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Two-dimensional materials that combine magnetism and topology
offer unique advantages in the fields of spintronics and quantum
computing. However, the design of two-dimensional (2D) materials
simultaneously integrating both properties remains a significant chal-
lenge. Through systematic first-principles calculations, we predict two
highly stable two-dimensional transition metal borides (TMBs). Our
results reveal that both structures are antiferromagnetic (AFM) Dirac
nodal line semimetals (NLSMs) with multiple band crossings near the
Fermi level. Under biaxial strain, FeB can be transformed into a
ferromagnetic state under 2% tensile strain, which is further verified
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TMB (TM = Cr, Fe) monolayers: a new type of
room temperature antiferromagnetic topological
nodal line semimetalf

Chengian Yan, Yuqing Mao, Jie Li, Zijin Wang, Ailei He,* Yuanyuan Duan and

New concepts

Two-dimensional antiferromagnetic nodal-line semimetals represent an
emerging frontier in condensed matter physics and materials science.
When two electronic bands intersect in a solid, they form one-
dimensional nodal lines within the Brillouin zone. In single-particle
systems, these topological features invariably form closed loops,
commonly termed nodal loops in the literature. Current research on
nodal lines has expanded along two novel dimensions: (i) nodal lines in
2D materials. (ii) nodal lines in magnetic systems. However, 2D materials
exhibit exceptional mechanical properties and broad tunability, while
antiferromagnetism offers distinct advantages including zero net
magnetic moment, negligible stray fields, and ultrafast magnetic
response. Through first-principles calculations, we have successfully
predicted a new class of boron-based 2D antiferromagnetic materials.
These structures ingeniously integrate antiferromagnetic ordering with
nodal-line semimetallic characteristics in two-dimensional systems,
demonstrating remarkable potential for applications in spintronics and
quantum computing technologies.

to possess Weyl nodal loops (Weyl NLs). This discovery provides novel
insights for the regulation of magnetic topological materials and holds
promising potential for applications in low-power-consumption spin-
tronic devices.

Introduction

In condensed matter physics and materials science, the inter-
action between magnetic and topological properties'™ has sti-
mulated strong research interest in spintronics. In particular,
the emergence of two-dimensional (2D) materials provides an
ideal platform for the design and control of nanoscale spintronic
devices.”” Among these materials, magnetic topological semi-
metals (MTSs)®*'° have the feature of a gapless bulk-band
structure where the conduction and valence bands cross each
other in the Brillouin zone (BZ), and have attracted tremendous
research interest. The band crossings of the MTSs are protected
by the combination of exact crystal symmetry and topology.

This journal is © The Royal Society of Chemistry 2025
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According to the dimensionality and nature of their band
crossings, 2D MTSs can be classified into two categories: (i) nodal
point semimetals, whose energies are dispersed linearly along all
momentum directions around the point nodes. They can be
classified into Dirac semimetals (DSMs) with quadruple nodal
degeneracy,'" and Weyl semimetals (WSMs) with double nodal
degeneracy,>"? the latter of which requires either the inversion
symmetry or the time reversal symmetry to be broken. (ii) Nodal-
line semimetals (NLSMs), characterized with the nontrivial nodal
line state in the Brillouin zone (BZ), formed by the one-
dimensional band crossings in the low-energy band structures.
They can be classified into Dirac NLSMs and Weyl NLSMs. "’

The rapid development of 2D ferromagnetic (FM) materials
can be traced back to the successful fabrication of 2D van der
Waals (vdW) crystals of Cr,Ge,Tes'® and Crl;."° Accordingly,
some topological NLSM candidates in FM 2D materials were
found, such as MnN,** GdCL>*" Cu,Si** and h-InC,** GdAg,,”*
and Fe,GeTe,,>® metal organic frameworks,™ etc. Compared
with FM candidates, the zero net magnetization of antiferromag-
netic (AFM) materials makes them less susceptible to external
magnetic fields.”® Moreover, the interplay between AFM and
band topology has emerged as a rich frontier in condensed
matter physics, giving rise to novel phenomena such as spin-
split bands and magnetic Weyl fermions.>” However, most
discovered AFM-NLSMs are 3D materials,®° and few are found
for 2D candidates, including TM,B;, germanene/Mn,S,,*" MoB;
monolayer,*” CrAs,,"> and MnC,.** Considering the great suc-
cess in the field of graphene, it is expected that searching for 2D
AFM-NLSMs will most likely lead to the discovery of numerous
noteworthy physical phenomena and novel topological states.

