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Half-metallic CrAs nanosheet for magnetic tunnel junctions
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The research of magnetic tunnel junctions (MTJs) has scientific and technical significance for promoting
the development of information storage technology, promoting spintronics and realizing higher-density
integrated circuits. At present, mainly by improving the material and designing alternative structures,
the performance and reliability of the MTJs can be enhanced. Recently, it has been reported that the
monolayer CrAs is expected to be a ferromagnetic half-metal with high Curie temperature. Here, using
DFT+U, we investigate the magnetic and spin-dependent transport properties in a MTJ made of half-
metallic CrAs nanosheet. The magnetic anisotropy energy (MAE) along the z axis is 637 µeV per Cr, and
the ferromagnetism and out-of-plane easy magnetization are not affected by biaxial strain. In addition, the
spin-dependent transport features of two MTJs with arsenene inserted in the CrAs layer were theoretically
developed and investigated. The findings reveal that tunneling magnetoresistance ratio peaks at approx-
imately equal to 1010 and remains more than approximately equal to 106 even when subjected to bias
voltages as high as 1 V. Moreover, 100% spin-filtering effects can be observed in the devices. Our research
offers viable MTJs possibilities for the next spintronic devices.
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I. INTRODUCTION

As electronic devices undergo ongoing miniaturization,
with some even reaching nanoscale dimensions, the signif-
icance of quantum confinement effects becomes increas-
ingly pronounced in the performance of nanodevices.
Spintronics, a pioneering branch of electronics, explores
the interplay between charge and spin transport [1–4].
It harnesses the intrinsic spin property of electrons to
facilitate the storage, transmission, and retrieval of data.
For spintronic devices, such as spin field-effect transis-
tors [5–8], spin valves [9–13], and spin filters, to function
properly [14–18], large spin currents must be transferred
from a magnet to a semiconductor in an efficient manner.
Among the crucial spintronic devices, magnetic tunnel-
ing junctions (MTJs) find extensive application in various
technological domains, including magnetic storage, mag-
netic sensors, and magnetic logic devices [19–23]. Their
primary goal is to achieve the a maximum feasible spin
polarization ratio (SPR) and tunneling magnetoresistance
(TMR) for use in practical applications, requiring sig-
nificant sensitivity [24–28]. Using an external magnetic
field, the ferromagnetic electrodes may be configured in
parallel configuration (PC) or antiparallel configuration
(APC), modulating the MTJs’ electrical resistance. This
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causes the tunneling currents in these two configurations
to vary, which causes the TMR phenomenon to occur
[29,30]. Thus, the ideal materials to use for MTJ devices
are half-metallic magnetic materials, which have a metallic
majority spin and a semiconductivity minority spin. They
create MTJs with high TMR ratios and provide currents
that are 100% spin polarized.

The inherent magnetic characteristics are absent in the
majority of the currently available pure two-dimensional
(2D) materials, including graphene, phosphorene, and
transition-metal dichalcogenides (TMDs) [31–37]. Nan-
odevices with high performance may be created by struc-
turally modifying and combining these 2D materials
[38–40]. But this introduced magnetism is weak and sen-
sitive, has poor controllability, and is difficult to achieve
experimentally. Following the 2017 finding of inherent
ferromagnetism in monolayer CrI3 and Cr2Gr2Te6, 2D
magnetic materials research has recently gained popularity
[41–45]. Common ferromagnetic (FM) materials include
CrBr3, CrTe, FeTe (hexagonal phase), CrSe, etc. However,
Curie temperature (TC) for the majority of them is quite
low (30 K for the Cr2Gr2Te6 bilayer and 45 K for the CrI3
monolayer). The low TC of these materials significantly
impedes their practical usage in spintronics. Compared
to other 2D magnetic materials, transition metal sulfides
have a relatively high magnetic transition temperature,
such as the TC of Cr2S3 near room temperature [46]. 2D
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half-metallic magnetic materials are of great significance
in spintronics due to their unusual electronic structure.
Therefore, combining high TC with significant spin polar-
ization, 2D intrinsic half-metallic magnetic materials are
of particular interest and significance.

