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Electric field induced tunable half-metallicity in an A-type antiferromagnetic bilayer LaBr,
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How to achieve half-metallicity is always a central topic in spintronics and the polarity-tunable half-metallicity
is particularly interesting for spin manipulation. In this work, motivated by the intrinsic ferromagnetism in the
monolayer electride LaBr,, based on density functional theory calculations, we investigate the electronic and
magnetic properties of bilayer LaBr,, with an aim to search for polarity-tunable half-metallicity. We first find that
the antiferromagnetic interlayer coupling state is the ground state and the band structure is spin degenerate, with
an indirect band gap of 0.454 eV. By applying a vertical electric field, spin splitting occurs and when the electric
field is strong enough (>0.33 V/A), half-metallicity can be achieved. More interestingly, the spin polarity of the
half-metallicity can be tuned by reversing the electric field direction. It originates from the spatial separation of
the two spin channels in both the valence band and conduction band and their localization at different layers.
Based on the polarity-tunable half-metallicity under vertical electric field, a magnetic tunnel junction based on
bilayer LaBr; is designed and the ON/OFF switching can be achived by applying parallel or anti-parallel vertical
electric fields in the two leads, which leads to giant tunnel magnetoresistance up to 1x 10°. The findings suggest

new potential of LaBr,, and more generally, A-type antiferromagnets of application in spintronic devices.

DOI: 10.1103/PhysRevB.106.245423

I. INTRODUCTION

As microelectronic devices approach their size limits, Joule
heat will become a serious problem in the semiconductor
industry since the resulting high temperature in the electronic
units will severely degrade their performance. As a result,
devices working on new mechanisms and generating much
less Joule heat are important solutions to the above problem.
Spintronics or spin-based electronics, which focuses on using
the spin degree of freedom of electron instead of charge as
the information carrier, offers great opportunities for next
generation information technology with the advantages of low
energy consumption, fast device operation, and high storage
density [1,2]. For spintronic devices at nanoscale, atomically
thin two-dimensional (2D) ferromagnetic materials with the
combination of large spin polarization and high Curie tem-
perature (7;) are of particular importance and interest [3—5].
As a matter of fact, 2D materials provide excellent candidate
building blocks for future electronic devices due to their atom-
ically thin thickness and the subsequent ability to meet the
continuous miniaturization demand [6-8]. Nevertheless, due
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to thermal fluctuations and weak magnetic anisotropy energy,
it has been long considered that no spontaneous long-range
magnetic order would occur in a two-dimensional system
[9]. Starting from 2017, experimental researchers successively
observed many two-dimensional materials with intrinsic mag-
netism, such as Gr,Ge,Feg, Crlz, VSe,, CrGeTes, Fe;GeTe,,
NiPS3, CoH; and CrBr; [7,10-15]. The discovery of these
2D magnetic materials greatly enhances the development of
spintronics in the field of low dimensional systems.

It is well known that spin polarization is at the heart
of spintronics and traditionally spin-polarized current can
be realized by current injection from ferromagnets [16—19]
magnetic semiconductors [20-22] or materials with a giant
Zeeman spin splitting [23-25]. Needless to say, spin polariza-
tion itself is not rare and it can be observed in any magnetic
system. The aim of numerous studies thus far is to achieve
high spin polarization since we need the difference between
the two spin channels to be as large as possible practically. In
this regard, half-metallic transport is particularly interesting
due to its 100% spin polarization. However, the realization
of half-metallicity is much more challenging and the intrin-
sic half-metallicity as characterized by a single spin channel
around the Fermi level in the band structure has only been
observed in a limited number of materials [26-28]. Actually,
besides intrinsic half-metallicity, a lot of schemes have been
proposed to extrinsically achieve half-metallic transport, such
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as electric field [29], edge decoration [30,31], impurity doping
[32-34] and construction of van der Waals heterostructures
[35] combined with photogalvanic effect [36] and ferroelec-
tric control [37], etc.

Additionally, whether it is possible further to control the
carrier’s spin orientation or the spin polarity of the half-
metallicity is also a key issue for spintronics. For conventional
half-metals, spin polarization is fixed in a specific direc-
tion, that is, either spin up or spin down. It is natural that
switching between the two spin directions can be achieved by
spontaneous magnetization reversals under an external mag-
netic field, but unfortunately magnetic control with nanoscale
precision is generally very difficult. The half-metallicity ob-
tained with external control means such as edge decoration
and impurity doping is also hard to reverse. Comparatively,
electric control of carrier spin polarization at nanoscale is
much easier and has attracted great attention [38—41]. In
2006, Louie et al. realized half-metallicity in zigzag-edged
graphene nanoribbons with a transverse electric field based on
the facts that that the two edges of graphene nanoribbons are
antiferromagnetically coupled and the edge states of different
spin channels are spatially separated at different edges, which
allows it to conveniently tune the energy of different edge
states and the related spin subbands by an electric field [29].
In 2018, Gong et al. realized half-metallicity in bilayer VSe,
A-type antiferromagnetic structure by applying vertically an
electric field to it [42]. The feature in common for both the
schemes of Louie and Gong is that the two spin channels in
either the valence band or the conduction band are spatially
distributed at different positions, so that the energy of them
can be shifted towards opposite directions by an electric field
and their relative shift direction can be easily controlled by
reversing the electric field.

