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We demonstrate theoretically that an intrinsic antiferromagnetic phase exists in monolayer materials

consisting of non-magnetic light atoms, and propose that BsNs with a decorated bounce lattice is
a thermodynamically stable two-dimensional antiferromagnetic insulator by performing state-of-the-art
density functional theory calculations. The antiferromagnetic phase originates from spontaneous
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symmetry breaking at the nearly flat bands in the vicinity of the Fermi energy. The flat bands are formed

by purely s—p, orbitals and are spin degenerate. A perpendicular electric field can remove the spin
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1 Introduction

Magnetism, the ordered arrangement of neighbouring spins
over macroscopic length scales, tends to be destroyed by
thermal fluctuations above certain critical temperature, and the
Curie temperatures depend critically on the dimensionality of
the systems. In one dimensional (1D) systems, the long-range
magnetic order only exists at 7 = 0, while in three dimen-
sional (3D) systems, the magnetic phase transition occurs at
a finite temperature. In two dimensional (2D) systems, the
situation becomes more complicated. In continuous and
isotropic 2D systems, according to the Mermin-Wagner
theorem,”> a macroscopic magnetic order can be destroyed by
long-range fluctuations at a finite temperature, because the
gapless spin waves have a finite density of states and can be
easily excited at any non-zero temperature. However, the exact
Onsager solution to the 2D Ising model® indicates that
a magnetic phase transition occurs at a critical temperature T, >
0. The controversial theoretical predictions make the search for
2D magnets extremely attractive in terms of both basic physics
and potential applications.

The family of atomically thick magnetic 2D materials has
expanded rapidly in recent years, and pioneering efforts have
been taken through exfoliation of monolayer and few-layer
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degeneracy and a prototype controllable dual spin filter with 100% spin polarization is proposed. Our
proposal offers a possible two-dimensional atomically thick antiferromagnetic insulator.

magnetic layered bulk materials, such as NiPS;,* FePS;,>” and
CrSiTe;.* However, macroscopic magnetic orders are only
observed in thin films. The atomically-thick Crl; (ref. 9) and
Cr,Ge,Teg (ref. 10) down to the monolayer and bilayer limit have
been successfully fabricated and the corresponding experi-
ments finally demonstrated the existence of intrinsic ferro-
magnetism (FM). Afterwards, a number of 2D ferromagnets
such as Fe;GeTe,,""™** 1T-VSe,," MnSe,," etc., mushroomed. All
the monolayer 2D FM materials display significant magnetic
anisotropy which opens a magnon excitation gap and lifts the
Wagner-Mermin criteria to a finite 7. by suppressing thermal
fluctuations. Discoveries of monolayer ferromagnets not only
enriched the 2D family, but also provided us new platforms to
investigate emergent interlayer exchange interactions in van der
Waals (vdW) heterostructures.'®” Compared to the rapid
progress of 2D ferromagnets, low-dimensional antiferromag-
nets only appear as interlayer couplings in vdW ferromagnetic
multilayers,>*® and are rarely reported in the monolayer limit.
This scenario requires precise control of the number of multi-
layers, since an even number of layers leads to ferromagnetism
and only an odd number of layers causes antiferromagnetism.’

Apart from the magneto-crystalline anisotropy preserved
magnetic order in 2D materials, s-p electron magnetism
provides an alternative way to realize low-dimensional magnets
and shows particular advantages of long spin relaxation times
and lengths due to weak intrinsic spin orbit coupling. It has
been initially demonstrated that structural defects and topo-
logical defects in 2D materials can host unpaired spins and even
observable magnetic orders,’*?* but the robustness of the
macroscopic magnetic order is still debatable. In addition to the
randomly distributed defects, the localized edge states of zigzag
graphene nanoribbons have been theoretically proposed to be
a robust antiferromagnet,”>* and such an antiferromagnetic
feature has been experimentally confirmed at room
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temperatures.”®*” Although the magnetic orderings sensitively
depend on the widths and edge configurations of graphene
nanoribbons, these novel 2D magnets originate from the
spontaneous symmetry breaking, which occurs at the flat bands
with high density of states (DOS) in the vicinity of the Fermi
levels, making 2D materials consisting of light elements and
hosting flat bands promising candidates to realize 2D magnets.

