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ABSTRACT

Electrical manipulation and detection of antiferromagnetic states have opened a new era in the field of spintronics. Here, we propose a
noncollinear antiferromagnetic tunnel junction (AFMT]) consisting of noncollinear antiferromagnetic Mn;Sn as electrodes and a bilayer
boron nitride as the insulating layer. By employing the first-principles method and the nonequilibrium Green’s function, we predict that the
tunneling magnetoresistance (TMR) of the AFMT] with AA- and AB-stacked boron nitride can achieve approximately 97% and 49%, respec-
tively. Moreover, different orientations of the Néel vector in the electrodes lead to four distinct tunneling states in the Mn;Sn/bilayer
BN/Mn;Sn AFMTJ. The TMR ratio could be notably improved by adjusting the chemical potentials, reaching up to approximately 135% at a
chemical potential of 0.1 eV for the AFMT] with AA-stacked boron nitride. This enhancement can be primarily attributed to the reduction in
the transmission of antiparallel configurations around the K and K’ points in the two-dimensional Brillouin zone. Our findings could provide
extensive opportunities for all-electrical reading and writing of the Néel vector of noncollinear antiferromagnets, paving the way for the devel-

opment of antiferromagnetic tunnel junctions with two-dimensional tunnel barriers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0234130

Antiferromagnets have attracted significant interest in the next
generation of spintronics for potential applications in high-density and
ultrafast memory devices due to their unique advantages over ferro-
magnets, such as insensitivity to magnetic perturbations, the absence
of stray fields, and ultrafast dynamics.' ” Due to the zero net magneti-
zation, the Néel vector of antiferromagnets is difficult to control by
external magnetic fields. Therefore, manipulating and detecting the
Néel vector by electric means has received intense attention. It has
been demonstrated that the Néel vector of antiferromagnets can be
effectively manipulated by utilizing the current-induced spin—orbit tor-
que induced by the Edelstein effect.* ! Moreover, the detection of the
Néel vector has been realized by using anisotropic magnetoresistance'”
and spin Hall magnetoresistance effects.'” ' However, the electric sig-
nals detected by both methods are relatively small and thereby could
be easily influenced,'® hindering the practical applications of antiferro-
magnetic (AFM) spintronic devices. Recently, Shao et al. proposed an
AFM tunnel junction (AFMTJ) based on RuO, in which a globally

spin-neutral current can be controlled by the orientation of the Néel
vector, leading to a tunnel magnetoresistance (TMR) of up to about
500%, which provides an innovative method for detecting the Néel
vector of antiferromagnets.’”

Mn;X (X = Sn, Ge, Ga, Pt), a hexagonal antiferromagnet with the
noncollinear ordering of Mn magnetic moments, exhibits exotic spin
transport properties, such as the anomalous Hall effect,’” *” the anom-
alous Nernst effect,”’ and the magnetic spin Hall effect.”” The electrical
switching driven by the current-induced spin-orbit torque has
achieved in the noncollinear AFM Mn;Sn, paving the way for future
applications in noncollinear spintronics.””** Therefore, it is possible to
design AFMT]Js with Mn;X electrodes in which the Néel vector could
be controlled by the spin-orbit torque. Based on the density functional
theory, a significant TMR as high as 300% has been predicted in the
AFMT] with Mn;Sn electrodes and a vacuum barrier layer, and a pro-
totype device has been proposed to detect the Néel vector in the non-
collinear AFMT] from a fully electrical way.”” Very recently, the
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Mn;Pt/MgO/Mn;Pt AFMT] has been fabricated experimentally and
its TMR under room temperature can reach approximately 100%.”°
According to the theoretical calculations, the TMR effect for the
AFMT] with a MgO insulating layer is found to be largely suppressed
compared to that of the vacuum barrier layer.

In order to facilitate scaling of traditional ferromagnetic tunnel
junctions to smaller sizes, two-dimensional (2D) materials have been
widely used as tunnel barriers, demonstrating exceptional performance
such as high TMR ratios, good interface quality, and excellent thermal
stability.”** Among the various 2D materials, hexagonal boron nitride
(h-BN), a 2D insulator with a large bandgap of ~6 eV, has been pro-
posed as a very promising tunnel barrier candidate for ferromagnetic
tunnel junctions both theoretically and experimentally.”” > For
instance, large-scale monolayer and few-layer h-BN tunnel barriers
can be directly grown on a ferromagnetic substrate by the chemical
vapor deposition technique, and a TMR of 50% has been obtained for
the Co/h-BN/Fe junction.”” Although the ferromagnetic tunnel junc-
tions with 2D barrier materials have been extensively studied, the effect
of 2D tunnel barriers, especially 2D h-BN, on the TMR of AFMTTs is
still an open question.