In this work, based on first-principles calculations, we
investigate the electrical control of spin polarization in a
newly discovered bilayer LaBr,, with an aim to achieve
half-metallicity and the control of its spin polarity. Previ-
ous studies have shown that single layer LaBr; is a stable
ferromagnetic material [43,44]. Similar properties can be ob-
served in other two-dimensional systems, such as LaBrl, Cel,,
GdBr, [45—-47]. We find that, for bilayer LaBr,, the intralayer
coupling is ferromagnetic, while the interlayer coupling is
antiferromagnetic, i.e., bilayer LaBr, is an A-type antifer-
romagnetic semiconductor. Further we demonstrate that the
bilayer LaBr, can be driven to be half metal by a vertical
electric field and the spin polarity can be exchanged by re-
versing the electric field. Based on these findings, we propose
to construct a magnetic tunnel junction with bilayer LaBr,, in
which giant tunnel magnetoresistance (TMR) can be achieved
by applying parallel and antiparallel electric fields in the two
leads, respectively.

II. CALCULATIONAL DETAILS

The calculations for structure optimization, electronic
structure, and magnetism are carried out using density func-
tional theory (DFT) as implemented in the Vienna ab initio
Simulation Package ( VASP) [48-50]. The exchange corre-
lation interactions are described by the generalized gradient
approximation of the Perdew-Burke-Ernzerhof form, and

the projector-augmented plane wave potentials [51,52]. A
Hubbard U value of 5.5 eV was used for 4f orbitals of La
atoms to consider the correlation effect from it [53]. The
energy cutoff of plane wave expansion is chosen to be 500 eV.
A 12x12x 1 Monkhorst-Pack k-point mesh was used to sam-
ple the Brillouin zone and the Gaussian smearing width of
0.05 eV was adopted. A vacuum region of 30 A in the vertical
direction was used in the structural relaxation calculations of
the central regions to avoid interaction between adjacent slabs.
Moreover, van der Waals force was considered through the
DFT-D2 method in all the structural optimizations [54,55].
The convergence criteria for force and total energy are chosen
as 0.001 eV/A and 107 eV, respectively.

The calculations of quantum transport are performed using
Nanodcal package based on real-space DFT combined with
non-equilibrium Green’s function formalism [56]. The spin-
resolved conductance is calculated by

62
Go = ETU(EFs vV =0), ey

with
T(E. V)= T.(E.k;. V), )

kyy

where e is the electron charge, 4 is the Planck constant, and
1,(EF, k), V) is the spin-resolved transmission coefficient
with spin o (0 =1, |) at energy E and transverse Bloch wave
vector k;; = (ky, k) under bias V. For similicity, the index
k;; will be omitted below. For each k/, point, the transmission
function is calculated by

T,(E,V)=Tr[[L(E,V)GXE,V)Tr(E,V)GNE, V)],
3

where GR“) is the retarded (advanced) Green'’s function of the
central region and I'; (g, is the linewidth function of left (right)
electrode which describes the coupling between the electrode
and the central scattering region. The current is calculated by

L(V) = %deT(E,V)[fL(E)—fR(En, )

where fpandfr are the Fermi distribution functions at energy
E in the left and right electrodes, respectively.

III. RESULTS AND DISCUSSION

Similar to the structure of monolayer H-MoS;, mono-
layer H-LaBr, possesses a honeycomb lattice, where one La
atom layer is sandwiched between two hexagonal Br layers
in a trigonal prismatic coordination, as shown in Fig. 1(a).
The single-layer LaBr, is a thermodynamically stable fer-
romagnetic electride. Considering the valences of La** and
Br™, an extra electron is trapped in the crystal lattice gap
in LaBr;, which is the origin of the magnetic moment of
this material [43,44]. Similar properties can be observed in
other two-dimensional systems, such as LaBrl, Cel,, and
GdBr, [45-47]. Based on the unique properties of single
layer LaBr,, we put forward the two-layer structure as shown
in Fig. 1(b). The optimized lattice constants are a = b =
4.091 10\, and the distance between the two layers is dry =
dary = 3.136 A, which is close to the previous studies
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(b)

FIG. 1. (a) The structure of single layer LaBr,, with the top view
(left) and the side view (right). (b) The bilayer LaBr, and its FM and
AFM configurations. The arrows indicate the directions of magnetic
moments in each layer.