2 Results

Inspired by the flat band induced s-p magnetism in graphene
nanoribbons and artificially designed two-dimensional mate-
rials,?®° we searched for 2D materials that possess flat bands
which are protected by the crystal symmetries. To further
enhance the magnetocrystalline anisotropy, in this work, we
propose a new type of allotrope for h-BN with a decorated
bounce lattice as shown in Fig. 1, since the 2-nd row elements
boron and nitride behave like glue atoms and form versatile
allotropes.** The crystalline structure of the 2D BsN; hosts the
Dy, symmetry with the space group P6m2 (no. 187), and
possesses a trilayer configuration. In the middle of the trilayer,
there lies a bounce lattice connecting adjacent boron and
nitrogen equilateral triangles with a pair of B-N bonds, and the
upper and lower layers possess a honeycomb lattice with boron
and nitrogen atoms taking positions above and beneath the
centers of the nitrogen and boron triangles alternatively, as
illustrated in Fig. 1(a).

The unitcell of this type of allotrope is indicated in Fig. 1(b)
with dashed lines, and in each unitcell, there are two dual
triangular bipyramids consisting of B;N, and B,N; clusters,
respectively. Considering the unbalanced chemical composi-
tions of the two bipyramids, structural distortions are expected
and verified by structure relaxation. From Fig. 1(b), one can find
out that the B,N; and the B;N, clusters are not symmetric, but
shrink along horizontal and perpendicular directions, respec-
tively. The fully relaxed lattice constant of the unitcell isa = b =

T M

Fig. 1 Crystal structure and stability. (a) Top-view of the BsNs allo-
trope, the unitcell is indicate in the dashed area and the boron atoms
and nitride atoms are indicated with purple and azure spheres,
respectively. (b) The side view of the relaxed structure within a unitcell.
(c) The phonon dispersions of the BsNs monolayer in the Brillouin
zone.
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4.875 A, and the lengths of the B-N bonds within the B,N; and
B3N, clusters, and those bridging the two clusters are 1.612 A,
1.579 A, and 1.533 A, respectively. To investigate the stability of
the optimized crystal, we calculated the phonon dispersions by
employing the frozen phonon method,”* and the phonon
dispersions are shown in Fig. 1(c). No imaginary frequencies
can be found throughout the whole Brillouin Zone (BZ) in
phonon dispersions, indicating thermodynamic structural
stability of the 2D structure. Therefore, we adopted the relaxed
lattice parameters for all the subsequent calculations.

To calculate the electronic structures of this new type of
monolayer allotrope, we set up a vacuum slab as thick as 20 A, to
ensure separation between adjacent monolayers to eliminate
interlayer interactions, and perform the electronic structure
calculations. The band structures of monolayer Bs;Ns in the
vicinity of the Fermi level in the first BZ are shown in Fig. 2.
From Fig. 2, one can see that the band gap is about 1.68 eV, and
the highest valence band is nearly absolutely flat, with a band-
width of about 20 meV. We analyse the orbital components of
the flat band along a typical reciprocal path K-I'-M, and denote
each orbital with different coloured curves as displayed in
Fig. 2(b), and the weight of each orbital is represented by the
size of the corresponding circle. From Fig. 2(b), one can see that
the s and p, orbitals are dominant in the flat band (the highest
valence band), the lowest two conduction bands are almost pure
p. and the second and third valence bands are comprised of
almost equal p, and p, orbitals. The corresponding densities of
states of orbitals are shown in Fig. 2(c), and are denoted by solid
lines with the same colours as in Fig. 2(b).

To clarify the origin of the flat band, we calculated its spatial
charge distributions as illustrated in Fig. 3(b). From Fig. 3(b), it
can be found that the wave functions of the flat band locate at
the top and bottom boron atoms, and possess typical hybridized
s—p, orbital characteristics. In such a nearly absolute flat band,
the kinetic potentials of the carriers are almost quenched, and
the electron correlations become more important. Spin polar-
ized band structure calculations, as shown in Fig. 3(a), reveal

[ | totat
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Fig.2 Electronic structures. (a) 3-D band structures of BsNs within the
first BZ. (b) The band structures of BsNs, the Fermi surface is set to be
0 and the orbital components are indicated by separate color circles,
magenta for s, red for p,, blue for p, and green for p, orbitals,
respectively. (c) The densities of states (DOS) on the same energy scale
as (b), the projected DOS are indicated by solid lines with the corre-
sponding color codings.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Antiferromagnetic insulator. (a) Spin polarized band structures
of BsNs, the spin-up and spin-down dispersions are denoted with red
solid lines and green dashed lines, respectively. (b) Spatial charge
density distributions (yellow isosurfaces) of the flat-bands in the
vicinity of the Fermi level. (c) Spatial spin density distributions of the
spin-degenerate flat-bands, the spin-up and spin-down components
are denoted with red and green isosurfaces, respectively.

that all the energy bands are doubly degenerate with anti-
parallel spin states. However, the spatial distributions of
opposite spins are separated. In Fig. 3(c), the upward and
downward spins display intralayer ferromagnetic and interlayer
antiferromagnetic orderings, making the monolayer B;N5 a 2D
antiferromagnetic insulator.

