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We investigated the electric controllable spin-filtering effect in a zigzag phosphorene nanoribbon (ZPNR) based
normal–antiferromagnet–normal junction. Two ferromagnets are closely coupled to the edges of the nanoribbon and form
the edge-to-edge antiferromagnetism. Under an in-plane electric field, the two degenerate edge bands of the edge-to-edge
antiferromagnet split into four spin-polarized sub-bands and a 100% spin-polarized current can be easily induced with the
maximal conductance 2e2/h. The spin polarization changes with the strength of the electric field and the exchange field,
and changes sign at opposite electric fields. The spin-polarized current switches from one edge to the other by reversing
the direction of the electric field. The edge current can also be controlled spatially by changing the electric potential of the
scattering region. The manipulation of edge current is useful in spin-transfer-torque magnetic random-access memory and
provides a practical way to develop controllable spintronic devices.

Keywords: zigzag phosphorene, electrically controllable spin filter, quantum transport

PACS: 73.23.–b, 73.23.Ad, 73.43.Cd, 73.63.–b DOI: 10.1088/1674-1056/acf82a

1. Introduction
Over the last few decades, spintronics[1–6] has emerged

as one of the most promising fields for the development of
next-generation electronic devices. At the same time, two-
dimensional (2D) materials with long spin relaxation time, in-
cluding graphene,[7,8] borophene[9,10] and phosphorene,[11–14]

have been successfully isolated and now serve as reliable plat-
forms upon which to devise spintronic devices. Nowadays, 2D
material-based spintronic devices, such as spin filters[15] and
even magnetically enhanced optoelectronics devices,[16] have
been achieved.

In addition to a long spin relaxation time/length, high
spin injection efficiency is also essential when devising spin-
tronic devices. Both of these properties have been found
in phosphorene.[17–24] According to Ref. [17], the spin-
relaxation length of phosphorene exceeds 6 µm at room
temperature. Farooq et al.[18] found that charge dop-
ing can induce edge magnetism in armchair phosphorene
nanoribbons and an edge-to-edge antiferromagnetic ground
state was found in oxygen-passivated tilted phosphorene
nanoribbons.[19] Similar to zigzag graphene nanoribbons,[20]

edge magnetism in zigzag phosphorene nanoribbons (ZPNRs)
was also reported.[21] A study[22] pointed out that edge mag-
netism exists even though the lattice is not relaxed. Because
the edge states determine the electronic properties of ZPNRs,
edge ferromagnetism is helpful when devising ZPNR-based
spintronic devices.[23] Even though the edge magnetism in ZP-
NRs vanishes when the dangling bonds at the zigzag edges

are removed or the width of the ribbon is bigger than 3 nm
(seven unit cells),[21] it can be re-induced by depositing two
EuO stripes at the edges, with the large exchange energy
184 meV.[24]

Spin-polarized current and its effective manipulation are
essential for spintronic devices.[25,26] A study has reported that
a vertical electric field can be used to manipulate the spin-
polarized current in ZPNR-based normal–antiferromagnet–
normal (N-AFM-N) junctions.[27] However, the spin-polarized
current in anti-zigzag phosphorene antiferromagnet (AFM)
junctions cannot be controlled by a vertical electric field, in
contrast to the proposal in Ref. [27]. Instead, an in-plane elec-
tric field can improve the junction from two aspects: first, the
inplane field can effectively control the edge bands of all kinds
of ZPNR; second, a strong in-plane electric field can be intro-
duced to the junction more easily than a vertical electric field.

