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Gate-tunable large spin polarization in a few-layer
black phosphorus-based spintronic device†
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Lei Zhang, *a,b Liantuan Xiaoa,b and Suotang Jiaa,b

We report a first principles study of the gate tunable spin transport properties in trilayer black phosphorus

(BP) placed on a Ni(100) electrode. In the proposed spintronic device, the spin-dependent conductance

and the corresponding spin polarization can be largely modulated by the gate voltage. Instead of resorting

to the gate tunable spin orbital interaction (SOI) mechanism in the traditional spintronic devices, the

control scheme here is achieved by the giant Stark effect induced semiconducting-metallic phase tran-

sition of the few-layer BP. It is found that the quantum tunneling effect is gradually reduced as the gate

voltage increases. During this process, the conductances of spin up and spin down components increase

differently and hence the spin polarization is largely varied from 7% to 77% in parallel configuration (PC)

and from 1% to 54% in anti-parallel configuration (APC). More importantly, the maximum magnetoresis-

tance (MR) value can reach as large as 80%. Finally, we find that the non-equilibrium spin-polarized

current can also be controlled by the external bias voltage. For instance, a large turn on/off ratio can be

realized by the gate voltage (4239 for spin down current and 1809 for spin up current) when the bias

voltage is fixed at 0.01 V. Our theoretical findings pave a feasible way for the novel application of few-

layer BP in spintronic nanodevices.

1 Introduction

As one of the most promising next-generation energy efficient
electronics, spintronics aims to utilize the spin degrees of
freedom as the information carrier to manipulate and control
the electrical properties of circuits.1–20 Enormous experimental
and theoretical efforts have been devoted on generation,
manipulation and detection of electron spin during its trans-
port with various approaches, such as electric, magnetic, and
optical.15–18 Based on the present microelectronic technology,
it ought to achieve spin-based devices in an all-electronic
method. On the other hand, driven by the technological

demand for the further miniaturization and flexibility of the
spintronic devices, researchers are trying to build spintronic
devices based on many different kinds of two-dimensional
materials.7,8,18–20

Recently, monolayer and few-layer black phosphorus (BP)
have attracted great research attention owing to their excellent
electronic and optical properties.21–43 For instance, they
exhibit extremely high carrier mobility, tunable direct
bandgap, and outstanding in-plane anisotropic
properties.28–31,44 More interestingly, it is found that the
bandgap of few-layer BP can not only be controlled by the
number of layers, but it can also be tuned by gate electric field
perpendicular to the two-dimensional plane. Due to the giant
Stark effect induced by the vertical electric field, the conduc-
tion and valence bands shift downward and upward, respect-
ively. As the magnitude of the gate voltage increases, they shall
touch each other and finally overlap. Physically, the semicon-
ducting few-layer BP is driven into a topological insulator or
even a metallic phase by applying the external vertical gate
voltage or doping potassium atoms on its surface.24,28,43 It is
expected that the few-layer BP formed electronic device can be
controlled electrically. In addition, the spin orbital coupling
strength in few-layer BP is on the order of a few tens of meV,45

which gives rise to remarkable nanosecond spin lifetime in
the recent experimental measurment.46 Since the long spin
relaxation time is an essential ingredient to build a spintronic
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device at room temperature, it is quite promising for few-layer
BP to be a potential candidate in the spintronic device. By
taking advantage of efficient electrical control and long spin
relaxation lifetime of few-layer BP, we wish to study the follow-
ing several important and interesting questions. Compared
with the traditional electrical control of spin with the help of
spin orbital interaction (SOI) in the system, can the Stark effect
induced by the vertical gate voltage lead to efficient control of
spin in the few-layer BP-based spintronic device? Can large
spin polarization and magnetoresistance (MR) be produced in
the device? Can this spintronic device be turned on and off
effectively by gate voltage when the bias voltage is small?

