- From Fig. 5(c),

the rectifying ratio of the spin-up current is very small for the
M3 device under lower bias (|| < 0.6 V). However, the onset
of rectifying effect appears at a bias voltage of 0.6 V, and the
spin-up current of M3 exhibits pronounced rectification behav-
ior at a larger bias voltage, and the maximum rectifying ratio
can reach 1494 at 0.9 V. Figure 5(d) shows the plot of the recti-
fying ratio of the spin-down current of M3, and the maximum
rectifying ratio is 1297 at 1.0 V.

Comparing the /-V curves of 10-aAsNR based devices
for M1-M4 shown in Fig. 4, we can clearly see that the -V
curves are significantly affected by the spin configurations of
the electrodes. The currents of M3 device in the AP-FM spin
configuration are larger than that of the M1 device in the P-
FM spin configuration. This result suggests that the aAsNRs
can act as a giant magnetoresistance device. In order to better
understand the giant magnetoresistance. Figures 5(e) and 5(f)
present the magnetoresistances (MR) of 10-aAsNR under the
FM state in bias ranges of [-1.0 V, —0.1 V] and [0. 1 V, 1.0
V], respectively. The MR is calculated by using the expression
MR = (Iap — Ip)/Ip, where Ipp is the current in the AP (M3)
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spin configuration and /Ip is the current in the P (M1) spin con-
figuration. We can clearly find that when the bias is in a bias
range of [0.5 V, 1.0 V], there are very large MR values for both

spin states, and the maximum can even reach 38900000% for
spin-down current at a bias of 0.9 V, which is comparable to
that of armchair-edged grapheme nanoribbons. 341
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Fig. 5. (color online) (a), (b) Spin-filtering efficiencies for M3 device at the negative and positive bias, respectively. (c), (d) Rectifying
ratios for the spin-up and spin-down currents of M3 device in a long scale. Arrows 1 and | denote the spin-up and spin-down states.
(e), (f) Plots of magnetoresistance versus the applied bias for 10-aAsNR device in a long scale under FM state in the negative and

positive bias ranges, respectively.

With a more in-depth understanding of the underly-
ing physics in the interesting spin-filtering effects shown in
Figs. 5(a) and 5(b), we take M3 configuration for example.
The relationships between the electrode band structures and
transmission spectra at 1.0 V and —1.0 V and their transmis-
sion paths of spin-up and spin-down electrons are shown in
Fig. 6. The transmission path is an analysis option which splits
the transmission coefficient into local bond contributions, T;;.
For example, if a system is divided into two parts A and B, the
pathways across the boundary between A and B sum up into
the total transmission coefficient!*3!

T(E)= Y Tj= Y (Vi/Gﬁi (E)—V;iG}; (E))-
icA,jeB icA,jeB
The local contribution 7;; can be positive or negative. A pos-
itive value means that the electrons flow from site i to site j,
while a negative value corresponds to the fact that the electron
is back scattered along the bond. According to the transmis-
sion spectrum at a bias voltage of 1.0 V shown in Fig. 6(a),
there are several transmission peaks near the Fermi level for
the spin-down electrons; on the contrary, there is no trans-

mission peak but a large zero transmission gap about 1.48 eV
near the Fermi level for the spin-up electrons. As the spin-
dependent current at a given voltage is obtained to be the
value of T (E, V;) from Eq. (1), thus the spin-down current out-
weighs the spin-up current and one observes the perfect spin-
filtering effect. From Fig. 6(d), we can find that there occur
a few transmission peaks near the Fermi level for the spin-
up electrons, meanwhile a large zero transmission gap appears
near the Fermi level for the spin-down electrons at a negative
bias of —1.0 V. This means that the spin-up electron is the only
one that can pass through the device in the negative bias volt-
age. This is why we observe a perfect dual spin-filtering effect
in the [—1.2 V, 1.2 V] bias range. In essence, the spin filtering
effect can also be obtained from the band structure of the left
and right electrodes and the band structures of both electrodes
are in good agreement with the transmission spectra shown in
Figs. 6(a) and 6(d) for M3. When the bias voltage is positive,
the energy band of left electrode shifts downward and upward
with respect to that of the right electrode. At a bias of 1.0V,
we notice that the spin-down electrons are preferentially trans-
mitted as both the left and right electrodes have subbands of
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spin-down electrons in the same bias window. Nevertheless,
there is a large band gap for the spin-up electrons of the both
electrodes in the same energy range. On the contrary, in the
negative bias voltage window, the spin-up subbands of the left
and right electrode overlap, and there are only spin-up trans-
mission peaks, while the spin-down transmission value is zero,
which means that only the spin-up electrons can path through
the left electrode to the right electrode, while the spin-down
electrons are forbidden. The transmission path gives a more
intuitive explanation. Comparing the transmission paths of
spin-up and spin-down electrons under 1.0 eV, we can see that

the transmission of spin-down electrons is much stronger than
that of spin-up electrons as shown in Figs. 6(b) and 6(c), which
is in accordance with the /-V curve shown in Fig. 4. The trans-
mission pathways can show us the local bond contributions to
the transmission coefficient. The transmission paths at —1.0 V
are also shown in Figs. 6(e) and 6(f). We can see that the spin-
up electrons can transport through the path, and the spin-down
transmission pathway is localized, which is consistent with the
I-V curve in Fig. 4. As a result, the dual spin-filtering effect
and rectifying effect appear on the /-V curves of M3.
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Fig. 6. (color online) (a), (d) Left and right panels show the band structures of the left and right electrodes, and the middle panel
displays the transmission spectrum of the scattering region for M3 device, correspond to bias of 1.0 V and —1.0 V, respectively. The
zero of energy is set at Fermi level. (b), (¢) Transmission paths (TPs) of spin-up and spin-down electrons under 1.0 V bias voltage.
(e), (f) Transmission paths of spin-up and spin-down electrons under —1.0 V bias voltage, respectively.

4. Conclusions

The spin-dependent transmission properties of aAsNRs
are studied by non-equilibrium Green’s function method
in conjunction with spin-polarized density-functional theory.
Our results show that under the FM magnetic state, for ei-
ther the P or the AP configuration, the 10-aAsNR system has
magnetic property and a certain spin polarization rate. Un-
der the AP-FM configuration, the device shows perfect dual
spin-filtering effect with nearly 100% spin polarization and
rectifying behavior with maximum rectifying ratios of 1494
for spin-up electrons and 1297 for spin-down electrons, re-
spectively. In particular, significant giant magnetoresistance
is found, and the maximum even can reach up to 38900000%.

Our research demonstrates that the matching between the band
structure of left electrode and that of right electrode plays a key
role in determining the spin-dependent transport properties of
the aAsNRs-based device. These findings will help to design
the high-performance spin functional devices.
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