In this study, a ZPNR-based N-AFM-N junction is pro-
posed for generating an in-plane electric field controllable
100% spin-polarized current. In detail, the AFM is an edge-to-
edge AFM and it is achieved by depositing two EuO stripes,
with antiparallel magnetic moments, at the edges, as shown
in Fig. 1(a). Both the band structure of the ZPNR and the
spin-polarized current in the ZPNR-based junctions can be ef-
fectively modulated by the in-plane electric field. The 100%
spin-polarized current can be generated at wide energy inter-
vals when the in-plane electric field is applied and the spin
direction of the current can be reversed by reversing the direc-
tion of the electric field. We also find that, by properly select-
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ing the electric potential of the AFM region, the spin-polarized
current can be generated and controlled spatially. The ma-
nipulation of the electric field in the nanoribbon’s two edges,
which can function as separate channels for processing spin-
dependent information, is helpful for improving spin-transfer-
torque magnetic random-access memories (STT-MRAMs) by
influencing the edge current. Furthermore, spin polarization
can also be controlled by changing the strength of the elec-
tric field and the exchange field, and it is stable when there
are disorders and vacancies in the scattering region. Our study
provides an easy, practical and promising way to devise spin
filters and spin-based transistors.

2. Structure and model
Figure 1(a) is the junction we studied, where the edge-

to-edge antiferromagnetism is formed by depositing two EuO
stripes at the edges of the scattering region. According to
Ref. [24], the phosphorene can be adsorbed on top of the
EuO(111) surface and form a stable configuration. Two EuO
stripes, with antiparallel magnetic moments to each other, are
separated and attached to the different edges of the phospho-
rene nanoribbon. Furthermore, the electric potential Vd and
in-plane electric fields can be added to the scattering region.
The primitive cell is shown in Fig. 1(b), with the size a1×a2,
where a1 = 3.27 Å and a2 = 4.43 Å,[12] respectively. The size
of the scattering region is W ×L = NW a1×NLa2, where NW

and NL are the number of unit cells in transverse (y) and longi-
tudinal (x) directions, respectively. The AB sites (red atoms)
belong to the bottom layer, while the CD sites (white atoms)
to the upper layer, as illustrated in Fig. 1(b).

Without loss of generality, the magnetic moment at edge
1 is pointing along +z, while that at edge 2 is along −z, as
shown in Figs. 1(a) and 1(b), respectively. For spin-up (spin-
down) electrons, the extra on-site energy caused by the ex-
change field increased (decreased) along the y direction lin-
early. The Hamiltonian of the junction reads

H = Hb
σ +

(
Hy

σ +Hexc
σ

)
[Θ(x)−Θ(x−L)],

Hb
σ = ∑

i, j

(
ti jc

†
iσ c jσ +h.c.

)
,

Hy
σ = ∑

i

(
y

W
− 1

2

)
Eyc†

iσ ciσ ,

Hexc
σ = η ∑

i

(
y

W
− 1

2

)
Mc†

iσ ciσ ,

where Θ(x) denotes the step function. Hb
σ is the tight-binding

Hamiltonian of the bare phosphorene nanoribbon and c†
iσ is

the creation operator of the site i with spin σ =↑ / ↓. ti j

represents the hopping integrals and the five hopping inte-
grals are t1 = −1.220 eV, t2 = 3.665 eV, t3 = −0.205 eV,
t4 = −0.105 eV and t5 = 0.055 eV,[28] as shown in Fig. 1(b).

After checking the edge states and conductance of the junction
considering t3 and t5, we did not find obvious differences from
our presented results. t3 and t5 are neglected in this study be-
cause these two hopping integrals have a limited impact on the
transport property of the ZPNR; Hy

σ denotes the effect of the
in-plane electric field applied to the phosphorene nanoribbon
and |Ey/2| corresponds to the maximal on-site energy induced
by the in-plane electric field. Hexc

σ stands for the exchange
energy, |M/2| is the maximal exchange energy; for spin-up
(spin-down) electron, η = +1 (−1). Note that, y in Hy

σ and
Hexc

σ denotes the coordinates of sites in the transverse direc-
tion, which is shown in Fig. 1(b).
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Fig. 1. Schematics of (a) the ZPNR based N-AFM-N junction and (b)
the zigzag phosphorene nanoribbon. The band structures of (c) bare
ZPNR and (d) edge-to-edge antiferromagnetic ZPNR with M = 0.4 eV.
Under an in-plane electric field (Ey = 0.5 eV), the band structure of
the antiferromagnetic ZPNR consists of (e) spin-up bands and (f) spin-
down bands. The width of the ZPNR is W = 40a2 ≈ 17 nm. All data
are given by the Kwant package.[29]

