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Semiconducting Cr,BN monolayer with antiferromagnetic order
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The key to the next-generation spintronic devices is to design above-room-temperature two-dimensional anti-
ferromagnets with large magnetic moments and anisotropy energies. We propose a design strategy to maximize
the utilization of d electrons and the strong coupling of transition-metal atoms. The designed semiconducting
Cr,BN monolayer consists of hexagonal CrgBN tiles centered by BN dimers. Compared to isolated B or N
atoms, the BN dimer in Cr,BN can reduce the charges donated by Cr atoms, whereas the short Cr-Cr distance
favors strong direct-exchange coupling interaction. These features make the Cr,BN monolayer checkerboard
antiferromagnetic with a high Néel temperature of 874 K, a large magnetic anisotropy energy of 103 ueV/Cr,
and a large magnetic moment of 3.79 pg. High structural stability, originating from the covalent BN dimer and
Cr-B/N ionic bond, renders Cr,BN a good candidate for experimental synthesis.

DOI: 10.1103/PhysRevB.108.174402

I. INTRODUCTION

Spintronic devices utilize electron spins to achieve in-
formation storage, transport, and processing. Made from
magnetic materials, these devices have characteristics such
as low energy consumption, fast device operation, and
high storage density [1,2]. Among various magnetisms [3],
antiferromagnetic (AFM) materials have promise for next-
generation information technology with robustness against
magnetic field perturbation, negligible stray field, ultrafast
dynamics, and considerable magnetotransport attribute [4-6].
Some antiferromagnets, such as CuMnAs [7,8] and Mn,Au
films [9,10], have achieved electronic write/read functions in
memory devices.

Recently discovered intrinsic magnetism in two-
dimensional (2D) materials provides new momentum to
explore high-speed spintronic nanodevices [11,12]. Progress
has been made in finding 2D ferromagnets with higher
Curie temperatures [13—15]. Opposite to the well-studied
ferromagnetic (FM) materials, more attention should be paid
to understanding AFM materials with high Néel temperatures
(Ty), closely related to the applications for spintronic devices.

Achieving high transition temperature in magnetic materi-
als requires a larger magnetic moment and strong coupling
between magnetic ions [16]. For transition metal (TM) as
a magnetic center, the magnitude of the magnetic moment
is strongly correlated with the number of unpaired d elec-
trons [3,17]. Thus, minimizing the loss of d electrons (to
other orbitals) under specific crystal fields is desirable for
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producing significant magnetic moments. Also, reducing the
distances between them enhances magnetic coupling. Intro-
ducing electron-sharing dimers in 2D materials can effectively
reduce the electron loss on the TM ions and improve structural
stability. Examples include 2D penta—MnN, with the N,
dimer [18] and 2D TiC, with the C, dimer [19].

Bearing this in mind, we use hexagonal TMg tiles to con-
struct monolayer structures with either X, homodimer or XY
heterodimer (TM = V, Cr, Mn, Fe, and Co, Ni; X or Y =
B, C, N, and P). Similar construction of enclosed covalent
dimers in metal hexagons has been predicted in CaSi [20]
and transition-metal carbides (TM = Co, Ni, and Cu) [21].
This motif is suggested to have high cohesive energy and
kinetic stability. The CoC and NiC monolayers exhibit in-
trinsic magnetism with a large magnetic anisotropy energy
(MAE). The resulting monolayers have TM»X, or TM,XY
composition (Fig. 1), which can bear magnetism of differ-
ent types. In total, 24 TM,X, and 108 TM,XY monolayers
are considered (Fig. S1 of the Supplemental Material [22],
which includes Refs. [23-35]), and four were found dynam-
ically stable, namely, Cr,BN, Co,BN, Mn,;BP, and Fe,BN.
Interestingly, none of the structures containing X, homodimer
are dynamically stable. Among the stable structures, Cr,BN
shows desirable properties, including a high Ty, a large mag-
netic anisotropy energy, a large magnetic moment, and a wide
band gap. In the following, we focus the discussion on the
Cr, BN monolayer.