Recently, Zhang et al. discovered that Mn2NF2 exhibits
a suitable FM ground state with a gapless spin-up band,
wide gap in spin-down band, and the TC is much higher
than room temperature. The Mn2NF2/Ti2CO2/Mn2NF2
MTJ shows a TMR effect of as high as 109% [47]. In
their theoretical estimation, Ma and colleagues predicted
that 2D Janus Mn2PSb and Mn2AsSb nanosheets with
high TC of 334 and 385 K, respectively, would include
a stable inherent half-metallic FM [48]. In the same
way, V3F8 nanosheets have inherent half-metallic FM that
are thermally stable at room temperature, according to
first-principles calculations by Xiao et al. [49]. The half-
metallic materials NiOBr and NiOCl also had FM ordering
and TC values of 692 and 671 K [50].

Motivated by the above discussion, recently reported
2D half-metallic CrAs is expected to be the ideal mate-
rial in spintronics [51]. Monolayer CrAs is shown to
be both thermally and dynamically stable and have a
high TC with an out-of-plane magnetization. Further-
more, out-of-plane magnetic MAE and FM coupling can
be improved by tensile strain. In addition, we construct
CrAs/arsenene/CrAs MTJs and use the nonequilibrium
Green’s function (NEGF) method to investigate their spin-
dependent transport properties. The calculated TMR ratios
of MTJs reach up to 1010, and the 100% spin-polarization
current can be obtained, indicating that they show out-
standing promise as high-performance spintronic device
candidates.

II. MODEL AND THEORY

The Vienna ab initio simulation package (VASP) uti-
lizes density-functional theory (DFT) for calculating the
optimization of the CrAs monolayer [52]. Electron-ion
interactions are simulated using the projector augmented-
wave (PAW) pseudopotential [53]. The generalized
gradient approximation (GGA) is commonly utilized to
represent the potential and energy associated with elec-
tron exchange-correlation [54]. The maximal atomic force
and total energy tolerances for the structural relaxation are
within 1.0 × 10−8 eV and 0.01 eV/Å, respectively. Addi-
tionally, a 20 × 20 × 1 k mesh is used, and 520 eV is the
kinetic energy cutoff. To avoid boundary-condition effects
along the z direction, a vacuum slab of 15 Å is applied.
The DFT+U approach is used to apply the effective onsite
Coulomb repulsion to the d orbitals of Cr atoms, there-
fore capturing the impact of robust electronic correlations.
U = 3 eV is used since that is the value that has been pub-
lished for monolayer structures based on Cr [55]. Thermal
stability is predicted using ab initio molecular dynamic

simulation (AIMD) and a Nose-Hoover thermostat scheme
for temperature regulation.

We analyze quantum transport characteristics in the
MTJs by combining the DFT and NEGF using the Nan-
odcal package [56,57]. This procedure uses the double-ζ
basis to extend wave functions and the GGA level to
define the exchange-correlation potential. In k space, the
Monkhorst-Pack technique uses 100 × 1 × 1 mesh points
to sample the Brillouin zone. With a cutoff energy of 150
hartree, the Fermi distribution function has a temperature
of 100 K.

The net current across such MTJs could be represented
using quantum transport theory established in recent years,
i.e.,

Iσ = e
h

∫
Tσ (E)[fL(E) − fR(E)] dE. (1)

Tσ (E) represents the transmission function across the
MTJs with σ =↑, ↓ being the spin index. fα (α = L, R) is
the Fermi-Dirac distribution function of lead α. Calculat-
ing the transmission function is possible via the following
equation [58]:

Tσ (E) = Tr[�L(E)Gr(E)�R(E)Ga(E)]σσ , (2)

In this equation, Gr(E) and Ga(E) are retarded and
advanced Green’s functions of this system. �α is the line-
width function used to describe the coupling scattering
region and lead α.

It is thus possible to provide the charge current as

I P = I P
↑ + I P

↓ ,

I AP = I AP
↑ + I AP

↓ ,
(3)

where I P
↑(↓) and I AP

↑(↓) are the corresponding currents calcu-
lated from Eq. (1). These findings allow for the definition
of the TMR [59]:

RTMR = I P − I AP

I AP . (4)

Additionally, the SPR is described as

RP
SP = I P

↑ − I P
↓

I P
↑ + I P

↓
,

RAP
SP = I AP

↑ − I AP
↓

I AP
↑ + I AP

↓
.