Here, we answer these questions by focusing on the spin-
dependent transport of the Ni(100)/trilayer BP/Ni(100) nano-
scale spintronic device from the atomic first-principles ana-
lysis. As shown in Fig. 1, the trilayer BP is placed on two Ni
electrodes with the same or different magnetization. In order
to electrically modulate the spin in the system, the trilayer BP
in the central region can be controlled by a back-gate voltage.
By using the non-equilibrium Green’s function (NEGF) com-
bined with density functional theory (DFT), we found that the
proposed trilayer BP based spintronic device can be efficiently
modulated by the vertical gate voltage without requiring the
external magnetic field to control the spin degrees of freedom
in the system. As the magnitude of the vertical gate voltage
increases, the quantum tunneling effect gradually disappears
and the spin polarized conductance increases. More impor-
tantly, the spin polarization can largely be tuned from 7% to
77% for parallel configuration (PC) and from 1% to 54% for
anti-parallel configuration (APC). Meanwhile, the maximum
MR value that we obtained is about 80%. Furthermore, it is
found that the spin-polarized current can also be tuned by the
external bias voltage, which varies from −33% to +30%. When
the bias voltage is fixed at 0.01 V, the maximum turn on/off
ratio can reach 4239/1809 for spin down/up current, respect-
ively. Since the Stark effect induced by the vertical gate voltage
can also be easily realized in other few-layer BP systems with a
different number of layers, the large spin polarization tunabil-
ity should be efficiently achieved. Our investigation indicates

that the Ni(100)/few-layer BP/Ni(100) spintronic device should
be an attractive system for their practical application.

The rest of the paper is organized as follows. In section 2,
we present the proposed spintronic device model, compu-
tational details and theoretical formulas. The transport pro-
perties of the proposed device and the corresponding analysis
are given in section 3. Finally, section 4 presents the con-
clusion and discussion.

2 Device model and theoretical
formalism

Before analyzing the quantum transport properties of the
Ni(100)/trilayer BP/Ni(100) device, we firstly establish the trilayer
BP/Ni contact in the numerical simulation. Without loss of
generality, the number of layers for BP is fixed as three, and
then the trilayer BP is placed on the Ni(100) slab acting as the
electrodes. By optimizing the atomic structure using VASP,47

we obtained the lattice constants ax = 4.58 Å and ay = 3.3 Å for
pure trilayer BP and 3.524 Å for the Ni(100) bulk structure. In
order to match the trilayer BP with the Ni lattice forming a per-
iodic structure, the trilayer BP placed on the Ni surface is uni-
formly stretched about 6.8% and 2.6% along the y direction
and x direction, respectively. Note that the trilayer BP in the
channel region retains its original lattice constant to reduce
the stretch effect. Thus, in the armchair direction, three BP
unit cells are perfectly matched with four Ni unit cells as
shown in the red box of Fig. 2(b). Furthermore, the distance
between the trilayer BP and the Ni(100) slab surface is identi-
fied as 1.98 Å, which is obtained by VASP. In obtaining the
optimized distance between trilayer BP and the Ni surface, the
energy cutoff for the plane-wave basis was set to 500 eV. The
k-mesh of 8 × 13 × 1 is adopted to sample the first BZ of the
trilayer BP on the Ni(100) surface.

Fig. 2 presents the top view and side view of the proposed
Ni(100)/trilayer BP/Ni(100) device structure in the numerical

Fig. 1 Schematic plot of the proposed two dimensional lateral spintro-
nic device based on Ni(100)/few-layer BP/Ni(100). The red box rep-
resents the left/right electrode and its side view is shown in the left
inset. The orange and black spheres represent few-layer BP and Ni
atoms. The vertical gate is placed in the few-layer BP central region. The
yellow arrows indicate the magnetization of the two Ni electrodes.