II. RESULTS AND DISCUSSION

After geometry optimization, the Cr,BN monolayer with
imposed periodic boundary condition (w > 15A vacuum
space inserted between layers) is stabilized into an orthorhom-
bic symmetry (space group Pmma) (Table S1). The unit cell

©2023 American Physical Society


https://orcid.org/0000-0002-2028-4376
https://orcid.org/0000-0002-1902-3515
https://orcid.org/0000-0003-1972-5055
https://orcid.org/0000-0002-0434-2863
https://orcid.org/0000-0002-5435-9217
https://orcid.org/0000-0003-3083-472X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.174402&domain=pdf&date_stamp=2023-11-01
https://doi.org/10.1103/PhysRevB.108.174402

YAN, HAN, YAO, ZHANG, LIU, AND YANG

PHYSICAL REVIEW B 108, 174402 (2023)

(@) (@)
(- I°¢
d ‘ I @ I (- Y%
y ® ™
(b) : (e) ®
¢« ¢ ¢« ¢ :

L ‘\‘ TM,X,
© \
! ! !
! : ! !
TM,XY ! !

FIG. 1. (a), (d) Building TM¢XY and TMX; units. (b), (e) Indi-
vidual TM¢XY and TM¢X, units. (c) Building 7M,XY monolayers
using TM¢XY units. Three combined dimer orientations are shown.
(f) Assembling TM,X, monolayers using 7MeX, units.

has 2 formula units [Fig. 2(a)]. In this structure, the BN
heterodimers are all parallel or antiparallel, and the hexagonal
Cry tiles are stretched along the BN dimers. Each B or N atom
is coordinated with four Cr atoms. The BN dimers are aligned
along the y-axis to head-to-toe arrays parallel along the x-axis
with an alternating half-cell shift [Fig. 2(a)]. The average Cr-B
distance (2.22A) is slightly larger than the Cr-N distance
(2.20 A). There are three distinct Cr-Cr distances (2.57, 2.63,
and 2.64 A), noted as the nearest (NN), second-nearest (SNN),
and third-nearest-neighbors (TNN) in Fig. 2(b). The absence
of imaginary frequency in the phonon dispersions confirms
the dynamic stability of Cr,BN [Fig. 2(c)]. The highest fre-
quency is about 44.15 THz, indicating a strong B-N bond.
The CryBN maintains its structure (with slight modulation)
in ab initio molecular dynamics (AIMD) simulations at 500
K [Fig. 2(d)], confirming its thermal stability. The calculated
cohesive energy is -4.49 eV per atom, comparable to Mols
(-4.35 eV per atom) [36], Fe,Si (-4.10 eV per atom) [37],
and FeB, (-4.87 eV per atom) [38] monolayers. The cal-
culated energy of formation (Ef) of Cr,BN with respect to
body-centered-cubic Cr [23], «—Bj; [24], and «-N [25] is
-0.58 eV per atom. The negative E, suggests the possibility
of synthesizing the Cr,BN monolayer in the lab.

Suitable substrate material is crucial to the monolayer syn-
thesis. The Cr,BN monolayer with a 3 x 1 supercell matches
well with the Al (111) 7 x V3 supercell (i.e., a 3% lattice
mismatch). Based on the difference charge density (Fig. S2)
and the binding energy of 69 meV/A2, the Cr,BN mono-
layer might be stabilized and exfoliated on Al (111) substrate
[39,40]. The calculated elastic constants (Cy; = 93.49 N/m,
Cip = 17.14 N/m, G5, = 110.86 N/m, and Cgs = 40.31 N/m)
satisfy the Born stability criterion (C, Ces > 0 and C;;Cyp >
C?%). Young’s modulus and Poisson’s ratio show obvious
anisotropic characters [Figs. 2(e) and 2(f)]. Young’s modu-
lus of CryBN ranges from 90.8 ~ 107.7 N/m, comparable to
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FIG. 2. (a) Top and side views of Cr,BN monolayer. (b) Enlarged
local view. (c) Phonon dispersive curves and density of states of the
Cr;BN. (d) AIMD snapshots (top and side views) of Cr,BN after
5 ps run at 500 K. (e) Young’s modulus and (f) Poisson’s ratio of
Cr, BN monolayer.