[57,58]. Next, we investigate the magnetic properties and the
most stable magnetic configuration is determined by com-
paring the total energy of two different collinear magnetic
structures, namely ferromagnetic(FM) and antiferromagnetic
(AFM). Our results show that the total energy of AFM state is
lower by 3.25 meV /f.u. than the FM state.

After having understood the two magnetic configurations,
we investigate the electronic properties of the AFM state.
The calculated electronic band structure [Fig. 2(a)] indicates
that the 2D bilayer LaBr; crystal is a semiconductor with
an indirect band gap of 0.454 eV. From the calculated wave
functions of two bands around the Fermi level at the I" point
as shown in Fig. 2(b), it can be concluded that the spin-up
valence band state (v4) is located at Layer 2 (bottom layer),
while the spin- down valence band state (v,) is located at
Layer 1 (top layer). In contrast, the spin-up conduction band
state (c4) is located at Layer 1, while spin-down conduction
band state (c;) is located at Layer 2. The layer resolved
band structures of Layer 1 [Fig. 2(c)] and Layer 2 [Fig. 2(d)]
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FIG. 2. (a)The band structure of the bilayer LaBr, with zero
electric field. (b) The wave functions of different spin channels for
the valence band and the conduction band at the Gamma point (with
v and ¢ denoting the valence band and conduction band, and 1 and |
denoting spin up and spin down, respectively). (c) The layer resolved
band structure of Layer 1. (d) The layer resolved band structure of
Layer 2.
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FIG. 3. The band structure of the bilayer LaBr, under different
vertical electric field: (a) 0.0 V/A; (b) 0.20 V/A; (c) 0.33 V/A;
(d) 0.40 V/A. All the first layer bands are pushed up, and the second
layer bands are pushed down. Under critical field of 0.33 V/A, the
spin-up valence band in the first layer crosses the Fermi level, leading
to half-metallicity. The inset in (c) shows the local part at the Fermi
level around the I" point.

further confirm the above distribution features. Such a spatial
distribution of different spin channels in each band local-
ized at different layers provides conditions for electric field
regulation over their energies to induce difference between

them. For example, when we apply apply an electric field €
directing from bottom to top, the additional electric potential
energy AE arising from the external electric field will lead
to the relative energy increase of Layer 1 and the relative

energy decrease of Layer 2 according to AE = —eV(?), with

V(?) the interlayer potential drop. This will cause the shift of
the spin-up channel in both layers to the Fermi level while
the shift of the spin-down channel in both layers is away
from the Fermi level. If the electric field is strong enough,
the spin up channel can be shifted to the Fermi level, leading
to spin-up half-metallicity. On the contrary, if the direc-
tion of the electric field is reversed, the spin-down channel
can be shifted to the Fermi level, leading to spin- down
half-metallicity.

Based on the above analysis, the bilayer LaBr, band struc-
tures are calculated at different electric field. Considering that
crystal structure may change by electric field, the structure has
been fully relaxed under each electric field. From Figs. 3(a)—
3(d), when an electric field is applied, spin splitting occurs
and it becomes larger with the increase of field strength.
At & = 0.33 V/A, both the valence band maximum and the
conduction band minimum of the spin-up channel touch the
Fermi level simultaneously, leading to 100% spin polarization
around the Fermi level.

In order to gain further insight into the relationship be-
tween half metallicity and electric field, we draw the band gap
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FIG. 4. (a) Electric field dependence of the band gap. (b)The
total energy difference between the ferromagnetic and antiferromag-
netic interlayer couplings as a function of electric field.

