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Nanodevices engineering and spin transport properties
of MnBi2Te4 monolayer
Yipeng An 1✉, Kun Wang2,3, Shijing Gong4, Yusheng Hou 5,6, Chunlan Ma7, Mingfu Zhu8, Chuanxi Zhao9, Tianxing Wang1,
Shuhong Ma1, Heyan Wang1, Ruqian Wu 5✉ and Wuming Liu 10✉

Two-dimensional (2D) magnetic materials are essential for the development of the next-generation spintronic technologies.
Recently, layered van der Waals (vdW) compound MnBi2Te4 (MBT) has attracted great interest, and its 2D structure has been
reported to host coexisting magnetism and topology. Here, we design several conceptual nanodevices based on MBT monolayer
(MBT-ML) and reveal their spin-dependent transport properties by means of the first-principles calculations. The pn-junction diodes
and sub-3-nm pin-junction field-effect transistors (FETs) show a strong rectifying effect and a spin filtering effect, with an ideality
factor n close to 1 even at a reasonably high temperature. In addition, the pip- and nin-junction FETs give an interesting negative
differential resistive (NDR) effect. The gate voltages can tune currents through these FETs in a large range. Furthermore, the MBT-ML
has a strong response to light. Our results uncover the multifunctional nature of MBT-ML, pave the road for its applications in
diverse next-generation semiconductor spin electric devices.

npj Computational Materials            (2021) 7:45 ; https://doi.org/10.1038/s41524-021-00513-9

INTRODUCTION
The discovery of magnetic van der Waals (vdW) layered materials
has inspired tremendous research interest recently as they provide
new opportunities for the development of magnetic nanodevices.
Scientists have utilized their spin degree of freedom to
demonstrate exotic phenomena and devoted significant efforts
to fabricate vdW ultrathin films down to the monolayer (ML) limit.
It has been reported that the magnetic properties of vdW-layered
materials change significantly as their thickness reduces to
atomically thin, and many of 2D vdW MLs appear to be promising
for spintronics applications1,2. In particular, enormous opportu-
nities arise as a consequence of reduced dimensionality, which
allows gating capabilities to tune their physical properties in a
large range. Therefore, searching for functional 2D magnetic MLs
and designing conceptual nanodevices are extremely active and
may forcefully drive the new technological development.
Several intrinsically magnetic 2D materials have attracted

considerable attention in recent years, including VX2 (X= S, Se,
Te)3–9, CrGeTe3

10–13, Fe3GeTe2
14–17, and CrX3 (X= Cl, Br, I)18–24.

Furthermore, the discovery of MnBi2Te4 (MBT) represents another
step forward, as it integrates topological feature and alternating
ferromagnetic or antiferromagnetic ordering in a single system1.
This renders MBT an ideal system for creating nanodevices with
unprecedented magnetic and spintronic properties and, there-
fore, the system has already drawn extensive theoretical and
experiment studies25–32. For instance, ultrathin MBT films were
recently fabricated and their spin transport was successfully
modulated by gate electrodes33,34. Despite substantial pro-
gresses, in-depth explorations of using MBT MLs in diverse
nanodevices are highly desired.

Here, we propose several conceptual MBT-based nanodevices
and investigate their spin-dependent transport properties with the
first-principles approach. We first construct pn-junction diodes
with a MBT-ML and demonstrate its spin-dependent transport
function. This incites us to build up several MBT-ML field-effect
transistors that can be used for the design of spin logic circuits
and storage units. We further propose MBT-based phototransistors
and show the potential utilizations of MBT-ML in photoelectric
nanodevices.