synthetic 2H—MoS, (130 N/m) [41] and NbS; (96 N/m) [42]
monolayers, and its Poisson’s ratio of 0.15 ~ 0.19 is almost
equal to 0.19 in graphene [43].

By comparing the energies of different magnetic configu-
rations, the magnetic ground state of the Cr,BN monolayer
is found to be the checkerboard antiferromagnetic [Fig. 3(a)],
with the energy difference of 1.05, 0.88, 0.63, and 0.47 eV/f.u.
in comparison with the four other magnetic states, respec-
tively. The spin-charge density [Fig. 3(b)] confirms that the
magnetism is entirely due to Cr ions with a magnetic moment
of 3.79 ug, corresponding to nominal Cr**. The four valence
electrons on Cr’>* occupy four nondegenerate 3d orbitals,
leading to a high spin state [Fig. 4(c)]. This can be attributed
to the large splitting between spin-up and spin-down channels
[Fig. 4(b)]. Each BN dimer [Fig. 4(e)] accepts four electrons
[Fig. 4(d)] to form a double bond. The B = N distance of
1.39 A in the Cr,BN is comparable to the B = N bond length
in H,BNH, (1.39 A) and CL,BN(H)CgHs (1.38 A) [44]. Com-
pared with isolated B/N atoms, the covalent BN dimers in the
Cr,BN monolayer have fewer empty p orbitals, which accept
less d electrons. This results in a higher magnetic moment in
Cr;BN than in CrB (3.50 ug) [45] and CrN (3.00 ug) [46]
monolayers.
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FIG. 3. (a) Five magnetic configurations of Cr,BN monolayer;
red and blue spheres represent spin-up and spin-down Cr atoms,
respectively. (b) Spin-charge density of Cr,BN monolayer, in which
blue and yellow represent different spin states, respectively.

As shown in Fig. 4(a), Cr,BN is a semiconductor with an
indirect band gap of 2.31 eV at the revised Heyd-Scuseria-
Ernzerhof screened hybrid functional (HSE06) level, much
larger than the typical semiconducting MoS, (1.85 eV) [47].
A wide band gap favors applications in high-energy elec-
tronic devices [48]. The conduction-band minimum is mainly
contributed by Cr-d,,, B-p,, and N-p, states, while the
valence-band maximum by the hybridization between Cr-d,,,
B-p,, and N-p, states [Fig. 4(b)]. There appears to be strong
orbital hybridization in the BN pair.

Antiferromagnetism in Cr,BN monolayer is originated
from the competition between direct- and superexchange in-
teractions. Direct-exchange interaction is based on the overlap
of wave functions, which in many cases prefers antiferromag-

(a) 4 (b) 12 Cr d, da 2
- S 06 Ly d, —d,
‘ e, ‘ d-
S ZjoNyp, |0 Crd, |eBp, i 0.0! :
& |eNp; gr-zy:3 B-p. 231 eV 0.2 (1B P
BB Ofe - & o1 I 2 \
[88)

i o
d-orbital
splitting

Spin
splitting 1 0

FIG. 4. (a) Electronic band structure and (b) projected density of
states (PDOS) of Cr,BN calculated at HSE06 level. (¢) Schematic
diagram of orbitals splitting and occupations for Cr-d orbitals in
Cr, BN monolayer. (d) Configuration of BN. (e) Electron localization
function map.
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FIG. 5. Schematic diagrams of (a) direct-exchange and (b)
two superexchange paths mediated by B/N atom. (c) Schematic
diagrams of magnetic exchange interaction and corresponding cou-
pling strength of NN, SNN, and TNN Cr pairs, “®” represents
synergistic effect between exchange coupling interactions.