Fig. 2 (a) Top view and (b) side view of the structure of the Ni(100)/tri-
layer BP/Ni(100) device in the numerical simulation. The black dashed
rectangle represents the central scattering region and the red solid rec-
tangles represent left and right leads which extend to infinity. The tri-
layer BP with the length L = 4.1 nm in the central scattering region can
be controlled by a gate voltage Vg between x0 and x1. Orange and black
spheres denote P and Ni atoms, respectively.
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simulation. The two-terminal transport device can be divided
into three regions: the central scattering region, and the left
and right leads which extend to the electron reservoirs in the
infinity. In the central scattering region, the few-layer BP is
controlled by a gate voltage Vg with a length of L = 4.1 nm. The
quantum transport calculations are carried out by using the
NEGF-DFT,48 as implemented in the first principles quantum
transport package Nanodcal.48–50 In the self-consistent calcu-
lation, the wave functions and the other physical quantities are
expanded with the linear combination of atomic orbital
(LCAO) basis at the double-ζ polarization (DZP) level; the stan-
dard norm-conserving nonlocal pseudo-potentials51 are used
to describe the atomic core; the generalized gradient approxi-
mation (GGA) with the Perdew–Burke–Ernzerhof (PBE) formu-
lation is applied for the exchange–correlation potential.52 The
first Brillouin zone of the electrodes is sampled by an 8 × 13 ×
1 k-space grid.

Once the NEGF-DFT self-consistent calculation is achieved
for the two-terminal device, the spin polarized conductance at
the linear response regime can be obtained by the Landauer
formula,

Gσ ¼ e2

h

ð
dky Tσðky; EfÞ; ð1Þ

where ky is the momentum along the transverse y direction; e
is the electron charge; h is Planck’s constant; σ ≡ ↑,↓ is the
spin index; and Tσ(ky, Ef ) is the spin-dependent transmission
coefficient evaluated at the Fermi level Ef and transverse
momentum ky, which can be calculated by the standard non-
equilibrium Green’s function method.48,49 Furthermore, the
spin polarization is defined as:

SP ¼ G" � G#�� ��
G" þ G# : ð2Þ

Since the magnetic moments of the two Ni electrodes can
be either in parallel configuration (PC) or antiparallel configur-
ation (APC), the magnetoresistance (MR) value at zero bias
voltage is introduced:

MR ¼ GPC � GAPC

GAPC
; ð3Þ

where GPC/APC = G"
PC=APC + G#

PC=APC is the conductance when the
magnetization of the two Ni electrodes are in PC and APC,
respectively.

The non-equilibrium spin polarized current can be
obtained from:

Iσ ¼ e
h

ðþ1

�1

ð
Tσðky;EÞ½fLðE; μLÞ � fRðE; μRÞ�dkydE; ð4Þ

where μL=R ¼ Ef +
eV
2

with a magnitude of bias voltage, and

f (E, μα) is the Fermi–Dirac distribution of the αth lead.

3 Results and discussion

To start with, we investigate the local density of states (LDOS)
located between x0 and x1 (see Fig. 2(b)) to understand how
the vertical gate electric field affects the electronic properties
of trilayer BP in the central scattering region. As shown in
Fig. 3(a), it is clear that the LDOS at the Fermi level with both
spin components and PC/APC increase monotonously as the
gate voltage increases. This confirms that the trilayer BP in the
gate region becomes more and more conductive due to the
gate induced giant Stark effect.24,28,43 To give a vivid picture,
we plot the real space projection of LDOS at the Fermi level in
the x–z plane in Fig. 3(b) when there is no gate voltage, i.e.,
Vg = 0. Clearly, there are no available states for an electron
passing through the trilayer BP, because the trilayer BP
without any external electric field is in semiconducting phase,
which is accordance with previous researches.29 For compari-
son, the LDOS with Vg = 40 V in PC and APC are presented in
Fig. 3(c–f ). As expected, we can clearly see that the conducting
states are mostly located in the topmost layer and the trilayer
BP in the gate region should be in the conducting stage. More