(5)

The transport characteristics of these MTJs are also known
to follow the Landauer-Büttiker formula under low-bias
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voltage [60]:

G = e2

h
T(EF). (6)

G is the linear conductance with T(EF) = ∑
σ Tσ (EF), and

EF is the system’s Fermi level at equilibrium where Vb =
0. Following that, the TMR and SPR can be simplified in
this situation,

RTMR = TP(EF) − TAP(EF)

TAP(EF)
, (7)

RP
SP = TP

↑(EF) − TP
↓(EF)

TP
↑(EF) + TP

↓(EF)
, (8)

RAP
SP = TAP

↑ (EF) − TAP
↓ (EF)

TAP
↑ (EF) + TAP

↓ (EF)
. (9)

III. RESULTS AND DISCUSSIONS

As shown in Fig. 1(a), the CrAs monolayer possesses
hexagonal symmetry belonging to the space group of
P3m1 (No. 156). After optimization, the lattice parame-
ter for the hexagonal unit cell (u.c.) indicated by black
lines was determined to be 4.23 Å. Prior to analyzing the
electronic band structures of the lattice, it is essential to
verify its dynamical and thermal stability. Thus, the force
constants were obtained by the use of density-functional
perturbation theory in the VASP. Next, we computed the
phonon-dispersion spectrum using the PHONOPY program
[61]. The phonon spectrum in Fig. 1(b) is devoid of imag-
inary frequencies, suggesting the dynamic stability of the
CrAs nanosheet. Evaluation of the cohesive energy EC is
performed as

EC = ECrAs − EAs − ECr. (10)

where ECrAs, EAs, and ECr are the total energy of CrAs
u.c., one As atom and Cr atom. The exothermic nature
of the CrAs creation is indicated by the negative EC
value (−3.6 eV per u.c.), indicating that the CrAs mono-
layer may be synthesized experimentally. To investigate
the thermal stability of 2D CrAs, we used AIMD calcu-
lations via a 4 × 4 × 1 supercell. As shown in Fig. 1(c),
after 5 ps at 300 K, the absence of bond breakup or geo-
metric alteration in the final states during thermal initiation
indicates that 2D CrAs remains thermally stable at room
temperature.

Then, through the analysis of CrAs total energies with
different linear magnetic ordering with DFT+U, we inves-
tigated the magnetic ground states. The spin configurations
of AFM are shown in Fig. 1(a). The energy difference
between the AFM and FM states (�E = EAFM − EFM) in
Fig. 2(a) indicates that the CrAs system has a FM ground
state under equilibrium structure. Figure 2(b) shows the

electronic band structure of the CrAs monolayer under
the FM state. The CrAs monolayer displays half-metallic
properties under FM state: semiconducting in the spin-
down channel and metallic in the spin-up channel, and
the gap of spin-down band is 3.32 eV. The half-metallicity
of the systems allows for long-range spin-polarized cur-
rents and 100% spin polarization, making them suitable as
spin injection. Figure 2(b) also displays the projected DOS
(PDOS) that was estimated for the spin-polarized case. It
is evident that the CrAs monolayer is a true half-metal fer-
romagnet. The specific kind of magnetic phase transition is
dictated by the magnetocrystalline direction in 2D hexag-
onal symmetric systems. One may have a long-range FM
phase from the out-of-plane one. Even if an external mag-
netic field may control the magnetocrystalline orientation
of 2D materials, an extremely strong magnetic field may
be required. MAE can be used for measuring the inher-
ent magnetic anisotropy of CrAs. MAE is defined as the
energy difference (Ex − Ez), where Ex/Ez is the energy per
u.c. when the magnetization is along the x and z direc-
tion. A negative or positive MAE indicates an in-plane or
out-of-plane direction, respectively. Figure 2(c) shows that
the estimated MAE is 637 µeV, implying that the intrinsic
easy axis of CrAs is out of plane. In addition, the impact
of biaxial strain upon the magnetism of monolayer CrAs is
also discussed. It can be found that strain does not change
the ferromagnetism and out of plane easily magnetized
properties of 2D CrAs. MAE increases with the increase of
stretching degree, while MAE decreases with the increase
of compression degree. In the context of the Heisenberg
model, the spin Hamiltonian can be estimated using the
following expression:

H = −J
∑

i,j

Si · Sj − A
∑

i

(Sz
i )

2. (11)

where J , S, and A are the nearest exchange parameter, spin
quantum number, and MAE, respectively. The energies of
the FM and AFM using a rectangular supercell:

EAFM = E0 + 2JS2 − 2AS2, (12)

EFM = E0 − 6JS2 − 2AS2, (13)

where E0 indicates the total energy of system in absence
of magnetic coupling. The corresponding J can be repre-
sented as follows:

J = EAFM − EFM

8S2 . (14)