netic configuration with paired spins (energetically favorable).
Bulk Cr is the only elemental solid that shows antiferromag-
netic ordering at ambient conditions. Cr,BN monolayers have
Cr-Cr distances close to that in bulk Cr (2.49 A) [35], which
induce strong direct-exchange interaction for AFM coupling
[Fig. 5(a)]. The two superexchange paths are mediated by
B and N atoms, respectively [P(Cr-B-Cr) and P(Cr-N-Cr)
in Fig. 5(b)] with path angles of 72° ~ 74°. According to
the Goodenough-Kanamori-Anderson rules [49,50], these two
paths favor FM coupling. Since the path angles deviate from
the ideal right angle [Fig. 5(b)] [51,52], they result in weaker
interactions. Geometrically, the strengths of ferromagnetic
couplings for three Cr pairs (Ji4, Jo4, and J3,) are deter-
mined by superexchange interactions along two P(Cr-N-Cr)
paths, two P(Cr-B-Cr) paths, and one P(Cr-N-Cr) path and one
P(Cr-B-Cr) path, respectively [Fig. 5(c)]. The absence of spin
polarization on B/N atoms limits the electron hopping in the
superexchange channel [53,54], weakening the strength of the
superexchange interaction. Overall, direct-exchange coupling
interaction plays a dominant role in the AFM Cr,BN mono-
layer.

The magnetic exchange coupling strength and Ty are cal-
culated with a classic Heisenberg spin Hamiltonian,

A==y NS Sj= Y hS Si— Y 1S Si+A Y s,
ij ik ih

ey
where Ej represents the energy of the paramagnetic state.
Ji, J», and J3 are the magnetic exchange coupling parame-
ters between NN, SNN, and TNN Cr atoms. A denotes the
single-ion anisotropy parameter. The value of A is calculated
to be -0.01 meV. S represents the spin quantum number of
magnetic Cr ions, taken as 2 here. The resulting values of
Ji, Jo, and J3 are -21.16, -92.77, and -62.52 meV, exchange
coupling matrices of which can be found in Table S2. These
values are comparable with the ones in other Cr-based AFM
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FIG. 6. (a) Temperature-dependent variation of average magnetic moment of Cr ion (green), specific heat (yellow), and susceptibility
(blue) of Cr,BN monolayer derived from Monte Carlo simulations based on classical Heisenberg model. (b) Top and side views of real-space
alignment of magnetic moments after Monte Carlo simulations at 7 = 30 K (left) and enlarged local view (right), in which red and pink
in top view represent totally spin-up and spin-down magnetization, respectively. (c) Three-dimensional MAE of Cr,BN monolayer. In plane
along x direction (d) and y direction (e) vs out-of-plane difference AEgoc=Esoc,r/y—Esoc,; for Cr 3d orbitals. (f) Energies of five magnetic
configurations of Cr, BN monolayer under biaxial strain. (g) Distances between NN, SNN, and TNN Cr atoms under biaxial strain. (h) Response
of Jy, J», and J5 under biaxial strain. (i) 7y and MAE under different biaxial strains.

monolayers, such as CrBOj3 (-80.49 meV) [28] and Cr,CX X’
(X, X’ =H, F, Cl, Br, OH) (—16.35 ~ —24.58 meV) [55].
The AFM coupling strength in Cr pairs is related to the Cr-Cr
distance and the surroundings.