RESULTS AND DISCUSSION
Atomic structure and electronic properties of MnBi2Te4
monolayer
The ground-state atomic and electronic structures of MBT-ML
are shown in Fig. 1. MBT-ML (Fig. 1a) has the P3m1 space group
(No. 164) and the optimized in-plane lattice parameter a of the
hexagonal septuple-layer (SL) structure is 4.29 Å. The magnetic
moment is 5 μB per unit cell, mostly contributed by Mn atoms,
showing a high spin configuration S= 5/2, consistent with
previous work35,36. MBT-ML was prepared on the Si (111) substrate
in a so-called SL-by-SL manner by alternative growing quintuple-
layer of Bi2Te3 and bilayer of MnTe in molecular beam epitaxy33.
The dynamic stability of the free-standing MBT-ML is confirmed by
its phonon spectrum (Fig. 1b), which has no imaginary phonon
modes. According to the projected phonon density of states (DOS)
in Fig. 1b, the acoustic phonon branches stem from vibrations of
Bi atoms, while the high- and low-frequency optical branches are
from motions of central Mn and Te atoms, respectively.
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Figure 1c, d show the element-projected spin-up and -down
(dn) electronic bands and DOS, respectively. The MBT-ML has an
indirect bandgap for either the spin-up (Eg= 1.1 eV) or the spin-dn
(Eg= 1.3 eV) state. The conduction bands are mainly contributed
by the outer Bi and Te atoms, while the valence bands are mostly
contributed by the Te atoms. The conduction band minimum is
located at the Γ point, and the valence-band maximum is between
the Γ and K points. To give a more in-depth view of the band-
dispersion relation around the Fermi level (EF), we show the three-
dimensional (3D) views of the conduction and valence bands of
MBT-ML for the spin-up and -dn states in Fig. 1e, f, respectively.
Each energy-dispersion plot in the 2D k-space is hexagonal around
the Γ point, which is more clearly illustrated in their projections in
the first Brillouin zone (Fig. 1g, j).
The cone-shaped conduction band near the Γ point (Fig. 1g, i)

suggests mostly isotropic effective mass around the Γ point. They
are 0.10 and 0.13 me (me is the free electron mass) for the spin-up
and -dn states, corresponding to Fermi velocities of 6.5 × 105 and
4.0 × 105 m/s, respectively, which is close to those of graphene
and silicene37. The MBT-ML hence has higher carrier mobility
and larger transmission possibility in the spin-up channel, and a
spin-polarized electronic transport behavior is expected. Besides,
both the energy dispersions and effective mass become
anisotropic away from Γ point, such as between the x-axis (along
zigzag direction) and y-axis (along armchair direction) shown in
Fig. 1a, which should lead to anisotropic transport properties
along these two directions like many other 2D materials6,38–40.
Note that the bandgap becomes smaller (see Supplementary Fig.
1a) as considering the spin-orbit coupling (SOC), consistent with
the previous report41. This suggests that the semiconductor
nanodevices based on the MBT-ML are easily achieved when the
SOC is included. In the following, we design several conceptual
nanodevices of MBT-ML and mainly focus on its spin-polarized
transport behaviors without SOC, which qualitatively retains its
electronic transport properties based on a test (see Supplemen-
tary Fig. 1b).

Spin transport properties and PN-junction diodes of MnBi2Te4
monolayer
A pn-junction diode of MBT-ML (Fig. 2a) is first constructed by
using the method of electrostatic doping with p- and n-type
atomic compensation charges42, which has been used for various
nanodevices modeling39,43–45. According to the atomic lattice
structures (Fig. 1a), there exist two types of MBT-ML diode
structures, i.e., Z-type (along the x-axis, zigzag at edges) and A-
type (along the y-axis, armchair along the edges). We consider
three levels of doping densities of p- and n-type carriers, i.e., 3 ×
1012 cm−2 (low), 3 × 1013 cm−2 (medium), and 3 × 1014 cm−2

(high). They correspond to the typical doping concentration
range [1019–1021 cm−3] in bulk42,46. The results for the medium
doping concentration are presented here, and results for low and
high doping concentrations are shown in the Supporting
Information (see Supplementary Fig. 2).
Each diode consists of the drain (D) and source (S) electrodes

and the central scattering region with the pn-junction. For
transport calculations, the D/S electrodes are described by a
supercell of p- and n-doped MBT-ML, whose length is semi-infinite
along the transport direction. A forward D-S bias Vb generates a
positive current from the D electrode to the S electrode, and vice
versa. The spin-resolved electron currents through the pn-junction
diodes are obtained by47