changes of both spin channels as a function of the electric
field in Fig. 4(a). It is seen that the band gap of the spin-up
band gradually decreases with the increase of the electric field.
When it exceeds the critical electric field (0.33 V/A), the
spin-up band gap becomes zero, and the spin-up channel is
converted to metal. On the other hand, the band gap of spin
down increases gradually with the electric field. We have also
compared the energy difference of the two magnetic configu-
rations as a function of the electric field, as shown in Fig. 4(b).
It is found that in the whole applied electric field range of
0 ~ 0.40 V/A[Fig. 4(b)], the total energy difference always
keeps Epm — Eapm > 0, which indicates that the interlayer
coupling of the ground state is always AFM. Before it gets
close to the critical electric field of 0.33 V/A, the applied
electric field can cause electron polarization inside one layer,
but cannot cause charge transfer between layers. When it gets
close the critical value, although the whole system is electri-
cally neutral, charge transfer begins to occur between layers.
Since the valence band and the conduction band crossing
the Fermi level have the same spin orientation but are from
different layers, charge transfer between them increases the
proportion of interlayer ferromagnetic coupling, which causes
the decrease of the FM-AFM energy difference around the
critical value [see Fig. 4(b)], but the system still stays on the
AFM state even if the electric field is as large as 0.40 V/A.
Interestingly, if the direction of the electric field is reversed,
the bands crossing the Fermi level will be from the spin down
channel, meaning that the spin polarity of the half-metallicity
is switchable.
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FIG. 6. The transmission functions for the case: (a) PC; (b) APC
with V, = 10 V. (c) I-V curve under PC and APC. (d) TMR of the
system at small bias.

Taking advantage of these characteristics, a magnetic tun-
nel junction is designed as shown in Fig. 5, in which the
infinite bilayer LaBr, is divided into three regions: left lead,
central region, and right lead. The central region includes nine
unit cells along the transport direction. To tune the transport
properties, electric field is applied vertically to both leads.
We consider two configurations of the electric field in the
two leads. In the parallel configuration (PC), the electric
fields in both leads point downward, while in the antiparallel
configuration (APC), the electric field in the left lead points
downward and that in the right lead points upward. In the PC,
since the half-metallic carriers of the left and right leads are
both spin-up electrons, spin-up current can flow through the
device. We call this an “ON” state. On the contrary, by revers-
ing the direction of the electric field of the right lead, around
the Fermi level, the left lead has spin-up electrons while the
right lead has spin down electrons. Due to the spin mismatch,
both spin channels will be blocked. This is called an “OFF”
state. Consequently, a giant tunnel magnetoresistance will
be achieved. For the device designed above, its transmission
functions are calculated for the two PC and APC cases, with
V., = 10V, as shown in Figs. 6(a) and 6(b). It is seen that there
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FIG. 5. Magnetic tunnel junction constructed with bilayer LaBr,, with both leads under an electric field for the case: (a) PC; (b) APC. The
yellow areas indicate the gate regions. The horizontal arrows indicate the open or closed spin channels.
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are two spin-up transmission peaks around the Fermi level for
the PC case, and the spin-down transmission is zero, thus the

spin polarization n = |;Ij}t | approaches 100%. For the APC
case, both spin channels are nearly completely blocked, as
predicted. Figures 6(c) and 6(d) show the I-V curve with bias
ranging from 0.0 to 0.28 V and the corresponding TMR of the
system as defined by TMR = % under small bias. Due
to the symmetry of the system, only the results of the forward
voltage are presented. With the increase of bias, the current
under PC case increases rapidly first until 0.16 V and then
it approaches a stable value, while the current of APC case
always maintains a negligibly small value, which results in
the TMR higher than 10% ~ 108. These results are consistent
with our expectations. It is much larger than that [of the order
(1 ~ 100)] generally reported in other 2D materials based
magnetic tunnel junctions (MTIJs) [59], but comparable to
that (10® ~ 107) in MXene-Based Mn,CF, /Ti,CO, /Mn,CF,
MT]Is [60] and zigzag graphene nanoribbon based MTJs [61].
Certainly, the experimental TMR ratios are usually lower than
calculated values due to the nonzero temperature and the
possible defect scattering in experiments [62,63].

IV. SUMMARY

We have investigated the electronic structure and magnetic
properties of bilayer LaBr, and found that its ground state
is an A-type antiferromagnet, with an indirect band gap of
0.454 eV and FM-AFM energy difference of 3.25 meV /f.u..
Wave functions and layer resolved band structures reveal that
the spin-up valence band and spin-down conduction band are
contributed by the bottom layer, while the spin-down valence
band and spin-up conduction band are contributed by the top

layer. Such a spatial separation feature makes it very easy to
tune the energy of different spin channels in different layers
by a vertical electric field, and especially half-metallicity can
be achieved and the spin polarity of the half-metallicity can
be exchanged by reversing the electric field. First- principles
calculations indicate that the critical field to achieve half-
metallicity is 0.33 V/A. Based on the electric field effects on
the electronic structure of the bilayer LaBr,, a magnetic tunnel
junction with giant magnetoresistence can be constructed and
our calculations indicate that not only half-metallic transport
can be achieved, but also a TMR ratio as high as 10° at small
bias can be obtained by controlling the vertical electric field
applied to the leads. These findings suggest the additional
possibility of LaBr; in the design of spintronic devices.
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