In our study, we predicted two highly stable 2D transition
metal borides, TMB (TM = Cr, Fe), through first-principles
calculations. Both TMBs are found to favor AFM ground states
with Néel temperatures (Txs) of 240 K and 712 K, respectively.
Moreover, both CrB and FeB monolayers exhibit AFM NLSM
features accompanied by multiple Dirac points around the
Fermi level. By applying biaxial strains, we found that the FeB
monolayer can be transitioned into a FM Weyl NLSM.

Computational methods

All first-principles calculations were carried out based on density
functional theory (DFT) implemented in the Vienna ab initio
simulation package (VASP).**** The exchange-correlation func-
tional was treated using the Perdew-Burke-Ernzerhof (PBE)*®
method, which is based on the generalized gradient approxi-
mation (GGA);*” meanwhile the interaction between electrons
and ions was described by the projector-augmented wave (PAW)
method.*® The energy cutoff was set at 400 eV. The convergences
for force and energy were —0.001 eV A~ and 10™° eV, respec-
tively. Given the strongly correlated interactions of 3d TM
elements, the GGA+U method (Ueg) was employed. To verify
the impact of U.g on the magnetic ground states of both TMB
monolayers, we examined the magnetic ground state by varying
Uegr within the range of 2-5 eV. As a result, no appreciable
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variations were detected, as shown in Fig. S1 (ESIf). Based on
the analysis, the Hubbard corrections of Ueg = 4 eV were chosen
in this study to analyse the electronic structure, which has been
adopted in previous literature.*>*° In geometry optimization and
electronic property analysis, the Brillouin zone was sampled
using a 15 x 15 x 1 and 25 x 25 x 1 centered Monkhorst-Pack
grid. The vacuum layer with a thickness of 15 A is applied to
avoid the interaction between periodic images.

The PHONOPY program, based on density functional per-
turbation theory (DFPT)*" was utilized to calculate the phonon
dispersion spectra of the 4 x 4 x 1 supercells of FeB and CrB
monolayers. Ab initio molecular dynamics (AIMD) simulations
were employed using 3 x 3 x 1 supercells at the temperature of
300 K for 6 ps to evaluate the thermal stability. Second-order
perturbation theory was performed to calculate the magnetic
anisotropy energy (MAE).** In addition, the Tys of both mono-
layers were calculated, with a lattice of 100 x 50 x 1 adopted in
the Monte Carlo (MC) simulations by using the EspinS package.**

Results and discussion

Top and side views of the TMB (TM = Cr, Fe) monolayer are
shown in Fig. 1(a), in which the TM ions and B ions form a
tetragonal sublattice, and the space group of both monolayers is
P4/mmm. The lattice constants of the CrB and FeB monolayers
are a =h =2.73 A and 2.85 A, respectively, with the Fe-B and Cr-B
bond lengths of around 1.93 A and 2.02 A, respectively (see
Table 1). To verify the experimental feasibility of these materials,
we calculated the formation energy (Ef) by using eqn (1),