IσðVbÞ ¼ e
h

Z μS

μD

TσðE; VbÞ½fDðE � μDÞ � fSðE � μSÞ�dE; (1)

where σ indicates the index of spin-up (↑) and -dn (↓) states, and
the total current I is the sum of Iσ. e and h refer to the electron
charge and the Planck’s constant, respectively. Tσ(E, Vb) is the
spin-resolved transmission coefficient of the pn-junctions. fD(S)=
{1+ exp[(E− μD(S))/kBTD(S)]}

−1 is the Fermi-Dirac distribution
function of the D(S) electrode with chemical potential μD(S) and
temperature TD(S).

Fig. 1 Geometric and electronic structures of MnBi2Te4 monolayer. a Schematics of the top (upper) and side (lower) views of MnBi2Te4
monolayer. x- and y-axis are for zigzag and armchair directions, respectively. b Phonon band and projected phonon density of states. Element-
projected electronic band and density of states for the spin-up (c) and -down (d) states. The EF is set to zero. e–j 3D views of the spin-resolved
conduction and valence bands around the Γ point, as well as their 2D projections in the first Brillouin zone. The rainbow colormap shows the
eigenvalues of conduction and valence bands from low (red) to high (purple).

Y. An et al.

2

npj Computational Materials (2021)    45 Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

1
2
3
4
5
6
7
8
9
0
()
:,;



Each spin-resolved I–V curve of the Z-type pn-junction diode of
MBT-ML (Fig. 2b) shows a strong unidirectional transport feature,
with a high rectifying ratio up to 107 as shown in Fig. 2c (defined
as RR= |I(−Vb)/I(Vb)|). The current is open in the negative bias side
with a low threshold voltage (Von=−0.1 V). In addition, it displays
a spin filtering effect. Under a low bias, such as −0.1 V, the
polarization ratio, defined as PR= (I↑− I↓)/(I↑+ I↓), is 100%.
It decreases to a saturation value (21%) as the reverse bias
increases. As the current density is close to zero, this MBT-ML-
based diode is ideal for the use in nanodevice.
Figure 2d shows the spin-up and -dn transmission spectra of the

Z-type pn-junction diode of MBT-ML. The electron transport is
easy for reverse biases with large transmission coefficients within
the bias window (BW) especially for the spin-up state, but is
blocked under a forward bias. When a reverse bias is applied
across the pn-junction, the bands of the p- and n-doped terminals
shift up and dn accordingly, and vice versa. Therefore, compared
with the projected local density of states (PLDOS) under zero bias
(Fig. 2e), more electronic states of both sides enter the BW,
generating a strong electron transmission via Band-to-Band
tunneling under a reverse bias, such as −0.8 V (Fig. 2f). In contrast,
the electron transmission retains zero under a forward bias due to
the band alignment as depicted in Fig. 2g. Furthermore, the
PLDOS of spin-up state has smaller gap between valence and
conduction band than spin-dn state, thus the transmission of spin-
up state can do better (Fig. 2f). Within the BW, strong transmission
occurs near the Γ point (Fig. 2h). For the spin-up states,
transmission coefficients remain high over the whole Brillouin
zone, i.e., from Γ to Y (−Y). The transmission becomes zero close to
Y (−Y) for the spin-dn states. This causes the much reduced
transmission for the spin-dn states under a reverse bias and
appearance of a spin-polarized behavior. These factors result in

the strong rectifying and spin filtering effects of the Z-type pn-
junction diode of MBT-ML. Note that the similar rectifying effect
persists as the SOC is included in band and transport calculations
(see Supplementary Fig. 1b). Therefore, the concepts we discussed
above holds in actual MBT diodes, providing that the reduction of
spin mean free path by SOC is insignificant because of the small
size of pn-junction.
The total current and differential conductance (dI/dV) density of