Fig. 3 (a) LDOS at the Fermi level of the trilayer BP integrated in the
gate region between x0 and x1 versus the gate voltage Vg. (b) The
contour plot of the LDOS with the spin down component in the x–z
plane when Vg = 0. (c, d) The contour plot of the LDOS with spin up and
down components in PC in the x–z plane when Vg = 40, respectively. (e,
f ) The contour plot of the LDOS with spin up and spin down com-
ponents in APC in the x–z plane when Vg = 40, respectively. The three
horizontal dotted pink lines in panels (b–f ) represent the vertical posi-
tion of each layer in trilayer BP.
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interestingly, the LDOS of different spin components change
differently during the process of gate voltage increasing by
comparing Fig. 3(c/e) and (d/f). This indicates that the gate
voltage could be used to tune the spin-dependent transport
properties of the trilayer BP based spintronic device. In
addition, we note that the LDOS with spin down components
are much larger than their spin up component in PC.
However, in APC, the condition is reversed.

Having understood the electrical control of the LDOS in the
trilayer BP-based spintronic device, we now turn to study its
spin-dependent transport properties. Fig. 4(a and b) show the
conductance with spin up and down components in PC and
APC at the linear response regime, respectively. When there is
no gate voltage (i.e., Vg = 0), the conductances of spin up and
down components are nearly zero independent of PC or APC,
since the trilayer BP in the gate region is semiconducting. At
this stage, the whole system is actually a metal–semi-
conductor–metal (MSM) device and the electron transport
process is dominated by the quantum tunneling effect. Thus,
the corresponding conductances of both spin up and spin
down channels are extremely small (on the order of 10−6). Due
to the nonzero spin injection efficiency from the ferromagnetic
Ni electrode, the spin polarization of PC and APC are 21% for
PC and 40% for APC (when Vg = 0), as illustrated in Fig. 4(c).
As the gate voltage increases, the spin up and spin down con-
ductances increase generally (Fig. 4(a and b)), which is consist-
ent with the variations of the LDOS, as shown in Fig. 3(a). It is
worth mentioning that the magnitude of conductance Gσ is
still extremely small when Vg < 5 V. When the gate voltage is
equal to 5 V, the spin up and spin down conductances in PC
and APC increase up to the order of 10−2. Physically speaking,
the trilayer BP in the gate region enters into the metallic phase

and the quantum tunneling process progressively disappears
as the gate voltage increases. More importantly, we find that
the conductance Gσ shows oscillating behaviours for both spin
up and spin down channels in PC and APC during the increas-
ing process of the gate voltage. For example, the conductance
increases before Vg = 5 V and then suddenly decreases at Vg =
6 V. After that, the conductance increases again up to Vg = 12 V
and then decreases before Vg ≃18 V. The oscillating behaviour
is independent of the spin degree of freedom and configur-
ations (Fig. 4(a and b)). Correspondingly, the spin polarization
shows an oscillating behaviour as presented in Fig. 4(c). It is
found that the spin polarization is largely varied from 7% to
77% in PC and from 1% to 54% in APC. Furthermore, the MR
value also oscillates versus the vertical gate voltage and the
maximum value can be as large as about 80%, as shown in
Fig. 4(d). Interestingly, the MR value can even be negative via
the gate control. For instance, the MR value is negative when
Vg is around 5–6 V. These features offer an efficient method to
achieve large spin polarization and flexible tunability in the tri-
layer BP based spintronic device.

To understand why the conductance oscillates versus the
gate voltage during its process of increasing, we further investi-
gate the transmission coefficient Tσ(ky) versus the transverse
momentum direction ky at the Fermi level. The numerical
results in PC with four typical bias voltages are presented in
Fig. 5. Since the studied system has centrosymmetry along the
transverse y direction, the transmission coefficient should
have Tσ(−ky) = Tσ(ky). Furthermore, it is found that the nonzero
transmission coefficients are mainly located at ky = [0.2, 0.4] ×
π/a0. Therefore, we only presented the numerical results in this
range for simplicity. From Fig. 5(a and b), we know that the
peaks of T↑ and T↓ shift and become even narrow when the

Fig. 4 (a, b) The conductance Gσ with spin up (σ = ↑) and spin down
(σ = ↓) versus the vertical gate voltage in PC and APC, respectively. The
solid lines with blue upper and red lower triangles represent the spin up
(↑) and spin down (↓), respectively. (c) The spin polarization versus the
vertical gate voltage in PC and APC. (d) The magnetoresistance versus
the vertical gate voltage.