To demonstrate that the antiferromagnetic insulating phase
is the ground state of B;Ns, various calculations, such as the
rotationally invariant DFT+U approach with a series of Hubbard
U corrections up to 5 €V, and tunable exchange interactions
within the HSE06 scheme are performed. The antiferromag-
netic insulator feature remains unchanged (see ESI Part It). The
ground state possesses an A-type antiferromagnet and aligns
perpendicular to the 2D material, and it can be conveniently
described using an effective Hamiltonian as follows,

N 6
I:Icff = ZSiiSfT‘]l + Z ZSUSU,/JH (1)
=1

u=1,] j=1

where | and J indicate the interlayer and intralayer magnetic
exchange coupling parameters, u and d indicate upper and
lower sub-layers, and i and j are the nearest in-plane lattice sites
of decorated boron atoms. S is the net magnetic moment at the
boron sites where spin accumulates.

In order to determine quantitatively the magnetic exchange
coupling parameters J , and jj, various magnetic orderings were
studied based on constrained local spin density approximations
(CLSDA),* and Fig. 4 exhibits the relative total energy differ-
ences between the antiferromagnetic structure, ferromagnetic
structure and two intermediate magnetic structures. To
compare the total energy differences, the collinear magnetic
structures are calculated and displayed with a 3 x 3 supercell.
The antiferromagnetic structure has the minimal total energy
with a 0 net magnetic moment, because the doubly degenerate
flat band is occupied by two electrons with opposite spins as
indicated by the density of states in the lower panel of Fig. 4.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Antiferromagnetic insulator as the ground state. Total energy
differences per atom between various magnetic structures. In the
upper panel and from the left to right, the magnetic structures of
antiferromagnetic, intermediate and ferromagnetic structures are
displayed. The middle arrow indicates the increase of the energy
differences. And the corresponding spin densities of states are illus-
trated in the lower panel. The spin-up and spin-down states are
denoted with red and green color coding, respectively.

The ferromagnetic counterpart has the maximal total energy
with a net magnetic moment of 2 ug. Since the spin densities of
the two configurations are identical in magnitude, the net
magnetic moment at the boron sites S is 1 up, and shows
intrinsic s-p electron magnetism. By constructing magnetic
orderings with total energy differences, the magnetic exchange
coupling parameters can be numerically derived by applying the
following formula with the output of constrained DFT. The total
energy of the studied magnetic orderings can be expressed as
the formula as follows:

6
> SuSud

u=1,] j=I

N
>SSty +
i=1
4 2
N + (2)

Etola] =

where N is the multiple of the calculated supercell with respect
to the original unitcell, as well as the number of magnetic
dipoles. Specifically, N = 1 for AFM and FM orderings, while N =
3 for the intermediate model 2 and N = 2 for the intermediate
model 3.j =1, ..., 6 is the index of the coordinate spin accu-
mulated sites. And the total energies are divided by N to be
compared with an equal number of atoms, and 4 is the non-
magnetic total energy of the unitcell. (The details of the
solved equations are shown in ESI Part IIL.1)

The magnetic exchange coupling parameters J, and J; are
mapped andJ, =76.7 meV and J; = —88.9 meV. The positive J |
and negative J| indicate the interlayer antiferromagnetic and
intralayer ferromagnetic orderings of monolayer BsNs. With
these parameters, the Néel temperature Ty can be approxi-
mately estimated as 629.22 K by fitting the modified random
phase approximation (RPA) like relation,* Ty = —2wp/[b —
In(—27, /J})], where ps = 0.183]), and b = 2.43 is an empirical
constant. Although the mean-field approximation usually
overestimates Ty, the 2D antiferromagnet could be observed at
room temperatures.