the Z-type pn-junction diode of MBT-ML are 752 mA/mm (Fig. 2b)
and 3 S/mm (Fig. 3a) at −0.8 V, respectively. The dI/dV curve also
shows a spin-polarized behavior, particularly strong under a low
bias below −0.2 V. The tunneling current mostly appears within
the BW, according to the spectral currents shown in Fig. 3b, c.
Note that the low doping concentration decreases the current
density a little and retains the spin filtering and rectifying effects,
while the high doping concentration significantly increases the
current density (see Supplementary Fig. 2). The A-type pn-junction
diode of MBT-ML shows similar rectifying and spin filtering effects
with the same mechanisms (see Supplementary Figs. 3 and 4) to
its Z-type diode. The current along the A direction is slightly
smaller than that along the Z direction due to larger carrier
effective mass along A direction, implying its weak anisotropy
ratio (1.3)40.
Furthermore, the I− V characteristics of the pn-junction diodes

of MBT-ML can be described by42

I ¼ I0e
qVb=nkBTð1 � e�qVb=kBT Þ; (2)

where q and T are the elementary charge and temperature,
respectively, I0 indicates the saturation current, and n is the so-
called ideality factor that is an important parameter to assess how
much the pn-junction resembles an ideal diode (n= 1). One can
extract the value of the ideality factor from the slope of a log-plot

Fig. 2 Transport properties of pn-junction diodes of MnBi2Te4 monolayer. a Schematic of pn-junction diode of MnBi2Te4 monolayer. b Bias-
dependent current and polarization ratio curves of the Z-type pn-junction diode of MBT-ML, as well as its rectifying ratio in c. d Transmission
spectra for the spin-up and -down states. e–g Spin-resolved transmission coefficient T(E) and projected local density of states under the biases
of 0, −0.8, and 0.8 V. h k-dependent transmission coefficients T(E, k) at −0.8 V. The colormap shows the data of d–h from 0 (white) to high
(blue).
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of I/(1− e−qVb/kBT) against Vb. As a result, both the ideality factors
of both Z- and A-type pn-junction diodes of MBT-ML are 1.1 (close
to the ideal case) at room temperature (Fig. 3d), and can retain a
high value up to 500 K (Fig. 3e).

Field-effect transistors of MnBi2Te4 monolayer
Next, we design the field-effect transistor structures of MBT-ML
pin-junction (Fig. 4a) and study their spin-dependent field-effect
properties. The pin-junction is composed of the p- and n-doped
MBT-ML on both sides, and the central intrinsic region (i) as the
FET channel whose length is 3 nm. Both the top and bottom gates
are positioned near the central intrinsic region. Here the spin-
resolved electron current through the sub-3-nm pin-junction FETs
is determined as

IσðVb; VgÞ ¼ e
h

Z μS

μD

Tσ E; Vb; Vg
� �

fDðE � μDÞ � fSðE � μSÞ½ �dE:

(3)

Figure 4b shows the I− V curves of the Z-type pin-junction FET of
MBT-ML under zero gate voltage. Compared with the pn-junction

diode of MBT-ML, the Z-type pin-junction FET of MBT-ML shows
the same spin filtering and perfect rectifying effects with the
same transport mechanisms (see Supplementary Fig. 5), although
its current density is slightly suppressed due to the semiconductor
nature of the central intrinsic region. Strikingly, when a positive or
negative gate voltage is applied, the current density is dramati-
cally enhanced (Fig. 4c, d), demonstrating an excellent field-effect
behavior.
According to the goals of the ITRS 2015 edition48, Fig. 4e

displays the transfer characteristics of the Z-type pin-junction FET
of MBT-ML at the reverse (S-D) biases of 0.55 (in the year of 2024),
0.45 (in the year of 2027), and 0.40 V (in the year of 2030),
respectively. All of their current densities increase monotonically
as the gate voltage increases, and achieve the off-state at Vg=
0.5 V. The corresponding on/off ratios at room temperature for HP
(LP) are 24(16), 43(28), and 61(40), respectively. The on/off ratios
remain constant up to 400 K (Fig. 4f), and may further increase to
achieve the three goals in 2024, 2027, and 2030.
The A-type pin-junction FET of MBT-ML shows the same field-

effect properties to its Z-type counterpart and has even larger on/
off ratios (see Supplementary Figs. 6 and 7). Besides, we also