The averaged net magnetic moment and specific heat
capacity per Cr as a function of temperature are shown
in Fig. 2(d). With a calculated J = 35.21 meV, the TC
of monolayer CrAs is estimated to be 953 K, indicating
that it is able to spontaneously magnetize at temperatures
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(a) (b) (c)

FIG. 1. (a) Structure diagram of the 2D CrAs. Black (red) lines indicate the primitive (rectangle supercell) cell, and arrows indicate
the Cr atoms’ spin orientation in the AFM configuration. (b) The calculated phonon dispersion for the 2D AsCr. (c) AIMD of CrAs at
300 K.

well above room temperature. Notably, the predicted TC
of CrAs is an order of magnitude higher than that of CrI3
[45]. The main reason for the high TC in CrAs is the strong
exchange interaction and the large magnetic anisotropy.

Given that substrates will inevitably be used in device
applications, the key question is whether the physical

features of monolayer CrAs can persist on a substrate.
One approach to creating the CrAs nanosheet might be
to chemically remove its outer layer from its original
bulk crystal, and then place it on a plastic substrate. This
method is comparable to the one used to prepare MXenes
in experiments. The inherent band character cannot be

(a) (b)

(c) (d)

FIG. 2. (a) The variation of �E and MAE under application of biaxial strain. (b) Band structures and PDOS for CrAs. (c) The spatial
distribution of the MAE for CrAs under 0 strain. (d) Evolution of the specific heat capacity and averaged spin per Cr using Monte
Carlo simulations.
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(a) (b)

(c)

FIG. 3. (a) Schematic diagram of the tunnel magnetoresistance device based on monolayer CrAs. (b) The principle of the TMR
effect of half-metal. (c) Schematic diagram of the CrAs/arsenene/CrAs device along zigzag (top) and armchair (bottom) directions.

destroyed by this physical adsorption process because
it lacks orbital hybridization and charge transformation.
The calculated exfoliation energy of the CrAs monolayer

is 26 meV/Å2, between graphene and h-BN monolay-
ers (21 ∼ 28 meV/Å2) [62], such a moderate exfoliation
energy of the CrAs monolayer provides a fairly typical

(a) (b) (c)

(d) (e) (f)

FIG. 4. Spin-polarized I -V curves and SPR for (a)–(c) Z-S and (d)–(f) A-S in the cases of PC and APC.
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(a) (b) (c)

FIG. 5. (a) TMR versus the bias voltage. Transmission function spectra of Z-S (b) and A-S (c) at the zero-bias for PC and APC.

2D material with moderate vdW interactions, implying
the easy exfoliation from its multilayer materials. A non-
magnetic semiconductor must be found for the center
scattering zone of an MTJ constructed using CrAs as the
electrode, and there should be as little lattice mismatch
as possible between the electrode and the semiconduc-
tor. As a nonmagnetic semiconductor, buckled arsenene
[63] has a lattice mismatch rate about 6.2% when com-
bined with CrAs, and according to previous reports, buck-
led arsenene remains dynamically stable under approxi-
mately 18% tensile strain [64]. We construct two MTJs for
ArCr/arsenene/CrAs along the zigzag and armchair direc-
tions: Z system (Z-S) and A system (A-S). The potential
application about spin transport of a CrAs-based MTJ on
an insulating substrate is shown in Fig. 3(a). As shown
in Fig. 3(c), CrAs and arsenene layers make up the cen-
tral scattering area, whereas infinite CrAs magnetic layers
make up the left and right leads. When bias voltages are
applied, electrons can be transported along the z axis.

Figure 4 shows the results of calculating the tunneling
currents that rely on bias (I -V) in PC and APC along the
Z-S and A-S, respectively. The use of half-metallic mate-
rials as leads causes the spin-up tunneling current to be
much larger than the spin-down current for both devices.
In both devices, the tunneling currents in the PC are much
larger than in the APC. Moreover, in both Z-S and A-
S, the detected currents in the devices reached the µA
level under PC. Because the currents are of such high
order of magnitude, the currents produced in such MTJs
are all detectable in the experiment. The corresponding
SPRs for different configurations are presented in Figs.
4(c) and 4(f). It can be observed that under PC, for Z-S
and A-S, the spin-down current can be ignored in favor
of the spin-up current since the IP

↑ values rise quickly
whereas I P

↓ are limited through the complete bias-voltage
range, producing the almost perfect spin-filtering effect
with SPRP approximately equals to 100%. For APC under
equilibrium, the SPRAP of both MTJs is negative, and the

(a) (b)

(c) (d)

FIG. 6. Spin-resolved PDOS of the Z-S in the (a) PC and (b) APC states as well as the A-S in the (c) PC and (d) APC states.
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(a) (b)

(c) (d)

FIG. 7. Different-spin transmission function spectra for PC and APC. (a),(b) Transmission function spectra of Z-S for PC and APC.
(c),(d) Corresponding results of A-S. Black dash lines indicate the bias window.