B = [E(TMB) — u(T™) — u(B))2, W

we found that they were all negative, indicating that the FeB
and CrB monolayers are more stable than the separated pure
components. The thermal and dynamic stability of this TMB
monolayer is evaluated by following two routes. First, the
phonon dispersion spectra of both TMB monolayers were
calculated, and as shown in Fig. 1(b), there is no imaginary
frequency throughout the Brillouin zone (BZ), indicating that
both systems exhibit dynamic stability. Secondly, the AIMD
simulations at 300 K are shown in Fig. 1(c) and (f), where the
insets are the structures of the CrB and FeB monolayers at the
end of 6 ps. It is clear that the energy fluctuates slightly and
their frameworks are not destroyed, suggesting their thermal
stabilities at room temperature. Fig. 1(d) shows the electron
localization function (ELF) of the FeB monolayer. It is found
that the ELF values at the positions of the Fe atoms are
relatively low, whereas the ELF values between the Fe atom
and B atom are close to 0.5. Therefore, we can conclude that
there are stable covalent bonds between the atoms in this
structure. To determine their mechanical stability, we calcu-
lated the elastic constants of C;4, Cy,, Css, and Cge for both
monolayers (see Table S1 in the ESIt), which are found to
satisfy the Born mechanical stability criteria (C;; > 0, Ciq-
Ca > C1p° and Cge > 0), implying that they are mechanically
stable. Besides, we calculated their Young’s modulus (Y) and
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Fig. 1 (a) Top and side views of the geometry for monolayer TMB (TM = Fe, Cr). The unit cell is denoted by the dotted line. (b) The phonon spectra of the
FeB (blue) and CrB (red) monolayers. The variation of total energies of FeB (c) and CrB (f) in the AIMD simulated structure at 300 K. Insets are the
frameworks of both monolayers at the end of 6 ps. (d) The calculated electron localization function (ELF) of the FeB monolayer for the (001) plane. (e)

Young's modulus of the FeB (blue) and CrB (red) monolayers.

Poisson’s ratios (v), respectively, based on eqn (2) and (3),

C11Can — C1?
Y = 2
) Cy; sin? 0 + A sin? Ocos? 0 + Cy cos* 0’ @
( Cipsin* @ — Bsin? 6 cos? 0 + Cy; cos* 0 @)
v(0) = ,
Cyysin* 0+ Asin? 0cos? 0 + Cyy cos? 0
Ci11Cy» — C1??
where A== "8 2C), and B=Cy + Cxp
CiiCo — € <0
— % As shown in Fig. 1(e) and Fig. S2 in the ESI,}
66

both monolayers exhibit anisotropic Young’s modulus and
Poisson’s ratios.

In order to determine the magnetic ground states of the FeB
and CrB monolayers, three different magnetic configurations
are considered in a 2 x 2 supercell, including the FM state and
two types of AFM (AFM1, AFM2) states, as shown in Fig. 2(a).
Our calculations show that both monolayers favor the AFM1
states with the local magnetic moments per Cr/Fe atom of 2.16/
3.02ug. In both monolayers, the energy differences between the
AFM ground states and FM states are about 0.22 eV and 1.03 eV
per unit cell for the FeB and CrB monolayer, respectively. To

Table 1 Lattice constants (a and b, A), TM—B bond length (drm_g, A), TM—
TM-TM bond angle («;, degree), TM=B-TM bond angle (x,, degree),
formation energy (¢, eV), energy difference between FM and AFM-1 states
(AE = Egp — Eppmo1, €V), and ground states (GS) of the TMB (TM = Fe, Cr)
monolayers

System a (A) b () drms(A) o (°) oy () E¢(eV) AE (eV) GS

FeB 2.73 2.73 1.93
CrB 2.85 2.85 2.02

AFM metal
AFM metal

90.00 90.0 —6.87 0.22
90.00 90.0 —7.08 1.03
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determine the magnetic stability, we calculated the angular
dependence of the magnetic anisotropic energy (MAE) of the
FeB (Fig. 2(b)) and CrB (Fig. 2(c)) monolayers, respectively. For
both systems, the total energy of the out-of-plane (z) direction
is the lowest with considerable MAE values of 1.15 meV and
9.0 meV for the TM atom, respectively, indicating that their easy
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Fig. 2 (a) Spin configurations of the FM state and two AFM (AFM1, and

AFM2) states. Specific heat as functions of temperature and MAE of FeB (b)

and CrB (c) monolayers. Insets are the angular dependence of the

magnetic anisotropic energy (MAE) of FeB (b) and CrB (c) monolayers,

respectively.
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magnetization axes are in the z direction. Next, the Tys of both
systems were extended by performing classical MC simulations
in the Heisenberg spin Hamiltonian in eqn (4):

=SS5 Y Als): @
ij i

where S; represents the magnetic moment of the atom at site i,
and J;, J,, and J; denote the nearest-neighbor (NN), second-
nearest-neighbor (NNN), and third-nearest-neighbor (3NN)
exchange coupling parameters, respectively. As shown in the
specific heat plots of Fig. 2(b) and (c), the Tys for FeB and CrB
are around 240 K and 712 K, respectively, close to or over room
temperature, which proves their potential for applications in
spintronic devices.