In this Letter, an AFMT]J with noncollinear Mn;Sn electrodes
and a bilayer boron nitride (bi-BN) insulating layer with AA (AA-BN)
or AB (AB-BN) stacking is proposed. The TMR effect of the Mn;Sn/
bi-BN/Mn;Sn noncollinear AFMT] is investigated using the first-
principles calculation in combination with the nonequilibrium Green’s
function method. The TMR ratios of 97% and 49% are obtained at the
Fermi level for the AFMTJs with AA-BN and AB-BN, respectively.
The TMR ratio of the Mn;Sn/AA-BN/Mn;Sn AFMT] can be
improved to as large as 135% by increasing the chemical potential to
0.1eV. The enhancement mainly originates from the suppression of

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

the transmission in antiparallel configurations around the K and K’
points.

In order to construct an AFMT] based on noncollinear AFM
Mn;Sn, the bi-BN with AA and AB s‘[ackjng34 is adopted as the insu-
lating layer. The structural optimization of Mn;Sn and bi-BN is per-
formed using the Vienna Ab-initio Simulation Package (VASP) based
on the density functional theory.””® A plane wave cutoff energy of
500 eV is used for the calculations and atoms are relaxed with a resid-
ual force less than 0.01 eV/A. The exchange-correlation functional is
described using the generalized gradient approximation of Perdew-
Burke-Ernzerhof (GGA-PBE).”” The van der Waals correction of the
DFT-D3 method™ is employed in the structural optimization of bi-
BN. The calculated lattice constants of Mn3Sn, and bi-BN with AA
and AB stacking are a = 5.568 A, a = 2.512 A, and a = 2.545 A,
respectively. The optimized interlayer distances of bi-BN with AA and
AB stacking are 3.65 and 3.44 A, respectively. Therefore, a 2 x 2 bi-BN
with AA or AB stacking is then sandwiched between two semi-infinite
Mn;Sn electrodes to construct the AFMT], as shown in Figs. 1(a) and
1(b). For the Mn3Sn/bi-BN/Mn3Sn AFMT]J, it is found that in the
most stable configuration, N and B atoms sit atop the nearest and sec-
ond nearest Mn;Sn atomic layer, respectively. The optimized distance
between Mn;Sn and bi-BN is 2.1 A.

The transport properties of Mn;Sn/bi-BN/Mn;Sn AFMT] are cal-
culated using the nonequilibrium Green’s function method combined
with the density functional theory as implemented in the Nanodcal
software.”” The double-{ polarized (DZP) atomic orbital linear combi-
nation basis is used. The cutoff energy for the real space grid is set to
3000 eV and the convergence criteria for both the density matrix and
Hamiltonian are set to 10~ * eV. For the self-consistent calculations of
electrodes and the two-probe device, 7 x 7 x 100 and 7 x 7 x 1
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FIG. 1. Schematic of (a) Mn;Sn/AA-BN/Mn3Sn AFMTJ and (b) Mn3Sn/AB-BN/MnzSn

AFMTJ. (c) Transmission coefficients for the AFMTJs with AA-BN and AB-BN as a func-

tion of Néel vector orientation o in the right electrode. (d) The top view of atomic and magnetic structures of AFM Mn3Sn with the Néel vector orientation of o =0°, 60°, 120°,
and 180°. The green arrows indicate the Néel vectors and the blue arrows indicate the spin directions of Mn atoms. The corresponding band structures of MnsSn with the in-

plane spin expectation values (e) (ox) and (f) (o) indicated in color.
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k-grids are sampled in the Brillouin zone, respectively. The spin-orbit
coupling is considered in the transport calculations. The transmission
coefficient of a two-probe system can be expressed as

T(E) = Jdk“T(E, kH)’ (1)

where T(E, k) is the kj-resolved transmission coefficient which can
40

be given by,
T(E, kH) =Tr [FL(E, k”)Gr(E, k” )FR(E, k”)Ga(E, kH )} . (2)

Here, G"@(E, kj) is the retarded (advanced) Green’s function and
[y (x) (E, kj) is the linewidth function describing the coupling between
the central region and the left (right) lead at the k| point.