SPRAP increases as the bias increases. For Z-S, it increases
rapidly and oscillates around 100%, while A-S cannot get
a good spin-filtering effect.

Based on the total currents I P and I AP, the TMR ratio
was determined using Eq. (4). Both devices have a sig-
nificant TMR ratio due to the large tunneling current
differential between the APC and PC. The calculated TMR
ratio values as a function of bias voltage, presented in
Fig. 5(a), indicates that the Z-S device at a maximum
TMR ratio reaches 1010, and the minimum is still close
to 107. The TMR of A-S remains at 1010 over the whole
bias-voltage range. In Figs. 5(b) and 5(c), we provide the
transmission function curves at zero bias voltage, which
are expressed as T(E) = ∑

σ Tσ (E). This finding makes it
easier to comprehend why TMR levels are so high. Near
the Fermi level, TP for PC approaches 0.1 for Z-S and
A-S, but TAP approximately equals to 0 in the APC. This
implies that electrons pass across MTJs much more read-
ily in PC but much more difficultly in APC. As a result, the
TMR values associated with Z-S and A-S are significantly
high.

To demonstrate the spin-dependent transport character-
istics, the projected density of states (PDOS) along the
transport direction is determined (Fig. 6). It is evident
that the electrode region of the device in PC exhibits a
notably elevated DOS distribution in CrAs, which sug-
gests a marked metallization of the electrode region. A
band gap is present in the center scattering region, which
is blue in the middle. Because the region of central scatter-
ing consists of a semiconductor, there is a visible potential

barrier in PDOS that limits the flow of electrons. In addi-
tion, the spin-up channels exhibit much bigger MTJ states
compared to the spin-down channels, indicating a dis-
tinct spin-filtering effect. For the APC, where the spin-up
(spin-down) electrons flow from the left CrAs into the
arsenene with majority (minority) states and out through
the right CrAs near the Fermi level. A higher DOS is
observed just on one side of the electrode region. This
is because, the device’s magnetization is in the opposite
direction, which restricts electron transport. Therefore, a
high resistance state in the MTJ is provided by CrAs
opposing states to the left and right of arsenene.

To provide a more comprehensive understanding of the
mechanisms behind the spin-dependent transport proper-
ties of CrAs-based MTJs, we propose to describe the
transmission function in terms of bias voltage and energy.
The regions delineated by dashed lines in Fig. 7 represent
bias-induced Fermi-window boundaries. Only the projec-
tion peak in the bias window contributes to the device
current, which relies on the transmission peak area. In the
PC, the significant transmission function magnitude in the
Fermi window is usually accompanied with spin-up trans-
mission peaks. Rather, there is a severe suppression of
all spin-down transmission peaks. As a result, during the
whole Fermi window, I P

↑ is bigger than I P
↓ , thus the SPR

stays almost at 100% [see Figs. 7(a) and 7(c)]. In the APC,
the Fermi window shows no transmission peaks. So under
this case, electron transmission is severely inhibited. This
is the reason why the TMR of the CrAs/arsenene/CrAs
device can reach the order of 1010.
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IV. SUMMARY

In summary, first-principles and NEGF analyses are
used to thoroughly investigate the electronic structures,
magnetic and spin-dependent transport features of CrAs.
Research has shown that CrAs has a high Curie tempera-
ture and is an out-of-plane FM half-metal. Moreover, the
out-of-plane FM ground state is discovered to be robust to
biaxial strain. The spacer region was filled with semicon-
ductor arsenene, while the half-metallic CrAs monolayer
was considered as magnetic electrodes. Significantly high
SPR and TMR have been observed in the devices along
zigzag or armchair directions. The maximum TMR of
CrAs/arsenene/CrAs can almost reach 8.9 × 1010 and stays
higher than 106 under bias voltages up to 1 V. Besides,
given a value of SPR in PC reaching 100% with bias,
the MTJs prove a remarkable single spin-filtering effect.
Through the examination of the PDOS and transmission
spectra, we can get a deeper comprehension of the poten-
tial processes behind spintronic phenomena. According to
our research, the suggested MTJ could be an ideal choice
for multifunctional spintronic devices.
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