Fig. 3 Device properties of the pn-junction diodes of MnBi2Te4 monolayer. a Difference conductance curves of Z-type pn-junction diodes of
MnBi2Te4 monolayer. Spectral currents in the spin-up (b) and -down (c) states. d I/(1− e−qVb/kBT) against Vb curves. e Temperature-dependent
ideality factor n curves of pn-junction diodes of MBT-ML. The dotted line indicates the ideal case (n= 1).
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construct and investigate two other types of MBT-ML FETs, i.e., pip-
and nin-junction FETs (see Supplementary Figs. 8 and 13). Each of
them shows an interesting negative differential resistive (NDR)
effect49 and a spin filtering effect with larger polarization ratios.
Figure 5 schematically illustrates their NDR mechanisms and the
rectifying mechanism of the pin-junction FET that is consistent
with the previously discussed pn-junction diode. For the pip-
junction FET, its VB is adjacent to the EF and plays a critical role in
the NDR behavior. Very differently, for the case of nin-junction FET,
its CB adjoins to the EF and dominates the electron transport.

Phototransistors of MnBi2Te4 monolayer
We further investigate the photoelectric performance of MBT-ML
and its potential applications in spin-photonics. The optical
conductivity σ (|real| part) is found to be almost unchanged as
different functionals are used in our calculations, i.e., spin-
polarized generalized gradient approximation (GGA)50 and local
density approximation51. The photoconduction process is opened

as the photon energy is higher than the energy gap of MBT-ML
(Fig. 1c, d). It has a broad σ peak in the whole visible region
(Fig. 6a) for both the spin-up and -dn states, and it is therefore
promising for developing photovoltaic devices within the
AM1.5 standard52. Whereafter, a phototransistor based on the pin-
junction of MBT-ML is designed (Fig. 6b) and its photoelectric
transport properties under illumination are unveiled, as well as the
regulation effect from the gate electrode.
In this work, linearly polarized light is considered and the

incident photon energy is set from 0 to 5 eV. The first-order
correction to the photo-generated current into electrode α= D/S
due to the absorption of photons with frequency ω is given by44,53

Iα ¼ e
h

R1
�1

P
β¼D;S

½1 � fαðEÞ�fβðE � �hωÞT�
α;βðEÞ

� fαðEÞ 1 � fβ E þ �hωð Þ� �
Tþα;βðEÞdE:

(4)

The total photocurrent is obtained by Iph= ID− IS. More details
about the photocurrent are provided in the Supplementary D1.

Fig. 4 Transport properties of the pin-junction field-effect transistors of MnBi2Te4 monolayer. a Schematic of pin-junction field-effect
transistors of MnBi2Te4 monolayer. b–d Bias-dependent current density, rectifying ratio, and polarization ratio curves under the gate voltages
of 0, 10, and −10 V. e Transfer characteristics at the reverse (S-D) biases of 0.55, 0.45, and 0.40 V, respectively. f On/off ratios under the limited
temperatures.

Y. An et al.

5

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2021)    45 



Under zero bias (without power), the Z-type pin-junction
phototransistor of MBT-ML has a good photo response in the
visible region due to its large σ in that region, and its total
photocurrent is as high as 22 mA/mm2 (Fig. 6c), much larger than
a silicon solar-cell device44. In addition, the spin-up photocurrents
have a larger proportion and a stronger peak in yellow light
region, demonstrating its key role in photoelectric sensors.
Generally, a gate electrode can be employed to tune the optical

response of a phototransistor54,55. The applied gate voltages
significantly influence the photoelectric performance of the Z-type

pin-junction MBT-ML phototransistor. For instance, it is easy to
generate a strong photocurrent peak under low gate voltages
(Fig. 6d), while high gate voltages lower its photoelectric
performance and should be avoided in a photovoltaic device.
Therefore, the Z-type pin-junction phototransistors of MBT-ML can
be utilized as photovoltaic devices or photoelectric sensors for
detecting yellow light. For the A-type pin-junction phototransistor
of MBT-ML, whose spin-dn state plays a key role, it generates a
peak in the yellow (for spin-up state) and the blue light (for spin-
dn state), respectively. The total photocurrent amplitude is half of