The element-resolved band structures of FeB and CrB mono-
layers are shown in Fig. 3(a)-(d), respectively, in which the Fe
and Cr elements contribute more significantly to the band
structures near the Fermi level. In particular, it is found that
the valence and conduction bands meet in the vicinity of the
Fermi level, resulting in three intersection points, P1, P2, and
P3, which are marked by green circles in Fig. 3(b) and (e).
Moreover, these band crossing points exhibit fourfold degen-
eracy because of their overlapping spin-up and spin-down
channels induced by the presence of PT symmetry [the com-
bined symmetry of spatial-inversion (P) and time - reversal (T)].
Further analysis shows that the NLs along the k, direction for
FeB and CrB monolayers are formed in the entire BZ by three
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Fig. 4 (a) Comparison of the strength of Fe—Al bonds under different
band lengths. (b) The ELF contour plots of the FeB monolayer.

Dirac points (P1, P2, P3), which belong to the open NL as shown
in Fig. 3(c) and (f). By considering spin-orbital coupling (SOC)**
with the magnetization direction along the z axis, all the nodal
points are gapped with small band gaps, as shown in Fig. S3(a)
and (b) in the ESI, due to the breaking of a specular mirror-
reflection symmetry (o1,). Moreover, due to the presence of gy,
symmetry in the FeB and CrB monolayers, all momentum
points are hosted in the small group of Cs in the 2D BZ. The
opposite two linear cross bands belong to different irreducible
representations (IRs) of I'1 and I'2 with mirror eigenvalues of 1
and —1. An inspection of IR in the two bands reveals that the
ordering of the CB and VB is inverted, forming a continuous

(a) (b)
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e’ = Fe(dy)
y /| T~ — Fe(do)
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Fig. 3 The orbital-projected band structures of (a) Fe and (b) B atoms in the FeB monolayer, and (d) Cr and (e) B atoms in the CrB monolayer. The "T'1"
and "T'2" represent the eigenvalue of mirror M, with 1 and —1, respectively. The diagram of the gap size at the Fermi level in BZ of (c) FeB and (f) CrB

monolayers.
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Fig. 5 Energy differences (AE, red line) and the Ty (blue line) as a function
of strain for FeB (a) and CrB (c) monolayers. The MAE as a function of strain
for FeB (b) and CrB (d) monolayers.

nodal-ring around the I' point. This is responsible for the
existence of this topological nontrivial state. Seen from Fig. 3,
we can observe that the bands near the Fermi level are primarily
composed of the d orbitals of metal atoms and the p orbitals of
non-metal atoms. Therefore, we constructed a tight-binding
(TB) model based on the p orbitals of non-metal atoms and the
d orbitals of metal atoms by using the maximally localized
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Wannier functions, and it can be observed that its band
structure nearly coincides with the DFT-calculated bands at
the Fermi level, as shown in Fig. S4 in the ESL¥

In order to experimentally validate viable synthetic routes
for FeB and CrB monolayers, we used the most commonly used
method, i.e. selective etching of aluminium metal layers from
the MAB bulk phase.*>*® By setting the Fe-Al bond lengths
from 3 to 7 A and comparing their energies with those at a bond
length of 2.5 A, as shown in Fig. 4(a), our findings demonstrate
that the energy difference increases with Fe-Al bond length in
the FeAlB material, where longer Fe-Al distances correspond to
higher system energies. This energetically favors Al layer exfo-
liation, thereby facilitating the synthesis of FeB monolayer
materials. Moreover, the ELF counter plot of bulk FeAlB is
shown in Fig. 4(b), and it is evident that the ELF value for the
Fe - Al bond is close to 0, while the ELF value for the Fe-B bond
is close to 0.5, indicating that the covalent bonding strength of
the Fe-B bond is significantly stronger than that of the Fe-
Al bond.