The Monte Carlo (MC) simulations show that the 7y is up
to 874 K [Fig. 6(a)], which is much higher than the reported
2D AFM semiconductors, such as Mn,C (720 K) [56], CrBOs3
(397 K) [28], and Cr,CXX' (X, X’ = H, F, Cl, Br, OH) (270 ~
430 K) monolayers [55]. The representative real-space align-
ment of magnetic moments after the MC simulations is shown
in Figs. 6(b) and S3. The out-of-plane checkerboard AFM or-
dering is observed under 30 K, which agrees with the ground
magnetic ordering of density-functional theory calculations
[Fig. 6(b)]. With the increase in temperature, the alignment of
magnetic moments gradually becomes disordered (Fig. S3).
These results indicate that the Cr,BN monolayer has the abil-
ity to overcome the spin flipping caused by room-temperature
thermal perturbation, facilitating the application in spintronic
devices.

A large magnetic anisotropy energy (MAE) is advanta-
geous for enhancing the stability of long-range magnetic
ordering in 2D materials. The angular-dependence MAE of
the Cr,BN monolayer is calculated by rotating spins in the
xy/yz/xz planes. The resulting magnetic easy axis is along the
out-of-plane direction [Fig. 6(c)], consistent with the align-
ment of magnetic moments of MC simulation. Herein, the
magnetic anisotropy of the Cr,BN monolayer comes from
exchange anisotropy and single-ion anisotropy. The calcu-
lated MAE is 103 pueV/Cr, larger than CrSnTe; (69 ueV/Cr)
[57], CrCl3 (25 pueV/Cr) [58], and Fe monolayer/Rh (111)
(80 ueV/Fe) [59]. Furthermore, the contribution of the spin-
orbital coupling (SOC) interaction between the Cr-d orbitals

to the magnetic anisotropy can be reflected by the orbital-
resolved MAE [60] [Figs. 6(d) and 6(e)]. Negative MAE is
mainly contributed by the coupling of (d.y, d\>_). The hy-
bridization between (dy/yz, dz2), (dizjyz, dyo—y2), and (digyyz,
dyy) leads to positive MAE in the Cr,BN monolayer, corre-
sponding to the out-of-plane easy axis.

The key magnetic parameters of the Cr,BN monolayer un-
der biaxial and uniaxial strains along the x and y directions are
characterized. The AFM ground state is maintained [Fig. 6(f)]
under -5 to 5% strain. The band gap gradually increases from
1.13 to 1.63 eV from biaxial compressive to tensile strain
based on generalized gradient approximation (GGA)+U level
(the Coulomb interaction parameter U value is assumed to be
3.0 eV). This level of theory is commonly used for describing
the band-gap change (Fig. S4). From biaxial compressive to
tensile strain, the distances of neighboring Cr ions are grad-
ually elongated [Fig. 6(g)]. Besides, as the distance between
the neighboring Cr atoms increases with the external strain
from -5 to 5%, the direct-exchange interactions are weakened,
leading to reduced Ji, J», and J;3 [Fig. 6(h)]. Nevertheless, the
Ty remains well above room temperature in the considered
strain range [Fig. 6(i)]. On the other hand, the magnetic easy
axis still points out of plane, and the MAE (108 ~ 115 peV)
is enhanced under suitable strain regulation (—4 ~ 1%) and
reaches the maximum (115 peV) under —4% compressive
strain [Fig. 6(i)]. Under the uniaxial strain, Js and Ty also have
similar trends to the biaxial strain (Figs. S5 and S6).

III. CONCLUSIONS

Considering that the covalent main-group element
dimer enhances structural stability and shorter interatomic
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distance favors direct-exchange coupling interaction, we
used the designed hexagonal TM¢XY unit to build the
TM,X, (X =Y) and TM,XY (X+Y) monolayers. Four stable
magnetic monolayers (e.g., Cr,BN, Co,BN, Mn,;BP, and
Fe;BN) are unveiled, among which the Cr,BN monolayer
shows desirable AFM semiconductor characteristics. This
includes a high Ty of 874 K, a large perpendicular MAE of
103 peV/Cr, a magnetic moment of 3.79 ug, and a wide
band gap of 2.31 eV. Moreover, the semiconducting and
high-temperature AFM properties can be maintained under
biaxial strain from —5 ~ 5%. Our study introduces an idea to
design high-performance magnetic materials.
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