Fig. 5 The transmission coefficients Tσ(ky) versus transverse momen-
tum ky points under different vertical gate voltage. (a, b) Spin up and
down components in PC when Vg = 5, 6 V, respectively. (c, d) Spin up and
down components in PC when Vg = 12, 18 V, respectively. Note that the
unit of ky is π/a0 and a0 = 3.524 Å. The blue solid dots (A to D) denote
the transmission coefficient peaks (ky = kA to ky = kD) in panel (b).
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gate voltage is increased from 5 V to 6 V. Correspondingly, the
conductance G";#

PC in Fig. 4(a) decreases. With further increase
of the gate voltage up to 12 V (Fig. 5(c and d)), we can see that
more transmission channels are opened during the gate voltage
increasing and the conductance rises accordingly. When Vg = 18
V, the spin resolved conducting channels become narrow again
although their numbers are roughly changed. As a result, the
spin up and spin down conductances go down once more. Note
that the gate controlled effect is different for the spin up and
down components, which results in different behaviors of gate
tunable spin polarization as shown in Fig. 4(c). Generally speak-
ing, more and more conducting channels along the transverse
direction are opened as the gate voltage increases, which results
in the increasing behaviour of conductance. However, during
the process of increasing, the opened channels may be tempor-
arily affected by the gate voltage, and hence the transmission
coefficient of the proposed spintronic device shows the oscillat-
ing behaviour. This provides an efficient method to tune the
spin-dependent conductance and the spin polarization of the
system by gate voltage.

To further demonstrate the gate effect on the electron trans-
port process, we have also studied the scattering states in PC
and APC injecting from the left electrode into the central scat-
tering region at the Fermi level. Here, we take the spin down
component of PC at Vg = 5, 6 V as an example and examine the
electron transport at transverse momentum ky = kA/C, where A
and C are peak points denoted as shown in Fig. 5(b). From
Fig. 6(a and b), we know that there are two incoming channels
when ky = kA and Vg = 5 V. In the Ni/BP electrode regions, the
scattering states are spread mainly in the Ni region but not in
the trilayer BP region because Ni is metallic and trilayer BP are
semiconducting. However, in the central trilayer BP region, the
barrier due to the semiconducting BP is much smaller than

the vacuum barrier. Thus, the electrons from one electrode
have to pass through the trilayer BP region to reach another
electrode. The electrons are travelling through the trilayer BP
via topmost two layers in the gate region. Physically speaking,
the positive gate voltage can attract the electrons approaching
the topmost layer and hence enhance the electron transport
process there. By calculating the scattering matrix when ky =
kA, we know that there are two channels that contribute nearly
equally to the transmission coefficient denoted by a and b
points in Fig. 6(d). Note that both of them are around 0.5,
which means half of the electrons get reflected during their
transport process. In contrast, there is only one channel left
when the gate voltage is increased up to 6 V and ky = kC, as
shown in Fig. 6(c). It is clear that the scattering states are
largely reflected back into the left electrode (mostly located in
the left Ni electrode region) and only a few parts of the electron
wave functions can get through the central scattering region.
Accordingly, its transmission coefficient TkC is small and equal
to 0.14. By changing ky = kA at Vg = 5 V to ky = kC at Vg = 6 V, not
only the number of transmission channels is reduced but also
the left transmission channel is further blocked, which results
in the corresponding conductance reduction. Actually, we find
that the transmission channels may also increase when the
peak is shifted from kB to kD, while the transmission for each
channel is further suppressed during the transport and hence
the total transmission in the transverse momentum ky = kD
point is still smaller than that of ky = kB. The numerical results
for (ky = kB/D) are presented as shown in Fig. S4 in the ESI.†