The calculation is done by Kwant,[29] a software for quan-
tum transport calculations. After setting the parameters of the
tight-binding model of the junction, the scattering matrix S can
be easily obtained. The scattering matrix can be calculated by
solving the Schrödinger equations, which makes the calcula-
tion speed faster than when using the lattice Green function
approach. In this study, the bias drives electrons to flow from
the left lead to the right one. The spin-dependent transmission
between leads is given as Tu(d) (EF) = ∑l,r

∣∣Sl,r (EF)
∣∣2
u(d). The

element of scattering matrix Sl,r denotes the mode l of the left
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lead transmitted to the mode r of the right lead, and u (d) de-
notes the spin-up (spin-down) electron. According to the Lan-
dauer formula, the spin-dependent conductance is proportional
to the transmission, given as Gu(d) (EF) = e2Tu(d) (EF)/h. The
spin polarization is defined as P = (Gu−Gd)/(Gu +Gd).

3. Results and discussion
Figures 1(c)–1(f) show the band structures of the ZPNR

with NW = 40. Four degenerate edge bands lie in the band gap
of the bare ZPNR, as shown in Fig. 1(c). When we change
the bare ZPNR to an edge-to-edge AFM, the edge bands split
into two double-degenerate bands. Each degenerate band con-
sists of one spin-up band and one spin-down band, as shown
in Fig. 1(d). In detail, the lower (upper) edge band can be
occupied by spin-up (spin-down) electrons localized at edge
1 and spin-down (spin-up) electrons at edge 2. When an in-
plane electric field is applied to the nanoribbon along the +y
direction, an extra potential difference between edges (Ey) is
produced. In this case, the edge bands of spin-up (spin-down)
electrons depart from (get close to) each other, which can be
found in Figs. 1(e) and 1(f). Based on these special properties,
the spin-dependent transport properties of AFM-ZPNR junc-
tions will be significantly different.

In Fig. 2, the variations in spin-dependent conductance
and spin-polarization are depicted as a function of the Fermi
energy (EF). Without loss of generality, the number of unit
cells in the longitudinal (NL) and transverse (NW ) directions of
the scattering region is set to be 50 and 40, respectively, in this
study. The in-plane electric field produces an additional on-
site potential Ey/2 = 0.25 (−0.25) eV on edge 2 (edge 1) of
the scattering region. In Fig. 2(a), the spin-dependent conduc-
tances are oscillating over a wide energy interval; the oscilla-
tion is caused by the quantum interference. Gd exists in the
energy interval [−0.3, 0.2] eV, with the maximal conductance
2e2/h; while Gu exists in the energy interval [−0.5, −0.1] eV,
with the maximal conductance e2/h. In Fig. 2(b), the spin po-
larization shows two obvious platforms in the energy intervals
[−0.5, −0.3] eV and [−0.1, 0.15] eV, and the corresponding
spin polarizations are 1 and −1, respectively. The oscillation
of the polarization in the interval [−0.3, 0.15] eV comes from
the mixture of Gu and Gd. Such phenomena can be understood
by the band structures shown in Fig. 1. Note that, compared
with Fig. 2(b), the spin polarization in Fig. 2(d) changes sign
when the direction of the in-plane field is reversed. The two
platforms are separated, which means that such a junction can
generate 100% spin-polarized current easily.
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Fig. 2. The spin-dependent conductance and spin polarization of the junction. The parameters are set to be NW = 40, NL = 50, M = 0.4 eV
and Vd = 0.2 eV. (a) (b) Ey = 0.5 eV and (c) (d) Ey =−0.5 eV. (e) The spin polarization changes with the in-plane electric field Ey, while other
parameters are fixed as NW = 40, NL = 50, M = 0.4 eV, Vd = 0.2 eV. (f) The spin polarization changes with the exchange field M, while other
parameters are fixed as NW = 40, NL = 50, Ey = 0.5 eV, Vd = 0.2 eV.