Fig. 5 Rectifying and NDR mechanisms of the transistors of MnBi2Te4 monolayer. a Rectifying mechanism of pin-junction FETs of MnBi2Te4
monolayer. b NDR mechanism of pip-junction FETs of MBT-ML. c NDR mechanism of nin-junction FETs of MBT-ML. Green shadow is the bias
window. ⬤ and ● refer to the strong and weak transport, and ⦸ indicates the prohibited transport.

Fig. 6 Photoelectric properties of the MnBi2Te4 monolayers. a Optical conductivity of MnBi2Te4 monolayer. The embedded spectrum
pattern displays the visible region. b Schematic of the pin-junction phototransistor of MBT-ML. c Spin-resolved photocurrent density of Z-type
pin-junction phototransistor of MBT-ML under zero bias (without power). d Gate-dependent photocurrent spectra of Z-type pin-junction
phototransistor of MBT-ML under zero bias. IR, VR, and UR refer to the infrared, visible, and ultraviolet region, respectively.
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the Z-type phototransistor (see Supplementary Fig. 14). Last, the
photoelectric performances of other types of MBT-ML (i.e., pip-
and nin-junction) are lower than its pin-junction phototransistors
(see Supplementary Figs. 15 and 18), and they may be over-
shadowed in photovoltaic devices.
In summary, we have designed various conceptual nanodevices

based on the MnBi2Te4 ML (listed in Table 1) and investigated
their spin-dependent transport properties through extensive first-
principles calculations. Both the Z-type and A-type pn-junction
diodes of MBT-ML show a spin filtering effect with a high spin
polarization ratio under a low bias and a strong rectifying effect
with a high rectifying ratio (up to the magnitude of 107). Even
though most of our discussions were based on results without
spin-orbital coupling for the easiness of spin separation, calcula-
tions with the inclusion of SOC indicate that all conclusions hold,
at least at the qualitative level. The MBT-ML pn-junctions have an
excellent ideality factor (close to 1) insensitive to temperature in a
reasonable range. The sub-3-nm pin-junction FETs of MBT-ML
exhibit the same rectifying and spin filtering effects. The gate
voltages may further significantly enhance the current through
the FETs and achieve an on-off action. The pip- and nin-junction
FETs of MBT-ML also show an interesting NDR and excellent spin
filtering effects. Moreover, the MBT-ML has large optical con-
ductivity in the visible region and the Z-type pin-junction
phototransistor has the largest response to yellow light which
can be used in optoelectronic devices. Overall, our results indicate
that the MnBi2Te4 ML is a multifunctional material and holds
promise for developing a verity of next-generation nanodevices
with applications in spintronics and photonics.

METHODS
Computational details
All the first-principles self-consistent calculations are performed by the
density-functional theory combined with non-equilibrium Green’s function
method using the Atomistix Toolkit code56–58. The Norm-Conserving
pseudopotentials59, linear combinations of atomic orbitals basis sets, and
the spin-polarized Perdew–Burke–Ernzerhof exchange-correlation func-
tional at the level of GGA are used50,60. The GGA+U method is employed
to describe the localized 3d orbitals of Mn atoms and U= 4 eV is adopted
according to previous tests41. A real-space grid density mesh cut-off of
100 Ha is used. The Monkhorst-Pack k-point grids 1 × 5 × 200 and 1 × 9 ×
150 are used to sample the Brillouin zone for the electrodes of Z-type and
A-type MBT-ML devices, respectively. The total energy tolerance and
residual force on each atom are less than 10−6 eV and 0.001 eV/Å in the
structural relaxation of both lattice constants and atomic positions,
respectively.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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