The atomic and magnetic structures of bulk Mn;Sn are presented
in Fig. 1(d). The bulk Mn;Sn exhibits the hexagonal D0, atomic struc-
ture with the P63 /mmc symmetry.”' The noncollinear AFM Mn;Sn is
demonstrated to belong to the Cmc'm’ magnetic space group and the
noncollinear AFM order can be described by the Néel vector orienta-
tion o.”” Figure 1(d) shows four noncollinear AFM states of bulk
Mn;Sn with o =0°, 60°, 120°, and 180°. The calculated band struc-
tures with in-plane spin expectation values of bulk Mn;Sn in four dif-
ferent noncollinear AFM states are shown in Figs. 1(e) and 1(f). It can
be found that the spin expectation values gradually change as o
changes from 0° to 180°, which is consistent with previous studies.””
Particularly, the signs of both (s,) and (s,) for each band in Mn;Sn
are opposite at o = 0° and o = 180°, which is equivalent to the time-
reversal symmetry operation. In our transport calculations, the Néel
vector orientation of Mn3Sn in the left electrode is fixed at o = 0°
while the Néel vector of the right electrode varies in four different ori-
entations, namely, ag = 0°, 60°, 120°, and 180°. The TMR ratio of the
Mn;Sn/bi-BN/Mn;Sn AFMT]J is defined as

T(O(R = OO) — T(O(R = 1800)
T(og = 180°)

TMR = x 100%. 3)

We first calculate the transmission coefficients of the Mn3Sn/bi-
BN/Mn;Sn noncollinear AFMT] with a fixed o = 0° and different
og. The transmission coefficients for the AFMT] with AA-BN at the
Fermi level are about 0.705, 0.597, 0.422, and 0.360 when the Néel vec-
tor is set to be og = 0°, 60°, 120°, and 180°, respectively, as presented
in Fig. 1(c). This indicates that due to the different orientations of the
Néel vector in the right electrode, the Mn;Sn/bi-BN/Mn3;Sn AFMT]
could exhibit four different tunneling resistances, all of which could be
utilized in nonvolatile spintronic devices. The TMR ratio of the
Mn;Sn/AA-BN/Mn;Sn AFMT] is about 97% with a transmission ratio

between the parallel and antiparallel configurations of %

= 1.97. For the AFMTJ with AB-BN, the transmission coefficients at
the Fermi level are about 0.222, 0.166, 0.191, and 0.149 at g = 0°, 60°,
120°, and 180°, respectively. These values are all less than half of those
for the AFMT] with AA-BN, resulting in a smaller TMR ratio of 49%.
Figures 2(a)-2(d) present the calculated kj|-resolved transmission
coefficients in the 2D Brillouin zone for the Mn3Sn/AA-BN/Mn;Sn
AFMT]. For the system with ag = 0°, the spin states in the left and
right electrodes are identical. The Mn;Sn/bi-BN/Mn;Sn AFMT] exhib-
its high transmission coefficients mainly around the I" point. When
the Néel vector of the right electrode is set to ag = 60°, the transmis-
sion coefficients around the M point decrease notably compared with

pubs.aip.org/aip/apl
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FIG. 2. k-resolved transmission coefficients in the 2D Brillouin zone for the
Mn3Sn/AA-BN/Mn;Sn AFMTJ with (a) ag = 0°, (b) ar = 60°, (¢) g = 120°, and
(d) ar = 180°. k-resolved transmission coefficients in the 2D Brillouin zone for
the MnaSn/AB-BN/Mn3Sn AFMTJ with (e) g = 0° and (f) ag = 180°. o is fixed
to be 0°.

the case of ag = 0°. Specifically, the transmission coefficient at the M
point reduces from 0.234 to 0.057 when oy changes from 0° to 60°.
Furthermore, when oz = 120°, it is found that the transmission coeffi-
cient near the M point almost vanishes. The transmission coefficient
around the I" point also shows considerable reductions compared with
those of og = 0° and og = 60°. In the system with oz = 180°, the
spin states of the left and right leads are opposite, resulting in a signifi-
cant decrease in the transmission coefficients in the entire 2D Brillouin
zone due to the wave function mismatch at the interface on the left
and right sides. Remarkably, the transmission coefficient at the I point
reduces from 0.423 in the parallel configuration to 0.242 in the antipar-
allel configuration.