So far, we only focused on the quantum transport pro-
perties of the trilayer BP based spintronic device in the linear
response regime (near equilibrium condition). Here, we show
further the non-equilibrium transport properties by calculat-
ing the spin-dependent current versus the bias voltage Vb in
PC. In Fig. 7(a), we see that the spin up and down currents
indeed behave non-linearly when the bias voltage is large by
fixing the gate voltage Vg = 0 V. At first glance, we can know
that the current is spin polarized in the whole bias regime.
More importantly, the difference between spin up and spin
down components becomes larger and larger as the magnitude
of the bias voltage increases. To measure the spin polarization

in the non-equilibrium condition, we introduce SP ¼ I" � I#
�� ��
I" þ I#

.

The numerical results are demonstrated in Fig. 7(c) and the
spin polarization varies from −33% to +30%. Last but not
least, we examine the gate voltage effect on the non-equili-
brium condition. Taking the bias voltage Vb = 0.01 V as an
example, we wish to see if the spin dependent current can be
turned on, since I↑ and I↓ are on the order of 10−3 nA when
Vg = 0 V, which is very small. As shown in Fig. 7(b), both spin
up and down currents are increased by several orders of mag-
nitude as the gate voltage increases. To characterize the differ-
ence between the on and off states, we define the on/off ratio

here as
maxðI";#Þ
minðI";#Þ and find that the spin down and up turn on/

off ratio can be as large as 4239 and 1809, respectively. This

Fig. 6 (a, b) Isosurface plot of two scattering states of trilayer BP based
spintronic device when Vg = 5 V and momentum ky = kA denoted as A
point in Fig. 5(b). (c) Isosurface plot of one scattering state of trilayer BP
based spintronic device when Vg = 6 V and momentum ky = kC denoted
as C point in Fig. 5(b). (d) The transmission coefficient of the corres-
ponding channel when momentum ky is equal to kA and kC in left (blue)
and right (red) vertical axes, respectively. The blue upper triangles a and
b denote transmission coefficient for two different transport channels
when ky = kA and Vg = 5 V. The red solid circle denotes transmission
coefficient for transport channel when ky = kC and Vg = 6 V. The isosur-
face value is fixed as 0.5 in (a–c).
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indicates that the proposed spintronic device can be turned on
and off through the gate effect. In the range of the gate voltage
that we investigated, it is found that the spin polarization of
the current can also be enlarged up to 71.6% from 8.6% (see
Fig. 7(d)). Therefore, both the bias voltage and gate voltage are
efficient tools to tune the spin polarization of the proposed tri-
layer BP based spintronic device during their practical
application.

4 Conclusion and discussion

In summary, we theoretically proposed an efficient electrically
gate-tunable spintronic device based on few-layer BP placed on
the Ni electrode. By first-principles calculations, we show that
the spin polarized current can be generated and largely tuned
via gate voltage in the trilayer BP based spintronic device as an
example. As the gate voltage increases, the quantum tunnelling
effect gradually disappears due to the induced semiconducting-
to-metallic phase transition. During this process, the spin
dependent conductances become larger and larger in a
different way. Thus, it is found that the spin polarization can
be varied from 7% to 77% and from 1% to 54% in PC and
APC, respectively. More importantly, the spin polarization of
the non-equilibrium current can be tuned both by the bias
voltage and the gate voltage. When the bias voltage Vb is equal
to 0.01 V, the large turn on/off ratio can be as large as 4239 for
the spin down component and 1809 for the spin up com-
ponent. Although here we take the trilayer BP based spintronic
device as an example, the largely electrical gate-tunable spin
polarization is expected in other few-layer BP systems due to
the same Stark effect induced by the gate voltage. Our numeri-

cal findings indicate that the few-layer BP can be used as a
potential spintronic device in the nanoscale.
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