Antiferromagnetism surviving at room temperatures makes
monolayer BsN5 a possible building block to construct flexible
2D spintronic devices. To mimic realistic interfacial conditions

Nanoscale Adv., 2020, 2, 4421-4426 | 4423
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such as charge transfer induced electric fields and lattice-
mismatch induced stress in van der Waals heterostructures,
the electronic structures of B;N; under external stress and
electric fields were investigated. The responses of BsNs to
external biaxial stress are relatively complicated, where tensile
biaxial stress enhances the interlayer coupling strength but
weakens the intralayer coupling strength. In the reciprocal
space, the second valence band is pushed away from the iso-
lated flat band, and the magnetic structure remains an A-type
antiferromagnetic insulator (intralayer ferromagnetic and
interlayer antiferromagnetic). In contrast, compressive biaxial
stress enhances the intralayer coupling but weakens the inter-
layer coupling, and mixed the p,-p, dominant valence band
with the s-p, flat band. The band gap reduces significantly and
the magnetic structure of the system changes to a G-type anti-
ferromagnetic semiconductor (both intralayer and interlayer
antiferromagnetic). The A-type to G-type phase transition at
a critical compressive biaxial strain of about —3% and the
evolution of band structures and spin orderings under
compressive biaxial stress are exhibited (see ESI Part IIIT).
Nevertheless the antiferromagnetic feature remains under both
tensile and compressive stress.

Meanwhile perpendicular electric fields are effective to
remove the degeneracy of the flat band (the dependency of band
splitting on perpendicular electric fields is shown in ESI Part
IVY), and separate the spin-up and spin-down channels without
overlapping, and therefore a dual spin filter with high spin
selectivity can be expected. The underlying physics comes from
the feature of the flat bands, which are degenerate in the energy
space while separated in the real space. In the presence of the
vertical distance between the upper and lower boron sub-layers,
a perpendicular electric field will induce an electrostatic
potential between the states of opposite spins. As a conse-
quence, perpendicular electric fields are effective to lift the two-

R
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Fig. 5 Dual spin filter. (a) Schematic of the dual spin filter based on
monolayer BsNs, (b) on state and (c) off state of pure spin current
obtained by applying parallel and anti-parallel voltages. Spin-up and
spin-down states are denoted with red and green colour codings,
respectively.
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fold degenerate flat bands, and drive the system into a half
metallic phase.

A prototype dual spin filter device is shown in Fig. 5. In
Fig. 5(a), two top gates are applied perpendicularly on the
monolayer B;N;; the first gate V; is responsible for separating
spin-up and spin-down carriers, and the second gate V, works as
a spin valve to switch on or off the spin channels. When the
directions of V; and V, are parallel/anti-parallel, the spin
channels are switched on/off, and the dual spin filter works in
the ON/OFF state, as illustrated in Fig. 5(b) and (c). In Fig. 5(b)
and (c), red and green solid lines are energy dispersions all over
the BZ of spin-up and spin-down carriers in the vicinity of the
Fermi surface, and both the gate voltages are |V;| = |V,| =3V,
and the energetic relative locations of spin-up and spin-down
states can be switched by the direction of V;, which makes
spin states tunable. Since the upper states possess a narrow
band width, a perpendicular gate voltage exceeding 0.58 V can
eliminate energy overlapping between opposite spin states, and
the spin polarization of the current can be as high as nearly
100%.

3 Discussion

In recent years, antiferromagnets have been recognized as
promising future spintronic materials rather than merely
passive components in exchange bias applications. The
renaissance of antiferromagnets is due to their advantageous
properties such as insensitivity to external magnetic fields and
high intrinsic frequency dynamics.>**” Owing to the rapid
progress of 2D spintronics, electrically tunable and robust
monolayer antiferromagnets are of particular interest.

In this work, we demonstrate that the intrinsic magnetic
ordering survives even at room temperature in monolayer BsN;
with a decorated bounce lattice, which is a thermodynamically
stable A-type 2D antiferromagnetic insulator. The antiferro-
magnetism in such a 2D material arises from the nearly flat
bands in the vicinity of the Fermi energy, and is robust under
external biaxial stress. A perpendicular electric field can remove
the flat band degeneracy and a prototype dual spin filter is
proposed. Our proposal not only offers a promising antiferro-
magnet candidate in the atomically-thin limit, but also provides
an alternative way to explore antiferromagnetic insulators con-
sisting of super-light and non-magnetic atoms.

4 Methods

Phonon dispersions are calculated with the PHONOPY code.*®
Electronic structure calculations of B;Nj5 are performed by using
the Vienna ab initio simulation package (VASP)** within the
screened-nonlocal exchange Heyd-Scuseria-Ernzerhof
(HSE06)* hybrid functional of the generalized Kohn-Sham
scheme. The projector augmented-wave (PAW) pseudopoten-
tials*' are adopted, and the kinetic energy cut-off is set to be
560 eV for wave-function expansions, and a I'-centred k-point
grid is densely sampled by summing over 13 x 13 x 1.*> Since
both boron and nitride are super-light species with literally

This journal is © The Royal Society of Chemistry 2020
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negligible intrinsic spin-orbit couplings (SOC), only the spin
polarized band structure calculations are performed.
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