The kj-resolved transmission coefficients in the 2D Brillouin
zone for the Mn;Sn/AB-BN/Mn3;Sn AFMT]J with az = 0° and 180°
are plotted in Figs. 2(e) and 2(f). It can be found that the transmission
coefficient for the system with oz = 0° mainly originates from the
contribution around the I" point, which significantly decreases when
the Néel vector of the right electrode changes to og = 180°. Moreover,
the transmission coefficients almost vanish around the M and K points
for both systems with og = 0° and or = 180°, leading to lower
tunneling conductances than those for the system with AA-BN.

The TMR of Mn3Sn/bi-BN/Mn;Sn AFMT] at different chemical
potentials (u) is then studied, as presented in Fig. 3(a). For the system
with AA-BN, it is found that the TMR increases with the increasing
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FIG. 3. (a) TMR of the Mn3Sn/bi-BN/Mn3zSn AFMTJ as a function of the chemical
potential. (b) The tunneling conductance per lateral unit cell area for the AFMTJs
with o = 0° and « = 180° as a function of the chemical potential.

chemical potential within the range of x from —0.1 to 0.1 eV. A signifi-
cant TMR of 135% occurs at u = 0.1 eV, which is about 1.4 times that
at the Fermi level. Moreover, a notable TMR of 119% is also found at
u = —0.25 eV. The tunneling conductance per lateral unit cell area for
systems with og = 0° and oz = 180° are further calculated, as shown
in Fig. 3(b). Regardless of the chemical potential, the system in the par-
allel configuration exhibits higher tunneling conductance compared
with that of the antiparallel configuration. When p ranges from —0.1
to 0.1eV, the conductance decreases for systems in both parallel and
antiparallel configurations as the chemical potential increases. This
indicates that the increase in TMR is mainly due to the reduced con-
ductance for the system with og = 180°. For the AFMT] with AB-BN,
when the chemical potential is negative, the TMR ratio decreases with
the decreasing chemical potentials due to the increasing tunneling con-
ductance of the antiparallel configuration. When the chemical poten-
tial is positive, the TMR ratio first decreases to its minimum at
1= 0.1eV. It then rises as the chemical potential increases, which can
be attributed to the almost unchanged tunneling conductance of the
antiparallel configuration and the increasing conductance of the paral-
lel configurations with the rising chemical potential.

To further understand the maximum TMR of Mn;Sn/AA-BN/
Mn;Sn AFMT] at p = 0.1 eV, the kj-resolved transmission coeffi-
cients in the 2D Brillouin zone for the parallel and antiparallel configu-
rations are plotted in Fig. 4. From Fig. 4(a), it is found that in the
parallel configuration (cr = 0°), the transmission coefficients around

pubs.aip.org/aip/apl

FIG. 4. k;-resolved transmission coefficients in the 2D Brillouin zone for the
Mn3Sn/bi-BN/Mn3Sn AFMTJ in the (a) parallel and (b) antiparallel configurations at
w="0.1¢eV.

K and K’ points at = 0.1 eV decrease significantly compared with
those at the Fermi level as shown in Fig. 2(a), leading to the reduction
of total transmission of the Mn;Sn/AA-BN/Mns;Sn AFMT]. While in
the antiparallel configuration (ag = 180°), compared with those at the
Fermi level shown in Fig. 2(d), the transmission coefficients at u = 0.1
eV are reduced in most of the 2D Brillouin zone, particularly around
the I', M, and K points, as depicted in Fig. 4(b). Specifically, the trans-
mission coefficient decreases from 0.331 to 0.105 at the K point when
the chemical potential changes from the Fermi level to u = 0.1 eV.