Finally, we explored the effect of biaxial strains (¢) on the
electronic and magnetic properties of these 2D materials,
where ¢ = (a — ap)/ay, and a and a, are the lattice constants
with and without strain. The red line in Fig. 5(a) and (c)
represents the energy differences between the FM and the
lowest-energy AFM states of the FeB and CrB monolayer. It is
clear that the energy differences are in the range of 0-1 eV and
0.8-1.8 eV for FeB and CrB, respectively. In the range of e = —4%
to 1%, the FeB monolayer retains its AFM metallic properties;
when subjected to a tensile strain of 2%, it is changed to be a

(a) b),
3 3

= g0
= =
~ ~
g g
4] 4]

=2

(d) 2 £=-3% (e) 5

Band Energy (eV)
o

Band Energy (eV)
o

2 1 !

rx sy I S rx
Fig. 6 Band structures of the FeB monolayer under tensile strains of 1%
structures of CrB monolayer under ¢ = —3% (d), and 3% (e). (f) Spin density

1402 | Nanoscale Horiz., 2025, 10, 1398-1404

l 1
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(a), and 2% (b). (c) Spin density map of FeB under 2% tensile strain. Band
map of CrB under 3% tensile strain.
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FM metal. Differently, the CrB monolayer consistently maintains
its AFM metallic characteristics in the range of ¢ = —4% to 4%. As
shown by the blue line in Fig. 5(a) and (c), the Tys of the AFM FeB
and CrB monolayers exhibit a monotonic decreasing trend within
the strain ranges of ¢ = 4% to 1% and & = —4% to 4%, respectively.
In contrast, for the strains ranging from 2% to 4%, the Curie
temperature (7¢) of the FM FeB monolayer shows an increasing
trend. Importantly, in most cases, the Tys remain above room
temperature, enhancing their spintronic device applicability.
Moreover, the strain-dependent MAEs for both monolayers are
analyzed and presented in Fig. 5(b) and (d). The MAEs of both
monolayers exhibit a decreasing trend under tensile strain. Nota-
bly, their responses to compressive strain differ significantly, in
which the FeB material shows a continuous MAE enhancement,
while for CrB, it displays an initial increase followed by a decrease.
Also, the easy axis for all systems remained to be along the z-
direction throughout the strain variations.

The band structures of FeB and CrB monolayers under
different biaxial strains (¢) are shown in Fig. 6(a), (b), (d) and
(e) and Fig. S5 and S6 in the ESL.T For the FeB monolayer, it
retains AFM NLSM properties under 1% tensile strain as well as
compressive strain, whereas under 2% or larger tensile strain,
the spin up and spin down channels of the FeB monolayer are
split and the system is changed to the FM state (see Fig. 6(b)
and Fig. S5(b)-(d) in the ESIt). As shown in Fig. 6(b) and S7(a)
in the ESI, there are three band crossing points with double
degeneracy that appear near the I' point (marked by green
circles above the Fermi level) of FeB, with additional experi-
mental evidence confirming the formation of a closed nodal
loop within the BZ, indicating that it is transitioned to be FM
Weyl NLSM. As for the CrB monolayer, it retains AFM NLSM
properties under tensile and compressive strains, as shown in
Fig. S6 and S7(b) in the ESL+

In conclusion, through first-principles calculations, we have
successfully predicted two stable 2D TMB monolayers, FeB and
CrB monolayer. Our results show that both monolayers exhibit
thermal, dynamic, and mechanical stabilities. Both TMB mono-
layers have AFM states with high Tys and large MAEs. More-
over, FeB and CrB monolayers are robust AFM NLSMs with
several Dirac cones near the Fermi level. Besides, the CrB
monolayer maintains the AFM NLSM property in the range of
& = —4% to 4%, while the AFM NLSM property of the FeB
monolayer is subjected to a biaxial tensile strain of 1%, and
then it transitions to a FM NLSM under larger tensile strains.
Our results propose a potential way to design 2D TM borides
with promising magnetic and topological properties.
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