Besides changing the direction of the electric field, spin
polarization can also be effectively tuned by changing the
strength of the electric field and the exchange field. In
Fig. 2(e), the polarization curve is shifted to lower energy
when Ey changes from 0.4 eV to 0.6 eV. The polarization
vibration in Fig. 2(e) is evident across a broad energy range
when Ey = 0.4/0.5/0.6 eV. This phenomenon is attributed to
the channels of both spins being built simultaneously in those
energy intervals. In Fig. 2(f), when M is increased, platforms
1 and 2 are enlarged and the polarization vibration interval is
narrowed. The above properties can be understood by the band
structure of the ZPNR.

The spatial distribution of the spin-dependent current is

then examined, as shown in Fig. 3(b). The Fermi energy of
the junction is set to be EF = 0 eV. From Fig. 3(b), we find
that the spin-up electrons are transmitted from the left lead
to the right one from edge 1, as the Fermi energy EF = EF1

lies in the bottom spin-up band, as shown in Fig. 3(a). When
the electric potential Vd is decreased, the position of the Fermi
energy of the scattering region changes from EF1 to EF2 and
electrons will transmit from both edges. In detail, spin-up
electrons flow from edge 1 and spin-down electrons from edge
2, with the maximal conductance Gu = e2/h and Gd = e2/h,
respectively. As we further decrease Vd, the position of the
Fermi energy of the scattering region goes to EF3. The elec-
trons conduct from both edges, with the maximal conductance
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Gd = 2e2/h. The spin-dependent conductance and spin polar-
ization changes with Vd can be found in Fig. 3(c). In brief,
this property enables us to control the spin-polarized current
spatially by changing the electric potential Vd of the scattering
region.

The stability of the spin polarization against the disor-
ders and vacancies is also examined. When the disorders
are present, an extra potential V rom

i is added to site i of the
scattering region, with i running over the scattering region.
V rom

i is uniformly distributed in the interval [−δ/2, δ/2],

where δ is the strength of the disorder. The vacancies in

the scattering region can be achieved by randomly removing

Nv atoms from it. The vacancy concentration is defined as

C = Nv/(4NW NL). The results are shown in Fig. 4. In both

cases, the spin-dependent conductance is suppressed when δ

or C is increased. The maximal Gu and Gd can reach 0.9e2/h

and 1.5e2/h, respectively, when δ = 0.2|t1| or C = 2%. As we

see, the two platforms in the spin-polarization curves remain

unchanged when the disorders or vacancies are present.
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Fig. 3. (a) The band structure of the edge-to-edge AFM ZPNR, with Ey = 0.5 eV and M = 0.4 eV. (b) The local density of state of electrons
when E = EF1/F2/F3. (c) The spin-dependent conductance and spin polarization change with the electric potential Vd of the scattering region.
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Fig. 4. The spin-dependent conductance and spin polarization of the junction with the presence of (a) disorders with strength δ = 0.0|t1|,
0.1|t1| and 0.2|t1|, or (b) vacancies with concentration C = 0, 1% and 2%. The other parameters are set to be NW = 40, NL = 50, M = 0.4 eV,
Ey = 0.5 eV and Vd = 0.2 eV.

4. Conclusion

In this study, we investigate the spin-filtering effect in a
ZPNR-based N-AFM-N junction. The edge-to-edge antifer-
romagnetism can be achieved by two ferromagnets placed on
the edges of the nanoribbon. The two spin-degenerated edge
bands of edge-to-edge antiferromagnetic ZPNR separate into
four spin-polarized bands when an in-plane electric field is ap-
plied to the nanoribbon. A 100% spin-polarized current can
be generated at various wide energy intervals in the junction
when the in-plane electric field is applied. The spin polariza-
tion can be tuned by changing the direction and the strength
of the electric field. By changing the electric potential of the
scattering region, the edge spin-polarized current can be con-

trolled spatially. In addition to the in-plane electric field, the
spin polarization can also be tuned by changing the strength
of the exchange field. We also found that the spin polarization
is stable when disorders and vacancies are present. Our find-
ings provide a practical way to devise controllable spintronic
devices.
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