In order to explain the reduction in transmission coefficient at the
K point as u changes from 0.0 to 0.1 eV for the Mn;Sn/AA-BN/Mn;Sn
AFMT] with ag = 180°, the corresponding partial density of states
(PDOS) of Mn;Sn and AA-BN at the at the K point is plotted in
Fig. 5(a). Despite the semiconducting behavior of bi-BN, the coupling
between Mn;Sn electrodes and bi-BN induces significant states for AA-
BN at the Fermi level, which mainly originates from the p, orbital of B
and N atoms, as well as the p orbital of Mn and Sn atoms. From the
charge density difference shown in the inset of Fig. 5(a), notable charge
transfer from Mn and Sn atoms to the AA-BN can be found, indicating
the strong coupling between the Mn;Sn and bi-BN. However, the
PDOS of Mn;Sn exhibits a dip at 0.1 eV, leading to very few states for
bi-BN. Therefore, the reduction in transmission coefficient at the K
point when u changes from 0.0 to 0.1 eV can be attributed to the elec-
tronic structures of Mn;Sn electrodes. Moreover, the suppression of
PDOS for bi-BN can be visualized through the local density of states
(LDOS) at the K point in the real space along the transport direction, as
shown in Figs. 5(b) and 5(c). It is found that at the Fermi level, the
LDOS is mainly contributed by the BN layers and the interfacial Mn
atoms. While for the system at u = 0.1 eV, the LDOS at the interface
of Mn;Sn/AA-BN/Mn;Sn AFMT], particularly the LDOS on the BN
layers, is severely depressed, which hinders the electron transport
through the bilayer BN. As a result, the transmission coefficient at the
K point is greatly suppressed, leading to the remarkably high TMR for
the Mn;Sn/AA-BN/Mn;Sn AFMT] at 1 = 0.1 eV. In practical applica-
tions, the chemical potential could be adjusted through doping or gate
voltage, providing the potential to enhance the TMR of AFMTT devices.

Our proposed AFMT]Js with a 2D insulating layer could have
practical applications, similar to the all-AFMT]Js based on Mn;Sn and
Mn;Pt noncollinear antiferromagnets with nonmagnetic metal oxide
insulator.”**>*’ In these experimental work, antiferromagnets were
epitaxially grown on the metal oxide substrates and the AFM order
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FIG. 5. (a) Partial density of states (PDOS) of Mn;Sn and AA-BN at the K point for
the Mn3Sn/AA-BN/MnsSn AFMTJ in the antiparallel configuration. Inset: charge
density difference of the scattering region. Local density of states at the K point in
the real space along the transport direction for the MnsSn/AA-BN/MnsSn AFMTJ in
the antiparallel configuration at (b) x = 0 and (c) u = 0.1 eV.

was manipulated by external magnetic fields or current-induced spin—
orbit torque. A room-temperature TMR ratio of around 2% is achieved
for the Mn;Sn/MgO/Mn;Sn AFMTY, while the TMR ratios for Mn;Pt/
MgO/Mn;Pt and Mn;Pt/Al,O3/Mn;Pt AFMT]s are about 100% and
110%, respectively. In addition, the antiferromagnetic Mn;Sn is sepa-
rated by the Ag layer, rather than the insulating barrier, and reaches a
maximum magnetoresistance of 0.3% at 300 K.** Our calculated TMR
ratio for Mn3Sn-based AFMTJs with a 2D insulating barrier is much
higher than the experimental data of the Mn;Sn/MgO/Mn;Sn AFMT],
which suggests that using 2D materials as insulating layers could
greatly improve the TMR ratio of Mn;X-based noncollinear AFMT]s.
However, it should be noted that our simulation only consider ballistic
transport, leading to an overestimation of the AFMT] performance.

It is also worth noting that, in addition to nonmagnetic 2D mate-
rials, using 2D ferromagnetic materials as tunnel barriers in ferromag-
netic tunnel junctions has shown inspiring prospects in achieving high
TMR ratios.””*” Very recently, ultrahigh TMR ratios and high spin
injection efficiency have been predicted in magnetic tunnel junctions
based on ferromagnetic Weyl half-metals.”” Therefore, it is expected
that significant improvements in the performance of AFMTJs could be
realized by utilizing 2D antiferromagnetic half-metals with electrically
controllable antiferromagnetic states.

In summary, we have proposed a Mn;Sn-based noncollinear
AFMT] with a bilayer BN insulating layer and investigated its TMR
ratio by using the first-principles method combined with the

ARTICLE pubs.aip.org/aip/apl

nonequilibrium Green’s function. It is found that four different tunnel-
ing resistance states can be achieved due to varied orientations of the
Néel vector in electrodes. The TMR ratios of 97% and 49% are
obtained in the AFMTJs with AA-BN and AB-BN as the insulating
layers. Moreover, the TMR ratio could be increased by adjusting the
chemical potentials, reaching about 135% at u = 0.1 eV for the
Mn;Sn/AA-BN/Mn;Sn AFMT]. This enhancement is mainly due to
the reduction in the transmission of antiparallel configurations around
the K and K’ points. Our results demonstrate promising ways for
detecting the Néel vector in noncollinear AFM materials using the
TMR effect proposed by Shao et al,'”” and further suggest possible
applications of noncollinear AFMTJs with 2D tunnel barriers in future
spintronics.
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